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FORE\TORD

References to literature publications are indicated by a simple 
superscript thus; a recent review, Figures are numbered
according to the Chapter in which they appear. Thus Fig, 2,5 refers 
to the fifth figure in Chapter 2. The second section has not been 
subdivided into chapters. The Roman numeral II is used for paragraph 
headings and figures thus; para. 11,1 etc,; Fig. II.1 etc. The 
appendices are numbered A.l, A.2 etc. The following abbreviations 
are used in the text;-

F.I.D.
GC
GIG . 
GLC-MS 
GPC 
h
HPLG
225 

^ OV-l
i,d,
IR
k*
K
LC
LH-20
LLC
m
min
N
miR
4)

relative retention
optical rotation at 20^C (sodium D-line) 
flame ionisation detector 
gas chromatography 
gas-liquid chromatography
gas-liquid chromatography - mass spectrometry
gel permeation chromatography
hour
high performance liquid chromatography
retention index on OV-1 phase at 225°C
inner diameter (tubing)
infrared
capacity factor
equilibrium distribution coefficient 
liquid chromatography 
hydroxypropyl Sephadex G-25 
liquid-liquid chromatography 
metre 
minute
number of theoretical plates 
nuclear magnetic resonance 
peak capacity
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ppm parts per million
P.T.F.E. poly-tetrafluoroethylene
R resolution8
R.I, refractive index
RT room temperature (20°C)
CT standard deviation of a Gaussian function
SEV standard elution volume
SRV solvent regain value
t^ nonsorbed time (retention time of a nonretained compound)
t̂ ,̂ retention time of component 1
TFA trifluoroacetate
TMS trimethylsilyl
TMSE trimethpxysilylethyl
UV ultraviolet

volume fraction of the stationary phase available 
to the solvent molecules

V column void volume m
V retention volume r
Vg ' volume of the stationary phase
W- peak width of component 1,
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The work described in this thesis is concerned with the preparation 
of gel stationary phases for liquid chromatography in organic solvents, 
Sephadex dextran is a crosslinked polymer of D-glucose molecules. It 
contains many free hydroxyl groups which make it hydrophilic. Substit
ution of these groups with a suitable organic residue gives a lipophilic 
.gel which swells in organic solvents and which is v/ell suited for use as 
a chromatographic stationary phase. Gels were prepared with optically 
•active substituents with the intention that selective phases would be 
produced which might permit the separation of enantiomers and phyto
sterols containing epimeric alkyl substituents on the side chain. No 
satisfactory chromatographic method of analysing such sterols has yet 
been reported,

A suitable method of attaching substituents (first reported by 
Sjttvali and co-workers) was the BF^-catalysed reaction of an olefin 
oxide with LH-20, a hydroxypropyl derivative of Sephadex G-25. A 
chiral oxide, 2$,24-oxido-5 p-cholane was prepared from naturally occur
ring bile acids. The conditions of the substitution reaction were 
optimised such that stoichiometric amounts of oxide were incorporated 
efficiently into the gel, A product containing 40^ by weight of hydroxy- 
cholanyl residues (hydroxy-5P-cholanyl LH-20) v/as obtained. The 
physical properties of the gel were examined. Solvent regain values, 
sample recovery from the column, and the effect of sample sise on the 
chromatographic elution profile were determined. The gel was then 
examined with respect to chromatographic properties in two solvent systems 
(benzene and methanol-heptane 9tl), These gave rise to straight-phase
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or reversed“phase gel systems respectively, A model set of compounds, 
mainly steroids, was used in this evaluation.

The gel proved satisfactory as a stationary phase. Quantitative 
recovery of samples, symmetrical peaks, and an absence of tailing were 
characteristic of gel chromatograms. The straight-phase system was 
useful for the analysis of hydroxylic steroids. Alcohols, amines 
and carboxylic acids were all retarded on the column. Hydrocarbons,- 
esters and ketones all had similar elution volumes and were not 
markedly retarded on the column. In the reversed-phase system , the 
order of elution v/as inverted, and non-polar compounds were.retarded on 
the column relative to polar materials. This system gave rise to 
separations of substances differing in the hydrocarbon substitution. 
However, no separations v/ere observed, in either system, of enantiomers 
or of phytosterols containing diastereoraeric side chains,

A second derivative was prepared using cyclohexene oxide. This 
was a model compound for the reaction of more complex alicyolic oxides. 
The BF^-catalysed substitution reaction was successful'and marked the 
first occasion when an non-terminal olefin oxide had been incorporated 
into a gel. While generally similar to hydroxy-5p-cholanyl LH-20, this 
gel proved useful for the separation of epimeric steroids containing 
hydroxyl substituents and also 5ct/A^-steroids, Four other alicyclic 
oxides were reacted with LH-20. Tv/o of these, 2a,5ar-oxido-5c-cholestane 
and endo-2,3-oxidobornane were prepared from optically active starting 
materials. The gels were evaluated as chromatographic stationary 
phases. Improved separations of liydroxylic steroid epiraers were 
obtained on hydroxycholestany1 LH-20,. The properties of the four gels 
were generally similar to hydroxycyclohexyl LH-20. Neither enantiomers
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nor phytosterol diastereoisomers could he separated on these 
phases. Some inferences are drawn on the mechanisms of sep
aration on the gels, and suggestions are made for further 
work.

The second section deals with the analysis of the metab
olites of cholesterol (labelled with 4“^"^C-cholesterol) in the 
plant pathogenic fungus, Fhytophthora cactorum. The major 
products were esters of cholesterol and long chain fatty acids. 
The fatty acid pattern was determined and compared with that 
of the fungal triglycerides.
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SECTION I

STUDIES OP LIPOPHILIC DEXTRAN CELS.
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Chapter 1. INTRODUCTION.

1,1 Chromatography; A General Introduction.

Since its inception at the start of the century, chromatography *
has enjoyed an expansion in proportion to that of chemistry as a
whole. The diversity of its applications has caused it to become
the most widely used separation method. Not the least of the
reasons for this situation is the availability of a wide range of
chromatographic systems. These are illustrated in Fig, 1,1, Two
major points of subdivision arise, concerning the nature of the
mobile and of the stationary phases. We shall he concerned primarily
with those systems in which the mobile phase is a liquid.

Liquid-solid adsorption chromatography was the first type of
system to.be devised. Two workers, M, Tswett, a Russian, and D.T. Day,
an American, independently devised chromatographic systems in which
separations were achieved by the adsorption of solutes on the surface

1of an active solid contained in a column. Of the two, Tswett is the
more prominent figure. He recognised and correctly interpreted the

a practical
separation process and also developed/laboratory procedure for its use. 
Although this type of chromatographic system is very widely used, it 
will not specifically be dealt with again except for incidental 
references,

Tlie introduction of paper partition chromatography by A.J.P.
2 5Martin and co-workers ' was the next major development in chromato

graphy, In this system, solutes ?/ere separated by partitioning 
between the liquid mobile phase and the water trapped in the 
cellulose fibres of the paper. Organic liquid stationary phases can
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Fig.l,1 The subdivision of chromatographic systems according to 
the nature of the mobile and stationary phases.
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be used v/hen supported by a suitable inert solid. The concept of using 
a gaseous mobile phase in a partition system was also introduced by . 
Martin,^ but implementation of the idea followed much later.^ The 
rapid development of gas chromatography which followed tended to eclipse 
the role of liquid chromatography as an analytical method and it is 
only in the last ten years that the latter has become prominent once 
more (para, 1,2 below). Partition systems can be subdivided according 
to the relative polarities of the mobile and stationary phases. Straight 
phase systems are those in which the mobile phase is the less polar of 
the two, and reversed-phase systems are those having a stationary phase 
which is less polar than the mobile phase.

Gel permeation chromatography, alternatively called molecular 
sieving or gel filtration, is a type of chromatography in v/hich mole
cules are' separated according to their size. It will be dealt with in 
detail below (para, 1,5),

One of the characteristic features of a chromatographic system is 
the shape of the distribution isotherm. Thus an adsorption isotherm is 
often convex, (Fig, 1,2a) and overloading of the surface is sometimes 
seen even at low loads, A partition isotherm is generally a straight 
line (Fig, 1,2b). This is true if the partition coefficient is indep
endent of the concentration. It is possible for more than one mode of 
separation to occur simultaneously in a chromatographic system. For 
example, adsorption and partition co-occur on alumina which has been 
deactivated with water, and partition and molecular sieving are 
together responsible for separations in some gel systems.
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1.2 Modem Liquid Chromatography.

Recent developments in the field of liquid chromatography (LC)^ 
have made this method attractive for the attempted solution of a wide 
range of analytical problems. Advances in technology and improvements 
in the stationary phases available have followed an understanding of 
the processes underlying cliromatographic separations. Such Insight 
had already been obtained in gas chromatography (GO), which, until 
recently, was almost unchallenged as the premier analytical method in 
organic chemistry. Outstanding problems associated with classical LC 
are the time required for an analysis and the low column efficiency.
Long analysis times result in sample dilution by diffusion in the 
column and therefore samples must necessarily be larger than those 
required for GO to permit adequate detection.

The application to liquid chromatography of theory developed for 
gas chromatography must talce into account four basic differences between 
liquids and gases:

(a) liquids are approximately 100 times more viscous than gases;
(b) diffusion coefficients of solutes in liquids are at least 10^ 

times smaller than the interdiffusion coefficients of gases ;
(c) the mobile phase will play a more prominent role in LO: inter

actions of the mobile phase with the sample and stationary 
phase are crucial to achieving separations, whereas in GO these 
interactions are not thought to be significant;

(d) liquids are incompressible under the conditions used in practice.

An appreciation of these differences gives an indication of how 
liquid chromatographic analysis might be improved. Thus, because
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viscosities are 100 times higher in liquids, the applied pressure must 
be at least 100 times higher than that used in GC to obtain comparable 
mobile phase velocities Ci.e. approximately 1 cm/sec as opposed to 
0*001 - 0,01 cm/sec in classical 1*0), Small diffusion coefficients in 
liquids result in a high resistance to mass transfer between mobile and 
stationary phases and therefore lead to low column efficiency at high 
mobile phase velocities. Classical liquid column packings used porous 
particles with large surface areas, useful for adsorption chromatography, 
but the deep pores contained within resulted in a large pool of stagnant 
mobile phase and in long solute migration distances. Under such circum
stances, mass transfer effects limit the speed of analysis that can be 
achieved, if reasonable efficiency is to be maintained. Clearly, the 
pore depth must be reduced, Tvm approaches have been made (Fig, 1,3):

(a) The use of controlled surface porosity beads. The maximum pore 
depth is limited by the thickness of the porous layer surrounding 
the solid core. Originally proposed by Golay^ and Purnell,'^ 
these materials were proved successful by Halasz,^ and 
commercial preparations are now available, for example Corasil I 
and 11.^

(b) Silica microspheres,^^ Formed by coagulation of microparticulate 
silica, these spheres have very small diameters (6jji). Mass transfer 
is therefore rapid throughout the solid.

The particle sises used in liquid chromatography have tended to 
become smaller (<140 ,̂ compared with classical packed columns using l̂ Ô i 
particles). This has resulted in an increased resistance to solvent 
flow. Operating pressures of liquid chromatographs are currently in 
the range 500 - 3000 psi or higher (up to 500C psi has been used).
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Undoubtedly the advances in stationary phase design have been
responsible for the re-awakening of interest in liquid chromatography.
Liquid-liquid chromatography has advanced following the development of
surface-reacted (bonded) stationary phases and of gel phases* In the
former, siliceous supports are esterified with a monomoleouiar organic

11layer of alcohols ("brushes") or the surface of the support is
reacted with silane reagents which are then polymerised to give a 

12silicone coating. Gels also involve a liquid-liquid partition and
these will be dealt with below (para, 1.5) in more detail.

As a result of these innovations, column efficiencies in LC have
been markedly improved. The resolving power of columns packed with
porous layer beads or silica microspheres is almost equivalent to that

5aof classical packed GC columns, and Karger predicts that high speed 
liquid chromatography will soon compare favourably with GC in terms of 
speed of analysis. The scope for applying LC is potentially larger 
tlian for GC. Samples for the latter are limited to those volatile 
enough (and having sufficient thermal stability) to permit their 
partition into the mobile phase without decomposition and without 
having an excessive retention time. Liquid chromatography can cope 
with samples of any description - provided they can be dissolved in a 
suitable liquid - and separations are normally achieved at room tempera
ture.

The diverse fields in which LC has been applied include pharma
ceuticals^^ (analgesicsy antibiotics), agriculture (herbicides, 
pesticides), quality control (dyestuffspolymers^^) and clinical 
chemistry.One example in the last field is shown in Fig, lo4> which
is a liquid chromatogram of an untreated urine sample, run on a strong

*L c 1anion exchange resin. 90 peaks were observed in the course of the
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30-hour rim. Further examples include analyses of steroid hormones
(see for example reviews hy Bush^^ and M o r r i s . Also, high speed 

successfully
LG has / been applied to the separation of steroids by several 
w o r k e r s , T h e  following paragraph deals with a difficult problem 
in phytosterol analysis which it was hoped might be solved by liquid 
chromatography,

1,3 The Problem; Phytosterol Analysis,

Steroids in animals have been known for some time to have at least
three functions - as precursors of other steroids, as membrane compon-

21ents, and as hormones. The last function has stimulated much work
in the pharmaceutical industry on the synthesis of steroidal analogues
for a variety of medicinal purposes. An increased demand for resources
of steroidal material is virtually ensured by the puccess of oral
contraception alone, and the most abundant source of steroids is the
plant kingdom. Steroidal sapogenins, for example diosgenin (l) and to
a lesser extent, hecogenin (ll), are readily available and these can be
converted to suitable materials for industrial syntheses of hormone
analogues. The role of steroids in plants has been compared to that in 

22animals : they are known to form part of the biological membranes in
plant as well as animal c e l l s , a n d  the overall mode of biosynthesis 
seems to be common to both plants and animals (Fig, 1.3). Evidence is 
accumulating for a hormonal function of steroids in plants, a role which 
was not previously appreciated. For example, estrogens have been 
detected during flower bud formation and development in. bean (Phaseolus 
vulgaris) plants,and also, estradiol and testosterone were observed

26to induce femaleness in monoecious cucumber plants. Sterols are 
required (from the growth medium or host plant) for sexual reproduction
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R

R represents the steroid nucleus

Fig,1.6 Side-chain modification processes for phytosterols. Some 
alternative steps exist which are,not shown in this diagram.
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to occur in Phytophthora and Pythium species, as these fungi are unable
to synthesise steroids. Sterols in roots of the snapdragon (Antirrhinum
majus) appear to confer disease resistance on the plant by decreasing
the activity of the pectic enzymes responsible for the pathogenic action

29of lythiaceous fungi,
Phytosterols are formed from mevalonic acid (WA) by a reaction 

pathway similar to that in animals (Fig, 1,$), Some differences exist in , 
the metabolism of steroids in plants compared to animals, for example, 
the immediate product of cyclisation from squalene is cycloartenol (ill) 
and not lanosterol (iv). Also, side-chain modifications occur giving 
phytosterols their familiar C-24 substituents^^ (Fig. 1.6), The alkyl
ation step is stereoselective: either the R- or the S— isomer is formed
and, as far as is known, not a mixture of the two configurations. The' 
configuration which is found appears to depend on the species of plant 
examined, and this may be of taxonomic significance,^^ Thus in higher
plants, 24a- substituents are found, while lower plants - green algae and

52fungi - have 24p- substituted sterols, although a few exceptions exist,
for example,, the group of A^^-sterols and also brassicasterol (v), all
of which have the 24p-configurationo In the first example, this is

55probably due to the mode of biosynthesis.
While analytical methods are available for the separation, purifi

cation and identification of substances from complex biological extracts, 
it has often proved difficult or impossible to establish the stereo
chemistry at the 24-position of phytosterols, or to relate it to the known 
configuration of standard materials. The techniques of IR spectroscopy, 
mass spectrometry ('MS), and GC ha,ve so far been unable to distinguish 
diastereoisoraers of this type. Optical rotation methods have been applied
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but the errors involved tend to detract from the credibility of
conclusions reached* Thompson showed that high resolution NMR
spectroscopy could differentiate between 24a— and 24p- isomers but this
method is not generally available and is unsuitable on a small scale.
Chromatographic resolution of these closely similar compounds would be
a more favourable solution to the problem,

feny cases in which this problem has arisen are studies of phyto- -
sterols in plants chosen because they are suitable from an experimental
viewpoint, even though the stereochemistry of the sterols at the 24-

55position is unknown. One such study involves brassicasterol. This 
compound has been found in species of the Cruciferae in admixture with
oampesterol (Vl), Present evidence indicates that these have opposite

56 5 22configurations at C-24# The assumption was made that the C^g t-
sterol of the Cruciferae was brassicasterol (originally isolated from 
Brassica rapa^^*^^) and that the O^g A s t e r o l  was oampesterol (origin
ally obtained from Brassica campestris^^), The most likely interpret
ation of this evidence is that separate enzyme systems are responsible

j
55

51for the biosynthesis of the two sterols. The apparent involvement of
brassicasterol in seed development of species of the family Cruciferae
indicates that this sterol has an important function in these plants,
and this lends support to the postulation of separate enzyme systems,
A recent chemotaxonomic survey of a number of species of the Cruciferae
distinguished various groups according to the types of phytosterol

22present.^ The stereochemistry at C-24 (when both G^g and C^^ A
sterols were present) could not be determined. If the C^g and sterols
had the same configuration (24P) then this would be the first recorded 

22discovery of a A -(24 8 -^2  ̂steroid in a higher plant. If they were of
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opposite configuration, further support would he lent to the id.ea that 
brassicasterol has a distinct biosynthetic pathway.

The ability to solve problems of this nature will help in our 
understanding of the role of sterols in plant biochemistry, and if this 
is as far reaching as that of steroids in animals, then it will be of 
considerable importance. The present work v/as undertaken with the aim 
of developing chromatographic methods of analysing these sterols,

1*4 Chromatographic Resolution of Chiral Molecules,

The problem of resolving enantiomeric and diastereomeric mixtures 
is recurrent in various fields of biological and medicinal chemistry 
and is becoming’ increasingly important in industry, for example where 
synthetic pharmaceutical products must be purified before use. The 
classical methods of resolving enantiomers by formation of diastereo
meric salts have recently been reviewed,Diastereoisomers tend 
to have slightly different physical properties, for example, melting 
point or solubility in a given solvent system. The latter is the basis 
for fractional crystallisation methods of resolution. However, such 
differences in physical properties are also the basic requirements for 
the chromatographic separation of two compounds, A gas chromatography 
column has a much higher number of theoretical plates (see para, 1,5 for 
an explanation of this term) than a distillation column for the separation 
of compounds of slightly different boiling point. Chromatography has 
been used, therefore, to provide a solution to many current resolution 
problems Invariably, one of two approaches has been Used

(i) Chromatography of diastereoisomers,
Diastereomeric compounds are formed from enantiomers by chemical
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reaction with a suitable optically active resolving agent and then 
chromatographed on normal stationary phases. Differences in the 
volatility or partition (or adsorption) coefficients of the two com
pounds permits GC or LG separations respectively, This approach has 
been used frequently in gas chromatography,^^"^^ Resolving agents 
include chrysanthemic acid (Vll) and drimanoio acid ^p-acetoxy-
5-etienic acid N-TPA-(_S)»(-)-proline and (R)-(+)-phenyl-
ethyl isocyanate (Xl) In LC, for example, bisnoronoceranediol menthoxy-

55 56acetates and spirononanediol - camphanoates have been separated.
Also, Koreeda recently separated the diastereomers formed between XII
and XIII by recycle chromatography on a porous silica ("Porasil")

57column,

(ii) Chromatography of enantiomers,'
Enantiomers have been resolved by chromatography on an optically 

active'stationary phase,42»58 latter are often polymers
prepared from optically active monomers, for example cellulose or 
dextran, or else the polymer matrix has been substituted with optically 
active residues. Silica gel has been modified by reaction of sodium 
silicate with (+)-camphorsulphonic and the resulting column used to 
separate (-) camphorsulphonic acid,^^ As an enantiomeric mixture passes 
through such a column, transient associations occur between the solute 
and the stationary phase. The diastereomeric complexes formed thus 
in situ will have different stabilities, and the mobilities of the two 
components of the racemate will be different. Three points of bonding 
or molecular association (for example of two aromatic rings, one in the 
solute and one in the sorbent) will be required to distinguish two 
enantiomers, a concept proposed some time ago to explain stereospecificity
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in enzyme reactions,
Iiîany examples are recorded in the literature of the application 

of this approach in both gas and liquid chromatography. Gil-Av, Oro", 
and several other workers have established GO techniques for the 
analysis of amines and amino acids^^"^^ using dipeptide-based 
stationary phases. In liquid chromatography, optically active polymers 
have been used, for example cellulose^^ and Sephadex dextran,in 
aqueous media for the resolution of organic acids. Polymers modified 
by the addition of amino acid substituents, polystyrene^^ and Sephadex^^ 
have successfully been applied to the resolution of amino acids.

In all of the examples cited above, resolution of enantiomeric 
molecules on optically active phases has required three points of 
bonding between solute and sorbent. Resolution of diastereoisomers has 
been successful only when distinct differences occur between the two 
isomers, with respect to a chromâtographically important physical para
meter, The problem of the phytosterol diastereomers does not apparently 
fit into either of these categories. The chiral grouping on the side
chain contains either no functional substituents or only one (for 

22example the A bond). Separation cannot be achieved, therefore, by 
use of a polar optically active stationary phase. Any differences 
existing in the physical properties of these steroids appear to be too 
small to effect chromatographic separation on conventional columns. The 
work described in this thesis was concerned with the preparation of 
stationary phases v/hich would effect separations by means of a purely 
lipophilic interaction. Earlier investigations had shown that lipophilic 
dextran gels allowed the separation of lipids by this type of interaction 
especially when reversed-phase systems were used. The background to gel



" 26

I
u%o
■¥>Clj0o
u
€
r-i0)%
0

•H

0)
CO
pi

UOtH

ct3•HfH0)
-P(Ü

5fp
Eh

r-i
CO

I—I
CO

r-i

m

-p

r-i

-P
CO

•p

r-i Ü
r~i A 
r4 nj -P

O  -P

O  >5 
rH



- 27

chromatography in general and to lipophilic dextran gels in particular 
will now he reviewed.

1*5 Gel Chromatography; A General Introduction,

Gel polymers are prepared hy cross-linking polymer chains with a 
suitable reagent. The resulting giant molecule, while insoluble, will 
usually absorb (i.e. swell in) solvents in which the original polymer 
was soluble. As the number of cross links increases, the degree of 
swelling in an appropriate solvent falls. Three types of gel may be 
distinguished according to the amount of solvent imbibed by the gel 
(Table l.l):-

(a) Soft gels: these swell to many times the dry volume of the gel.
They are readily deformed by pressure and therefore are unsuitable for 
high-pressure LC. V/hen operated at low flow velocities, soft gels offer 
high efficiency and capacity. Because of the large volume change in 
swelling, the pore size is highly dependent on the solvent. Traditionally, 
soft gels have been used in aqueous systems. Examples are polydextran 
("Sephadex"), agarose ("Sepharose"), starch, and polyacrylamide.

(b) Semi-rigid gelst these swell to only 1.1 - 1,8 times their dry 
volume, The permeability and capacity are less than for soft gels, but 
semi-rigid gels can operate at high pressures without deformation. 
Currently available gels, for example the cross-linked polystyrene, 
Styragel, are used primarily in organic solvents.

(c) Rigid gels; these do not swell in solvent. Strictly speaking, 
some of the members of this group are glasses rather than gels, but the 
similarity of the separation processes occurring logically requires their
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inclusion. Rigid gels can be used at high pressures and in either
aqueous or organic solvent systems. An example is the porous
silica, "Porasil",

Prior to a discussion of the mode of action of gels, some terms
of general relevance to liquid chromatography will now be introduced.
The classical chromatography equation describes the retention
volume, V î«' r

V = V + K Vs (Equation l.l)r m ' '
where V = the column void volumem

= the volume of stationary phase (for liquid- 
liquid partition). In adsorption chromato
graphy, Vs is replaced by a term relating to 
surface area or weight of adsorbent,

K = the equilibrium distribution coefficient
(concentration of the sample in the stationary 
phase/concentration in the mobile phase).

An important retention parameter in chromatography is the capacity
Ifactor, k , defined as:

- Vk = K __8 = amount of solute in the stationary phase
V^ amount of solute in the mobile phase (1,2)

T IWhen k = 0, it is seen from equation 1,1 that V^ = V^, As k 
increases, the sample spends longer in the stationary phase compared 
to the mobile phase and therefore the retention time increases. 
Combining equations 1,1 and 1,2 gives:

V r = V ^  (l + k') U-3)
Since volume is proportional to time for constant flow rates, we have,
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Fig.l.7 Chromatogram of a two-component mixture, illustrating 
retention time, t^, nonsorbed time, t^, and band width, V/, of the
Gaussian peaks.
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on substituting for V and rearranging;

k' = \  (1.4)

and t^ are defined by Fig* 1.7, which illustrates a chromatogram of 
two compounds, indicated by the subscripts 1 and 2. The resolution of 
the two peaks, can be written asr-

 ̂ - tfi) . (1.5)

A more useful equation relates R^ to the fundamental chromatography
parameters (1,6). It is derived on the assumption that a,

69reasonable approximation for closely spaced peaks
4̂

'2i  ( ^ )  C r f k T  ) (1 .6 )

where a = the relative retention
IT s= the number of theoretical plates (the subscript 2 refers

, to the second component),'
The relative retention, a, is defined by:

O = ^  = *̂ 2 = ^
JL

That is, a is the ratio of the equilibrium distribution coefficients of 
the two components. It is a measure of the thermodynamic differences in 
their distributions :

A (AG°) = - RT Ina (I.8)

where A (AG^)is the difference in free energies of distribution for the
two components. When a = 1, the resolution is zero, regardless of the
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Molecular
Size

Exclusion

\ N

Total '
Permeation

Elution 
Volume (V )

PifT.l.8 Graph of elution volume versus molecular weight for a gel 
permeation chromatography column. The solid line is the graph pre
dicted hy theory. The dotted curve represents that found in practice.

is the interstitial volume (volume of the mobile phase between the 
gel particles in the column), V is the volume occupied by the gel
phase, and V^ is the total bed volume of the column
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value of IT, For a separation to be possible, there must be a difference 
in the thermodynamic distribution behaviour of the two components; a, 
therefore, is a measure of the column selectivity towards the two 
compounds. In some forms of chromatography, separations can be achieved 
for a-values as low as 1.01,

The number of theoretical plates, H, is a measure of column effici
ency, It relates to the band broadening in the column after a given time 
of migration;: ■ ^

N = 16 ( ^  (1,9)
W

where a  equals the standard deviation of the Gaussian function in time 
units, assuming a Gaussian elution profile is obtained.

Two types of separation process are generally recognised in liquid- 
gel chromatography; gel permeation chromatography (GPC) and partition 
chromatography•

(a) Gel Permeation Chromatography is a type of liquid chromatography 
in which, characteristically, molecules are separated on a size basis. 
Retardation on the gel column results from diffusion of the solutes into 
the pores of the gel. Depending on the molecular size of the solute, a 
greater or lesser proportion of the included volume of the gel will be 
accessible. Larger molecules will therefore be eluted before small 
molecules. Fig. 1,8 illustrates a graph of elution volume versus mole
cular weight. The lower limit (a ) is set by the column void volume V̂ , 
which is the elution volume of molecules which are excluded from the gel. 
The upper limit (B), is the point at which all of the imbibed solvent is 
accessible to the solute. In practice, the graph is not straight but is 
curve (broken line Fig. 1.8), This arises because the pores in the gel
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have a range of sizes, and because solutes of the same moleculap weight 
can have different molecular volumes according to the conformations 
adopted.

For GPC, the retention equation (l.l) is rewritten as ;

\  \

where = K(Y^^/V^), is the volume fraction of the stationary
phase available to the solvent molecules. When only gel permeation is 
taking place, the solvent in the pores is identical to that in the mobile 
phase and consequently K will be 1, will have a maximum value of 1 
(at which value, the upper limit B is reached, Fig, 1,8), When (or K) 
exceeds unity, the elution volume is greater than (V^ + T^), and processes 
other than permeation are occurring. Two further differences arise 
between GPC and other forms of chromatography:
(i) Peak widths are equal at all values of K^, a result of two compen-

'70sating interactions. Large molecules are eluted early but have low 
diffusion coefficients which causes peak broadening. S m a ll molecules 
spend longer in the column. Both of these effects appear to lead to 
equal band broadening during a chromatogram,
(ii) The peak capacity (<j) ) of a GPC column is lower than for other

71forms of chromatography. This function is defined by equation 1.11;
1 I<j) = 1 + 0.6 log (1 + k ) (1.11)

It gives a measure of the number of peaks that can be placed within a 
certain time period in which all of the bands have a resolution of unity 
(i.e. 4a), assuming a constant number of theoretical plates for each

* r ' Vband. As K never exceeds unity, k is necessarily low (k = K so ° T
having values of 5 or less compared, for example, with GC where ^
values of 100 or more are known, is therefore lower in GPC than in
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GC for columns of equal N,

(b) Partition Chromatography; In this form of liquid-liquid 
chromatography, the stationary phase within the gel pores is a 
liquid of different composition from the mobile phase. Separations 
are achieved as a result of differences in the partition coeffic
ients (k ) of the solutes in a mixture. Partition chromatography

2 3was first developed by Martin and Synge and co-workers, ' who 
derived the relation

"  = i ;  •

where is the R^ value of the solute in the system and is
the ratio between the cross-sectional areas of the mobile and
stationary phases. Detailed theoretical discussions of liquid-

72 17 73liquid partition are given by Locke, Morris, and Giddings,
As we have already noted for gel chromatography, A^/A^ will vary 
according to the size of the solute molecules. The stationary 
phase in gel partition chromatography may be formed by preferential 
absorption of some solvents from a mixed-solvent mobile phase, 
giving rise to different compositions within and without the gel 
particles. Alternatively, if a single solvent system is employed, 
the stationary phase can be regarded as containing the gel in 
"incipient solution", The imbibed solvent will be a mixture, 
effectively, of free solvent molecules and solvated polymer chains, 
and also, in, some cases, solvated substituents on the polymer 
chains, A similar situation arises with chemically bonded supports 
for chromatography (Para. 1.2), in which case the solvated substit
uents on the surface of an inactive support provide a. bound stationary
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phase for liquid-liquid chromatography.

1,6 Lipophilic gel chromatography.

In this section, and subsequently, only soft gels v/ill be 
under discussion. Semi-rigid gels such as the cross—linked poly
styrenes are therefore excluded, (For recent reviews see refs,
5 and 75),

The majority of organic compounds are only slightly soluble 
in water, therefore to use liquid-gel chromatography for their 
separation non-polar gels and solvents are required, Straight- 
phase, reversed-phase and gel filtration systems can be obtained 
with lipophilic gels, depending on the relative polarities of the 
mobile and stationary phases. Early examples of rever8ed-pha.se 
chromatography are the separation of fatty acids on rubber- 
impregnated paper, and of lipids on acylated paper, ' Hirsch 
obtained good separations of non-polar lipids on columns of soybean 
factice'^^ (polymerised and granulated soybean oil). In this case, 
a miscible solvent system was used and, after allowing the column 
to equilibrate, a stable system was obtained which allowed repeated 
use of the columns over a prolonged period. The stationary phase 
was probably formed by selective absorption of solvent into the 
matrix, A partially esterified cation exchanger was used by 
Seki^^ for the separation of steroids, and more recently oleophilic 
ion-exchange polymers have been described by Gregor and co-workers 
Vulcanised rubber latex has been used for gel permeation chromato
graphy in organic solvents,
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One of the more important recent developments in lipophilic
gel chromatography has been the demonstration of the utility of
dextran gels as stationary phases. In particular, advances made
by Sjovall and co-workers^%iave provided the lipid chemist with
a very versatile technique,

Sephadex is a commercially available polydextran formed by
the cross-linking of dextran B512 with epichlorhydrin (Fig. 1,9)♦
Dextran itself is composed of D-glucose molecules ether-linked
through the hydroxyl functions at C-1 and C-6, Several varieties
are marketed with different degrees of cross-linking^^ (OlO, G15,
G25 etc,, in order of increasing pore size). Because of the free
hydroxyl functions, Sephadex G is strongly hydrophilic, and can
be used only with water or electrolyte solutions as eluant.
Several lipophilic derivatives had been prepared prior to 1970 when
this work commenced, Determann prepared an acetyl derivative by
reaction with acetic anhydride in b e n z e n e , a n d  Heitz prepared a
urethane derivative by reaction with alkyl isocyanates' in dimethyl 

86sulphoxide. However, the preferred method of attaching substi
tuents is through an ether linkage, which confers greater chemical 
stability on the product,

Hystrbm and co-workers prepared a methylated Sephadex 
derivative which swelled in a variety of organic solvents and 
which was applied to the separation of a wide range of lipids 
(see refs, 85 and 87 and references therein), A hydroxypropyl 
derivative of Sephadex G-25 has been prepare'd by base-catalysed 
reaction with propylene oxide^^ and this is now available 
commercially as LH-20, It is "hydrophilic-lipophilic”  ̂ absorbing



- 58 -

both v/ater and polar organic solvents,Ellingboe further
effected the reaction of LH-20 with a mixture of terminal alkyl
oxides chain length; "Hedox 1114") to produce a

89 90fully lipophilic hydroxy alkyl LH-20 derivative ' which swells
in non-polar organic solvents. This derivative can be used for
the three types of system described above. Thus a gel filtration

91 92system was used for plant terpenoids ’ and recently a reversed-
95phase system v/as used for the separation of prostaglandins, A

trimethylsilyl derivative of Sephadex G has been prepared for use
94in straight or reversed-phase systems,^

The ease of substitution of dextran gels has promoted work
on the design of selective stationary phases, Ellingboe e_k al.
introduced various specific groups into the sugar ring with this 

95intent, . More recently, phosphatidylcholines have been separated
according to the length and degree of unsaturation of the side-

96chain on a Sephadex-based lipophilic ion-exchange column. An
interesting application of a Hedox 1114 LH-20 column involved the
separation of p-sitosterol and oampesterol in a reversed-phase 

97system. This type of system is more sensitive to changes in 
the hydrocarbon skeleton than would be a straight-phase system.

Studies with the hydroxyalkyl derivative of Ellingboe have 
revealed advantageous properties of lipophilic gels. Mild 
operating conditions are obtained during chromatography, The 
interactions between solute and gel are generally weak and there
fore this type of chromatography is well suited for labile compounds 
Chromatography on active materials (silica gel, alumina, DEAE 
cellulose etc.) is known to cause rearrangements in some cases,
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Fig.1.10 Rearrangements which occur during chromatography on active 
stationary phases.
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for example germaorene-C to 6-elemene^^ and petasin to isopetasin^^ 
(Pig, I.IO). P e t a s i n , a n d  the prostaglandins^^ are examples of 
sensitive compounds which have been chromatographed on a lipo
philic gel, A further result of weak solute-gel interactions is

92 95that recovery of material from gel columns is usually high '
92and peak shapes are symmetrical. As noted earlier, the capacity

of soft gels is high, and even at high loads, elution profiles
92retain 'their symmetry.

The potential value of lipophilic gels for the separation of 
lipids is apparent. The following chapter describes the prepar
ation of derivatives of Sephadex LH-20, which, it was hoped, would 
be useful for lipid chromatography in general, and which would 
show stereoselectivity with a view to the chromatographic resol
ution of•enantiomeric and diastereomeric compounds.
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Chapter 2. EXPERBÆENTAL SECTION

2,1 General Spectroscopic and Chromatographic Procédures,

Routine infrared spectroscopy was carried out using a Unicam 
Model SP 1000 spectrophotometer. Solution spectra were recorded 
on Perkin-Elmer Model 225 or 257 spectrophotometers, A Unicam 
SP 800 ultraviolet spectrophotometer was used in the measurement 
of the elution profile of raceraic usnic acid (Chapter 5). Spectra 
were recorded in ethanol using 1 cm path-length cells, NMR 
spectra were recorded on a Varian T60 spectrometer. Optical 
rotation measurements were taken with a Perkin-Elmer Model I4I 
Polarimeter, A micro-capacity cell was used (volume 1 ml. path 
length 10 cm) with this instrument. Error in the angular rotation 
was of the order of -0.005^* Scintillation counting was done on 
a Philips PW 4510 Automatic Scintillation Analyser, Samples 
(volume 15 ml) were prepared in Packard vials using 2,5-diphenyl- 
oxazole (PPO, 5.5 g/l) and 1,4-his-2-(4-methyl-5-phenyloxazolyl)- 
benzene (dimethyl POPOP, 0.1 g/l) in toluene. Melting points were 
recorded on the Eof1er micro hot stage apparatus.

Thin-layer chromatography (TLC) was carried out on plates 
prepared from Merck Kieselgel-G, using 0.25 mm layers for analytical 
purposes and 0.5 mm layers for preparative separations. Material 
on plates was located using one of the following reagents:

iodine vapour or 2^ eerie sulphate in 2N sulphuric acid, 
as general purpose reagents;

101
2,4-dinitrophenylhydrazine (2,4-DNP) in methanol/H^SG^.

Bands on preparative TLC plates were located by edge development
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using' these reagents.
Column liquid chromatography on alumina utilised glass

columns of conventional design fitted with stopcocks, A layer
of acid-washed sand on cotton wool was used as a bed support.
Neutral alumina (M, "^oelm Eschwege, Germany) was deactivated to
grade 111 with water prior to use.

Gas-liquid chromatography (GLC) was carried out using a
Pye 104' chromatograph or on the LKB-simulating chromatograph
described in Appendix 1, Glass columns, 150 cm or 500 cm (l.D,
5.5 mm) were used for these instruments respectively, and these
were silanised before packing with a 5̂  solution of dimethyldi-
chlorosilane (LMCS) in toluene. Packings for GLC columns,
containing Vfo by weight of stationary phase ( 10^ for PEGA) were
prepared.using 100-120 mesh Gas Chrom Q (Applied Science Labor-

102atories Inc.) by the method of Horning. The stationary phases
used were :-

OV-1 - Methyl siloxane polymer;
OV-17 and OV-25 - phenyl methyl siloxane polymers;
QP-1 - fluoroalkylsiloxane polymer;

■ PEGA - polyethyleneglycol adipate.
Packed columns were conditioned by treatment with bis-N,0-trimethyl' 
silyl acetamide (BSA). The carrier gas (nitrogen) flow rate was 
normally adjusted to 40 ml/min. Samples, 0,5 - 2p.g, were injected 
in 0,2 - 2(11 solvent from a Hamilton micro s^nringe.

GLC-mass spectrometry (GLC-MS) 7;as effected using an LKB 
9000 gas chromatograph-mass spectrometer at electron energy 70eV, 
Line diagrams were obtained following processing of tabulated mass
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spectral data on the KDP9 computer,

2,2 General Chemical Techniques,

Solvents for use in gel chromatography and in gel reactions 
required to be dried and distilled before use. Removal of non
volatile material from solvents was essential in order to obtain 
low background noise with the liquid chromatographs^^ (see para, 
2,9)* Drying procedures were as follows :

benzene: calcium hydride, refluxed overnight;
methanol: distillation from aluminium methoxide, followed

by refluxing in air over anhydrous copper (ll) 
sulphate

methylene chloride (CHgClg): Linde type 4A molecular sieve;
•tetrahydrofuran (THP): distillation from Cu^Cl^ to remove

peroxides, then refluxing over lithium aluminium 
hydride (LiAlH^); 

diethyl ether: by standing over sodium wire ;
pyridine: refluxing over calcium hydride.
Routine solvents were of AnalaR grade (from Hopkin and 

Williams Ltd,, Essex), Chloroform for infrared spectroscopy was 
dried by passage through a column packed with silica gel.

The preparation of derivatives for chromatography was carried 
out by the methods described below.

Méthylation of carboxylic acids.
An ethereal solution of diasoraethane was prepared from bis- 

(N-methyl-N-nitroso)-terephthalamide ( N i t r o s a n ) A c i d s  to be 
methylated were dissolved in ether or water^^^ (for hydrophilic
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substances) and treated with diazomethane until a yellow coloration 
persisted. The ester was then obtained by evaporation of the 
solvent with a stream of dry nitrogen.
Preparation of acetates.

The substrate (l mg) was dissolved in dry pyridine (50 pi) 
and treated with excess acetic anhydride (50 pi). The solution 
was warmed at 60-80^C for 10 min and then solvent and excess 
reagent wexe evaporated under a stream of nitrogen. The product 
could generally be used directly for GLC without further purific
ation.
Preparation of trimethylsilyl (TMS) ethers.

The substrate (l mg) dissolved in dry pyridine (50 pi) was 
treated with hexamethyldisilazane (50 pi) and trimethylchloro- 
silane (lO pi), By warming at 60-80^C, the reaction was generally 
complete within 5 minutes. The solution was then evaporated to 
dryness with a stream of nitrogen and the residue triturated with 
ethyl acetate, Filtration through a cotton-wool plug yielded the 
product ready for chromatography.
Preparation of 0-methyl oximes.

The substrate (l mg) was dissolved in pyridine (50 pi) and 
was treated with a large excess (20;l) of methoxylamine hydro
chloride as a saturated solution in pyridine. The reaction was 
complete in 5 min at 60-80^G, After evaporation of the solvent, 
trituration of the residue with ethyl acetate yielded a product 
which was ready for chromatography. Where necessary, the solution 
was washed with water to remove traces of reagents.
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Preparation of 2,4-dinitrophenyIhydrazones,
The substrate (lOO mg) was dissolved In the minimum quantity 

of methanol or ethanol and treated with 0,5 ml of a solution 
prepared from Ig 2,4-dinitrophenylhydrazine in 50ml MeOH and 
2ml sulphuric acid. The precipitated derivative was filtered, 
washed with ethanol and reorystallised from ethanol,

2,5 Sources of reagents and standards.

Materials were obtained from the following sources:
Sephadex G-25: Pharmacia, Uppsala, Sweden;
Deoxycholic acid, dehydrocholic acid and cyclohexene oxide: 

Koch-Light Laboratories Ltd., Colnbrook, Bucks;
a-Pinene and _exo-2,5-oxidonorbornane: Ralph N, Emanuel Ltd,, 

Wembley,. England;
Nedox 1114: Ashland Oil and Refining Co,, Minneapolis,

Minn,, U.8,A.;
p-(5,4-oxidocyclohexyl)-ethyltrimethoxysilane: Silar 

Laboratories Inc,, P.O. Box 86, Watervliet, H,Y, 12189;
World Standard Pyrethrum Extract: Pyrethrum Marketing 

Board of Kenya (by courtesy of Dr, S,W, Head);
Human aortal lipid extract: Dr, J,D. Gilbert and Dr, A,G,

Smith, Glasgow University;
Campesterol and dihydrobrassicasterol: Dr, M.J. Thompson,

U.8, Department of Agriculture, Beltsville, Maryland;
Poriferasterol: Dr, G,W, Patterson, Department of Botany,

University of Maryland;
5p-Cholan-7a-ol and 5p-cholan-7p-ol: Professor M, Martin-

Smith;
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5-Cholestene-5P,24-(^)-diol 3p-acetate: Dr, G,F, Woods,
Organon Research Laboratories,

2,4 Synthesis of epoxides.

The preparation of three optically active epoxides was 
undertaken. In each case, readily available natural products 
were chosen as starting materials, and reactions were chosen 
which maintained chirality through to the epoxide,

2.4*1 23,24-0xido-5l3-cholane.
This epoxide was prepared from both deoxycholic acid and 

dehydrocholic acid. The reaction sequences are summarised in 
Fig, 2,1, Brief experimental details follow for reactions not 
annotated with literature references.
Méthylation of bile acids.

The acid was dissolved in a 5^ methanolic solution of 
hydrogen chloride^^^ and the mixture boiled under reflux until 
reaction was complete as indicated by TLC (usually 30 min). 
Volatiles were removed by vacuum distillation, and the solid 
product was reorys tallised from methanol.
Reduction of methyl 36-cholanoate to 3^-cholan-24-ol,

A suspension of lithium aluminium hydride (2 equivalents) 
was stirred for 1 h at room temperature in dry ether under a 
nitrogen atmosphere, and methyl bp-cholanoate (l equivalent) 
was added slowly in ether solution,■ The reaction was almost 
complete ('>'90^) after a further 1 h. Excess hydride was 
destroyed by the cautious addition of ethyl acetate. Water 
was added and 3p-cholan-24-ol was recovered by ether extraction,



— 4 8  —

TABLE 2,1 Chromatographic data for intermediates in the
synthesis ~of 23,24- oxidocholane.

Retention indices at T°G stated (in brackets).

Compound 151̂ SE 30 OV-1 l< fc OV-17

Deoxycholic acid tris- 
TMS derivative

3261(223°)

Methyl deoxycholate 3200(223°) 3630(223°)

Bis-TMS“methyl deoxy
cholate

3155(225°) 3330(223°)

Methyl dehydrodeoxy- 
cholate

3235(241°)

Cholanic acid TMS 
derivative

2946(241°) 3160(241°)

Methyl cholanoate 2822(225°) 3107(225°)

5p-0holan-24-ol 2800(225°) 2795(225°) 3280(220°)

5p"0holan-24-ol TMS 
ether

2853(225°) 2833(220°)

5p-Cholan-24“Ol acetate 2908(225°) 3171

24-Chloro-5 p-cholane 2780(220°) 2770(220°) 3030(225°)

5p-Chol-23"ene 2490(225°)

24-Butoxy-5 (3-cholane 2870(225°)

25»24-Oxido-5p“Cholane 2718(225°)

Methyl lithocholate 3035(225°)
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A sample recrystallised from ethyl acetate had m.p, 151-131'.5° 
(reoorded^^° m.p. 130.5-132.5°).
Preparation of 53-chol-25-ene,

Two methods v/ere used, starting from 5p-cholan~24-ol,
(i) The alcohol was converted to the chloride by reaction with
sulphury1 chloride^^^ and the chloride treated with potassium
t-butoxide in dimethyl s u l p h o x i d e I n  agreement with the

111previous work by Wood and Chang, this gave predominantly the 
olefin, with some 24-t-*butoxy-5p-cholane ( 17^) . The latter was 
further characterised by GC-MSj Î .̂   ̂ 2870; M'* * 402, major
fragment ions at ra/_£ 58?, 346, 545, 328, 217, 149, 109» 95» 57. 
The bulk of the olefin (Iqy -j_ 2490) was not purified before 
epoxidation as the t-butyl ether was found not to interfere in 
any of the subsequent reactions,
(ii) Vapour-phase pyrolysis of 5p-cholan-24-yl acetate gave an 
oil containing 83^ by v/eight of the olefin (estimated by GLC),
A solution of the acetate in light petroleum ' (b,p.’, 40-60°) was 
added in a slow nitrogen stream to a vertical silica tube 
packed with glass wool and maintained at 450°C by an electric 
oven. The product emerged from the bottom of ther tube as an 
aerosol which was collected in a cooled trap. Purification of 
the olefin was effected by column chromatography on alumina, 
followed by recrystallisation from methanol; the product melted 
over the range 87,5-95° (recorded^^^ m,p, 99“100,',4°C), The 
presence of the terminal double bond was confirmed by RMR (60 
MHz in CDCl,): multiplets corresponding to 2 vinyl protons at
5.0 p,p,m, and 1 vinyl proton at 5.7 p.p.m. The structure of
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OH
OH

Mol.wt. = 530 
(0-Methyl oxime = 359)

Fig , 2 , 2  Oxidative cleavage of the olefinic material obtained by 
pyrolysis of 5P*cholan-24-ol acetate. Mass spectral data were ob
tained using the LKB 9000 instrument.
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the olefin was confirmed hy oxidative cleavage of the double bond 
with osmium tetroxide^^^ and periodic acid (Fig, 2,2),
Analysis of the product and of its methyl oxime by GC-MS indicated 
a molecular weight of 550 for the free carbonyl compound and 559 
for the oxime. These values correspond to products arising from 
5p-chol-25-ene, GLC of the cleavage products indicated that this 
olefin constituted over 90^ of the pyrolysis product,

2.4.2 2g,5cx---Oxido--5c(-~choles tane.
This oxide was prepared from cholesterol by the reaction 

sequence shown in Fig, 2,5. Literature references are indicated 
in parenthesis. The following physical properties and yields 
were recorded.
Cholesterol starting material,

100 g crude cholesterol recrystallised from MeOH (l?50 ml) 
gave 76,5 g of material mp, 145-147° ( L i t m p .  148,6-149.8°). 
5d-Ch6lestan»56-ol,

From 75 g cholesterol, 60 g recrystallised (EtOH) product 
(80^) were obtained, mp, 140,5-141° ( L i t m p ,  159-141°). 
5a-Cholestan-5-one.

5g-Cholestan-5p-ol (59 g) yielded 51.5 ë (87^) of cholestanone 
which on recrystallisation from EtOH (200 ml) gave 49.8 g material 
mp. 127.5-129° ( L i t . n i p .  129-130°).
5a-Cholestan-5-one H-tosyl h.ydrazone,

5a-Cholestanone (20 g) yielded 20 g of the hydrazone
mp, 165-168'̂ (Lit 168-170°), On the small scale, 1 g ketone
gave 1,4 g hydrazone (quantitative conversion).
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5a-Cholest-2-ene,
5a~Cholestan-3-one tosyl hydrazone (18 g) gave 15 g of an 

oil which was analysed by chromatography.
TLC (developed CHCl^): the product contained materials of
value 0.9, 0,6, 0,5. Standards of cholest-2-ene and 5ct-cholestan- 
5-one tosyl hydrazone had values of 0,9 and 0,5 respectively, 
GLC analysis (OV-1, 250°C) indicated one major GLG-volatile peak 
(95^ of total), GLC -MS indicated an of 570 and a major ion at 
516, corresponding to loss of C^H^,

The oil could not be crystallised. The product was purified 
by chromatography on alumina, giving 8,5 g material which was 
pure on TLC and GLC, I,R, spectroscopy indicated the presence 
of an olefinic double band (absorptions at 5020-5015, I650, 775, 
and 670 cm ^),
Epoxidation of 5a-Cholest-2-ene,

The olefin (8 g, 0,022 moles) was dissolved in dry CH^Clg 
(25 ml) and the solution was cooled to 0°C, m-Chloroperbenzoic 
acid (4.2 g , 0,024 mole) was added in portions to the stirred 
solution and the resulting suspension stirred at room temperature 
for 5 h. The solution was filtered and diluted (100 ml CH^Cl^) 
to facilitate handling. Excess peracid was destroyed with sodium 
bisulphite (l g in 20 ml HgO), The solution was washed consecu
tively with aqueous sodium bicarbonate and water, dried and 
evaporated to yield the product (8,2 g, 89%), A sample recrystal- 
lised twice from Et^O-MeOH had mp, 95-100°C ( Lit2a,5cL-oxide
mp, 104-105°C, 2p,5p oxide mp, 91°C), The oxide was presumed to

117be mostly the a-isomer. Chromatographic analysis of the crude
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product gave the following data;- ■ .
TLC; (developed benzene): values 0,9, 0,4, 0,3 (main spot).
Standards: 5a.-choles t-2-ene , 0,9 ; 5o—cholestan-3-one , 0,5.
GLC: 1 major peak 3045 (65^ of total) and 6 minor peaks.
The RMR spectrum showed an unresolved multiplet at 6,8~7.0 ppm 
and a partly-resolved doublet at 7.2-7.3 ppm,

2,4.3 (+)Endo-2,3-oxidobornane.
The synthesis from (+)-a-pinene was by the reaction sequence

119shown in Pig. 2,4. This follows the method of Borowiecki e_k ? 
with the exception that'm-chloroperbenzoic acid was used for the 
epoxidation of bornylene instead of jg_-nitroperbenzoic acid. The 
following data were recorded,

Bornylene,
This was obtained in approximately 70^ yield from bornyl 

chloride, following purification by fractional distillation through 
a 40 cm. Vigreux column,
TLC: (developed 60-80^ B,P, petroleum ether) two spots were
visible, R^ values 0,85 and 0,75, Bornyl chloride had an R^ value
of 0,5 and an impurity in this material had an R^ value of 0,75.
I,R,; Absorptions at 3060, 1620, 1370, 13^0, and 7^5 cm” , The

119latter is characteristic of bornylene. Two impurity bands
(315OW, 2720w) were observed,
KMR: In CDCl^ solution, the following signals were observed,
5,9 ppm (1 H^), 5.6 ppm (l R^), 2,3 ppm (l H^) which were assigned 
as follows (l):-^^^
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Me(0.8cf)
Me(0.7cT)

I n m m

In addition, signals for the methyl groups were observed and 
assigned as indicated (ll) by analogy with compounds III and
IV.120

2,^-Oxidobornane.
The crude oxide was obtained in ^6fo yield from bornylene. 

Purification by sublimation or recrystallisation gave poor 
recoveries (50-60^) and generally these processes were inefficient. 
The following data were recorded,
TLG: (developed in 60-80° B.P, petroleum ether). The oxide had
an R^'of 0,25, Impurities appeared at 0.8 and 0,85, of which the 
latter corresponded to bornylene,
I.E.; The characteristic band^^^ at 865 cm”  ̂was observed. Small 
amounts of bornylene were present, indicated by the 715 cm  ̂band, 
NMR: The oxide protons appeared at 5.53 Ppm (triplet) and 3.23
ppm (doublet).

2.5 Size Fractionation of Sephadex G-25.

High resolution columns required gel particles of a narrow 
size range. It has been shown^^’̂ ^^ that significant improve
ments in theoretical plate heights are obtained with particles of 
uniform diameter. The height equivalent to a theoretical plate
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(ïïETP) tends to decrease also when the particle size is reduced.
The partition process between mobile and stationary phases is more 
rapid with small particles (<^30p.), allowing higher flow rates to 
be used while still maintaining resolution. Resistance to . olvent 
flow through a bed packed with small particles is high and requires 
the use of higher operating pressures than are needed in classical 
liquid chromatography, Sjbvall found that unfractionated fine 
Sephadex G-25 (40-80|j, diameter in the dry state), superfine (10- 
40[i) and fractionated superfine (l7-25p) had under similar operating 
conditions HETP values of 0.60, 0,25 and 0,12 mm respectively.

The value of fractionation is apparent, although whether the 
considerable time and effort required to effect the process is 
worthwhile must depend on the ultimate application of the gel 
material* Por easy chromatographic separations (a values 1,5), 
removal of fines, for example by décantation of a suspension of 
the material in a suitable liquid, followed by crude fractionation 
with sieves provides particles of adequate quality. Sieving 
produces relatively large size-range fractions and contamination 
often arises from aggregation of small particles and from frag
mentation of beads. The present work was concerned with separa
tions where a was low ( ^  1,5), It was considered worthwhile to 
grade further the Sephadex beads. Two élutriation methods were 
used,

(a) Continuous-flow differential sedimentation method (aqueous).
The principle of this method was described by Hamilton,

Sephadex G-25 (100 g fine grade) was equilibrated^"^ for 3 h in 
water containing 1^ sodium azide as bacteriostat, The gel was
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Filter

Fig,2,5 Apparatus for the size-fractionation of Sephadex G-25 hy 
the aqueous sedimentation method of Hamilton.

Fig,2,6 _ Apparatus for the size-fractionation of Sephadex hy élu
triation in a gas stream.

Fluidised bed

Filter paper

/ Filter paper

U " "

< —  Collection vessel

^___ Silanised glass column
(im X 4cm)

Dry Hg gas --- ^

Flange
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TABLJj] 2,2 Fractions obtained by water-sedimentation of
Sephadex G-25 (105 g,, Fine Grade).

Flow rate ml/min. Size
gel

range
beads

of dry 
(M).

Weight of fraction 
(g)

100 Fines Discarded
16 0 20-30 4.4
250 30-40 13
550 40-45 17
450 45-50 14
580 50-60 16

(Residue) >60 40



Fig,2,7 An illustration of particle fractionation. The micro
graphs show Sephadex heads (G-25, superfine 10-40 p ) before frac
tionation (upper) and after (lower). Elutriation in a gas stream 
was used to separate the particles.

—  6 0 —
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then transferred to a 51 conical separating funnel (Fig, 2,5).
The lower end of the funnel was connected to a water supply
through a filter ( 20p mesh, from Filinox Filters, P,0, Box 3,
Chard, Somerset) which removed algae and other sediment. Flow 
rates were controlled hy Quickfit Eotaflo valves and, at lower 
flow rates, hy drawing water from a reservoir which could he 
adjusted to maintain a constant hydrostatic pressure, A vertical 
velocity gradient was set up in the separating funnel; stepwise
increases in the flow displaced successive fractions into the
collecting vessel. Following décantation of the supernatant, the 
collected gel was washed with distilled water, dried and weighed. 
Table 2,2 shows the particle diameters of fractions (estimated 
using a microscope graticule) versus flow rate,

(b) Elutriation in a nitrogen stream,
125This method, adapted from a description by Fischer, makes 

use of the different Stokes’ velocities in a gas of particles of 
different diameter. Fig, 2,6 illustrates the apparatus, A stream 
of dry nitrogen from a cylinder was passed through the Sephadex 
beads (25 g), (which were supported on filter paper) forming a 
fluidised bed. After removal of fines, the flow rate was increased 
in stages and fractions were carried over into the trap. This 
method was successful for the earlier fractions, but later material 
was contaminated with particles of smaller diameter (Fig, 2,7).

2,6 Preparation of modified gels.

This section deals with initial and subsequent reactions of
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NaOIl/
Propylene
oxide

BFj/
Nedox 1114 
oxide

HO
HO

HO

C H

RO
RO

RO 0

C H

R 0

Sephadex G : hydrophilic

LH-20 î hydrophiliC' 
lipophilic

r' = ORy(CHg)g_̂ ĈH(CHgOH>OR.

Hydroxyalkoxypropyl 
Sephadex ; lipophilic

Fi^.2,8 Reaction sequence for the preparation of hydroxyalkyl LH-20.
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Sephadex G-25 in the preparation of hydrophobic gels. The uhsub
stituted dextran polymer is very hydrophilic and the probleih of 
finding a good reaction medium, in which the gel will swell and 
at the same time in which the lipophilic reagent will dissolve, 
is circumvented if the gel is first converted to a hydrophilic- 
lipophilic d e r i v a t i v e , E l l i n g b o e  and co-workers used a p- 
hydroxypropyl derivative of the dextran as an intermediate in the 
preparation of hydroxyalkoxy Sephadex (Fig. 2,8), Hydroxypropyl
Sephadex prepared from G-25 is marketed under the name LH-20,

89Analogues of LH-20 can be prepared from other G types, leading 
to derivatives with various degrees of cross-linking between the 
dextran chains in the polymer matrix.

The fractions obtained from the sedimentation processes were 
converted' to LH-20 type derivatives by the following method, 
Preparation of hydroxypropyl Sephadex,

Sephadex G-25 was gently stirred at RT with 4^ aqueous NaOH 
for 2 h. Mechanical stirring was used in this reaction and in all 
subsequent gel reactions as magnetic stirring caused fracture of 
the Sephadex beads. Stirring rods were constructed from glass 
rod in preference to commercial link-type stirrers, and care was 
taken to avoid abrasion of the gel between the glass surfaces.
After excess NaOH was filtered off, the swollen gel was suspended 
in propylene oxide (35 ml per gram dry gel) and was refluxed with 
stirring overnight. The gel was filtered, washed successively with 
acetone, distilled water (until free of alkali), acetone again 
and finally petroleum ether (40-60^ B,P, fraction). The gel was 
dried firstly on the filter pad and then in a vacuum oven at 60°C,
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The dry weight of the product was approximately twice that of the 
starting material, corresponding to 100^ substitution of the 
hydroxyl groups on the dextran.

Ellingboe and co-workers found that further substitution 
reactions of LH-20 with Nedox III4 n-alkyl epoxide proceeded 
readily with an acid c a t a l y s t b o r o n  trifluoride etherate. 
In the alkali-catalysed substitution reaction above, and in the 
BF^-catalysed reaction of LH-20 with Nedox III4 , large excesses 
of oxide were used. Ring opening of epoxides by solvolysis or to 
give rearrangement products results in competing side reactions 
which lov/er the efficiency of the substitution process. In view 
of the length of the synthesis of 23,24-oxido-5f^'-oholane, relatively 
small amounts of this oxide were available for the preparation of 
a modified gel. The experiments described below were carried out 
in order to reduce the amounts of oxide required, approximately, 
to stoichiometric amounts. The method of preparation of the gel 
was developed v;ith the aim of introducing one cholanyl substituent 
into each sugar residue in the dextran, corresponding to a hydroxy- 
5p-cholanyl content of 50,5^ by weight, analogous to the Nedox gel 
prepared by Ellingboe, which contained 50^ by weight of hydroxy
alkyl substituents. Trial reactions were carried out with approx
imately stoichiometric quantities of Nedox III4 oxide, varying 
the conditions used. The oxide mixture was analysed by GLC and 
found to contain approximately equimolar amounts of , C^^, 
and epoxides. An average molecular weight of I9I was used in
computing amounts of material for reactions.
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Examination of the reaction between LH-20 and Nedox 1114,
General Method: Sephadex LH-20 gel was dried thoroughly by
washing with acetone several times and, following filtration'on
a glass-sintered funnel, by warming under vacuum, overnight.
Because of the tendency of the gel to adhere firmly to glass
surfaces, all apparatus used for conducting the substitution
reaction was silanised beforehand, 0,5 gram of LH-20 was
weighed' accurately into a tv/o-necked flask which was then fitted
with a mechanical stirrer and pressure equilibrating dropping
funnel and was allowed to equilibrate overnight in 5 ml dry
methylene chloride. During this period the suspension v/as not
stirred and all glass connections were sealed with Parafilm to
exclude moisture. BP^ etherate was then pipetted into the
gently stirred gel and after a measured time the epoxide, in
dry methylene chloride, was added in a dropwise manner to the
flask. After reaction had occurred (9 h approximately as
indicated by analytical TLC), the gel was filtered on a weighed
glass sinter funnel, washed with methylene chloride and acetone,
and then dried under vacuum at room temperature. Weighing of
the gel was carried out as quickly as possible as. water uptake
from the air was rapid.

Table 2,3 summarises the experiments carried out. The
optimum amount of BE^ etherate was 0,1 ml per g of dry gel,

90 ,agreeing with the findings of Ellingboe e^ jO fo by weight
incorporation of the Nedox 1114 was the most efficient substitution 
obtained (Expt, 5» Table 2,3). The conditions in this experiment
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TABLE 2,4 GLC analysis of supernatant from the reaction
of LH-20 with 23 ■> 24~oxido-5 3-cholane .

225Retention Index I Qy ^ io Composition

2480 0,8 Unknown

2715 0,9 Unknown

2870 97.5 24“Butoxy-5p“Cholane

2870 Standard 24-Butoxy~5p”Cholane
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were used for the preparation of the cholanyl substituted gel.

Preparation of hydroxy-33~cholanyl LIi"20,
A sample of gel (4.5 g) was placed in a flask fitted with 

a mechanical stirrer and pressure-équilibrating dropping funnel. 
Dry CHgCl^ (40 ml) was added, and the gel was equilibrated by 
gentle stirring in the solvent overnight, etherate
(0,45 ml) wfas added and stirring continued for 10 mins, 25,24- 
Oxido-5P~cholane (5.5 g) in dry CH^Cl^ (25 ml) was added during 
50 min and the suspension stirred for 4 h. After filtering, 
washing with CH^Cl^, methanol and acetone and drying overnight 
under vacuum, the gel weighed 7.2 g , representing an uptake of 
64^ by weight of the oxide. This corresponded to 0,655 cholane 
residues per sugar residue. The steroidal material in the 
supernatant was shown by GLC to comprise over 97^ of 24-t-butoxy- 
5p~cholane (Table 2,4).

reaction
Preparation of lipophilic gels by / of LH-20 with alicyclic 
oxides,

The successful reaction of terminal olefin oxides with LH-20 
prompted the investigation of substitutions using alicyclic oxides. 
These reactions were potentially more difficult due to steric 
hindrance but the ability to use such oxides would greatly extend 
the range of possible substituents in lipophilic gels. The 
following paragraphs describe the preparation of hydroxyalicyclic 
derivatives of LH-20, Cyclohexene oxide was used initially as a 
model compound for the reaction of more complex alicyclic olefin 
oxides,
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Preparation of hydroxycyclohexyl LH-20.
Method 1; Stoichiometric amounts of cyclohexene oxide,
LH-20 (1.15 gj 0,0054 mole) was equilibrated with 10 ml CH^Cl^ 
for 5 h at room temperature. etherate (O.ll ml) was added
to the stirred suspension and, after 10 rain, cyclohexene oxide 
(1,00 g, 0,0102 mole) in dry CH^Cl^ (lO ml) was added over 15 
min. The suspension was stirred overnight at room temperature 
and the'n the product was filtered, washed consecutively with 
CHgClg and acetone and dried under vacuum. The product v/eighed 
1,48 g, representing an increase in weight of 0,28 g, and a 
content of hydroxycyclohexyl residues of 19^ by weight or 0,85 
residues per sugar ring.
Method 2; Excess cyclohexene oxide,
LH-20 (2*0 g) was suspended in dry CH^Cl^ (6 ml) for 1 h. BP^ 
etherate (0,25 ml) was added and the suspension left to equilibrate 
for 15 min. The reaction flask was transferred to an ultrasonic 
tank and cyclohexene oxide (5 ml) in dry CH^Cl^ (5 ml) was added 
during 10 min with gentle mixing. The flask was removed from the 
tank and left overnight at room temperature, The gel waa filtered, 
washed with GH^Cl^j ethanol and acetone and dried under vacuum.
It then amounted to 5,2 g , the increase of 1,2 g corresponding 
to 68,5^ substitution of free hydroxyl groups, i.e. two hydroxy
cyclohexyl residues per sugar ring.
Further hydroxyalicyclic derivatives of LH-20,

The preparation of four novel gels is described below.
Table 5 summarises the details of experiments carried out. Ali
cyclic oxides were found to undergo rearrangement reactions and
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polymerisations more readily than the alkyl oxides previously 
examined. The hy-products have "been briefly examined and charac
terised, Because of the inefficient incorporation of substrate, 
reactions were repeated in an attempt to increase the degree of
substitution of the gel. In agreement with the findings of

90Ellingboe ^  , this met with some success.

Reaction of LH-20 with 2o..,5o-~Q^-idO"5c~okoles tane,
The method used followed that for the reaction of LH-20 

with 23,24-oxido-5 |3-cholane, The product from initial reaction 
contained 16.1^ by weight of hydroxycholestanyl residues. 
Repetition of the substitution reaction increased this to $1,6^ ' 
by weight, and a third reaction (with 1,2 g of oxide instead of 
5 g) produced a gel containing 37.5^ by weight of substituent. 
This corresponds to 0,5 hydroxycholestanyl residues per glucose 
ring in the dextran. On average, only 20^ of the oxide was 
incorporated in any one step. Evaporation of the supernatant 
liquid yielded a pale brown solid. The following characteristics 
were observed
TLC: Two spots, R^ values 0,85 ^ d  0,95 standards: 5ct-cholest-

2-ene, 0,85; 2a,5ct-oxido-5ct-cholestane, 0,30; 5ct-choles- 
tan-3-one, 0,12,

GLC: Conditions used were: 5 m 1^ OV-1 at 260°C, Ko peaks
were observed for the reaction product up to I value 3500 
(I for the oxide was 3045).

IR: Broad bands, absorption at IO9O cm
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KMHi Characteristic steroidal pattern below 2 ppm. Resolution 
much lower than for the oxide, and some ether proton 
absorption at 3 - 4 Ppm, but very broad and poorly 
resolved,

The material could not be crystallised, and, on the basis of the 
characteristics noted, was concluded to be an ether-linked polymer.

Reaction of LH-20 with 6-(3.4"Oxidocyclohexyl)-ethyltrimethoxy- 
silane.

The procedure used was as described for the reaction of 
cyclohexene oxide with LH-20 (Method 2, p, 70 above). The initial 
product contained 32,4^ by.weight of substituent. On repeating 
the reaction, this was increased only to 34#0^> which was assumed 
to be the maximum substitution attainable under these conditions,, 
This corresponds to 0,7 substituent residues per sugar ring of 
the dextran, Trimethoxysilylethyl-hydroxycyclohexyl LH-20 will 
henceforth be denoted as TMSE-hydroxycyclohexyl LH-20,

The supernatant from this reaction yielded on evaporation 
a clear glassy material, polymeric in nature, whose exact 
composition was not determined.

Reaction of LH-20 with exo-2,3-oxidonorbornane,
The reaction was carried out using the method described 

earlier for the preparation of hydroxy-5p-cholanyl LH-20, On 
repeating the substitution reaction, the degree of substitution 
was increased from l6,0 to 20,2^ by wt, This was assumed to be the 

maximum for the experimental conditions used, I,R, characterisation
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CHO

Fig.2,9 Acid-catalysed rearrangement of endo-2,3~oxidobornans.
+ *A represents a Lewis acid, for example, BF^ etherate. Product I
is 4- formyl— 2,^,3-trimethyl-l-cyclohexene; product II is camphor.
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of the reaction by-products indicated that these være carbonyl-containing 
compounds, primarily ketonic (1740 cm absorption).

Reaction of LH-20 with endo-2,3~oxidobornane.
The method used for this reaction also follovæd the procedure for 

the LH-20/cholanyl oxide reaction. Incorporation of the oxide into the 
gel v/as very low (7^ by weight of substituent). The reaction could not 
be repeated owing to lack of oxide. The by-products of the reaction v/ere 
examined by Infrared spectroscopy. Two carbonyl adsorptions were observed, 
at 1720 and 1740 (3 h). These were presumed to be the aldehyde (I) and 
ketone (ll) observed by Horowiecki ^  al« following a silver oxide- 
catalysed rearrangement of bornylene o x i d e , f o r  which the reaction 
sequence is illustrated in Fig, 2,9.

Base-catalysed substitution reactions of Sephadex,
Some experimental investigations were carried out on the possibility

of using basic conditions for the substitution process. The tendency
for rearrangement of an oxide during the reaction should be reduced,
although the problem of solvolysis would be more important, A further

95possible advantage arises from work reported by Ellingboe,concerning 
the preparation of substituted Sephadex gels, using a chlorohydroxy- 
propyl derivative of LH-20 as an intermediate. The chlorine atoms of 
the substituent moieties were replaceable by reaction with basic compounds, 
for example amines. Reactions between alkoxides and the chlorinated 
Sephadex derivative would preclude the time-consuming preparation of 
epoxides, while still yielding derivatives in which the lipid substituents 
are bonded through the stable ether linkage.

The preparation of a chlorohydroxypropyl derivative is described
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and then various trial reactions are detailed.

Reaction of LH-20 with 3-chloro-oxidopropane,
LH-20 (21 g) was equilibrated for 1 h in CH^Clg (lOO ml). 

etherate (5 ml) was added and the suspension stirred for 15 min. 3- 
Chloro-oxidopropane (l6 ml) in dry CH^Clg (25 ml) was added over 30 min 
and the reaction mixture v/as stirred overnight. The product was filtered, 
washed with OHgCl^, ethanol and acetone, and dried under vacuum. The gel 
now weighed 34.5 g, corresponding to a chlorohydroxypropyl content of 
39.1/ by weight, or 2,5 replaceable chlorine atoms per sugar ring of 
the dextran. The average M  of a monomer in the gel was therefore 552.

Reaction of chlorohydroxypropyl LH-20 with L-ephedrine,
I.00 g of gel was suspended in dry OH Cl (4 ml) for 1 h and then 

ephedrine (0,8 g) in CH^Clg (2 ml) v/as added and the reaction mixture 
left at room temperature for 6 days. The gel was filtered, washed and 
dried,' It now weighed 1,08 g, corresponding to an uptake of 0,60 m,moles 
of ephedrine or 0,33 ephedrine residues per glucose ring of the dextran.

Reaction of chlorohydroxypropyl LH-20 with borneol alkoxide.
Borneol alkoxide was prepared by the addition of borneol (3 g 0,192 

mole) in dry THF (5 ml) to sodium hydride (0,75 g, 0,312 mole) and 
allowing reaction to occur for 30 min, Chlorohydroxypropyl LH-20 (3*00 g) 
v/as dried thoroughly and suspended in dry THF (12 ml) for 30 min prior 
to the addition of the alkoxide. On adding the base, a greenish-yellow 
coloration was formed, indicating tiiat reaction was occurring. The 
suspension was stirred for 2 days at room temperature, after which the 
gel was filtered, washed v/ith H^O, ethanol, acetone and benzene. The 
product initially had a brown colour but on continued wtshing, this was
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Rubbex cap

Centrifuge tube

Filter tube

Swollen gel

S olvent

Fig.2.10 Apparatus foT the determination of solvent regain values by 

the method of Helfferich,
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partly removed. The dry gel now weighed only 2,8 g, a væight decrease of 
0.2 S  (6.7fo)*

The reaction was repeated with similar conditions and once again a 
decrease in weight was observed (of 6,0^),

The degree of substitution cannot be calculated as the extent to
which chlorine has been displaced by hydrogen or hydroxyl is not known.

Base-catalysed reaction of IiH-20 with cyclohexene oxide.
Cyclohexene oxide was used as a model compound for the reaction of

more complex alicyclic^ oxides, LH-20 (2,0 g, 6,0 m.moles) in t-butanol
(20 ml) v:as stirred for 5 h with potassium t-butoxide (2 g, 18 m,moles) 
and then excess base was filtered off, Cyclohexene oxide (5 ml) vras 
added and the suspension was stirred for 2 days at room temperature,
A green coloration developed soon after the addition of the oxide, but, 
on continued reaction this faded to give a yellow reaction mixture. The 
gel was washed and dried. It now weighed only 1,84 g. Allowing for 
mechanical losses, this implied zero incorporation of the oxide,

2,7 Measurement of Solvent Regedn Values.
Solvent regain values are expressed either as the number of grams or

the volume in ml of solvent absorbed at equilibrium by 1 g of dry gel.
This does not include liquid in the interstitial spaces between gel
particles. The method used was adapted from that described by Pepper

127 128et al. and later by Helfferich for use with ion-exchange resins,
Ellingboe used a similar procedure^^ for his hydroxyalkoxy derivative
of LH-20.
Method; A sample of the gel under examination was weighed out into the 
filter-tube (Pig, 2,10) and was equilibrated with the solvent. Excess
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solvent was removed by suction, until the meniscus of the supernatant 
had merged with the surface of the gel bed, and the container was trans
ferred to a conical centrifuge tube which was then sealed with a rubber 
cap* The atmosphere inside the tube was saturated with solvent vapour 
by addition of a few drops of solvent to the centrifuge tube. The 
assembly vras spun for 15 min at I50 g and then the filter tube v/as 
removed, dried quickly with filter paper, and v/eighed to give the weight 
of solvent absorbed by the gel beads. This- method does not allov/ for 
solvent adhering to the surface of the particles. It was not considered 
necessary, for the present purposes, to compute the corrections mentioned

33 'by Helfferich, Values determined for gels are quoted in Chapters 5™5*

2,8 Preparation of Columns,
It has been shown experimentally^ » 1^9 »1^0 column diameters of

1-5 ram I.D. are best for high performance liquid chromatography (i-IPLC), 
Accordingly, analytical columns for the evaluation of synthetic gels were 
constructed from narrow bore tubing (Pyrex medium v/all, 2,5 mm 1.1), or 
P,T,F,E. capillary tubing 1,6 mm I,D,). Column lengths were approxi
mately 100 cm. Straight columns were used in preference to coils, v/hich

55 57have been shown to be less efficient, ' Preparative-scale columns 
v/ere made from wider diameter tubing (1.0-2.5 cm). All glassware was 
silanised before use with dichlorodimethylsilane in toluene. The appli
cation of low pressures (5 - 10 psi) to columns ga,ve convenient flow 
rates of 1 - 2 ml/h. Higher pressures could not be used because of the 
non-rigid nature of the gels. Brief descriptions follow for the 
construction and packing of both gravity-flow and pressurised columns. 
Packing of columns v/as a critical procedure requiring great care, as the
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performance of the column was markedly affected by non-uniformity ’in
the gel bed. '
(a) Gravity-flow columns; these v/ere constructed according to a

92previously described pattern^^ utilising Glenco P.T.F.E. connectors 
(from Glass Engineering Co., Inc., Houston, Texas, U.S.A.) as column 
end-pieces. Pig. 2.11 is reproduced from ref, 38 and illustrates the 
column design. The I\dariotte tube serves to maintain a constant operating 
pressure during the course of a chromatogram. Before packing, columns 
were calibrated in ml to facilitate measurement of bed volumes. Prépa
rât ive-s cale columns were packed by adding a slurry of the preswollen 
gel in the eluting solvent to the column and allowing the gel to sedi
ment under gravity flow until 3 hed volumes of solvent had been collected. 
Analytical columns were filled beforehand with solvent and the gel slurry 
was added* to the reservoir. This avoided the formation of air-locks in 
the narrow bore tubing. For both types of column, care was taken to 
keep the tube perpendicular. Periodic rotation of the column and gentle 
mechanical vibration helped in obtaining uniform sedimentation,
(b) Pressurised columns; pressure was applied to the solvent by one of 
the following methods; (i) from a gas cylinder attached through a 
regulator to the solvent reservoir bottle; or (ii) using a syringe pump 
(Type 355» Sage Instruments, Inc,, White Plains, H.Y,, U.S.A.) in conjunc
tion with a 30-ml Hamilton syringe (Ho, IO3O), which was connected to 
columns using a Teflon needle. Glass columns were fitted with Pye- 
Unicam injection heads and column endpieces. The v/ashers, locking nut 
and ferrule were filed to accommodate the glass tubing used for the 
column. The ferrule on the endpiece held in place a Teflon net (Pharmacia) 
used as a bed support (Fig, 2.12), Capillary columns were constructed
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from P.T.F.E. tubing (l,6 mm I.D.) as illustrated in Pig. 2*13.
Chromatronix Inc, (2743 Ninth Street, Berkeley, California 94710) 
valves and couplings were convenient for the construction of solvent 
delivery and sample injection systems.

Hie packing of pressurised columns required the attachment of a 
reseiuroir to the column head, through which the gel slurry was intro
duced to the column. As with gravity-flow columns, sedimentation of 
the gel'was facilitated by filling the columns, initially, with solvent.
The operating pressure was applied (from a nitrogen gas cylinder) to the \
reservoir during the packing operation. When packing was complete, the 
reservoir was detached and the top-piece fitted. It was convenient to 
maintain continuous solvent flow through columns which were liable to 
be needed, as some difficulty was experienced in preventing the gel bed 
from drying out. When this occurred, the gel was extruded from the 
column by reversing the solvent flow and the column re-packed once more. 

Latterly, commercial columns were purchased (Quickfit) which were 
fitted with adjustable column end-pieces. Bed volume changes resulting 
from solvent switching could be accommodated with these end-pieces. In 
addition application of preparative-scale samples through the diffusion
disc in the column top-piece resulted in narrower band widths than were

92obtained by conventional saraple-application techniques. These columns 
could be fitted with water-jackets for isothermal operation. However, 
these were not used, and chromatography was carried out in a constant- 
temperature room, thermostated at 20°C, The degree of swelling of the 
gels and the retention behaviour of samples is temperature-dependent.
This will be discussed in Chapter 3*
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2,9 Colrum Techniques : Sample Application and Detection, • '
The development of column packing materials of high efficiency has

been accompanied by advances in the techniques and equipment used for
introducing and detecting samples,Poor sample application techniques
can result in band spreading and dilution of the solute in the column
effluent. Dilution in this manner is a problem in classical LC systems
as detection is rendered more difficult. Care must be taken, therefore,
to reduce dead volumes in both of the column end-pieces,
(i) Sample application.

Two methods of application are currently employed for pressurised
systems: tlirough injection pouts or through sample valves. Injection
ports can be of two types, on-column or swept injection ports (Fig, 2,14),
In the former method, the needle of the syringe is introduced into the
column throigh a septum and penetrates the top of the column packing.
The sample is applied directly to the centre of the bed. Clogging of
the syringe by very small diameter particles in the packing material can
be avoided if the injection is made into a small plug of glass vmol at
the top of the bed. This also avoids contamination of the bed with
dislodged septum material. This method can give the highest separation

R cefficiency, especially if k ' for the sample is less than unity. The 
sample size which can be used while maintaining high efficiency depends 
on the cross-sectional area of the column and the capacity of the packing, 
Kirkland lias shown^'^ that on a 1 m x 2,1 mm I.D, column packed with a 
controlled surface porosity support, the ilETP value does not increase 
significantly over the range 0 - 50 pi. This method of sample application 
v/as found satisfactory for all types of analytical column described in 
paragraph 2.8 above.
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When a swept injection port is used, the sample is deposited just
before the column inlet and is carried on to the bed by the mobile
phase. This type of inlet is required for columns in which the bed is
held between porous discs, as for example in the Quickfit columns
mentioned earlier. The efficiency can be as high as for on-column
application if dead volumes are minimised and also if is greater than
unity. With both injection systems, the flow can be interrupted during
sample application. Band broadening is not a problem, as diffusion
coefficients in liquids are low, and in addition, this method allows
lov/ pressure syringes to be used. It is preferred for large sample
volumes or for systems with very high operating pressures (> 2000 psi).
Alternatively, these problems can be avoided using a sample valve (or
sample loop, Pig, 2,14), These valves are commonly used for automated,
repetitive analysis, where high reproducibility of sample introduction
is required, A design has been published for a valve which can be

152operated at up to 5000 psig.
Gravity-flow preparative columns were loaded in the normal manner, 

by removing supernatant solvent prior to applying the sample,
(ii) Sample detection.

A wide range of detection systems have been used with liquid chromato- 
graphs, None of these are "universal", in that they are suitable for 
all types of sample, and modern systems generally incorporate more than 
one detector in series with the column. Three groups can be identified.
(a) Bulk property detectors, which measure overall physical changes in 
the eluant, for example, the refractive index (RI), conductivity or 
dielectric constant (capacitance). Of these, the differential refracto- 
meter is the most commonly used. The detector is sensitive in the pg
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range but is dependent on flow rate and temperature.
(b) Solute property detectorss these depend on particular properties 
possessed by the sample but not the eluant, and include W, polarogra.phic 
and radioactivity detectors. The UV detector is the most widely used 
detector of this type. Although limited in its use to compounds 
containing chromophores, it has the advantage of being only very slightly 
affected by temperature and flow ra,te and of being extremely sensitive 
even for compounds of moderate absorptivity. In favourable cases sub- 
nanogram amounts of solute can be detected,
(c) Flame iom.sation detectors,(FID, transport detectors): the solvent
is removed by evaporation on the surface of a wire transported continu
ously through the effluent, thereby receiving a film of the liquid, and 
the solute left on the wire is subsequently pyrolysed and carried to the 
detector in a stream of suitable gas. The detector is identical in 
construction to those used in gas chromatography. The sensitivity of 
the system is limited by the capacity of the wire and is dependent on 
the eluant concentration and sample volatility.

In the present work, detection of solute in column effluent was
achieved almost entirely by the use of liquid chromatographs of the
moving wire - FID type. One of these was based upon the design of
Ha8,hti et al,^^^ (Fig, 2,15a) and the other was a Pye-TJnicam System 2 •
liquid chromatograph (Fig, 2,15b), The platinum chain was replaced
by a wire prepared as follows. Two strands of wire (80/20 Yacrom wire,
from the Factile Wire Co, Ltd., Bootle L,20 6AE, Lancs,) were twisted to
give 8 turns per cm. The wire was doubled and twisted to give a 4-

92stranded composite wire. This had a satisfactory sample capacity, a 
useful lifetime (1-2 weeks vdien in continuous use), and a low noise 
level after rigorous cleaning.
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Sample size was commonly 25-100 p.g, but 1 « 2 mg could be 
accommodated on columns of bed volume 10 - 20 ml without deter
ioration of peak shape. Elution of 25 (ig of material in a peak 
of width 10 8,E,V, from an analytical column, bed volume 5ml, 
resulted in an average eluate concentration of 50 pg/ml which was 
easily detected on the liquid chromatographs. The background noise 
arising from column bleed was usually negligible. On re-equilibrating 
columns-which had been dried out for some time, a rise in noise level 
was often observed. The exact cause of this is not known ; impurities 
may have entered the column during the repacking procedure, or degrad
ation of the gel (bacterial or chemical) in air may have occurred, 
giving rise to solutes in the column effluent. After a fewr hours, 
the original low level was restored. 100 ml of eluate from the 
hydroxycholestanol LH-20/benzene system were evaporated and the 
resulting oil was examined by GLC (2 m 1^ OV-1 at 225°C), A solvent 
blank (the residue from IvO ml benzene) was compared with the effluent 
residue. The GLC traces of the two samples were identical.

In some cases, solutes eluted from columns were detected by 
analysis of fractions collected during the course of the chromato
gram, Two automatic collectors were used : the BTL Chroniafrac 
(Baird and Tatlock (London) Ltd., Freshwater Road, Chadwell Heath, 
Essex), and the Central Fraction Collector (Central Ignition Co., 
London, N.I.), In addition, very small fractions were collected 
manually. Solvent was evaporated from fractions with a stream of 
nitrogen and solid residues dissolved in an appropriate solvent for 
UV spectroscopy, scintillation counting or polarimetry,

In the analysis of biological extracts, some use was made of a
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NCREASING 5EV

Fig,2.16 A two-dimensional chromatogram of a World Standard 
pyrethrum extract obtained by collecting the effluent from a gel 
column on a TLC plate as a streak (x'-axis). The plate was then 
developed (along the y-axis) in the normal manner and visualised 
with eerie ammonium sulphate. The system was a reversed-phase 
hydroxycholestanol gel eluted with methanol-heptane (9:1),

Compound A is pyrethrin I and B is pyrethrin II, The sep
aration is similar to that obtained with reversed-phase hydroxy- 
5p-cholanyl LH-20 (Fig,5,7),
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device for coupling column chromatography with TLC. A 20 x 20 cm 'TLC 
plate (0.25 mm thickness) was transported at 3 cm/h below a gravity- 
floviT analytical gel column from which the effluent was deposited on 
the silica layer as a strealc. The solvent was evaporated continuously 
by a stream of nitrogen directed at the point of application. The plate 
was then developed and visualised in the normal manner, giving a 2- 
dimensional chromatogram (Fig, 2,16), }fy thanks are extended to tîr,
D,S. Stevenson for the use of this apparatuso
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Chapter 3» HYDROXY-5.P-CH0LAhYIi SEPHADEX LH-20.

3.1 Introduction.
Two approaches to the chromatographic resolution of chiral mole

cules were outlined in Chapter 1: (a) by chromatography of diastereo-
isomeric derivatives of the compounds on normal stationary phases, and
(b) by direct chromatography on optically active stationary phases.
By virtue of the fact that matrix substitution of Sephadex, to produce 
lipophilic derivatives, had successfully been carried out in a number 
of c a s e s , a n d  also because it is more convenient to work with 
the heterogeneous mixtures isolated from plants without derivative 
formation (which might result in rearrangement reactions of labile 
compounds), it was decided to adopt the second method (b) above.

Certain requirements are imposed on reagents for gel modificatioh 
reactions,
(i) ' It must be possible to introduce substituents without 
adversely affecting the gel structure. If very vigorous alkaline or 
acidic conditions are used in the substitution reaction, the danger 
arises of hydrolysis of the polysaccharide matrix, with consequent 
deterioration in the physical properties of the gel bead. Goodson 
and Di Stefano^^"^ reported the hydrolysis of G-I5 in boiling HCl (6h), 
although, if the extent of reaction is carefully controlled, beneficial 
results are claimed, in terms of column efficiency, for the partially 
hydrolysed structure. However, a loss of homogeneity with respect to 
the degree of cross-linking might arise in unfavourable reaction 
conditions,
(ii) The substituents must be stable with respect to physical, 
chemical and stereochemical properties. They must be introduced with-
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out loss of chirality, and, once bound to the gel matrix, they must
not readily undergo subsequent chemical reaction which would result
in their racémisation or decomposition. Reactions of these types
might occur with solvents or solutes passing through the column. This
problem has arisen with siliceous esters, which are hydrolysed by

135solvent systems containing alcohols - an effect that imposes limits 
on the use of these bonded stationary phases. Ideally a stable chiral 
centre containing no labile functional groups is required. This is in 
accord with the view proposed in Chapter 1, that separations of phyto- 
sterols diastereoisomeric in the side chain were unlikely to be 
achieved on polar optically active phases containing’ multifunctional 
substituents,
(iii) The material used for preparing the gel should be readily 
available or, at least potentially so. If the initial study of a gel 
showed it to be of potentially wide applicability, it would be desir
able that further quantities could be prepared.

These conditions are satisfied, in terms of matrix stability and 
column performance by the catalysed reaction of an olefin oxide 
with the gel substrate on which substitutions have
sometimes been carried out in preference to Sephadex G. Substitution 
of the free hydroxyl groups in G-25 renders it lipophilic-hydrophilic 
and therefore more suitable for reaction in organic solvents with 
lipophilic reagents than the original hydrophilic dextran. The types 
of linkage which have been used to attach substituents include esters,' 
a m i d e s , a m i n e s , e t h e r s , a n d  silyl e t h e r s . T h e  ether 
linkage is to be preferred for permanent column materials. In the 
preparation of methylated Sephadex, Nystrbm used G-25 in aqueous haOH

.36
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Bex — OH represents the dextran matrix of Sephadex G, In the last 
equation, R—CO^H is lithocholic acid : -

HO
Fi^« 3.1 Some examples of reactions for the preparation of lipo
philic Sephadex gels.
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Amount of BF^ etherate (ml/g LH-20)

Hydroxy-
alkyl
groups
(^w/w)

(ml/g LH-20) 
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Fig.3.2 Dependence of the degree of substitution of hydroxyalkyl 
LH-20 on (a) the amount of BF^ etherate, (b) the amount of oxide used. 
Graph (a) v/as determined using 2,5 ml Nedox/g LH-20 (3,57 moles/mole ),
and (b) was determined using 0.25 ml BF^/g LH-20, Both graphs are 
reproduced from ref.90.
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137with dimethyl sulphate as the methylating agent, or else reacted 
G-25 in dimethyl' sulphoxide with the dimethylsulphinyl carhanion and 
dimethyl sulpliate (Fig. $.1).^^^

The chiral oxide chosen for the preparation of a gel v̂ as 23,24- 
oxidO“5P“Cholane. This is a terminal olefin oxide (and therefore 
similar in this respect to Nedox 1114 oxide) which could he prepared 
from naturally occurring and readily-availahle hile acids. The functi
onal groups in the steroid nucleus were removed to leave a lipophilic 
moiety which had. considerable chemical stability. The oxide was 
prepared from 5 P^chol-23-ene by reaction with peracid. In the absence 
of any pronounced steric hindrance in the vicinity of the olefin above 
or below the plane of the steroid nucleus, it is presumed that a 
mixture of the a- and p-oxides was formed. No net contribution to 
the chirality of the substituted gel could therefore be expected from 
the potentially chiral centre at 0-23.

Optimisation of the experimental conditions was carried out using 
a mixture of Nedox 1114 oxides as model compounds. Stoichiometric 
amounts of reagent were used, in contrast to previous work by NystrÔm, 
who used excess oxide, l^str5m examined the degree of substitution 
versus the amount of oxide and acid catalyst present (Fig. 3*2). From 
the graphs reproduced in Fig. 3*2, it can be seen that the percentage 
substitution of the gel increases with the amount of oxide used, 
reaching a maximum of 60}b by v/eight of substituent, which corresponds 
to 2.64 hydroxyalkyl residues per monomer unit of the LH-20 polymer 
(i.e. B&fo substitution of the free hydroxyl groups of LH-20). The 
efficiency of incorporation at this degree of substitution is only 
46^. When stoichiometric amounts of oxide are used (approximately
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1 mole/mole of gel), the efficiency rises to 60-70/, which agrees'with 
the findings described in Chapter 2. There is an optimum amount of 

catalyst for this reaction, between 0.1 and 0,4 ml/g of LH-20,
Beyond this figure, Hystrttm's graph describes a falling curve. He does 
not suggest any explanation, but from the results of the present work, 
it appeared that the gel had undergone severe degradation in the 
presence of high amounts of BF^ etherate, a situation recalling the 
criteria for suitable substitution methods discussed above (3,l(i)).

The substitution reaction v/ith 23,24“0xido-5p-cholane was success
ful and an efficient incorporation of the oxide v/as obtained.

The exact structure of the gel following substitution is not knovm, 
and it is likely to prove very difficult to carry out a detailed analysis
vfithout degrading the polymer, for example, to single monomer units,

159Some v/ork has been done on the spectra of polysaccharides.
However, high viscosity (and the rigidity of a cross-linked polymer)
results in band broadening and the structure of the substituent-gel
linkage is unlikely to be given by this method. Tanalca and Konishi 

94have published an infrared spectrum of a trimethylsilyl derivative 
of G-lOO, While this shows the presence in the gel matrix of Si-Me 
groups, the bands once again are rather broad. However, the mode of 
reaction of epoxides has been well catalogued,^^^ and the direction 
of epoxide opening in acid or base can be inferred from known examples. 
Thus when propylene oxide is reacted with sodium alkoxides, as in the 
preparation of LH-20, nucleophilic attack occurs only at the terminal 
epoxide carbon atom. When acid catalysts (BF^ etherate, H^SO^) or heat 
are used, a mixture of primary and secondary alcohols is formed^^^
(Fig. 3»$*l)* More highly substituted oxides tend to give predomin-
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RON a

roh/bf

-> CH^eCH(OH).CH^-OR

^ ^  CH^E(OR),CHgOH + CH^.CH(OE).CHg--OR

0
(2) (CE^)gA;Eg

r o e/bf
^---> (OE )gC(OR).CE^OE (100"/)

0
(3) Dex-OE + CEg-CE.CE OE •> Dex-O-OEg. CE ( OE ). CE

0
(4) (LE~20)”0E 4- R-CE-CE

0

BF
2— >  ( LS«20 )-0~CE ( CEgOE )-R

R-CE'-'CÊ  = 23 ,24-oxidO“5P-cholane

A(5) Ph-CE-CE,
MeOE/BF

—̂ > Ph-CE(OMe),CEgOE + Ph-CE(OE),CE OMe
(10/)

0
(6) R^G-CE R_G"-CE^OE

2

Fig,3,3 Acid and. base-catalysed nucleophilic attack on epoxides.
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antly the primary alcohol* For example, isobutylene oxide gives only
2-methoxy~2-methyl"l-propanol (Fig. 3*3*2) when reacted with BF^ in 
methanol. It is reasonable to assume that LH-20 contains secondary 
hydroxyl groups (Fig. 3*3*5) and that BF^-catalysed reaction with 23, 
24~oxido-.5P“Cholane results mainly in attack at C-23, to give a primary 
hydroxyl group (Fig. 3*3*4)• Hie direction of epoxide opening is 
apparently controlled by the relative stabilities of the tv/o carbonium 
ions formed transiently in acid-catalysed reactions (Fig. 3*3*^)* A 
double bond or aromatic ring in conjugation with the epoxide exerts a 
strong directional influence by stabilising the ion through délocalisa
tion of the charge. Tiie amount of secondary alcohol formed during the 
substitution reaction will also depend on the effects of steric hindrance 
on attack at C-23 or 0-24*

Ihe’reaction supernatant was analysed by GO after substitution had 
occurred. The residual steroidal material was shown to comprise over 
97/ (estimated by triangulation of the pealcs) of a by-product of the 
synthesis of the olefin, 24-butoxy-5P“Cholane. This had not been 
removed from the olefin, as it was considered that it would not inter
fere with subsequent reactions. Epoxide rearrangement products appear 
to be absent in this reaction (cf. Chapter 4).

5,2 General Properties of the Gel.
Hydroxy-5B-cholanyl LH-20 is a chemically stable gel. Examination 

of a sample by optical microscopy shovæd that the spherical form of 
the beads had been preserved through the modification reactions.
Column bleed from analytical scale columns, in terms of background 
noise on the liquid chromatograph, has been found to be negligible with
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TABLE 3,1 Solvent regain values for hydroxy-33-cholanyl sub
stituted LH-2Q~^ and Nedox 1114 substituted LH-20*'*'

Solvent
Solvent Regain Valued"

Cholanyl LH-20 . Nedox 1114 LH-20

Heptane 0,84 0.5

Cyclohexane 1.25

Carbon tetrachloride 2.77

Toluene 1.88

Benzene 2.41 1.4

Te trahydrofuran 2.19

Chloroform 3.67

Methylene chloride 2.75

Acetone 1.04

Methanol 1.16
— -—.... ....— .... .

0.7
---- ----------------

* Degree of substitution 40.3/ hy weight,

** Degree of substitution 41*3/ hy weight.

Grams of solvent talc en up by 1 g dry gel.
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both polar and non-polar solvent systems. TMs agrees with observations
made by Ellingboe al, on the properties of Nedox 1114 LH-20, espeoi-

90ally after rigorous washing of the gel. Elution data were reproducible 
over a period of several months.

Solvent regain values (SRV) are quoted in Table 3*1* Maximum 
solvent uptalce is obtained with halogenated and with aromatic solvents, 
but swelling does occur with more polar solvents, Sjbvall has attributed 
the degree of swelling to four main f a c t o r s ( a )  the degree of cross- 
linking; (b) the degree of substitution; (c) the type of substituent;
(d) the nature of the solvent. Following from the discussion in 
Chapter 1, of the nature of gel polymers, it is expected that (a) is the 
primary factor. As the weight of lipophilic substituent increases, the 
solvent regain in non-polar solvents increases while, in polar solvents, 
it decreases. Thus hydroxyalkylated LH-20 is hydrophobic even at low 
degrees of substitution. Studies of methylated Sephadex,LH-20,
Nedox 1114 LH-20^^ and trimethylsilyl Sephadex have shown that these 
trends are general. The numerical values of the SRV for cholanyl LH-20 
are higher than those for hydroxyalkyl LH-20 of a similar degree of 
substitution^^ (Table 3.1, column 2). Procedural differences during 
the determination, as for example in the speed and time of centrifugation, 
may account for this. The relative values for different solvents with 
the same gel are therefore more significant.

Little information is at present available on the effects of 
temperature on lipophilic gels and on the SRV, Lamport and Determann 
have looked at the effect of temperature on the porosity of LH-20 
(measured by the degree of swelling)and on the elution times of 
materials from columns of L H - 2 0 , T h e  solvent uptake increases with
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TABLE 3.2 jo Recovery of materials of different polarity from the 
straight-phase system.

Compound load dpm added
SEV Range 
collected

dpm
recovered recovery

Cholesteryl
palmitate 10 pg 33636 50-60 33126 99

Cholesterol 10 pg 40S7 132-148 4096 101
(

Palmitic acid . 10 jig 43938 200-250 43169 98
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temperature for organic solvents and decreases for water or electrolyte
solutions. The elution volume of organic acids in an electrolyte system
increases with temperature, whereas, in an organic solvent, it decreases.
This effect has been correlated with the mechanism underlying separation
and will be discussed later (Chapter 5). Hydroxyalkyl LH-20 decomposes
at temperatures over 80°C.^^ Also, Nystrbm found that elution volumes
tended to decrease on hydroxyalkyl LH-20 in polar solvent systems as the

90temperature increased, and Ellingboe reported that the theoretical 
plate height in polar solvents decreased on increasing the temperature,
From the last result, it can be inferred that an increase in the ratio 
of Vs/Vm has been obtained (which leads to a more efficient column) and 
therefore that the porosity of the gel has increased, Hydroxyr..̂  (^cholanyl 
LH-20 would be expected to follow these trends. An increase in SRV and 
a decrease in the elution volume are predicted for higher temperatures in 
the reversed-phase system. As with all partition systems,. chromatography 
at constant temperature is necessary for reproducibility of elution data.

The gel was examined in two solvent systems; benzene and methanol- 
heptane (9:1), which gave straight- eud reversed-phase systems, respectively, 
These solvent systems were chosen to facilitate comparison of the gel as 
a stationary phase with hydroxyalkyl L H - 2 0 . O n e  direct consequ
ence of the lower solvent uptake with polar solvents - which also applies 
to other lipophilic gels - is that the size of the gel beads is smaller in 
reversed-phase systems than in straight-phase ones. Column flow-rates 
therefore tend to decrease, whereas resolution is enhanced.

Recovery of material from the straight-phase system was assessed by 
use of radioactively-labelled compounds of diverse polarities (Table 5*2), 
Virtually quantitative recovery was obtained in each case at the 10 pg
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10,000-

1000

100-

10-

S.E.V.130 UO 150

Fig,3.4 The effect of increasing the load applied to a gel column 
(500 X 4 oim i.d*) on the elution profile. The solute, cholesterol, 
contained 4 -labelled material. Concentrations were measured 
through the activity of collected fractions, The total loads applied 
were lOpg, lOOpg, 1.OOOpg, and 10,000pg.
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level, îÿTystrbm observed 82^ recovery, on average, of 15-50 ng of
prostaglandin and Holmdahl recovered 90-97% of neutral steroids in

14.7the range 0.1-5 ng from columns of hydroxyalkyl LÏÏ-20, Irreversible
adsorption of solutes on gels is generally uncommon but some examples
can be found in the literature, Thus Stevenson reports the loss of

149small amounts of protein on freshly packed columns of Sephadex, ^  and
150George has observed the adsorption of heavy metal ions.

The- elution profile of cholesterol was examined as a function of 
load (Fig, 3*4). Fractions were collected during the elution of the 
solute, which contained ^^C-labelled material and concentrations were 
measured through the specific activity. The total loads applied were 
10 pg, 100 pg, 1000 |ig and 10,000 pg, of specific activity 0,1 pCi/mg, 
Increasing the load broadens the band on the column, but the almost 
symmetrical peak shape is maintained very well through the 1000-fold 
increase in the sample size. Even at high loads, "tailing" is not a 
serious problem. ‘Generally, non-polar and moderately polar compounds 
(for example, those with one hydroxyl group) had satisfactory chromato
graphic profiles in the straight-phase gel system. Serious tailing was 
observed with more polar compounds and such materials were markedly 
retarded on the gel. These problems could be circumvented either by 
derivatisation of polar groups or by the adoption of a reversed-phase
system. Brooks and Keates found symmetrical peaks with hydroxyalkyl

92BE-20 over a 20-fold load increase in the straight-phase system,^ and 
also observed quantitative recovery of 200 pg 24-~^G-cholic acid from a 
gel filtration system.
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TABLE 3.3 SEV Bata for the straight-phase system,

Compound Mol. Standard Elution Volume
Wt. Cholanyl Gel Eedox Gel

Cholesterol 306 139 110
Choiestanol 388 132
Copros.tanol 388 118
Epichoiestanol 388 132
Epicoprostanol 388 118
Bihydrobrassicasterol 400 133
Campesterol 400 133 109
p~Sitosterol 414 133. 107
Stigmasterol 412 129 105
Poriferasterol 412 129
Lanosterol 426 82
5[3“Cholan-24~ol 346 147
i7a.-Ethynylestr-.4-en-.

17(3-ol 284 130
Eorethisterone 298 133
19“Eortestesterone 274 150
Estradiol 3-methyl ether 286 127
Testosterone 288 140
Androsterone 290 123
Epiandrosterone 290 126
Etiocholanolone 290 133
3 p-Hydroxy-5 p-andros tan- 

17-one 290 122
Progesterone 514 78 61,3
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Compound Mol. standard Elution Volume
Wt. Cholanyl Gel Nedox Gel

Choiestanone 386 70
Choies t“4-eï^e-3“One 384 76
Choies t-5-Gne-3-one 384 76
Choiest-4-Gne-3,6-dione 398

- ( g )
5a.“Cholestane 372 65 63
n-Octacosane 394 62

Cholesteryl acetate 428 56
Cholesteryl butyrate 456 62 55
Cholesteryl palmitate 624 55 49
Cholesteryl benzoate 490 68 54

Choiestanyl acetate 430 65
Epicholestanyl acetate 430 65
Coprostanyl acetate 430 65
EpiGopr08tanyl acetate 430 65

Dihydrobrassicasteryl
acetate 442 62

Campesteryl acetate 442 62
Stigmasteryl acetate 454 67 55
Poriferasteryl acetate 454 67
Lanosteryl acetate 470 69
Lanostenyl acetate 468 69
Methyl deoxycholate 406 210



- 108

Compound Mol, 
Wt.

Standard Elution Volume
Cholanyl Gel Nedox Gel

n-Decan-l-ol 158 137
n-Bodecan-l-ol 186 129
n-Tetradecan-l-ol 214 124 113
n-Hexadecan-1-ol 242 108
n-Octadecan-l-ol 270 103
n-Eicosan-l-ol 298 107 99
n-Bocosan-l-ol 326 104 95
n-Tetracosan-l-ol 354 96 91
n-Hexacosan-l-ol 382 93 88

Trimyristin 812 54
Tripalmitin 848 44 43.2
Tristearin 884 36 42.2

B-Usnic acid 344 79
L-Usnic acid 344 79
D-Ephedrine 165 208 106
L-Ephedrine 165 208
I,-Norephedrine 151 189
B-Fenchone oxime 169 87
L-Fenchone oxime 169 87
B-Fenchone 2,4-DNPH 334 69
B-Ephedrine N,0-diacetate 265 70
L-Ephedrine N,0-diacetate 265 70
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TABLE 3.4 SE7 Bata for the reversed-phase system.

Compound Mol.
■" ...... . —  - ........- ■ 1Standard Elution Volume

Wt. Cholanyl Gel Nedox Gel

Cholesterol 386 309 250
Choiestanol 388 320 262
Coprostanol 388 391
Epicholestanol 388 320
Epicoprostanol 388 391
Bihydrobrassicasterol 400 314
Campesterol 400 314 270
p-Sitosterol 414 324 294
Stigmasterol 412 317 256
Poriferasterol 412 317
Lanosterol 426 366 242
5 P“Cholan~24“Ol 346 109
5ct-Androstan-3c(."Ol 276 159
Pregn-3-ene-3P-ol 302 209
lYa-Ethynylestr-4-en-

ITP-ol 284 143
Norethisterone 298 80
Mestranol 310 149
Estr-4"ene-17p“Ol 260 136
19-Nortestosterone 274 80
Estradiol 3-methyl ether 286 156
Testosterone 288 79
Androsterone 290 84
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Compound Mol, Standard Elution Volume
Wt, Cholanyl Gel Nedox Gel

Epiandros terone 290 84
Etiocholanolone 290 84
3f3“Hydroxy-5p“androstan-"

lY-one 290 84
Proges terone 514 54
5 a-Andr 0 s t an-5-one 274 171
Choiestanone 386 509 554
Choiest-4~ene-3"one 384 248 240
Choies t-3-one-3-one 384 511 555
Cholesta-l,4”diene-3-one 382 199
Gholesta-4,6~diene-3«one 382 199
Choies t-4-one-3,6-dione 598 149 136
5a-Cholestane 572 855

Cholesteryl acetate 428 541
Cholesteryl palmitate 624 480

Cholestanyl acetate 450 486
Epicholestanyl acetate 450 486
Coprostanyl acetate 450 454
Epicoprostanyl acetate 450 454

Dihydrobrassicasteryl
acetate 442 440

Campesteryl acetate 442 440
Stigmasteryl acetate 454 442
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Compound Mol. Standard Elution Volume
Wt. Cholanyl Gel Nedox Gel

Poriferasteryl acetate 454 442

5p~Cholan-24-ol 546 109
5p-Cholane~3,24~diol 362 77
3P‘“0bolane-2,12,24-triol 378 63
5(3~Cholane~3 j7yl2,24-tetrc)l 394 49

n-Octan-l-ol 130 104
n-Octan-2-ol 150 104
n-Decan-l-ol ■ 158 145
n-Dodecan-l-ol 186 153
n«Tetradecan-l-ol 214 167
n-Hexadecan-1“ol 242 182
n-0ctadecan-1-ol 270 201
n-Eicosan-l-ol 298 224
n-Pocosan-l-ol 326 255
n-Tetracosan-l-ol 554 293
n-Hexacosan-l-ol 362 342

Trimyristin 812 940
Tripalmitin 848 1180
Tristearin 884 1410

D-Phenylalanine 165 53
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Compound Mol. Standard Elution Volume
Wt, Cholanyl Gel Nedox Gel

L-Phenylalanine 165 55
D-Phenylalanine methyl 

ester 179 81
L-Phenylalanine methyl 

ester 179 81
D~Ephedrine 165 63
L-Ephedrine 165 65
P-Mandelic acid 152 57
L-Mandelic acid 152 . 57
D-Ephedrine N ,0-diacetate 265 58
L-Ephedrine N,0-diacetate 265 58
Pyrethrin I 328 89
Pyrethrin II 372 80
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3*3 Chromatography on hydroxy-^B-cholanyl LH-20,
Performance of the gel proved satisfactory for a wide range of 

sample types. Tables 5*3 &nd 3*4 contain elution data for a model set 
of compounds in the form of Standard Elution Volumes (SEV). This term 
is defined^^'^^ by equation 3*Is

Standaxd Elution Volume = Elution Volume ^ (;.i)Column Bed Volume *

It is a dimensionless quantity, and is independent of the column
dimensions, Bata from different sources can therefore be correlated,
provided the gel materials used to prepare the columns are similar. It
is equivalent to the expression, percentage of total column volume,
introduced by Sjbvall and c o - w o r k e r s . E o r  comparison purposes,
SEV values recorded for hydroxyallqyl LH-20 have been included,
It is at once apparent that the order of elution is similar for both
types of gel.

In the straight-phase system, hydroxylic, amino, and especially 
acidic compounds are retarded on the cholanyl-substituted gel. Carbonyl 
groups do not have a noticeable effect on elution volumes in this system: 
ketones and esters generally have similar elution volumes to the hydro
carbon analoguest for example, cholesterol, cholesteryl butyrate, 5a- 
cholestan-5-one, and 5a-cholestane have SEV values 139» 62, 71 and 65 
respectively. Selective retention of aromatic compounds has been 
observed in Sephadex G systems^^^ and on LH-20 in alcohol-based 
solvent systems^^^'^^^*^^^ (but not in chloroform-bases systems^^^). 
Makov/etz et al., for example, separated and determined thyroid hormones 
on the basis of this interaction,and several other similar applications 
have been published (see ref. I48 and references cited therein).
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World Standard 
Pyrethrum Extract

Reversed Phase 
Cholanyl LH~20/ 
Methanol - Heptane 

90 7o

hours5.E.V.100

Fig.$.7 Chromatography of a World Standard pyrethrum extract on a 
reversed-phase cholanyl LII-20 column (TOO X 1.6 mm i.d.) eluted with 
methanol-heptane (9:1), showing the partial separation of the similar 
compounds, pyrethrin I and pyrethrin II. Pyrethrin II contains an 
additional methoxycarbonyl function which results in its earlier 
elution.
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However, no such effect has been found with fully lipophilic 
or with hydro3cy-5P"Cholanyl substituted LE-20.

The pattern of elution in the reversed-phase system follows the 
order: acids, alcohols, hydrocarbons. Lipophilic character is an
important factor in determining elution volumes. Thus the presence of 
a hydrocarbon side-chaln on the steroid nucleus causes longer retention 
of Cgy, CgQ and sterols relative to steroids lacking the side-chain, 
Tlie introduction of one or more double bonds to cholestanone, in conju
gation with the carbonyl function decreases the SBV, Méthylation of an 
'acid increases its SEV.

The influence of molecular size on elution volumes is illustrated 
by the data for the n-alcohol series. In the straight-phase system, 
elution is in the order of decreasing molecular weight, while in the 
reversed-phase system the order is inverted. The separation of n- 
alcohols on a reversed-phase narrow-bore column is illustrated in Fig. 
3o5> representing the liquid chromatograph trace with background noise 
removed. The straight-phase system is useful for group separation of 
mixtures while reversed-phase systems can, in addition, often resolve 
similar compounds within a group. In the former system, care must be 
taken, in quantitative work, to allow for partial resolution, as the 
composition may change between the start and end of the peak. Fig, $,6
(a) shows group separations achieved on a straight-phase cholanyl LH-20 
column (500 x 4 mm ID) eluted with benzene, of a total lipid extract- 
derived from a human aorta. For comparison, Fig, 3*^(b) illustrates 

, schematically chromatography of a similar extract on a classical silicic 
acid column.

Fig, 3*7 illustrates a chromatogram of a World Standard Eyrethrum
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extract on a reversed-phase column., eluted with methanol-heptane (9:1)»
A partial separation has been achieved between the similar compounds, 
pÿrethrin I and pyrethrin II, Fyrethrin II contains an additional 
methoxycarbonyl function which results in its earlier elution» Fig. 2.16 
illustrates a two-dimensional chromatogram of the pyrethrum extract 
obtained by collecting the column eluant on a TLC plate and then develop
ing the plate in the normal manner. The distinctive colour reaction of 
the two pyrethrins with eerie ammonium sulphate (green for pyrethrin I 
and purple for pyrethrin II) and the values on TLG permitted the easy 
recognition of the compounds.

The gel was examined in both straight- and reversed-phase systems 
for ability to separate enantiomeric pairs and also pairs of phytosterol 
diastereoisomers, No success was apparent with any of the sets of 
compounds'used. While a small separation was observed, for example, 
between cholesterol and campesterol, none could be detected between 
campesterol and the 24-epimer, dihydrobrassicasterol. To confirm that 
not even partial resolution of enantiomers was obtained, a racemic mixture 
was chromatographed and fractions were collected during elution. Usnic 
acid was chosen as a test substance because of its extremely high mole
cular rotation ([cl]^^ of each isomer is 503 »̂ ref. l6l), because it has 
a high extinction coefficient for the absorption band at 285 um in the 
UV spectrum, and because both enantiomers were available commercially..
In addition, the material is of interest as a natural product. The 
elution profile of the enantiomeric mixture, obtained by plotting the 
W-absorption intensity versus elution volume, was indistinguishable 
from that obtained for D- or L-usnic acid. The optical rotation of the 
material in each half of the peak was measured and found to be zero.
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The absence of a chiral effect may be explained by a consideration 
of the solute-gel* interaction. Separations on a gel column are based 
primarily on differences in the partition coefficients of the solute 
molecules between the mobile phase and the stationary phase. In addition, 
there is evidence that the ether linlcages in the substituted gel provide 
sites for adsorption (see Chapter 5)> but whether these are on the matrix 
directly or on an associated solvent layer must depend on whether the 
solute can displace the solvent molecules. The absence of a chiral effect 
indicates that the interaction of solutes with the steroidal hydrocarbon 
residues is insufficient to lead to significant differences in the parti
tioning of enantiomers and of the phytosterol diastereomers between the 
mobile and stationary phases,

3,4 Chromatography with chiral eluants.
The possibility of resolving enantiomers by formation of diastereo

isomers prior to chromatography has already been discussed. The alterna
tive method, by direct chromatography, also depends on the formation of 
diastereomeric association complexes between solute and stationary phase. 
Also, it has already been noted that in liquid chromatography the mobile 
phase plays a much more important role than in gas chromatography, in 
view of the solute-solvent interactions and mobile-phase/stationary phase 
interactions. It therefore seemed likely that solute-solute interactions 
might occur also. If, instead of using a pure solvent or mixture of pure 
solvents as eluant, a solution was used of a suitable optically active 
material, then it is possible that solute-solute interactions might lead 
to diastereomeric association complexes in solution (in contrast to those 
formed on the surface of an optically active stationary phase) which might
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Usnio acid Mandelic acid

Ephedrine Menthol

(a)

(t)

Fi^.3.8 Substrates and resolving agents for the attempted separation 
of racemic mixtures using a chiral eluant.
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be separable on a partition chromatography system. If the latter were 
also chiral, the likelihood of success would appear greater.

Accordingly, two systems were tried to test this principle.
(1) Attempted Resolution of (l)-Usnic Acid on a Column Eluted with (-)- 
Mandelic Acid in Benzene,

These two compounds are illustrated in Fig, 3*8(a). One possible 
association complex between them is shown in (b): an analogy may be
drawn to' some extent between the three-point association here and that 
obtained in other systems described earlier* %-Electron interactions are 
known to occur between phenyl rings, and this is indicated by a solid 
line. Hydrogen bonds are marked by broken lines. The infrared spectrum
of usnic acid alone and that of each enantiomer in the presence of (-)-
mandelic acid in CGl^ solution was examined for any sign of complex 
formation-but none was observed,

A straight-phase column of hydroxy-^p-cholanyl LH-20 v/as equili-
I

brated with a saturated solution of (-)-mandelic acid in benzene. (-)- 
Usnic acid (2 mg) was added to the column dissolved in 80 pi of the 
eluant and chromatographed in the normal manner. Erections were collected 
and examined for partial resolution by the method described above (para 
3•3)* Ho sign of separation could be detected.
(ii) Attempted Resolution of (-)-Ephedrine on a Column Eluted with (-)-
Menthol in Benzene.

Usnic acid was found to undergo solvolysis in the reversed-phase 
(MeOH/heptane 9:l) system and also it appeared to react with ephedrine 
or menthol when this was tried as a component in the straight-phase system. 
It vras decided to try using (-)-menthol as the eluant component with 
racemic ephedrine as the solute. The structures of these compounds are



123

n=4

R ' = CHgOCH^.CO H

H- S-Valine

>

- , Ô ^ C ' - O  „ 0

Fig.3*9 Cyclic polyether resolved hy liquid-liquid chromatography 
through formation of a complex with a guest (^-valine) molecule.



124 -

illustrated in Fig. 3.8(a). Menthol is devoid of functionality apart 
from the hydroxyl group. The chiral centres are "bonded mainly to hydro
carbon moieties, rather similar to the hydroxy-5|3~cholanyl residue itself. 
The use of a volatile solid, menthol, as resolving agent also gave the 
advantage that the transport detector could be used. Solid menthol 
deposited on the wire was found to vaporise in the drying oven of the 
chromatograph (Fig, 2.14(a)),

Chromatography was carried out as for (i) above, but once again, 
no sign of resolution could be detected.

The failure of this approach in this instance cannot be explained 
with certainty. It may be that both isomers of the racemic mixture were 
able to form complexes with the resolving agent with equal facility, in 
view of the number of functional groups present, for example, in usnic 
acid, or that the partition chromatography system v/as not selective enough 
to distinguish between such complexes. The number of theoretical plates 
obtained with the straight-phase column (measured for cholesterol when 
benzene was the eluant) was 3IOO, This is much lower than the number 
required for resolution of diastereoisomers by CLC, which was measured 
at approximately 15,000.^^*^^^

Similar approaches to the problem of enantiomer resolution have 
recently been p u b l i s h e d . I n  some cases, complete success has been 
achieved. Thus Helgeson and co-workers have separated racemic cyclic 
polyethers of the type shown in Fig. 3*9 %y liquid-liquid chromatography 
using a stationary phase consisting of a solution of (_S)-valine in a 
mixture of acetic acid, water and benzene (40r.l0:15) supported by Celite.^^^ 
The ability of the polyether host to form an association complex with a 
guest (valine) molecule determines the partition coefficient of the host



125

in the stationary phase. An examination of molecular models of the 
compounds led to the prediction that the cyclic polyether with n=4 
would show "chiral recognition" of valine and that (ER) or (SS) complexes 
would be more stable than (RS) complexes. These predictions were borne 
out in practice, Tne structural requirements for efficient hydrogen 
bonding impose a high degree of selectivity on the guest molecule. Once 
again the ability to form several points of bonding is critically 
important.

A further example of (partial) resolution by partition was published 
by Bowman and co-workers,who observed partial separation of enanti
omers of mandelic acid and phenylephedrine in a 2-phase system, one phase 
of which was aqueous and the other an optically active ester of d~tartaric 
acid. At least two sites of hydrogen bonding were required of the sub
strate and resolving medium. Thus while the above-named compounds could 
be partially resolved, e pi chiorhydr in or monools could not'be resolved at 
all. The v/ork by Helgeson £t ai. is of interest as it indicates that a 
more sophisticated system is capable of achieving the separations which 
could not be obtained by the simpler approach described above.
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HYDRQXYALICYCLIC DERIVATrmS OF SEPI-IABBX LH-2Q,

4.1 Introduction.
Further derivatives of LH-20 were prepared using alicyclic olefin 

oxides. By so doing, it was intended to decrease the chain length 
between the gel matrix and the chiral centre. The steric interaction 
between substituents would increase and confer a greater conformational 
preference on the gel-substituent link and therefore impart more 
rigidity to the system as a whole. It was hoped that this might give 
rise to a greater chiral effect by the substituents in the determination 
of the partition coefficients of solutes passing through the gel column.

Two problems were anticipated in the preparation of alicyclic oxide 
derivatives. Firstly, steric hindrance during the substitution process 
was expected to reduce the rate of reaction. The terminal aliphatic 
oxides which had previously been used were potentially less hindered as 
attack could occur at the W-carbon atom. Secondly, if complex alicyclic 
oxides were chosen for the acid-catalysed substitution, the possibility 
was recognised that rearrangement reactions might also occur, leading to 
by-products which would not react with the gel (see for examples refs, 
140-143). The simplest alicyclic oxide, cyclohexene oxide, was chosen 
as a model compound for the reaction of more complex oxides. Although 
not optically active, it had the advantage of being commercially avail
able.

Four other alicyclic oxides were used, two of which were prepared 
from readily available optically active natural products, and the other 
two were of commercial origin (Fig, 4.1). 2a,3a-Oxido-5a-cholestane 
was prepared from cholesterol. This oxide was chosen because it satis-
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2 a, 5f̂ '-Oxido*”5f̂ “ChoIes tane exo-2,5“0xidonorbornane

(3-( 5 ,4"0xidocyclohexyl ) -ethyltrime thoxy- 
silane

endo-2,3"-Ox4dobornane

Fip:.4»l Oxides used for the preparation of hydroxyalicyclic 
derivatives of Sephadex LH-20.
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H

Li

H

Fi^.4.2 Proposed mechanism for the reaction of N-tosylhydrazones 
with alkyllithium reagents.
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fled the criteria discussed in Chapter 5 for 25,24~oxido-5P-cholane,
Also, the 2a,3arOxide is comparatively unhindered and is furthest from
any ring junction. The preparation of the olefin from cholestanone was
accomplished by reaction of the tozylhydrazone with n-butyllithiiun,
The method was first described by S h a p i r o , w h o  suggested a mechanism
involving an intermediate carbanion, Pig, 4*2 (see also ref. 168), It
gives the least-substituted olefin in high yield. The spectral data of

170the olefin were compared with literature values and appeared to be 
consistent. The position of the double bond v/as also indicated by the 
mass spectrum, which showed a major fragment corresponding to the product 
of a retro-Mels-Alder reaction and v/hich was identical to that of a 
commercial standard of 5&"Cholest-2-ene,

M = 570 m/e =516
The oxide prepared from this olefin by reaction with per-acid has been

117shoTO to be the a-oxide,
Endo-2,5-oxibobornane was prepared from a-pinene. This oxide was

119knovm to undergo rearrangements, but following the opening of the 
oxide ring in the substitution reaction, the hydrocarbon skeleton of 
bornane would be stable, Exo-2,5-o%idonorbornane was commercially 
available and was chosen for comparison with oxidobornane. Also avail
able commercially was p-(5,4-oxidocyclohexyl)-ethyltrimethoxysilane, 
which was of interest due to the presence of the silyl group.

4*2 Preparation of the Gels.
The reaction between LH-20 and cyclohexene oxide was initially
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carried out under the conditions used for the preparation of cholanyl 
LH-20. Using 1 equivalent of oxide per equivalent of LH-20 (here 
considered as a tribasic acid in view of the three free hydroxyl groups 
per monomer unit of the gel matrix), the degree of substitution was only 
195̂  by weight, compared to 40^ by weight for the oxidocholane reaction, 
Biis is ascribed to the effects of steric hindrance and the occurrence 
of side-reactions, When a large excess of reagent was used (5 equiv
alents of oxide per equivalent of gel), a product was obtained containing 
37»5^ by weight of substituent (2 hydroxycyclohexyl residues per sugar 
ring of the dextran),

The other oxides showed a similar decrease in the efficiency of 
incorporation. Thus oxidocholestane yielded an initial product contain
ing 16^ by weight of substituent, which was increased on repeating the 
reaction by a similar amount. Approximately 20^ of the oxide was 
incorporated in each step. The remainder gave a polymeric material, 
presumably of the type:

✓ n
Cookson and Hudec reported the rearrangement of 2a,3&-oxido-3P-

phenyl-5a-cholestane with etherate in non-basic solvents, for
120example CHOl^, to give 2-keto-3a-phenyl-5a-cholestane. Examination 

of the soluble residues from the gel reaction by IE spectroscopy showed 
that little ketonic material v/as formed. The phenyl group would clearly 
affect the mode of reaction of an oxide by stabilising an intermediate 
carbonium ion.
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BF^ /CHCI3

The direction of opening of the oxide during the gel reaction, by
117 1?1analogy to its reaction with acetic acid, ' ' would he diaxial to 

give a 3 OL - hydroxyl group:

AcO.AcOH

( 117, 121 HO'

Polymeric material was obtained also in the reaction of p-(3,4-o^ido- 
cyclohexyl)-ethyltrimethoxysilane with LH-20, Once again the structure 
was not established but was possibly of the type:

It appears likely, however, that the silyl moiety might also be
involved in the polymerisation. This oxide is used in industry as a
silane coupling reagent in the preparation of composite materials such

171as glass fibre reinforced plastics. The silane is sensitive to 
moisture and reacts with materials containing free hydroxyl groups 
(Pig, 4»3) including silicates in glass^ Contact with atmospheric moisture 
causes slow hydrolysis and polymerisation. However, under the experi
mental conditions used, care was taken to exclude moisture. From the 
reactions outlined in Pigo 4<>3 it can be seen that catalytic amounts of 
water only are needed, and it is always possible that traces of moisture 
were presento In view of the chromatographic properties of the gel
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prepared with this oxide (see para. 4*3 below) and also becanse of the
failure of the product to react further with more reagent, it v/as
concluded that silane polymerisation had occurred,

Oxidonorbornane and oxidobornane both gave rise to rearrangement
oxide

products in the presence of , The latter/had a very poor incorpor
ation into the gel. Reference has already been made to the by-products, 
studied by Borowiecki and Chretien-Bessiere^^^ (see Fig, 2,9)* The gem- 
dimethyl group above the plane of the cyclohexane ring may have caused 
the rearrangement reaction to proceed more readily than the substitution 
reaction.

H

UCH. I
"Nucleophile

(Newman
Projection)

Several examples are knovm of the rearrangement of disecondary
epoxides (Fig, 4*4). The simplest of these, 2,3-oxidobutane, has been

172observed by House to shov/ some stereospecificity. Thus the trans-
oxide gives an appreciable amount of iso-butyraldehyde, Cyclohexadiene
mono-oxide also undergoes alkyl migration, with simultaneous ring
contraction, to give an aldehyde.Epoxides derived from indene,^^^
1,2- and 1,4-dihydronaphthalene^"^^ 3,4-benzo-l,3-oycloheptadiene^^^ and

1775,4"benzo-l,3“Cyclooctadiene all undergo rearrangement to ketones in 
the presence of the Lewis acid, îügBr̂ ,

4.3 Properties of the Gels,
The gels prepared from alicyclic oxides were stable and appeared 

to have similar physical properties to hydroxy-5p-cholanyl LH-20.
Solvent regain values and SE7 data only were examined. It was assumed
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TABLE 4.1

Solvent Regain Values for Hydroxycyolohexyl-Substituted. LH-20.

Solvent Solvent Regain Value 
(a) (b)

Heptane 0,25 0.38

Cyclohexane 0.44 0.57

Carbon tetrachloride 2.05 1.29

Toluene 1.08 1.25

Benzene 1.11 1.27

Tetrahydrofuran 1.27 0.91

Chloroform 2.44 1.65

■ Methylene chloride ■ 1.91 1.44

Acetone 0.47 0.59

Methanol 0.65 0.79

128Determined according to Helfferich,'
(a) g of solvent taken up by 1 g dry gel.
(b) ml of solvent taken up by 1 g dry gel.
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TABLE 4.2

Values of Standard Elution Volume (S.E.V,) for Hydroxycyclohexyl 
LH-20 in the Straight-Phase System (Benzene),

Compound Mol. Wt. S.E.V.

5a“Cholestane 372 51.8
5a-Cholestan-3-one 386 55.8
5a-Cholestan-3P-ol 388 . 88.4
Cholesteryl chloride 404.5 55.6
Choiesteryl acetate 428 52.3
Cholesteryl benzoate 490 50.5
Cholesteryl palmitate 624 44.5
4~Cholesten~3”0ne 384 56.6
5-Choie8ten-3-one 384 55.3
Choies terol 386 94.4
Copros tanol 388 86.6
Stigmasterol 412 90.8
p-Sltosterol 414 91.6
Dihydrobrassicasterol 400 93.1
Lanosterol 426 79.4
4-Cholestene-3, 6-dione 398 56.9
4 f o—Cnolestadien—3"one 382 58,7
24-Chloro-5|3-cholane 364.5 58.0
5 j3-Cholan-24-oI 346 106.7
7-Ketocholesteryl acetate 442 53.0
Progesterone 314 , 62.9
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C ompound Mol. Wt. S.E.V.

5“Pregnen«3 P~ol 302 109.6
(i)-*Usnic acid 544 64.7
n-Bodecan-l-ol 186 108.2
n-Tetradecan-l-ol 214 101.2
n-Hexadecan-l-ol 242 95.2
n-0ctadecan-l“Ol 270 89.7
n-Eicosan-l-ol 298 84.9
n-Docosan-l-ol 326 80.2
n-Tetracosan-l-ol 354 76.9
n-Hexacosan~l“Ol 382 73.6
•Tristearin 890 41.2
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TABLE 4.3

S.E.V. Bata for Hydroxycyclohexyl LH-20 in the Reversed-Fhase 
System (Methanol-Heptane 9:1 v/v).

Compound Mol. Wt. S.E.V.

5a-Choles tane 372 193
Cholesteryl acetate 428 141
5a-Cholestan-3-one 386 118
5a-Choles tan-3 p-ol 388 115
Cholesterol 386 118
p-Sitosterol 414 125
Stigmasterol 412 122
n-Tetradecan-l-ol 214 87
■n-Hexadecan-1-ol 242 92
n-Octadecan-1-ol 270 97
n-Eicosan-l-ol 298 103
n-Bocosan-l-ol 526 109
n-Tetracosan-l-ol 354 116
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S.E.V. Data for Eplmeric Hydroxysteroids and A^/bct-Steroids in 
the Hydroxycyclohexyl LH-20 Straight-Phase System (Benzene).

Compound Mol. Wt.
S.E

(a)
.V,

(b)
OH

Conformation

5o--Choles tan-3 P~ol 388 88,4 101 equatorial (e)
5a-Cholestan-3u-ol 

(Epioholestanol)
388 82.9 90.5 axial (a)

5 p-Choles tan~3<x-ol 
(Epieoprostanol)

388 87.0 e

5p-Choles tan-3 P'-ol 
(Coprostanol)

388 87.0 a

5-Choles ten~3 P“Ol 
(cholesterol

386 94.4 103 e

5-Cholesten-3u-ol
(Epichoiesterol)

386 70.1 76,5 a

3p"Hydroxy-3a-androstan-17"one 290 114 101 .e
3a-Hydroxy-5a-androstan-17~one 290 104 93.8 a
3a-Hydroxy-5p-androstan-17-one 290 107 97.2 e
3p-Hydroxy“5p-andros tan-17"‘one 290 104 93.0 a
3a-Hydroxy-5 p-pregnan-20-one 318 99.5 93.2 e
3 p-Hydroxy-3 p-pi'egnan-20-one 318 99.5 93.2 a
5-Cholestene-3P, 7p-diol 402 170 117 e
5-Cholestene-3p, 7a-diol 402 162 106 a

5p“Cholan-7P"’Ol 346 67,0 e
5p-Cholan-7a-ol 346 67.0 a

lla-Hydroxy-pregn-4-ene-3,20-
dione

330 115 99.0 e

11 p-Hydr oxy-pregn-4-'ene-3 ,20- 
dione

330 108 92.4 a
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Compound Mol. Wt.
S.E

(a)
.7.

(b)
OH

Conformation

5a.-Androstan-17p-*ol 276 103 106 vj; - e
5cL-Androstan-17a-ol 276 93.2 97.2 a
5“Pregnene-3P? 20p~diol 518 170 161 more hindered
5-Pregnene-3py 20a-diol 318 183 174 less hindered
5-Choiestene-3P, 24-(HS) -d]
3p-acetate

Lol 444 69.4 67.3 mobile

3p”Hydroxy-5a-a.ndrostan-17-
one

290 101

3p-Hydroxy-3”androsten-17“One 2881 108
17a-Methyl-5o,-andros tane-3p, 306 

17p»diol 1
201

17a-Methyl-5"androstene-5p 
17p-dioI

304 221

3p-Hydroxy-5p-pregnan-20-one 318 97.2
13p-Hydroxy-5“pregnen-20-one 316 105

5a-Pregnane-3p,20p-diol 320 193
5-Pregnene-3p» 20p-diol 318 211
Cholestanyl acetate 430 52.3
Cholesteryl acetate 428 52.3
Choiestane 372 51.8
5-Choles tene 370 51.8

(a) Hydroxycyclohexyl substituted Sephadex LH-20,
(b) Nedox 1114 substituted Sephadex LH-20,
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that the recovery of material would be high for these gels. Elution 
profiles, obtained directly on the liquid chromatographs, were symmet
rical and "tailing" pealcs were not observed. The gel prepared from the 
model reagent, cyclohexene oxide, v/as evaluated in more detail than the 
other gels and will be considered separately.
4*3.1 Hydroxycyclohexyl LH-20 (containing 37*55̂  by weight of sub
stituent).

Solvent regain values are listed in Table 4.1 and SEV data in
Tables 4.2 - 4*4. The gel swelled in solvents of widely different
polarity, the highest values being obtained v/ith halogenated and aromatic
solvents. Absolute values are lower than for cholanyl LH-20 and are
similar to Nedox 1114 LH-20 of approximately the same degree of substi-

90tution, inasmuch as data are available. Both of these gels swell to 
a greater■extent in heptane than does hydroxycyclohexyl LH-20 (taking the
SRV values relative to benzene). The nature of the substituent must in
part be responsible for the affinity of the gel for solvents. When 
solvent regain values are compared for a hydroxyalkyl gel containing a 
similar number of substituents, on average, per sugar ring, the difference is 
enhanced: the gel swells more in heptane than methanol (SRV of 0.8 and
0.3 respectively).

Straight-phase and reversed-phase systems were examined in an 
evaluation of the gel as a stationary phase for chromatography, using 
benzene or methanol-heptane (9:1 v/v) as eluting solvent, respectively.
The order of elution of materials from the column was found to be 
similar to that obtained with cholanyl LH-20 in both systems.

In the reversed-phase system, the retardation of non-polar compounds 
relative to hydroxylic compounds is less than on cholanyl LH-20. Thus
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the elution volume of choiestane (relative to cholesterol) is 2,7 on the 
cholanyl gel but only 1,6 on the cyclohexyl gel, A similar effect is 
obtained in hydroxyalkyl Sephadex systems. When the degree of substi
tution of the gel is low, non-polar compounds are not strongly retarded 
on the column. The effect may be explained in terms of the relative 
polarities of the gel phase and mobile phase. As the polarity of the 
gel is reduced (by increasing the weight of lipophilic substituent) non
polar substances favour the stationary phase over the mobile phase and 
the elution volume increases. The polarity of the cyclohexyl gel must 
therefore be greater than that of the cholanyl gel. Support for this 
idea can be taken from the solvent regain values of the tvfo gels in 
polar and non-polar solvents. The cyclohexyl gel swells less in heptane 
and more in methanol than does the cholanyl gel. It appears that the 
polarity of the gel is determined by the degree of substitution by 
weight and by the size and shape of the substituent. On a molar basis 
(no, of substituents per sugar ring) the cyclohexyl gel is more highly 
substituted than the cholanyl gel (2 substituents as opposed to 0,6 per 
sugar ring). The chromatography system may be considered as tending 
towards a straight-phase one as the polarity of the gel increases. An 
intermediate point might be anticipated at which a gel filtration system 
is obtained (compare the gel filtration system obtained by adjusting the 
polarity of the solvent, ref. 92).

Eight pairs of steroids containing epimeric hydroxyl substituents 
at the 0-3» 7» H» 17 or 20 positions were totally or partially resolved 
on the straight-phase column, 24(h)- and 24(^)-hydroxycholesterol were 
not separable, and, with the exception of 3a- and 3P“bydroxy-5(3-androstan- 
17-one, those epimeric sterols examined which possessed the 5 P- configur-
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Fig,4,5 Separation of epimeric $-hydroxysteroids on a straight-phase 
hydroxycyclohexyl LH-20 column (lOO X 0,5 cm i,d,) eluted with henzene 
A = Fpicholesterol; B = Epichoies tanol; C = Choiestanol; D = Chole
sterol; E = Androsterone; F = Epiandrosterone,
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ation (5 pairs) were also ohxomatograpMcally indistinguishable in this
system, [Por comparison purposes, some of these epimeric pairs were
chromatographed on Nedox III4 gel (Table 4.4)], Ellingboe and co- 

90workers'̂  have also achieved good separations of steroids containing
epimeric hydroxyl groups on hydroxyalkyl LH-20 using other solvent
systems. Thus 20&- and 20P-hydroxypregn-4-eM-5-one and lia— and lip-
hydroxypregn-“4“en-5>20“dione were separated on a straight-phase column
eluted with heptane-chloroforra (8:2), However, Eneroth and Nystrom
obtained only poor separations of epimeric sterols on methylated

128Sephadex and LH-20,
Five 5P“hydroxy steroids containing a double bond at the 5-position

were found to be separable from the corresponding dihydro (5a) steroids.
These separations were not observed on the Nedox gel, A small difference
in the retention volume of cholestanol relative to cholesterol has been

178observed on methylated Sephadex in various solvents* Pig, 4*5 
illustrates the separation of six steroids on a 1 m straight-phase 
hydroxycyclohexyl column.

The process underlying the separation of epimeric sterols is ' 
presumed to be one of adsorption of the solute on the gel network. 
Hydrogen bonding provides a probable explanation of such binding and 
has been implicated by previous workers^^'^^^*^^^ 157,179,180 
connection with retardation of hydroxylic solutes on both lipophilic 
and hydrophilic gel columns. The expected hydrogen bonding sites are 
the ether linkages in the gel and there is some evidence for their 
participation.

In both 5Or- and A -steroids, equatorial alcohols were retarded 
relative to their axial epimers. In the 5p- series, tiiree out of
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TABLE 4c5

Solvent Refrain Values for Hydroxy-Alicyclio-SuLstituted LT-T-20

Solvent Solvent Regain Value *
(a) (b) (o) ' (a)

Cyclohexane

Benzene

Chloroform

Methanol

1,04(1.53)

1.38(1.59)

2.60(1.76)

0.85(1.08)

0 .44(0.56)

0.57(0,66)

0 .88(0 .59)

0 .61(0 ,77)

0 .24(0.31)

0.86(0.99)

2.41(1.63)

1.12(1.42)

0 .40(0 .51)

0.84(0.97)

3.26(2.20)

1.68(2.13)

128* Determined according to Helfferich: values are for g of
solvent taken up "by 1 g of dry gel and, in parenthesis, ml per g 
of dry gel.

(a) => hydroxycholestanyl gel (37.5/^ by weight of substituent),
(b) = ( trimethoxy8ily 1 ethyl)-hydroxyeyelohexyl gel ( 349̂  by weight

of substituent),
(c) = hydroxynorbornyl gel (20,2^ by weight of substituent).
(d) = hydroxybornyl gel (7^ by weight.of substituent).
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four pairs of epimeric alcohols failed to separate, indicating that 
the ring skeleton must be involved in the solute-gel interaction.
This is supported by the observed separations of A -steroids from the 
corresponding dihydro (d&) compounds. The olefinic 3-kydroxy steroids 
were retarded relative to the saturated compounds - probably because 
of their greater potentiality for hydrogen bonding, Neither cholest- 
5-ene nor cholesteryl acetate v/ere separable in this system from their 
dihydro analogues : hydrogen bonding to the 3- position is absent in 
the hydrocarbons, and would be vres.k in the acetates. The S E V values 
of the 5p-cholan~7-ols are unusually low, implying that hydrogen bonding 
is hindered by the molecular geometry. Structural rigidity is an 
important factor;: the markedly different 8 E V . values of C-20 epimers
reflect the distinctive steric requirements of their preferred conform
ations, whereas C-24 epimers failed to separate.
4*3*2 Other Hydroxyalicyclic Gels.

Solvent regain values are quoted in Table 4*5* As v/ith the 
previous gels, swelling occurs in solvents of vfidely different polarity. 
Hydroxycholestanyl I1Î-20 is a less polar gel than hydroxycyclohe>!yl 
LH-20;: thé degree of swelling in methanol relative to cyclohexane is
less, and in this respect is similar to oholanyl LÏÏ-20 and hydroxy- 
alkyl LH-20, Trimethoxysilylethyl-hydroxycyclohexyl (TMSE-hydroxy- 
cyclohexyl) LH-20 is unusual in that it swells more in methanol than 
in chloroform (ml/g) and also because the degree of swelling over the 
polarity range is generally low and does not vary widely (compare, for 
example, the norbornyl gel where the swelling in chloroform is five times 
greater than in cyclohexane), Norbornyl and bornyl LH-20 are more polar 
than the choiestanyl gel, as expected from the degxee of substitution.
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standard Elution Volume (S,E,V,) Data for Hydroxy-AlicycliO" 
Substituted LH-20 Gels in the Straight-Phase (Benzene) System,

Compound Mol, 
Wt. Cholestanyl gel

8.E.V.*
Horbornyl gel Bornyl gel

5a-Cholestane 372 87.2 67.8 57.9
5-Choles tene 370 86,4 71.5 57.9
5a-Gholestan-3“One 386 98.5 (428) 74.9 56.5
4-Cholesten-3-one 384 102 78.4 (127) 66,8
Progesterone 314 98.5 90.0 83.5

Cholesteryl acetate 428 87.2 67.8 (142) 60.1
Cholesteryl butyrate 456 77.9 65.3 59fO
Cholesteryl palraitate 624 75.1 59.2 52.3
Tristearin 890 65.2 58.7 54.1

Choiestanol 386 171 (364) 112 (132) 88.6
Epicholestanol 388 140 104 80.8
Cholesterol 386 175 (353) 117 (135) 87.9
Epicholesterol 386 118- (305) 88,0 (136) 73.5
Stigmasterol 412 167 (571) 113 (135) 89.0
Poriferasterol 412 167 (371) 113 (135) 89.0
3-Sitosterol 414 164 (381) 108 (125) 94.2
Dihydrobrassteasterol 400 (122)
Lanosterol 426 116 100 76.1
24“(l^)-Hydroxy- 
cholesteryl acetate

444 102 90.5 78.3

Epiandrosterone 290 159 176 186

* Figures in parenthesis are for the reversed-phase system (methanol- 
hep tane 9 ; 1 v/v).
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Compound Mol, 
Wt. Cholestanyl gel

S.E.V.
Norhornyl gel Bornyl gel

Behydroûpiandrosterone 288 164 177 190
^n-IIydroxy-^p-pregnan-

20-one
318 147 98.6

3 p-ïïydroxy-5 p-pregnan- 
20-one

318 140 98.6 '

(+) Usnic Acid 344 93.5 90.0 74.6
(™) Usnic Acid 344 93.5 90.0 74.6



( LH-20)-OH

(LH-20)-OH

147

+  2 0:
,CH CH^SiCOMe)^

BF,
\4

(LH-20)

(LH—2 0 ) - 0

CH„CH_Si(OMe)„ 2 2 J

CH CH Si(OMe)„

H O s^/^C H ^C H ^S i(O M e),

(LH-20)

(LH-20)— 0

2 2

0 
CHgCH_Si(OMe)

\/

Further Condensations
Fig,4,5 Postulated polymerisation of the silyl moieties during the 
preparation of TMSE-hydroxycyclohexyl LH-20. In the figure, (LH-20)—OH 
represents a monomer unit in the LH-20 matrix.
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SEV data for a number of substances are given in Table 4<.̂ « TIvBE- 
hydroxycyclohexyl LH-20 appeared to be completely inert with respect 
to ohromatogTaphic properties, No separations were observed of 
materials varying both in size and polarity, in straight-phase or 
reversed-phase solvent systems (benzene or methanol-hepta.ne 9:i): 
ephedrine, deoxycholic acid, cholesterol, cholesteryl palmitate and 
cholesterol TMS ether all had a standard elution volume of 55 in the 
benzene system. The variance of this behaviour from that of the other 
gels suggests that the silyl moietiefj have reacted during the substi
tution reaction (Fig. 4.^) to leave effectively an inert surface within 
the gel poresc

The order of elution of materials from the other gels is similar 
to that obtained v/ith hydroxy cyclohexyl LH-20. Attention was focused 
on tlrr.'ee specific types of separation:
(1) the separation of epimeric hydroxylic steroids: 5ct-cholestan- 
5p-ol and cholesterol v/ere separable from their 0-5 epimers, ■ Also,
5a- and 5 P~hydroxy-5 p-pregnane-20-one were separable on liydroxy-5a- 
cholestanyl LH-20. The separation of epimeric 5p-steroidal alcohols 
represents an extension of the properties found previously for tydroxy- 
cyclohexyl LH-20, In addition, the separations of 5a-steroidal epimers 
were markedly increased on the cholestanyl gel.
(2) the separation of 5p”hydroxy-A^/5a“Steroids: cholesterol and
dehydroepiandrosterone were distinguishable from the corresponding 5a- 
steroids although the degree of separation was less than that obtained 
on hydroxyeye1ohexyl LH-20,
(3) the separation of enantiomers and closely-similar diastereomers: 
(+)- and (-)-usnic acid were not separable on either of the chirally-
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substituted gels or on the hydroxynorbornyl gel* Stigmasterol and 
poriferasterol, and 24(h )- and 24(8)"hydroxyoholesteryl-5 ̂ acetate 
were not separable on any of the gels.

An enhanced separation of epimeric compounds on hydroxy-5a- 
cholestanyl LH-20 gel compared to the hydroxycyclohexyl gel indicates 
a stronger solute-gel interaction in the former system. This may be 
due to the larger size of the alicyclic substituent in the steroid- 
substituted gel. However, the solute-gel intersection is insufficient 
to allow selective retention of enantiomeric or diastereomeric compounds, 
in agreement with earlier observations on hydroxy-5P-cholanyl LH-20.
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CONCLUSIONS.

5.1 An Assessment of Modified Uextran Gels,
In the foregoing chapters, several significant advances in lipo

philic gel chromatography have been reported. These followed the early 
work by Sjttvall and co-workers on modified Sephadex gels. Improvements 
have been made in the experimental conditions of the gel-snbstitution 
reaction, both in terras of the efficiency of olefin oxide incorporation 
and the amounts of reagent required. These are important points v/hen 
the preparation of the oxide is difficult or time-consuming. Deriva
tives of Sephadex LH-20 have been prepared successfully from the chiral 
oxide, 25,24“Oxido-5P-cholane, a, primary olefin oxide with a very bulky 
substituent, and also from alicyclic oxides* It has been shown in the 
present work that disubstituted olefin oxides can be made to react with 
the gel. All the derivatives described above are homogenous v/ith respect 
to the molecular weight of the substituent, unlike hydroxyalkyl LH-20 
which is prepared from a mixture of olefin oxides. In addition, some 
improvements have been made in the types of separation which can be 
achieved and much ban been learned in general about the behaviour of 
t lie se lipophilic gels v/ith respect to their chromatographic properties.
One important observation was- that the interaction of a chirally 
substituted gel with the range of compounds tried v/as not sufficiently- 
selective to permit separation of enantiomeric compounds or of phyto
sterols diastereoisomeric in the side-chain.

The gels described in Chapters 3 and 4 are physically similar to 
hydroxyalkyl LH-20 and possess the desirable qualities of stability, 
capacity, mildness (of operating conditions) and adaptability to different 
types of system. Thus straight-phase and reversed-phase (and potentially,
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also, gel permeation) systems are available, '.The first system is partic
ularly useful for separating compounds differing in structure by the 
presence or absence, or the position and orientation, of hydroxyl groups* 
Although the elution volumes of compounds differing in polarity due to 
the presence or absence of other functions, for example carbonyl groups, 
are less y/ell differentiated, separations can sometimes be achieved, A 
difference of ll SEV units between the elution volume of choiestane (SEV 
65) and cholest-4-Gn-5-one (SEV 76) on the hydroxy-5p-cholanyl LH-20 gel 
would permit their separation to be carried out on a column containing 
approximately 2000 theoretical plates (normally about 1 ra long). Gel 
permeation effects, giving rise to separations on the basis of molecular 
size, are more prominent in straight-phase than reversed-phase systems.
As the length of a hydrocarbon chain increases in, for example, a 
homologous series of rp-alcohols the polarity simultaneously decreases.
The effects of molecular size and polarity therefore tend to reinforce 
each other*

Reversed-phase systems can often be used for separating closely 
similar compounds differing in structure due to different hydrocarbon 
substituents. Carbonyl functions have a more pronounced effect on the 
elution volume in these systems. Thus saturated ketones, conjugated 
enones and conjugated dienones are separable (for example, cholestanone, 
choiest-4-en-5-one and cholest-4,6-dien-5-one have SEV values of 509»
248 and 199? respectively, on the hydroxy-5 |3-cholanyl gel).

Although the enantiomers and plant sterol diastereomers so far 
examined could not be distinguished, it is possible that other sub
stances of these types might be separable. The question also arises 
as to whether other gels, containing different substituents v/ould be
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successful for this problem, or alternatively, whether the gels prepared 
Y/ould be able to separate these compounds under a different set of 
operating conditions or by varying the eluant composition. The 
mechanism of separation on the gels will nov/ be discussed in an attempt 
to answer these questions.

5*2 Mechanism of Gel Separations,
In Chapter 1, the two types of separation process which generally

occur' in gel chromatography were discussed, namely gel permeation and
gel partition chromatography. Following the experimental observations
described in Chapters 5 and 4 concerning the retardation of hydroxj^lic
compounds in straight-phase systems, or of non-polar compounds in
reversed-phase systems, it is appropriate to add a third mode of
separation deriving from interactions between the solute and gel, and

156termed "gel adsorption clrromatography" by Determann,
Adsorption effects have been noted in gel systems by several 

groups of workers (for a review, see ref. 148). The theory of gel 
permeation chromatography requires that all compounds be eluted 
between two exclusion limits (Fig. 1.8). "\Vhen samples assume a 
partition coefficient and elution volume incompatible with CFG theory, 
an interaction of the solute with the gel phase must be occurring, 
Determann distinguishes three types of force responsible for abnormal 
sample retention on a column:  ̂ (a) Coulomb interactions between
ions and charged species in the gel structure (ion exclusion or ion 
exchange); (b) Van der Waals interactions between the solute and'the 
gel phase as a whole (partition); (c) adsorption of the solute on 
the polymer network of the gel. The last two forces have similar 
effects and are difficult to distinguish. Sjbvall regards the transition
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Fig.5 *1 Graph of log(S.E.V.)^ versus the chain length for a series 
of n-alcohols chromatographed on a reversed-phase hydroxycholanyl 
LH-20 column.
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from a state of adsorption to one of partition in a gel system as 
continuous*®'^ Electrostatic interactions of type (a,) are observed 
in aqueous systems, especially v/hen deionized water is the eluant, 
and will therefore not be important in the lipophilic gel systems under 
consideration. References 148 and 155 contain brief reviews of this 
topic0

Gel permeation has been described as a relatively weak separation 
92method, ' It gives rise to slight differences in the SEV of compounds 

of different molecular weight in straight-phase systems. Thus p-sito- 
sterol, campesterol and cholesterol emerge in this order when benzene 
is used as mobile phase, and a homologous series of n-alcohols is 
eluted in order of decreasing molecular weight (see also ref. $2 
for homologous series of n-alkanes, n-alkyl acetates and n-alkanols 
chromatographed on hydroxyalkyl LH-20 columns in benzene). High- 
resolution columns separating compounds only on a size basis have been 
cons'tructed with polystyrene gels for use in polymer chemistry.^
Very long columns may be required (up to 50 m) to achieve separations.^®^ 
The extent to which these "size separations" are due to gel adsorption 
cannot easily be assessed, as the two modes of separation reinforce 
each other, A graph of log(elution volume) versus carbon number for 
the n-alcohols on the reversed-phase oholanyl gel is shown in Fig. 5*1* 
The curve is not a straight line (which would be expected from a 
purely partitioning chromatography system) suggesting that more than 
one mode is operating* Sjbvall has made a similar observation on the 

separation of the isoprenologue vitamins ^2(10) “ ^̂2(40) ^ capillary
column of methylated Sephadex,®^’̂ ®^ Neither the graph of elution 
volume versus molecular weight^®^ nor that of log(elution volume) versus
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molecular weight is a straight line. Therefore the system is neither 
purely a gel permeation nor a partition system.

In the gel systems examined, peak widths have not shovm the 
independence of elution volume that is a characteristic of GPC systems. 
An examination of Fig, 3«5 shov/s that the pealc width increases as the 
SEV increases, and in this respect the system is similar to a partition 
system. All of the effects described have been observed for other 
lipophilic gels and it therefore appears genera,! that gel permeation 
effects, are of relatively minor importance in straight-phase or 
reversed-phase systems. Vdien the polarity of the mobile phase is 
adjusted to equal that of the gel, a limit to the elution volume is 
observed in practice and separations dependent on molecular size can 
be obtained,

In Chapter 5) the symmetry of peaks and the independence of peak
sha,pe with respect to concentration were described for hydroxy-5
oholanyl LH-20, This behaviour is normally indicative of linear
concentration isotherms associated with partition systems. However,

136Determann has pointed out that the polymer matrix of a swollen 
gel is readily a,ooessible and effectively presents a very large 
surface area for adsorption of solutes. Linear isotherms may there
fore be obtained for adsorption systems over an unusually wide 
concentration range. The solvent system used may be expected to be 
important in determining the mechanism of separation. If the eluant 
is a poor solvent for the sample being chromatographed, the stationary 
phase will tend to be favoured and partition forces vfill be dominant 
(for example, non-polar solutes have large elution volumes on columns 
eluted with methanol-heptane), If an eluant is used which is a good
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Fig.5.2 Hydrogen-bonding schemes for the interaction of solutes 
containing hydroxyl functions with Sephadex G , (Reproduced from

Ref.179).
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solvent for the solute, then adsorption and permeation effects should
he more prominent, (as in the straight-phase benzene system).

Mention has already been made of the abnormal retention of aromatic
substances on Sephadex G and LH-20 (para. 5.5). This effect has been
ascribed to 9c-electron interactions between the solute and gel^®^
and this idea has received some support in work by Streuli, who

157correlated ^-electron resonance energy with adsorption. However,
aromatic, compounds do not appear to be retained on fully lipophilic
gels, Tlie remaining types of adsorptive force are hydrogen bonding
and hydrophobic bonding.

Hydrogen bonding has been implicated by numerous vmrkers to
explain the retardation of solutes containing hydroxylic, acidic or
amino functions, beyond the elution volume their molecular size
requires on columns of Sephadex Q.̂ 5̂5-'lp5,179 or hydroxy-

92alkyl LH-20. Present evidence suggests that the sites of bonding
are the hydroxyether cross-links between the dextran chains or between
the dextran and substituents^^^ (Pig, 5*2), Brook and Munday have
differentiated three types of hydrogen bond (Pig. 5*2(a)-(c)) according

179to the site and orientation of the two participating species. The
retardation of alcohols on straight-phase gel columns is almost
certainly due to hydrogen bonding.

17Morris and Morris discuss hydrogen bonding in terms of donor
and acceptor functions. Thus a water molecule can donate two hydrogen 
atoms and has one acceptor (oxygen) atom. Aliphatic alcohols such as 
methanol have one donor and one acceptor fimction. Ethers can act 
only as acceptors and some molecules containing non-accepting electro
negative groups, for example chloroform, can act only as donors. It can
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be seen from Fig. 5*2 that a hydroxylic solute has more opportunities 
to act as a donor than as an acceptor, because the ether linkages are 
acceptors only. Solvent systems containing species which do not act 
as donors or acceptors, or act as only one of these, give rise to 
straight-phase separations (for example benzene, chloroform or heptane). 
Elution with strong donors and acceptors, such as the lower sJcohols or 
water, results in reversed-phase separations.

The separation of epimeric steroids on the stradght-phase hydroxy
cyclohexyl column can be explained using a hydrogen bonding model to 
describe the solute-gel interaction. Equatorial hydroxyl groups in 
the steroid nucleus are usually less hindered than axial groups at 
the same p o s i t i o n , I t  is therefore reasonable to assume that 
equatorial alcohols will form hydrogen bonds more efficiently with 
the gel than the corresponding axial ones and the latter would be 
expected to be eluted first from the column. This is in agreement 
with experimental observations. An increased separation of epimeric 
hydroxylic steroids was observed on hydroxycholestanyl LH-20 compared 
to those obtained on hydroxycyclohexyl LH-20 and was ascribed to a 
stronger solute-gel interaction. The proximity of the bulky steroid 
substituent to the hydroxyether hydrogen bonding site must determine 
the steric requirements of those solutes that take part in hydrogen 
bonding.

The separation of 5cf/ A'-steroids on hydroxycyclohexyl LH-20 may 
also be explained on the basis of a solute-gel interaction arising 
from hydrogen bonding. It was observed that, in the absence of a 
hydroxyl group at C-3 or on the formation of a group incapable of

17donating a hydrogen atom, using the terminology of Morris and Morris,
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interaction of the substituents of hydroxycyclohexyl LK-20
with 5ci-cholestan-3p-ol and cholesterol.
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no separation v/as achieved, A free hydroxyl group at 0-3 is therefore 
necessary for the separation. One possible hydrogen bond complex 
between cholestanol and the hydroxycyclohexyl substituent is shov/n 
schematically in Pig, 5*5» It can be seen that the cyclohexyl ring 
can overlap with ring A of the steroid and with the A/B ring junction. 
Any change in the geometry at this point will influence the ability of 
the steroid to form a hydrogen bond beca.use of steric limitations.
For example, this column failed to separate hydroxylic steroids 
epimeric at C-3 v/hen the configuration at C~5 v/as changed from a to P 
(with the exception of one pair of epimers). Removal of the hydrogen 
at G-5 will lower steric hindrance to hydrogen bond formation^ and A - 
steroids are retained longer on the column than the corresponding 5ct" 
steroids.

Hydrophobic interactions are the forces responsible for the
187association of non-polar groups in aqueous solutions. Such associ

ation reduces the contact of the non-polar moieties with neighbouring 
water molecules and also tends to decrease the ordering of water 
molecules around the exposed non-polar solute, A decrease in the 
ordering of the v/ater molecules results in an increase in entropy and 
therefore in a favourable free energy of formation of the hydrophobic 
bond. These forces play a role in maintaining the secondary and 
tertiary structure of proteins, Determann and Lamport have proposed^"^^ 
that hydrophobic bonds are responsible for the strong retention of 
lipophilic molecules observed during chromatography with columns of 
LH-20 in aqueous systems. In support of this hypothesis, it was shov/n 
empirically that the degree of retardation increased v/ith temperature, 
which is in accord with an entropy-dependent bond. In polar solvents
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other than water, also, non-polar groups may tend to contact each
other, but this happens because the energy of solvent-solvent and
solute-solute interaction is more favourable than solvent-solute 

187interactions. Such interactions have been described as ’’lyophobic”
187and are enthalpy dependent. The bond is therefore v/eakened on 

increasing the temperature.
The effects of temperature on lipophilic gels were discussed 

in paragraph 3.2. The conclusion reached was that, in reversed- 
phase systems, elution volumes would decrease with temperature. 
Enthalpy-dependent forces would therefore be operating and not 
entropy-dependent forces analogous to the hydrophobic bond.

To return to the original question concerning the separation 
of enantiomers or phytosterol diastereoisomers, it seems likely that 
chiral lipophilic gels could be prepared containing polyfunctional 
substituents which would operate in the same manner as the optically 
active stationary phases described in Chapter 1, Adsorption of 
chiral solutes of suitable functionality (thereby leading to 
resolution) would be possible in straight-phase solvent systems.
For non-polar enantiomers and phytosterols, it seems unlikely that 
the lyophobic interactions would ever be of sufficient specificity 
to permit their separation without increasing the column efficiency.
The separation factors (ô - values) of these compounds are extremely 
close to unity, and their separation will require columns containing 
high numbers of theoretical plates,

5,3 Areas of Further Vfork.
Several aspects requiring further investigation have already been 

mentioned. New gels can be prepared containing substituents of more
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varied functionality. Polyfunctional, chiral, lipophilic gels might 
be prepared by attaching an amino acid residue to a lipophilic gel.
The gels already prepared could be evaluated in other solvent systems 
with a wider range of compounds and with more elaborate chromato
graphy techniques, in particular, recycle chromatography. SjÔvall has 
suggested that "miscible" solvent systems containing several components

85may be more promising than eluants composed only of one or two solvents. 
Some of the former type have already been tried (see for example ref. 90), 

The effects of temperature on chromatography with these gels 
require more detailed examination. Information can be obtained thereby 
on the separation processes occurring in the gel. Also, if the tempera
ture at which the chromatogram is performed were reduced, an enthalpy- 
dependent separation mode should be enhanced. At low temperatures, 
the interchange of conformations of phytosterol side chains might be 
reduced sufficiently to augment the slight differences in the distri
bution coefficients. It was noted earlier (Chapter 4) that 20o- and 
20p-hydroxypregnanes could be separated whereas 24(R)- and 24(^-hydroxy- 
cholesterol could not. This v/as ascribed to the lack of a strongly 
preferred conformation in the latter,

Név/ modes of introduction of substituents v/ill be needed in the 
future if complex reagents are to be used. The problems experienced 
with alicyclic oxides have already been discussed. Several base- 
catalysed substitution reactions were described in Chapter 2. On the 
whole, these were unsuccessful, and the product contained little or no 
substituent. One of the most likely methods of attaching groups may 
be through a silyl ether. The ease of formation of simple trimethyl- 
silyl ethers is well knovm in the practice of GO. It would also be of
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interest to analyse in detail the structure of the gels obtained by 
reaction with epo'xides. One approach would be to synthesise substi
tuted monomers, instead of a substituted polymer, by reaction of 
hydroxypropyl glucose with olefin oxides. Analysis using conven
tional spectroscopic techniques would then be possible.

Recent work by Alme and Nystrbm^^^ and Alrae, Sjbvall and Bonsen^^ 
has introduced a new application of lipophilic gels as ion exchange 
resins, ■ That this area of application is potentially large can be 
seen from the separations of phosphatidylcholines on the basis of 
the length and degree of unsaturation of the side-chains

Pharmacia, the manufacturers of Sephadex, now market gel 
materials for affinity chromatography^^^ (CKBr-a.ctivated Sepharose 
4B and Con A - Sepharose), This type of chromatography depends on 
the ability of many proteins and polypeptides to bind substrates 
specifically and reversibly. A gel containing a substituent which 
is specifically a substrate for a protein will retard this protein 
selectively in the course of the elution of a mixture of substances 
through the column. Much work in this field has been done by 
P. Cuatrecasas, who has recently reviewed the subject

One other field which holds scope for development is the 
preparation of gel stationary phases for use at high pressures.
It is unlikely that Sephadex dextran will ever be suitable for this 
type of application, Ttie use of an inert support (as in porous- 
layer beads) has been found to be unsuccessful,^^^' Substitution of
polystyrenes, which can be used at high pressures, has been carried 
out^^^ but not much work has been done in the design of specific 
stationary phases. This is an important area of research, as much
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of the current interest in liquid chromatography arises from the speed 
of separations which can he achieved. It is possible that future work 
will lead to chemically bonded stationary phases, v/ith distinct 
chromatographic properties, which are based on inert, rigid supports. 
There are no gel phases available at present which are completely free 
from solute-gel interactions and which will give rise to separations 
on the basis of molecular size only. Porous glasses and silicas 
can be prepared v/ith very precise pore widths and, when suitably 
treated to give inactive surfaces, may replace polymeric gels. 
Chemically bonded phases containing specific substituents could be 
prepared with presently available porous layer beads or microspheres. 
The segregation of chromatographic properties in this manner would 
facilitate the choice of stationary phase and enable separations to 
be carried out .In a logical sequence.

All of the suggestions made in the foregoing paragraph appear 
feasible at present. The availability of so many potentially fruitful 
lines of research indicates that the growth of liquid chromatography 
will continue for several years to come.
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SECTION II

THE Î ffiTABOLISM OP CHOLESTEROL BY PIIYTOPHTHORA CACTORUl^
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SECTION II. THE METABOLISM OP CHOLESTEROL BY PHYTOFHTHORA
GAGTORUM.

II,1 Introduction,
In the introduction to Section I, the role of steroids in the

plant kingdom was discussed in general. This section is concerned
with fungal steroids. Fungi are of considerable economic importance

195because of the damage that they cause to crops. The use of 
fungicide sprays limits the effects of organisms such as Phytophthora 
infestans (the causal organism of potato blight) but repeated spraying 
is necessary. Because of the expense, fungicide sprays can be used 
successfully only in highly developed farming countries. From a 
different aspect, many fungi provide a useful and industrially 
important means of modifying steroids, for example by the introduction 
of hydroxyl functions to the steroid, nucleus, and industrial 
fermentations provide sources of ergosterol, the precursor for 
vitamin Bg,

Ifeny advantages are offered to the experimental biochemist and 
biologist as these organisms may be readily grown under reproducible 
conditions and in a comparatively short time compared to higher plants. 
Consequently, many studies of sterol biosynthesis have been carried

195out with fungi. The metabolic pathways have recently been reviewed.
As in animals, the initial product of squalene cyclisation in fungi 
is lanosterol, whereas cycloartenol is the first product formed in 
higher plants. Many subsequent modification*reactions appear to exist, 
although, until the introduction of modern analytical methods, 
ergosterol v/as considered to be the only fungal sterol present in

significant amounts, and few attempts were made to detect and charac
terise other steroids. A wide variety of steroids have now been
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Fig,II.1 Biologically important compounds associated with fungi.
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identified in and there appears to be much variation in
the sterol composition of various species, although Weete does not
consider it likely that the sterol pattern will serve as a, useful

198chemotaxonomic character,
Hendrix has reviewed the role of sterols in the growth and

t28reproduction of fungi. It may be recalled from Chapter 1 that 
steroids in plants were ascribed three possible functions as hormones, 
as membrane components and as precursors for other compounds. Similar 
functions appear to be fulfilled in the fungi as a whole, although all 
of these roles may not appear in any one species. 'Ihe fungal hormone, 
antheridiol has been known for some time, and has comparatively 
recently been shovm to be steroidal (see ref, I96 and references

197therein). Sterols have been shown to be present in fungal membranes 
and appear to have a role in the uptalee and metabolism of carbon 
sources in species of Mycoplasmah^^^ Cholesterol decreases the

199release of sugar from phosphatidyl choline liposomes, suggesting
a role in membrane permeability* This idea is supported by the
observation that polyene antibiotics interact with cellular sterols
to disrupt the cellular permeability,

A possible role of sterols in determining the disease resistance
of Antirrhinum ma .jus seedlings to attack by Pyth lum ultimum has been

29described earlier. The sterol composition of potatoes has been
Phytopbtliora

related to the resistance to attack by / infestans, a member of the
201Pythiaceae (comprising the genera Pythium and Phytophthora),

Steroid glycoalkaloids of potato peel have been shown to be toxic 
202to some fungi and similar compounds may account for the resistance

203of tomatoes to attack by nonpathogenic fungi.
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Pungi of the family Pythiacoae do not contain sterols, and, on 
media which are free from sterols, tend to grow vegetatively. However, 
when sterols are present, their rate of growth increases, sexual organs 
(oogcnia and antheridia) appear, and oospores may he formed. The 
reasons for the changes which occur in the presence of sterols are 
not known. The cell permeability may be affected or else the meta
bolic rate of the fungus may be changed. For examplePythim ultimum 
takes up and catabolises glucose more rapidly in the presence of 
cholesterol than when this is a b s en t, He nd ri x has analysed the
metabolites of cholesterol in cultures of Pythium periplocum, grown

208under conditions suitable for sexual reproduction,' In the present
work, the metabolites of cholesterol in Phytophthora cactorum were
examined, as part of a larger project aimed at elucidating the role
of sterols in the reproduction of these fungi,
11,2 Analysis of cholesterol metabolites.

A qualitative analysis only was carried out. Cultures of Phyto-
phthora cactorum were grown by Dr. C.G, Elliott, of the Department of
Botany, Glasgow University, in liquid medium in 100 ml conical flasks

12(stationary culture), T̂hen the cultures were four days old, chole
sterol containing 4“(^^C)-cholesterol was added in Tween 80 (40 mg 

of medium
sterol per litr^). After a further seven days, the mycelium was 
filtered, washed with water, and extracted in a Soxhlet thimble with 
acetone. Samples were removed for analytical TLC and the remainder 
of the extract was evaporated to give a yellow oil.

Analytical TLC was carried out using 5 x 20 cm plates (0,5 rnm 
thickness). Two solvent systems were used: ethyl acetate-petroleum
ether (60-80^ BP fraction) in the proportions 5î95 v/v and 1:1 v/v
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tabliî: II.1 Analytical TLC of P. cactorum extract.

Solvent
system

■
value

Intensity of 
Autoradiograph

Colour with 
"eerie” spray Comments

0,00 strong brown More polar than 
cholesterol

0.04 V. strong red Free cholesterol
0.06 wealc not vis. *

%  EtOAc 0.16 weak not vis.
95^ Petrol 0.28 wealc not vis.

0,55 weak not vis.
0,56 weak not vis.
0.61 V, strong red Choiesteryl esters

0.00
,0.07

weak 
we ale

brown

0.10
0.24

weak
weak

pale
brown
where
visible

0,26 weak
0.65 strong red Cholesterol

0.87 strong brown Cholesteryl esters
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TABLE IX.2 Silver nitrate TLG of P. cactorum lipids

Iifeiterial of components 
by TLG

h
Values Comments

Cholesterol
(standard)

1 0.01

Cholesteryl oleate 
(standard)

1 0.49

Cholesteryl palmitate 
(standard)

1 0,68

Cholesteryl stearate 
(standard)

1 0.78

Prep, TLC non-polar 
hand 5 0.46

0.68

Cholesteryl
oleate

Cholesteryl
palmitate

0.79 Cholesteryl
stearate

Prep. TLC polar hand 1 0.0 Cholesterol

TABLE II.3 GLC of steryl esters directly on \io  SE-30.

Ester type io of total ester fraction

Cholesterol + C^^ acids 2.6
Cholesterol + C^^ acids 12.7
Cholesterol + C^g acids 84.7
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respectively. The plates were examined with the Panax radiochromato
gram seamier, prior to visualisation with eerie ammonium sulphate and 
submission for autoradiography (for which service, thanlcs are due to 
Î1ÎT, he Tait of the Botany Department). The plates were left in 
contact with photographic film for two weeks before development. The 
results of the TLC are summarised in Table II,1, values for spots 
with associated radioactivity only are given. There were only two 
spots on these plates which were strongly radioactive. None of the 
materials having a lower R^ than cholesterol were detectable using 
the radiochromatogram scanner.

The remainder of the extract was applied to preparative TLC 
plates which were developed with ethyl acetate-petrol (5^95 v/v).
The two strongly radioactive bands were located using the plate 
scanner. _ The silica was then scraped off and extracted with chloro
form, Samples of each band were re-examined by analytical TLC on a
20 X 20 cm silica plate (O.25 mm thickness) containing 10^ by weight

206of silver nitrate. The following standards were also applied:
cholesterol, cholesteryl oleate, cholesteryl palmitate and cholesterol 
stearate. The plate v/as developed in ethyl acetate-petrol (5:95 v/v) 
and examined in the same wray as the first TLC plates. The results are 
summarised in Table II.2. It was seen that the non-polar band was a 
mixture of long-chain fatty acid esters of cholesterol and that the 
polar band was the free sterol. These results were confirmed by C-LC 
analysis. The sterol esters were chromatographed directly on 1^ SE-pO 
at 500°C (2 m column), and the sterol on Yfo OV-1 at 225^0, both free 
and as the trimethylsilyl ether (Table II.5), The former column 
resolved the esters from C^^, C^g and C^g fatty acids but did not
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TABLE II.4* GLC Analysis of Fatty Acid Methyl Esters.

Fatty Acid A B

^12 0.70

^14 17.4 2.42

"l6 .
9.81 7.48

(monounsaturated) 5o71 7.28

^18 0.75 1.52

C^g (monounsaturated) 51.1 57.6

G^g (diunsaturated) 6.51 19 c 4

C^g (triunsaturated) 2.45 0.28

Unidentified long chain acids Q^q 
or above

5.56

Coluiim A : ^ Fatty acid in triglyceride from fungus grown in the 
absence of cholesterol.

Column B t ^ Fatty acid in sterol esters.
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resolve' the esters according to the degree of -unsaturation. Accordingly, 
the free fatty acids were obtained by alkaline hydrolysis (ethanolic 
KOH, 1 h at 40°C) and analysed by GLC on 10^ EGS3X at 150° as the 
methyl esters. This stationary phase separated the methyl esters 
according to the degree of unsaturation of the chain as well as by 
carbon number (Table 11,4)*

For comparison purposes, the fatty acid pattern of the fungad 
triglyceride fraction was determined. The triglycerides were isolated 
by preparative TLO of an acetone extract of cultures of the fungus 
grown in the absence of sterol. Ihe triglycerides were hydrolysed 
with ethanolic KOH and analysed as before (Table 11,4). It can be 
seen that the fatty acid patterns from the sterol esters and from the 
triglycerides are similar. Oleic acid is the most abundant in both 
patterns.- Tlie main differences are in the relative amounts of 0^^ 
(myristic) acid, which is much lower in the sterol esters than in 
the triglycerides and C^g (linoleic acids: diunsaturated) which is
higher in the esters than in the triglycerides. These may not be 
significant,

207These results agree in part with those of Gain, who carried 
out a similar analysis. The percentages of the fatty acids found in 
the sterol ester fraction are different (the principal acids being 
saturated). The conditions under which the fungus v/as grown may 
affect the fatty acid pattern. Gain also observed that the proportion 
of esters obtained was similar for both low and high cholesterol concen
trations, whereas, in the conditions used in the present v/ork, the 
proportion of esters increased as the cholesterol concentration 
increased. Hendrix observed that cholesterol was esterified in
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(-o' 205cultures of Pytĥ î Lm periplocum. However, significant amounts of a
material more polar than cholesterol were also obtained. The structure 
has not yet been established, although it appears similar in its TLC 
character and stability to antheridiol. The small amounts of polar 
material obtained in the present work may be autoxidation products*

Recent work in this area by Dr. C.G. Elliott of the Department of 
Botany, Glasgow University, has shown that P. cactorum can differ
entiate between phytosterols diastereomeric at C-24. Thus dihydro- 
brassicasterol is less potent than campesterol as an agent for the
induction of oogonia formation (the activity was measured on a 

2 7statistical basis ). In view of the results discussed in Section I, 
it is unfortunade that this type of bioassay requires relatively 
large amounts of sterol, of the order of milligrams, and is therefore 
no more sensitive than WiR spectroscopy.
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AFPEMPICES
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APPENDIX 1* The IJŒ - SIIBLATII'F̂  GAS CHROMATOGRAPH.

Pigs. Alol and A1.2 illustrate the chromatograph. The construction
was begun by Dr. B.S. Middleditch, and wiring and other final con
nections were completed by the author. The components are:

(a) An IiKB 9000 GLC oven. This accommodates columns of normal LKB 
design, length 10'. The oven temperature is controlled by (b). 
The LKB flash heater and Pye 104 flame ionisation detector 
(P.I.D.) are controlled by potentiometers mounted on the front 
panel. Thermocouples in the oven, FID and flash heater give 
readouts on the meter.

(b) A Perkin-Elraer Linear Temperature Programming Unit and precision 
oven control board.

(c) A Pye Ionisation Amplifier, as fitted to the 104 series gas 
chromatographs.

(d) A blower unit is mounted in the base of the instrument for 
forced ventillation of the cabinet during normal operation of 
the chromatograph*

(e) A thermal cutout device is mounted on the RES side panel. An 
oven-mounted probe causes the oven power supply to be interrupted 
in the event of thermal runaway.
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Fig.Al.2 The LKBS gas chromatograph, internal view of GC-oven 
and housing cabinet. - 179 -
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APPENDIX 2 : SPECTRA

Mass Spectra
A,2.1 23"Cholene
A.2.2 24~Butoxy-5(3“Cholane
A,2*3 5p~Cholan-23-al
A.2.4 5p“Cholan-"23"al 0-methyl oxime

Liquid Chromatograph Trace
A,2,5 Separation of a mixture of hydroxylic steroid epimers

on a straight-pha.se hydroxycyclohexyl LH-20 column
eluted with benzene.
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appe n d i x 3 : TRIVIAL AND SYSTEMATIC NAMES OF STEROIDS

Trivial name
Andros terone
Brassicasterol
Campesterol
Cholanic acid
Gholanol
Choies tana
Cholestsnol
Choiestanone
Cholesterol
Cholic acid
Coprostanol
Behydrocholic acid
Behydrodeoxycholic acid
Behydroepiaiidros terone
Deoxycholic acid
Bihydrohrassicasterol
Epiandrosterone
Epicholestanol
Epicholesterol
Epicopros tanol
Epietiocholanolone
Etiocholanolone
Estradiol
Lanosterol
Lithocholic acid
Mestranol

Norethis terone 
Rortes tosterone 
Poriferasterol 
Progesterone 
(3"Sitos terol 
Stigmasterol 
Testosterone

Systematic name
5a-Hydroxy--5c"andros tan-“17-one
24-(l̂ )“Methyl-'5 ,22-cholestadiene-3p-ol
24"*(R)-Methyl-5“Choles ten-5 p-ol
5p“Cholan-24”Oic acid
5p“Cholan«24“Ol
5a-Cholestane
5a“»Choles tan-5 P“Ol
5a-0holestan-3-one
5"Choles ten-5 P*"Ol
5a,7o,12a-Trihydroxy-5p-cholan-2/)-oic acid 
5(3“Cholestan-5P“Ol
5,7,12-Triketo-5p-cholan-24“Oic acid
5 ,12-Bike10-5p-cholan-24-oic acid
5(3“Hydroxy-5-andros ten-17"'0ne
5a,12a-Bihydroxy-5p-cholan-24-oic acid
24"(^) -Methyl-5"Cholesten-5p“Cl
5p-Rydroxy-5a-androstan-17-one
5a-Cholestan-5a-ol
5-Cholesten-5a-ol
5p-Cholestan-5a-ol
5p-Hydroxy-5p-androstan-17-one
5a-Hydroxy-5p-androstan-17-one
1,5‘, 5(lO)-Estratriene-5 ,17p-diol
8,24-Lanos tadiene-5f3-ol
5a—Hydroxy-5P-oholan-24-oic acid
17a-Ethynyl-l,5,5(lO)-estratriene-5,17P- 
diol 5-methyl ether
17 a-E thy ny 1-1 '{ p-hydroxy-4-e s t r en - 5 - one
17p-Hydroxy-4-estren-5“0ne
24-(R)-Ethyl-5,22-cholestadiene-5 P-ol
4-Pregnen-5,20-dione
24-(R)-Ethyl-5-cholesten-5p-ol
24-(^)-Ethyl-5 ,22-choles tadiene-5(3-ol
17p-Hydroxy-4-androsten-5-one
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