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SUMMARY.

The chemical constituents of twc species of the plant family Euphorbiaceae 
from Swaziland were investigated. Four novel diterpene esters were 
isolated from Synadenium compaction N.E. Br. The structures of the 
compounds were investigated using concerted one- and two-dimensional 
Nuclear Magnetic* Resonance spectroscopic and Mass Spec trome trie
techniques, and in one instance, X-ray crystallography. The structures of 
two of the compounds were established with certainty, and were identified 
as being A-12,13, 14-dihydro, 12-deoxy derivatives of the lathyrane type 
diterpene, ingol. The trivial name, synadenol, is given to the new 
compounds. The structures of the additional two compounds were established 
as being related to synadenol and possible structures are proposed.

An unusual triterpene, 28-hydroxyfriedelan-3-one, was isolated from
Androstachys johnsonii Prain. The structure was elucidated by concerted 
NMR and MS techniques, and confirmed using a single crystal X-ray study.

Countercurrent chromatography was evaluated as a technique for the 
preparative separation of natural products. Droplet countercurrent
chromatography was compared with Ito high speed countercurrent
chromatography and modifications to improve the operation of the apparatus 
are described. A model for the prediction of solute resolution is
described and evaluated in the context of its application to the 
preparative-scale separation of mixtures, using atropine sulphate and 
hyoscine hydrobromide as model compounds.
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Chapter 1 1

PART ONE.
A CHEMICAL INVESTIGATION OF TWO SPECIES OF EUHfQRBIACEAE FROM SWAZILAND.

CHAPTER ONE.
INTRODUCTION.

1.1 The plant family Euphorbiaceae.

1.1.1 Background.
The family Euphorbiaceae, comprising over 300 genera and 5000 

species (Willis 1973), is the sixth largest family of flowering plants 
(Radcliffe-Smith 1986). Although the genera are predominantly tropical in 
distribution with very few exclusively extratropical, a number, most 
notably Euphorbia, the type genus, are found in sub-tropical and temperate 
climates (Radcliffe-Smith 1986).

Classification is controversial as the Euphorbiaceae is a poorly 
understood family (Webster 1987). The most recent classification is by 
Webster (1975). Radcliff e-Smith (1986) has briefly discussed the systems 
of classification and presents a confusing and complicated situation. Airy 
Shaw (Willis 1973) states that the classification of the family needs 
drastic overhauling.

One of the most characteristic features of the family is the fruit which 
is frequently, although not universally, dehiscent and forms a trilocular 
regma (Radcliffe-Smith 1986). Also typical of the family are the unisexual 
flowers which are common to virtually all the genera (Radcliffe-Smith 
1986). Many genera within the family produce latex and the occurrence and



Chapter 1 2

types of laticifers have been used in the classification of the family. 
Rudall (1987) has reviewed the laticifers within the family. Mahlberg et 
al (1987) have used the triterpenoid'content of latex from members of the 
genus Euphorbia for chemotaxonomic purposes.

The family is of importance as a source of food and economic products. 
Cassava from Manihot esculente Crantz is one of the principal food crops 
in much of Africa, India and Brazil. Castor oil (Ricinus communis L.), 
Tung oil (Aleurites fordii Hemsl.) and candlenut oil (Aleurites molucanna 
Willd.) are commercial oils from the family. Rubber from Hevea 

brasiliensis is of major importance throughout the war Id. Rizk (1987) 
discusses other industrial and commercial products from members of the 
Euphorbiaceae. Schultes (1987) has discussed the use of species of the 
family in primitive and advanced societies.

1.1.2 Diterpenes from the Euphorbiaceae.
Diterpenoid compounds have been isolated from many species of the 

Euphorbiaceae. Of particular interest are the phorbol, and related 
macrocyclic, diterpenes because of their toxicological and pharmacological 
properties. The occurrence and properties of these compounds have been 
reviewed by a number of workers, the most recent being the book "Naturally 
Occurring Phorbol Esters" edited by Evans (1986). Other reviews include 
those of Evans and Taylor (1983), Evans and Soper (1978), Hecker (1977), 
Hecker and Schmidt (1974) and Kinghom (1979).

The phorbol and related macrocyclic diterpenes have been segregated into 
two broad groups (Evans 1986): those closely related to phorbol and which 
have tumour promoting and irritant activity, ie. the tigliane, daphnane 
and ingenane types (Fig. 1.1); and the non-irritant and non-tumour



Chapter 1 3

promoting macrocyclic diterpenes, the casbane, jatrophane, lathyrane, 
jatropholane, crotofolane and rhamnofolane types (Fig.1.2).

Fig 1.1: The tigliane (a), increnane (b). and daphnane (c) diterpene 
skeletons.

Fig 1.2; The lathyrane (a), iatrophane-a fb), iatrophane-b (c). 
crotof olane (d), casbane (e). jatropholane (f) and rhamnof olane (g) 
diterpene skeletons.

Croton oil, from which phorbol was first isolated, was shown to have 
tumour promoting properties by Berenblum (1941) in his famous two-stage 
carcinogenesis experiment. He was able to demonstrate that there were 
factors in croton oil, from Croton tiglium L., which were not themselves 
carcinogenic but were able to promote tumour growth under certain 
conditions, the most important being regular repetitive application after 
exposure to a carcinogen. The factors responsible for this effect turned
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out to be various esters of the diterpene phorbol. The structure of 
phorbol was elucidated in 1968 by Hecker (1968), who went on to examine 
other members of the Euphorbiaceae, especially the genus Euphorbia, for 
similar activity. The plant family Thymelaeaceae was also found to contain 
related diterpene compounds.

The environmental hazards of exposure to these compounds has been 
investigated and the role of secondary carcinogenic risk factors in the 
etiology of environmental cancers discussed by Hecker (1981, Hecker et al 
1984). It has been shown that honey made from pollen and nectar collected 
by bees from some Euphorbia species contains derivatives of phorbol and 
ingenol which are capable of tumour promotion (Evans 1986). In China, it 
has been shown that soil underneath tung oil trees, Aleurites fordii, 

which grow along many of the roads in certain areas contained sufficient 
activity to activate latent Epstein-Barr virus. E.B.V. has been implicated 
in some forms of naso-pharangeal cancer, and there is a correlation 
between the occurrence of these trees and the incidence of Burketts 
Lymphoma in which E.B.V is implicated (Zeng et al 1984). Hecker (1984) has 
shown a correlation between the use of leaves of the bushes Croton flavens 
L. and Jatropha gossipyfolia L. as a tea and oesophageal cancer on the 
island of Curacao, near Venezuela. The primary carcinogen in this case was 
thought to be present in drinking water polluted with oil from a refinery 
on the island. Use of the herbal teas was considered important in the 
epidemiology of oesophageal cancer as inhabitants on neighbouring islands, 
whose water was also polluted but who did not use the same plants for 
domestic purposes, did not suffer from the same high incidence of cancer 
of the oesophagus.

St. George's disease in cattle, which occurs in parts of Australia due to
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ingestion of certain species of Pimelia (Thymelaeaceae), has been shown to 
be due to a derivative of phorbol, (Roberts et al 1975), and is an example 
of primary toxicity due to the diterpene. Croton oil, once used as a 
purgative in medical practice, is no longer used because of its toxicity.

Skin irritation and contact dermatitis due to exposure to members of the 
Euphorbiaceae are well documented (Mitchell and Rook 1979, Watt and 
Breyer-Brandwijk 1962). The implications in carcinogenesis due to house 
plants of the Euphorbiaceae are not thought to be significant because of 
the lack of repeated, regular contact after exposure to a carcinogen.

The pharmacology of the irritant and cocarcinogenic diterpenes has been 
extensively studied and reviewed (Aitken 1986, Kinsella 1986, Aitken 1987, 
Kinsella 1987, Blumberg et al 1987, Evans and Edwards 1987) and their 
effects on protein kinase-C elucidated. The macrocyclic diterpenes, 
however, have not been so extensively examined.

1.1.3 Isolation of diterpenes.
Phorbol was isolated as a hydrolysis product from Croton oil in 

1935 and the structure was elucidated in 1968. The first macrocyclic 
diterpene, a derivative of lathyrol, was isolated from Euphorbia lathyris 
in 1937 and the structure established in 1970 (Zechmeister et al 1970).

Separation of individual diterpenes of the Euphorbiaceae requires complex 
methods and these rely on a combination of partition and chromatographic 
techniques. Hecker and co-wcrkers routinely>use a form of countercurrent 
distribution, either a Craig or an O'Keefe apparatus (Hecker and Schmidt 
1974) which fractionates the crude extract into hydrophobic and 
hydrophilic portions. They have fractionated crude Croton oil in the
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apparatus using a solvent system of petroleum ether-methanol-water and 
were able to concentrate the biologically active components of the oil 
into 5% of the starting material. Further fractionation of the hydrophilic 
material was carried out on a chromatographic column, using deactivated 
silica and a carbon tetrachloride- ether solvent system, and by 
countercurrent distribution using a variety of solvent systems.

Evans and co-workers (Evans 1986) rely on a preliminary fractionation 
involving partitioning a crude extract of plant material against 
hexane-aqueous methanol, and then further partitioning the aqueous 
methanol layer against diethyl ether. The less polar triterpenes, sterols 
and some tri-ester diterpenes partition into the hexane layer, and the 
more polar diterpenes partition into the ether layer. The net result is 
similar to that obtained using countercurrent distribution methods, and 
the resulting fractions are further processed using chromatographic 
techniques. Evans has used a partition preparative thin layer 
chromatography technique to purify the compounds. TLC plates made of 
Kieselguhr were coated with diethylene glycol and developed in a suitable 
solvent system. The plates were visualised, the appropriate bands scraped 
off and the compounds separated from the diethylene glycol by extracting 
with dichloromethane and partitioning against dilute NaCl solution (Evans 
and Taylor 1983).

Kinghom and co-workers (Lin et al 1983a, b, c) have used droplet 
countercurrent chromatography as a partition technique for the 
fractionation of crude extracts of diterpenes. Evans and Taylor (1983) 
however, regard the technique as being less successful than their method 
of partition preparative thin layer chromatography.
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Bauer et al (1983) have developed an HPLC system utilising a bonded phase 
C18 column for screening plants for the presence of diterpene esters. 
Borris et al (1984) used an initial partitioning procedure followed by 
chromatography on silica gel and sephadex LH-20, to yield a series of 
daphnane ortho-esters from the roots of Gnidia kraussiana L. 
(Thymelaeaceae). Connolly et al (1984a) used the method of Evans to 
produce an ether soluble extract of Euphorbia kamerunica, and isolated 
five ingol esters by multiple preparative TLC. Roberts et al (1975) 
isolated a daphnane ortho-ester from Pimelea simplex (Thymelaeaceae) by 
extracting dried plant material with 95% ethanol, followed by repeated 
column chromatography on Sephadex LH-20 and preparative thin layer 
chromatography.
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1.2 Nuclear magnetic resonance spectroscopy in structure elucidation.

1.2.1 Background.
Nuclear magnetic resonance (NMR) was first detected in 1945 by two 

independent groups of vrorkers led by Bloch at Stanford University and 
Purcell at Harvard. The first commercial proton NMR spectrometer was 
introduced in 1953 and the development of magnet and computer technology 
has led to the very powerful technique that we know today.

Fourier transform (FT) NMR became possible with the advent of modem 
computer technology. Using FT techniques the NMR properties of low 
abundance magnetic isotopes, such as 13C, can be exploited to produce 
meaningful spectra. Multiple scan accumulations to improve the signal to 
noise ratio, impractical because of time limitations in continuous wave 
instruments, have become routine. It has become possible to obtain high 
resolution spectra for extremely small sample sizes. In proton NMR 
spectroscopy, spectra for submilligram quantities of small molecules (less 
than MW=1000) and in 13C, milligram quantities, can be obtained. FT and 
computer technology have aided the development of two dimensional NMR 
spectroscopy, probably the most important development in structure 
elucidation in the last fifteen years.

The development of magnet technology, particularly superconducting 
magnets, which provide the very stable, high magnetic fields necessary for 
NMR, have allowed the development of very high resolution spectrometers 
with operating frequencies for 1H of up to 600MHz.

The ability of a nucleus to undergo magnetic resonance depends
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fundamentally on its nuclear spin (I). The two nuclei which are of prime 
concern in the structure elucidation of organic plant constituents are 1H 
and 13C, both of which have nuclear spin values of 1/2. When placed in a 
magnetic field, such nuclei will be confined by quantum mechanical 
considerations to two energy levels only. Irradiation with radiofrequency 
results in transitions between these two energy levels.

When a compound is placed in a magnetic field and irradiated with a 
short pulse of radiofrequency energy which excites all the nuclei 
simultaneously, the nuclei re-emit the radiation at a frequency particular 
to each nucleus. The free induction decay is the combined radiofrequency 
emissions from the nuclei which is collected and digitised by the 
spectrometer’s computer. Fourier transformation of the time domain FID 
results in the conventional frequency domain spectrum.

The electron density about each nucleus will influence the radiofrequency 
at which that nucleus will resonate. The electrons surrounding the nucleus 
shield it from the radiofrequency, and the net field experienced by the 
nucleus will depend on the degree of shielding exerted by the electrons. 
Nuclei in environments of different electron density will thus resonate at 
different radiofrequencies. The nuclear shielding is proportional to the 
applied field. The chemical shift for a particular nucleus is defined as 
the nuclear shielding divided by the applied field and is measured 
relative to a reference nucleus, commonly tetramethylsilane in organic 
solvents and DSS (sodium 2,2-dimethyl-2-silapentane-5-sulphonate) in 
aqueous solvents. Nuclei in different environments will therefore be 
shifted up- or downfield of the reference compound. The spectrum is 
conventionally scaled in the units of chemical shift (parts per million) 
from the reference standard.
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Further information in the spectrum is provided by spin-spin coupling 
(splitting) patterns caused by the interaction between neighbouring 
magnetic nuclei. In proton magnetic resonance the major splitting patterns 
are due to protons attached to adjacent carbon atoms,, i.e. three bond 
vicinal couplings and, if the protons on a particular carbon atom are 
non-equivalent, two bond geminal couplings. Longer range couplings over 
four or five bonds can be observed in some cases.

13C NMR spectra are conventionally decoupled from proton-carbon spin-spin 
coupling effects by double irradiation techniques for simplification. 
Special pulse sequences are available which alter the phase of signals 
depending on multiplicity.

A number of books and reviews on the theory and application of NMR 
techniques are available, of which the following are of particular 
interest: Shoolery (1984), Kemp (1986), Derome (1987), Morris (1987),
Sanders and Hunter (1987) and Branch and Casy (1988).

1.2.2 Applications of one dimensional NMR spectroscopy.
The one dimensional proton spectrum is the quickest and simplest to

obtain. Many laboratories are equipped with low resolution, 60MHz
continuous wave instruments for fast preliminary screening of samples
prior to more detailed investigation. In the isolation procedure, if the
compounds of interest have characteristic NMR features, then this form of
spectroscopy can be of considerable use in selecting potentially
interesting fractions for further purification. Diterpenoid compounds are
fairly readily distinguished from triterpenes or sterols commonly found

/

in plant extracts by the presence of deshielded signals downfield of the
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aliphatic region between 0.5ppm and 2ppm, and the relatively few signals 
in the aliphatic region. In this work, the compounds of interest were 
diterpenoid esters of the phorbol and related macrocyclic types which, in 
addition to the above example, commonly have acetate functional groups 
associated with them which are readily detected even on low resolution 
instruments. In phorbol itself (Fig 1.3), the olefinic proton at Cl is 
highly deshielded and gives a broad singlet at 7.54ppm (Evans 1986). This
signal has been suggested as a reasonable indication of the presence of
phorbol and its analogues possessing an alpha-beta unsaturated carbonyl in
ring A (Pieters and Vlietinck 1986). OH

OH

19

CH2-0H
Fig 1.3: Phorbol.

The high resolution NMR spectrum is usually the first to be obtained 
for a newly isolated compound. Analysis of the chemical shifts, 
multiplicities and integrals for the peaks gives an idea of the type of 
compound, the possible number of methyl groups, any acetate substituents 
that may be present and the degree of unsaturation and presence of 
aromaticity. Measurement of coupling constants for various peaks may give 
an indication of which peaks are coupled and decoupling experiments will 
serve to confirm this as well as to reveal hidden detail under the 
decoupled area.
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13C spectra take longer to accumulate, and it is common to perform a 
series of three experiments to ascertain the degree of proton substitution 
on each nucleus. The 90 and 135 DEPT (Distortionless Enhancement by 
Polarisation Transfer) multipulse experiments alter the phase 
relationships between CH3, CH2, and CH 13C signals and allow sub-spectra 
to be produced which differentiate between the three types of nucleus. The 
135 DEPT experiment produces a plot having the CH and CH3 carbon atoms 
signals phased normally and pointing upwards, and CH2 signals pointing 
downwards. The 90 DEPT experiment eliminates CH2 and CH3 signals 
entirely, leaving only CH signals on the plot. The resulting spectra can 
be correlated and provide extremely useful information on the gross 
structure of the compound under investigation.

1.2.3 Applications of two-dimensional NMR spectroscopy.
Complex one-dimensional spectra in which peaks are not fully 

resolved or where coupling . constants are of similar values can be 
difficult to assign even with spin-spin decoupling, which can be time 
consuming. The presentation of such information in a second dimension 
would be extremely useful.

The first 2D NMR experiment was proposed by Jeener in 1971 and was a 
multipulse experiment in which the nucleus under examination was excited 
with a primary pulse, followed by a time interval, ti, after which a 
second pulse was applied followed by a second time interval, t2 , during 
which the FID was collected. The value for ti is incremented over a range 
of time and a data matrix collated.

The signal intensity in t2 after Fourier transformation for a particular 
nucleus is influenced by the length of the time interval, ti, and the
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signal intensity in t2 varies sinusoidally with ti. Coupled nuclei emit 
frequencies in phase with each other, so that when a series of plots, one 

; for each time interval, ti, is produced, those peaks which are coupled to 
each other will be present on the same line plot, whereas those which are 
not coupled are absent. The experiment produces a data matrix of one time 
domain, ti, against the other, t2 , which, after a second Fourier 
transformation, produces a tvro dimensional plot of frequency vs frequency,
i.e. chemical shift vs chemical shift.

Such plots are routinely presented as contour plots which give the 
equivalent of the one dimensional spectrum along the diagonal with coupled 
nuclei showing as off-diagonal peaks. Analysis of such plots isgenerally 
far simpler than in one dimensional spectra, and the connectivities 
between coupled peaks can be traced out on the plot.

Double Quantum Filtration (DQF) is a technique which utilises the 
phenomenon of multiple quantum coherence, in which a strong level of 
irradiation excites a double quantum transition, which can only be 
generated in coupled systems. In DQF COSY a plot is produced in which 
singlets are eliminated thus simplifying the correlation. Non coupled 
peaks include the strong singlets due to acetate and tertiary methyl 
groups.

There are two basic types of two dimensional NMR spectroscopy - 
correlation spectroscopy and J-resolved spectroscopy. Correlation 
spectroscopy is the more useful of the tvo in structure elucidation with 
proton-proton COSY the most frequently used. J-resolved 2D experiments are 
more restricted in their applications (Derome 1987).
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13C-13C COSY would be extremely useful for working out the basic carbon 
skeleton of a compound. However, due to the low natural abundance of the 
13C isotope (approx. 1%) the direct analogy to 1H-1H COSY is not possible. 
However, another two dimensional technique, 2D INADEQUATE (Incredible 
Natural Abundance Double Quantum Transfer Experiment), although 
insensitive, is-feasible. The problem lies in the fact that the chances of 
having two 13C nuclei adjacent to each other is about 1:10 000 and this 
means that large sample sizes are required. The technique utilises 
multiple quantum coherence effects and produces a plot which reflects 
connectivities due to couplings between adjacent carbon atoms in the 
molecule.

Dekker et al( 1987) have used the technique to elucidate the structure of 
an unusual daphnane derivative from Jatropha zeyheri (Euphorbiaceae). The 
experimental conditions were extreme: a 58 hour accumulation time, a large 
matrix (512x4096 data points), a very high resolution instrument (100MHz) 
and a 150mg in 0.3ml sample to which chromium tris-acetylacetonate was 
added to reduce the relaxation times of the nuclei. The results were 
impressive- all the C-C conectivities could be traced and the structure 
established.

Heteronuclear shift correlations, such as C-H Shift correlation, are 
useful in determining the connectivities between the protons and carbon 
atoms in a molecule. In conjunction with the information from the 90 and 
135 DEPT experiments, it can provide useful information on gross 
structure. Long range C-H Shift correlations using coupling constants for 
four or five bond couplings can be useful in determining the points of 
substitution of functional groups. Connolly et al (1984c) have used long 
range C-H couplings to assign the ester linkages on a new 19-hydroxyingol



Chapter 1 15

from Euphorbia poisonii.

J-resolved two dimensional spectroscopy is useful in clarifying the 
coupling constants in spectra where there is a strong overlap of peaks and 
can be used in conjunction with the information obtained from other NMR 
experiments.

1.2.4 Complementary techniques in structure elucidation.
Phorbol esters are not amenable to elemental analysis because the 

compounds solvate strongly (Evans 1986) and thus alternative methods for 
accurate mass determinations are sought. Mass spectrometry (MS) can be 
useful for this purpose if a suitable molecular ion is produced. The 
technique is of great importance in determining the nature and degree of 
acyl substitution on diterpene esters as the acyl groups tend to fragment 
in a predictable manner which can be analysed. In a successful MS 
experiment, the molecular ion for the entire molecule, and thus the 
empirical formula, and the ion for the de-esterified parent alcohol can be 
obtained, yielding valuable information on the structure of the compound.

In the structure elucidation of diterpenoid esters such as those commonly 
found in the Euphorbiaceae, mass spectrometry in conjunction with NMR 
forms the basis of structure elucidation. Crystalline material may be 
subjected to X-ray crytallographic techniques which will confirm both the 
gross structure and the solid state conformation of the molecule. Such an 
investigation is the exception rather than the rule as the technique is a 
specialist one and not always available to the phytochemist.

Other spectroscopic techniques, such as infra-red and ultra-violet 
spectroscopy are of limited value in the structure elucidation of
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diterpenoids. They are extremely useful in confirming the presence or 
absence of particular functional groups but do not reveal a significant 
amount of overall detail at the structural level.
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CHAPTER TWD.
INVESTIGATION OF SYNADENIUM CQMPACTUM.
2.1 Occurrence of diterpene esters within the Euphorbioideae.

Webster (1975) presents the following structure of the family 
Euphorbiaceae, divided into five sub-families and fifty twa tribes:

Sub-families:
1. Phyllanthoideae
2. Oldf ieldioideae
3. Acalyphoideae
4. Crotonoideae
5. Euphorbioideae

Synadenium compactum occurs within the subfamily Euphorbioideae. Tribes 
and genera within this subfamily are classified as follows (genera are 
grouped into sub-tribes):

Tribe 48. Stomatocalyceae.

Stomatocalyx, Plagiostylus, Hamilcoa, Nealchomia.

Tribe 49. Hippcmaneae.

Mabea, Senefeldera, Senefelderopsis.
Carumbium.

Hippomane, Actinostemon, Adenopeltis, Bonania, Colliguaja, Dalembertia, 

Duvigneaudia, Excoecaria, Glyphos tylis, Griirmeodendron, Gymnanthes,

Maprounea, Sapium, Sebastiania, Spirostachys, Stillingia.
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Tribe 50. Pachystranateae.

Pachystroma.

Tribe 51. Hureae.

Hura, Algemonia, Opthalmoblapton, Tetraplandra.

Tribe 52. Euphorbieae.

Anthostema, Dichosterrma.

Neoguillauminia, Calycopeplus.

Euphorbia, Chamaesyce, Cuban thus, Endadenium, Monadenium, Pedilanthus, 

Synadenium. 1

Kinghom (1979) has documented the distribution of irritant genera within 
the family Euphorbiaceae on the basis of either chemical investigation or 
reports of use as purgative, arrow or fish poison, irritant or wart cure. 
Within the subfamily Euphorbioideae he includes the following genera: 
Hippomane, Excoecaria, Grimmeodendron, Sapium, Sebastiania, Stillingia, 
Hura, Anthostema, Euphorbia, Pedilanthus and Synadenium.

The genus Euphorbia has been extensively studied and is the primary source 
of ingenane type diterpenes. The distribution of diterpenes within the 
genus has been discussed in the reviews on the family (Hecker 1977, Evans 
and Soper 1978, Evans and Taylor 1983, Evans 1986). Evans and Kinghom 
(1977) have compared the occurrence of diterpenes within the genera 
Euphorbia and Elaeophorbia and have proposed that Elaeophorbia be included
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in the genus Euphorbia.

Molf and Hecker (1984) have identified a number of 13,20-diesters of
'V

12-deoxyphorbol as well as orthoester derivatives of resiniferonol, a 
daphnane diterpenoid having an isopropenyl group at carbon 13 instead of a 
cyclopropane ring, from Hippomane mancinella L., a highly toxic tree 
native to central America and the West Indies. Taylor et al (1981) have 
isolated a number of 4 -deoxy-5 -hydroxyphorbol and 4,20-dideoxy- 
5 -hydroxyphorbol derivatives having an unusual nitrogen containing ester 
group at position 12 on the skeleton, from Sapium indicum. Seip et al 
(1983) have isolated derivatives of 12-deoxyphorbol, phorbol and 
6/?, 1/3 -epoxyphorbol from Sapium sebifervm Roxb. Three Excoecaria species 
from Thailand have been shown to possess resiniferonol orthoester 
derivatives, one of which is the same as that from Hippomane mancinella 
(Wiriyachitra et al 1985). Kinghom (1980) has shown the presence of a 
skin irritant 4-deoxyphorbol derivative from Synadenium grantii Hook f. 
Molf and Hecker (1980) have demonstrated the presence of daphnane and 
tigliane orthoesters in Stillingia sylvatica L. Similar orthoester 
diterpenes have been isolated from Hura crepitans (Sakata et al 1971). 
The presence of phorbol derivatives has been detected in a species of 
Mabea which was responsible for contact dermatitis amongst soldiers 
serving in Belize (Schmidt 1987).

In addition, using the same criteria as Kinghom for toxicity, Maprounea, 
Monadenium, Spirostachys (Watt and Breyer-Brandwijk 1962), Pedilanthus and 
Chamaesyce (Hartwell 1969) are likely to contain phorbol or related 
diterpenes. Latex of Pedilanthus tithymaloides Poit. has been reported to 
cause conjunctivitis but not dermatitis (Lim and Soepadmo 1984). Fifteen 
out of forty genera within the subfamily have either been shown to contain
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toxic diterpenes or are likely to contain them on ' the evidence of 
ethnobotanical or other reports.

The type genus for the family, Euphorbia, has been the most extensively 
studied of all the genera within the Euphorbiaceae. Most detailed 
biochemical investigation has centred on the properties of the irritant 
and cocarcinogenic diterpenoids with relatively little work being done on 
the macrocyclic, non-irritant compounds. Many of these compounds have been 
tested with in vivo systems and a large number found to be cytotoxic. Abo 
(1982) has tested a variety of ingol derivatives, both naturally occurring 
and semi-synthetic, and has shown that diesters of ingol exhibit greater 
cytotoxicity than tri- or tetraesters. Evans (1986) has suggested that it 
is the macrocyclic compounds which are responsible for the anti-cancer 
activity of some members of the Euphorbiaceae, and not the irritant, 
cocarcinogenic diterpenoids.

Synadenium Boiss. is a genus comprising 15 species of succulent, branched 
small trees or shrubs occurring from eastern to southern Africa (Willis 
1973). Many of the species of Synadenium have been used in 
ethnopharmacological practice (Watt and Breyer-Brandwijk 1962). The 
typical uses as fish poison, purgative and vesicant suggest the presence 
of irritant and cocarcinogenic diterpenes in some of the species. 
Synadenium grantii Hook f. is the best known of the Synadenium species, 
and is grown as a house plant in Europe and north America (Kinghom 1980). 
It was first reported as an irritant species by Rook (1965). A case report 
on the ingestion of fresh material by a child has been presented (Spoerke 
et al 1985). Kinghom (1980) has isolated a toxic phorbol derivative, 
12-0-tigloyl-4-deoxyphorbol -13-isobutyrate (Fig.2.1) from the species.
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Rj= (C0)-C(CH3 )-CH-CH3 
R2= (C0)-CH(CH3 )2

CHo-OH
Ficr. 2.1: 12 -0-1 igloy 1 -4 -deoxvrhorbol-l 3 - i sobutvr at e, isolated from
Synadenium orantii (Kinghom 1980).

Of the other species of Synadenium, S. cupulare L.C. Wheeler is the most 
conmonly referred to. The toxicity of the plant is reflected in its cannon 
names, Sheba valley death tree (Jacobsen 1977) and dead man's tree. In 
Zulu tradition the tree is said to lure people and animals to it in order 
to kill them ! (Palmer et al 1972). Kokwaro (1976) has recorded the use of
S. compactum in the treatment of calves, but does not give details of 
either the condition being treated or the methods of preparing the plant 
material.

Synadenium compactum is a many branched small tree or shrub native to 
Kenya and East Africa. The leaves are broadly obovate, glabrous, minutely 
toothed with a sharply keeled midrib. The entire inflorescence is red and 
densely pubescent. The styles are short, bifid and thickened (Holmes 
1987). The plant has been introduced to other parts of the world as a 
garden shrub on account of its ornamental foliage. S. compactum var. 
rubrum is the most commonly grown variety by virtue of its purplish red 
leaves. The plant from which material was collected for this work is 5. 
compactum N.E.Br. var. compactum which has dark green leaves with flaking, 
almost silver coloured bark.
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2.2 Materials and Methods.
2.2.1 Materials.

Latex from Synadenium compactum was collected near Manzini, 
Swaziland in December 1984, December 1985 and March 1987. The material was 
collected into methanol and stored below 0° until use. The species was 
identified by Mrs S. Holmes of the Royal Botanic Gardens, Kew, Richmond, 
Surrey, and voucher specimens and photographs of the tree in flower have 
been placed in the herbarium at Kew.

All solvents used were of standard laboratory grade and were redistilled 
in glass before use.

2.2.2 Extraction.
Latex (approx. 250ml) of Synadenium compactum was collected into 

methanol. The latex/methanol (50:50) mixture was evaporated under reduced 
pressure to a soft mass. This was extracted with acetone (6x300ml) and 
filtered. The solid residue was discarded. The acetone extract was 
evaporated to dryness under reduced pressure at 40°.

2.2.3 Partitioning.
The resinous acetone extract was redissolved in methanol-water 

90:10 and partitioned against n-hexane (3x200ml). The hexane fractions 
were combined and backwashed with a further two portions of methanol-water 
90:10 (100ml) and evaporated to a small volume under reduced pressure at 
40°. The aqueous methanol fractions were combined.

Equal portions of diethyl ether and water (500ml) were added to the 
aqueous methanol fraction. The ether layer was separated and the aqueous
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layer partitioned against a further four portions of fresh diethyl ether 
(300ml). The ether fractions were bulked and extracted with two portions 
of a 1% aqueous sodium carbonate solution (100ml). The ether fraction was 
dried over anhydrous magnesium sulphate and evaporated to dryness under 
reduced pressure at 40°. The aqueous fractions were discarded.

2.2.4 Fractionation techniques and monitoring of fractions.
2.2.4.1 Column chromatography.

Standard gravity column, liquid chromatography techniques were used 
in which the adsorbent, either silica gel or florisil, was slurried in the 
eluting solvent, and poured into glass chromatography columns. Fractions 
were collected by volume, and monitored by thin layer chromatography 
(0.2mm silica gel plates, E. Marck, supplied by B.D.H., Poole, Dorset.) in 
one of the following solvent systems:

i. Hexane: ethyl acetate: diethyl ether 1:1:1
ii. Toluene: ethyl acetate: diethyl ether 10:2:2
iii. Toluene: ethyl acetate: diethyl ether 1:1:1
iv. Chloroform: ethyl acetate 90:10
V. Toluene: diethyl ether 70:30
vi. Toluene: ethyl acetate: diethyl ether: methanol 50:20:20:10
vii. Toluene: ethyl acetate: diethyl ether 100:25:25
viii. Chloroform:methanol 95:5
ix. Hexane: diethyl ether 20:80
X. Toluene: diethyl ether 1:1
xi. Hexane: chloroform: methanol 50:95:5

2.2.4.2 Droplet countercurrent chromatography.
Droplet countercurrent chromatography was carried out on a Buchi
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B-67-0 instrument (Qrme Scientific, Manchester.) equipped with 2.7mm i.d. 
glass columns. The methods and operation of the technique are described in 
detail in Part 2 of this thesis.

2.2.4.3 Flash column chromatography.
The glass flash chromatography column, (Aldrich Chemical Company, 

Gillingham, U.K.) was dry filled with silica gel G 230-400 mesh (40g) and 
a 1mm layer of sand (chromatography grade) placed at the top of the 
packing. The sample was applied to the dry bed and the solvent introduced. 
The reservoir was filled with solvent and pressure applied from a nitrogen 
cylinder. The nitrogen pressure was controlled using a needle valve in 
line from the cylinder. Fractions were collected by volume using a 5ml 
glass syphon receiver. Hostettmann et al( 1986) have discussed the
applications and principles of flash column chromatography.

The fractions from the flash columns were analysed by TLC using the same 
solvent systems as for column chromatography.

2.2.4.4 Preparative High Performance Liquid Chromatography.
Preparative high performance liquid chromatography was carried out

on a Dupont Model 830 Preparative HPLC system (Dupont Instruments, 
Stevenage.) using standard techniques with a 25x2.1 cm silica gel column 
(Zorbax-SIL particle size 8-15 micrometers). A 1ml injection loop was used 
with approximately 25mg of sample being injected each time. The flow rate 
was set at 20ml/min and the eluent passed through a ultra violet 
spectrophotometric detector (UV) set at 225nm. Fractions were collected by 
visual monitoring of the UV trace and manual collection into a round 
bottomed flask. The solvent was removed under reduced pressure.
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2.2.4.5 Centrifugal thin layer chromatography.
Centrifugal thin layer chromatography (cTLC) was carried out on a 

Harrison Research Model 7924T Chromatotron (T.C. Research, Norwich.), 
which has an inclined rotor and operates under a positive pressure of 
nitrogen. Two types of Chromatotron plate were prepared: plain silica gel 
and silica gel slurried in polyethylene glycol 6000. The plates were 
prepared as follows:

The rotor was prepared by washing in soap solution, drying and 
applying a band of masking tape around the edge of the disc to hold the 
silica slurry. Silica gel (65g) was slurried in distilled water (130ml 
chilled to 5°), and poured onto the glass rotor. After pouring, the plate 
was tapped to remove air bubbles and allowed to stand overnight under a 
plastic cover to ensure even drying of the plate. The dry plate was 
scraped using the disc scraping apparatus provided to a final thickness of 
2mn. The procedure for preparing the polyethylene glycol plates was the 
same as for the silica plates except that the silica gel was slurried in a 
solution of PEG6000 (9g in 130ml water).

The sample was applied to the centre of the dry chromatotron plate 
followed by solvent. The flow rate was adjusted to 6ml/min by raising or 
lowering the solvent reservoir as required. Samples were collected by time 
and were tested by TLC in the same solvent sytems as for column 
chromatography.

2.2.4.6 Gas-liquid chromatography.
Fractions from the various preparative procedures were monitored by 

TLC and/or gas-liquid chromatography (GLC). Two instruments were used, 
one, a Perkin Elmer F-33 instrument, (Perkin Elmer Ltd, Beaconsfield, 
Bucks.) having a packed 2m SE-30 column and the other, a Perkin Elmer
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Sigma-3 instrument, having a 39m x 0.25mm OV-1 capillary column. Operating 
conditions for tvro columns were the same with the oven temperature set at 
280° and the injector/detector temperature set at 300°.

2.2.5 Spectroscopic methods.
The NMR instruments used were a Jeol GX400 and GX270 F.T. 

spectrometers (Jeol UK Ltd, London), or a Jeol PMX60SI C.W. spectrometer. 
All spectra were obtained in CDCI3 .

The 399.65MHzproton spectra for Sy215/1 and Syl34/6 were collected with 
128 scans using a frequency width of 4000Hz and 32K data points to give a 
digital resolution of 0.24Hz/pt. The 270.05MHz spectra for Sy204/3 and 
Syl34/4 were obtained with 64 scans for Sy204/3 and 256 scans for Syl34/4 
over a frequency width of 3001.2 Hz and 32K data points to give a 
resolution of 0.18Hz/pt. The 67.8MHz noise-decoupled 13C and DEPT spectra 
were collected with a frequency width of 18050. 5Hz and 16K data points to 
give a resolution of 2.2Hz/pt. 26502, 3600, 43205, 2800 and 18370 scans
were accumulated for the 13C spectra of Sy215/1, Syl34/6, Sy204/3, Syl34/4 
and Syl24/2 respectively.

Two dimensional spectra were obtained using standard pulse sequences 
(Morris 1986) available on the instruments. The 399.65MHz COSY spectra 
were zero filled once in the column direction to give a final data matrix 
of 1024x512 complex points. A Blackman-Harris window function was applied 
before transformation. The number of scans per slice, frequency width (Hz) 
and corresponding resolution (Hz/pt) for the four compounds studied were 
as follows: Sy215/1 (128, 3201.0, 6.2); Syl34/6 (16, 2100.8, 4.1); Sy204/3 
(16, 2100.8, 4.1) and Syl34/4 (96, 2200, 4.3).
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The 399.65MHz long-range COSY spectrum for Sy215/1 was run under the same 
conditions as the COSY experiment, above but with a fixed delay inserted in 
the pulse sequence to optimise small couplings. 64 scans were accumulated 
with a frequency width of 2100.8Hz to give a resolution of 4.1Hz.

The 67.8MHz 13C-1H shift correlation spectra were zero-filled once in the 
column direction to give final matrices of 1024x128 complex points for 
Sy215/1 and Syl34/6. For Syl34/6, 48 scans were accumulated for each slice 
with row and column frequencies of 13404.8 and 1600.0Hz giving resolutions 
of 26.2Hz/pt and 12.5Hz/pt respectively.

Mass Spectrometric measurements were made on a V.G.7070E instrument (V.G. 
Analytical Ltd., Manchester.) housed in the School of Chemistry at the 
University of Bath.



Chapter 2 28

2.3 Fractionation of latex.
Three batches of latex were collected on different occasions. Each 

batch was extracted and partitioned separately using different 
combinations of techniques and the procedure for each is discussed with 
its results'.

2.3.1 Batch 1 of latex.
250ml of fresh latex was collected into methanol, and stored at 0° 

before use. The methanol was evaporated under reduced pressure and the 
remaining soft mass subjected to the partitioning procedure described 
above to provide a hexane soluble extract (18g) and an ether soluble 
extract (6g). The remaining water soluble extract (0.3g) was discarded.

The ether soluble extract (6g) was divided into four equal portions, and 
each portion was further partitioned on a Florisil (200-300 mesh) gravity 
column (120g), eluted with a step gradient of n-hexane-ethyl acetate, and 
the eluate collected in 10ml fractions.

Fractions were examined by thin layer chromatography in the solvent system 
cyclohexane:ethyl acetate:diethyl ether (1:1:1) and visualised by spraying 
with 60% sulphuric acid and heating at 110° for 5 min. Like fractions from 
the first three columns were combined and given the code Sy26 which 
comprised 16 fractions. The fractions could be categorised into three main 
types from TLC. Those with Rf values between 0.57 and 0.49 coloured red 
and turned purple on standing. They are likely to be mixtures of sterols 
and triterpenes. Those with Rf values between 0.49 and 0.35 coloured green 
and seemed to be the major group, whereas those between Rf values of 0.35 
and 0.30 coloured yellow and orange and appeared to be minor components.
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The fractions from the fourth column were coded Sy31 and. were dissolved in 
n-hexane. Samples that were not used at once were stored in a freezer 
below 0°. After 24 months, the unused fractions were examined. In one 
vial, corresponding to fractions Sy31/47 to Sy31/56, colourless prisms had 
crystallised out. The material was filtered off and weighed. The crystals 
were coded Sy215/1 (12.9mg). A 2mg portion was removed for NMR, one 
crystal for MS and the balance retained for X-ray crystallography.

The fractions from the combined columns were redissolved in cyclohexane. 
Fractions Sy26/9 to Sy26/12 gave an immediate precipitate. This was 
filtered off and combined with like fractions from the fourth column 
Sy31/37 to Sy31/40. The combined material (200mg) was re-chromatographed 
on Florisil (30g) using the same conditions as for the first 
fractionation. The resulting fractions were given the code Sy52. Fractions 
Sy52/8 (6mg), Sy52/9 (35mg) and Sy52/10 (35mg) were combined and
redissolved in cyclohexane. The resulting precipitate was filtered off and 
the insoluble material further recrystallised from cyclohexane. The 
fractions from the recrystallisation were coded Sy65/1, 2 and 3 and were 
tested by GLC using a SE-30 column at 280°. The fraction Sy65/2 (16.6mg)

. gave a primary peak with a retention of 5.8min which appeared to be one 
compound, with a few minor impurities. MS and NMR experiments were carried 
out on this material.

The mother-liquors from Sy26/9 to Sy26/12 were recombined (300mg) and 
re-chromatographed on Florisil (30g), using a gradient elution of 
cyclohexane and ethyl acetate. Seventeen fractions, coded Sy54, were 
collected. One of these, Sy54/8 (7mg), appeared to be a single compound 
when tested by TLC. It was dried under vacuum and submitted for MS and
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NMR. The ' remining fractions were not well separated, and fractions 
Sy54/10 to Sy54/16 were recombined and an attempt was made to separate 
them using droplet countercurrent chromatography. This was unsuccessful 
and the fractions were recombined.

Fractions Sy26/4 to Sy26/8 were combined with Sy31/23 to Sy31/36 and 
redissolved in cyclohexane. The precipitate was washed with portions of 
cold cyclohexane and the resulting insoluble material, Sy63/1 (lOmg), 
tested by GLC. The major peak had a retention of 4.1min on a SE-30 column 
and a number of minor impurities were apparent. NMR and MS experiments 
were run on the material.
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2.3.2 Batch 2 of latex.
250ml of fresh latex was collected into methanol, and stored below 

0° before use. The methanol was* evaporated under reduced pressure and the 
remaining soft mass subjected to the partitioning procedure described 
above to provide a hexane soluble extract (21g) and an ether soluble 
extract (4g). The water soluble extract was discarded.

The entire ether soluble fraction was redissolved in n-hexane and placed 
in a refrigerator (4°) overnight. The precipitate (156mg) was filtered 
off.

The mother-liquor was evaporated to dryness, and placed on a Florisil 
60-100 mesh (lOOg) column and eluted with a solvent gradient of n-hexane 
and ethyl acetate. The fractions from the column (Syl02) were combined 
according to the TLC profile, and were redissolved in n-hexane. 
Precipitates were recorded in fractions Syl02/16 to Syl02/21.

The precipitate from the ether soluble fraction was combined with 
fractions Syl02/16 to Syl02/21 (total weight 674mg) and placed on a 
Florisil 100-200 mesh (50g) column and eluted with a solvent gradient of 
toluene and ethyl acetate. Eighteen fractions (Syl05) were collected. Two 
of the fractions from this column, Syl05/8 and Syl05/9, were combined 
(488mg) and separated by droplet countercurrent chromatography. The lower 
phase of the solvent system n-hexane:toluene:diethyl ether: methanol:water 
(10:4:4:10:1) was designated the mobile phase. The apparatus was fitted 
with 488 tubes and set at a flow rate of 7ml per hour. Fractions were 
collected at 60min intervals and were evaporated to a small volume under 
reduced pressure. Ethyl acetate was added and the solution dried over 
anhydrous magnesium sulphate. After filtering, the fraction was evaporated
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to dryness under reduced pressure. 159 fractions were collected tested by 
TLC and combined where necessary. One fraction, Syl06/131-150 (21mg)
appeared to be pure by VTLC. It was recoded Syl07/2 for convenience and 
submitted for NMR and MS.

Fractions Syl06/95 to Syl06/113 were recombined and fractionated using 
flash column chromatography. Silica Gel 230-400mesh (38g) was dry-loaded 
into a glass flash chromatography column. The sample (240mg) was applied 
to the top of the dry column which was then eluted with chloroform:ethyl 
acetate 90:10 (100ml) and chloroform:ethyl acetate 80:20 (100ml). The flow 
rate was adjusted to 5ml per min and fractions were collected at lmin 
intervals. 32 fractions were collected. Fractions 12 to 14 appeared pure 
by TLC and were recombined. The sample (16mg) was given the code Syl24/2 
and was submitted for NMR and MS.

All the remaining fractions from both batches of latex which showed green 
coloured compounds by TLC between Rf 0.57 and 0.35 in the solvent system 
hexane:ethyl acetate:diethyl ether (1:1:1) were recombined and subjected 
to preparative HPLC.

Analytical HPLC (Zorbax-SIL column 10cmx0.5cm) on samples of the fractions 
had demonstrated that the compounds could be separated more easily than on 
gravity columns or by other methods. Accordingly, the system was scaled up 
to use a 25cmx21.2mm preparative column. The combined fractions (480mg) 
were prepared by dissolving them in 20ml of n-hexane: tetrahydrofuran 
(1:1). A 1ml injection loop was used and a flow rate of 20ml/min. The 
eluate was monitored with a UV detector set at 225nm. The chart recorder 
was set at 5min/cm.
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Fractions were collected from the column by visual monitoring of the chart 
recorder. Seven fractions were collected and were analysed by capillary 
GLC using a 39m OV-1 column (0.25mm i.d.), at an oven temperature of 280°. 
The profile of the mixture before separation is shown in Fig 2.2. There 
are seven major signals and a further seven or eight minor ones. The major 
compound has a retention time of 9.8min and the second major compound a 
retention time of 6.4min.

98

64

(
(I kJ\

Fig 2.2: GLC profile of fraction Svl34 before separation bv preparative 
HPLC. The two major peaks are marked, 64mm and 98mm after the solvent 
peak.

Of the fractions separated on the column, only two were judged pure enough 
for NMR and MS. The trace of the HPLC preparative separation is shown in 
Fig 2.3 and is marked to show the collection slices for each fraction. 
Syl34/6 (65mg) corresponds to the peak with GLC retention of 9.8min and
Syl34/4 (40mg) to that at 6.4min.
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6

Fig. 2.3: Preparative HPLC profile of Syl34. The point of sample injection 
is marked "i", and the fractions collected indicated by numbers above the 
relevant peaks.

NMR and MS data were collected for Syl34/4 and Sy 134/6.
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2.3.3 Batch 3 of latex.
250ml of fresh latex was collected into methanol, and stored at 0° 

before use. The methanol was evaporated under reduced pressure and the 
remaining soft mass subjected to the partitioning procedure described 
above. However, instead of using a 90:10 mixture of methanol and water it 
was decided to use an 80:20 mixture, as a large amount of the 
sterol-triterpene component of the mixture would partition into the hexane 
layer as a result of the change in polarity of the methanol phase.

The preparative HPLC apparatus was not available for use at this time and 
it was decided to use a preparative technique based on centrifugal thin 
layer chromatography, as this method offered a reduction in time required 
for the separation as compared with gravity fed column chromatography.

The ether soluble fraction from the third batch of latex (1.9g) was 
divided into three portions and partitioned on the chromatotron, using a 
gradient of three mixtures of solvent. The sample was introduced onto the 
plate which was then eluted with 100ml of toluene:diethyl ether (70:30). 
The plate was further eluted with 100ml of toluene:diethyl ether:ethyl 
acetate:methanol (50:20:20:10) followed by 200ml ethyl acetate as a wash 
to remove any compounds adhering to the plate. The plate was allowed to 
dry for 30min between the end of a separation and the next sample 
application to remove any polar solvents that may be present.

The fractions from the plate were analysed by TLC using the solvent system 
toluene:diethyl ether:ethyl acetate (100:25:25) and like fractions from 
the three plates were combined. A total of 12 fractions were obtained in 
this way and coded Syl57.
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The fractions from the plate could be classified into two groups, the more 
polar "yellow" compounds and the less polar "green" compounds. The less 
polar group were separated from the more polar ones by varying the 
polarity of the solvents used to elute the plate. Fractions from each 
separation were assessed by TLC and combined with like fractions within 
the separation and from other plates.

The solvent system toluene:diethyl ether:ethyl acetate 100:25:25 was found 
to be effective in separating the constituents of the less polar "green" 
compounds, with the addition of hexane to reduce polarity where required. 
The more polar "yellow" compounds could be better separated using mixtures 
of chloroform and methanol in a proportion of 95:5, although it was found 
that the addition of hexane to give a solvent system 
hexane: chloroform .-methanol 50:95:5 increased the retention of the 
compounds on the plate and gave better resolution.

A number of fractions of the less polar compounds appeared to be pure by 
TLC and these were tested by GLC using the capillary OV-1 column. The 
final cTLC preparative plate yielded three compounds in pure form, Sy204/1 
(1.5mg), Sy204/3 (5.2mg) and Sy204/5 (29mg). These compounds were
submitted for NMR and MS. The remaining "green" fractions were mixtures 
and required further purification.

The more polar "yellow" compounds were more difficult to assess for 
purity, as they were irreversibly bound to the GLC column. Two fractions 
from the cTLC preparative plates, Syl81/2 and Syl86/2 appeared pure by TLC 
and were submitted for MS and NMR.
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2.4 Results of fractionation procedures.
Fresh latex was collected into methanol for storage before use. 

Evans has used this method to store latex for lengthy periods of time 
without significant deterioration of the product occurring (Schmidt and 
Evans 1977). After removal of the methanol, the latex was extracted with 
acetone to separate the smaller organic constituents from the inorganic 
ones and from the rubber in the latex. The acetone extract was then 
partitioned to give the hexane soluble, ether soluble and water soluble 
extracts.

With the first two batches of latex, the hexane soluble fraction was 
produced by partitioning between hexane and methanol-water (90:10). With 
the third batch of latex, the methanol-water mixture was changed to 80:20. 
The result of this was that the bulk of the sterol/triterpenoid fraction 
was retained in the hexane whereas in the first two batches these 
compounds were included in the ether-soluble extract and had to be 
separated from the green and yellow-orange components by chromatography.

From the various isolation procedures, a number of compounds had been 
purified and were tested by NMR and MS. On the basis of spectral evidence, 
like compounds were combined so that larger quantities would be available 
for structure elucidation.

Components of the compounds of intermediate polarity, those which gave Rf 
values of between 0.49 and 0.35 in the solvent system cyclo hexane:ethyl 
acetate:diethyl ether (1:1:1) and.coloured green on spraying with 60% 
sulphuric acid, were of interest as it was observed at an early stage from 
the spectra for these compounds that they were likely to be diterpenoids. 
However, they were different from most diterpenes from the Euphorbiaceae
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by virtue of the lack of any ketonic carbonyl signal in the 13C spectra, 
and there was the possibility of them being novel. For this reason it was 
decided to pursue these compounds in preference to the more polar 
compounds, which coloured yellow to orange on TLC.

The more polar compounds were almost certainly the irritants in the plant. 
Whilst working with certain fractions of the material it was noticed that 
irritation of the buccal and nasal mucosa occured. This phenomenon has 
been known to occur with phorbol and ingenol type diterpene irritants 
(Schmidt 1987). It was also noticed that as the irritant fractions were 
purified on successive silica gel plates or columns, they seemed to lose 
their irritancy. This is consistent with the behaviour of phorbol-type 
diterpene esters which undergo transesterification on silica gel, losing 
activity as they do so. It is not clear whether the non-irritant fractions 
are equally labile in the presence of some adsorbants.

An interesting observation from the NMR of the more polar compounds is 
that, although we were unable to obtain the compounds in pure form, it was 
obvious that the compounds had different ester groups when compared with 
the non-irritant compounds. The compounds had a greater variety of 
aromatic esters, such as benzoate, which are commonly found on 
phorbol-type diterpenes, whereas the non-irritant compounds only seemed to 
be esterified to either acetate or 2-methyl butyrate. This would suggest 
that biochemically, the compounds are formed through different pathways.

The isolated compounds were assessed by NMR and MS. On the basis of this, 
it was established that Sy65/2 from the first batch was the same as 
Syl34/6 from the preparative HPLC and Sy204/5 from the cTLC of the third 
batch of latex.
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Sy63/1 from the first batch was the same as Syl07/2 from the second and 
Syl34/4 from the preparative HPLC.

Sy54/8 was the same as Syl24/2 from the second batch and Sy204/3 from the 
third.

Like samples were bulked in order to maximise sample size of the pure 
compounds for structure elucidation and biological activity studies.

A number of different isolation procedures were employed in the course of 
the wcrk. The first compounds to be isolated in pure form gave spectra 
which were extremely difficult to interpret. Because of the low yields 
involved (not more than 20mg) and the advantages of having more material 
for structure elucidation and ultimately for the assessment of biological 
activity, it was considered necessary to obtain more than one batch of 
latex to work on. In the course of working on the three batches, many, 
different preparative techniques were used and it is of interest to 
compare the performance of the different techniques.

Gravity fed column chromatography remained the primary method of 
fractionation. Although slower than flash column chromatography or 
centrifugal thin layer chromatography, the resolution of compounds was 
better than either flash column or cTLC. The method has the advantage of 
being relatively cheap to operate, with no special apparatus apart from 
the column required.

Droplet countercurrent chromatography was an especially appealing 
technique. It offered the advantage of not having an adsorbent which may
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react with the compounds being separated, and being a liquid-liquid system 
meant that recovery of sample should be a simple matter. In the event, the 
method was disappointing.' The apparatus needed extensive modification in 
order for it to work properly. The modifications and setting up of the 
apparatus are discussed in chapters 5 and 6, When it did work, recovery of 
sample from the eluted fractions was not easy, as the solvent systems used 
employed water as one of the components and this was difficult to remove 
by evaporation at reduced pressure, below 40°. Choice of solvent systems 
was limited by flow considerations, and monitoring of fractions by GLC 
difficult because of the presence of chlorinated solvents in most of the 
solvent systems employed. The technique takes a long time to effect a 
■ separation but this is not an especially serious consideration. A 
meaningful separation that can be achieved within the space of a week is 
worthwhile. Separation of two components, Syl07/2 and Syl24/2, was 
achieved using DCCC in conjunction with column chromatography.

Flash column chromatography is fast, but the resolution is not as good as 
a conventional gravity column. Preparative thin layer chromatography is 
effective but poses safety problems. The plates need to be made up and 
handled in a fairly large space and silica dust is a known hazard 
compounded by having toxic compounds adsorbed onto it.

Centrifugal thin layer chromatography is extremely fast, with a separation 
being accomplished within ten to fifteen minutes. However, the resolution 
is not especially good and the apparatus is expensive.

The method of choice without doubt is preparative HPLC. In this work, 
establishing a system which worked was not especially time consuming. Once 
operational, the separation of a reasonably large amount of material was



Chapter 2 41

accomplished within a few working days. The greatest drawback is 
availability of apparatus and suitable column. For this wcrk the only 
column available was a silica gel one and it may be that greater 
resolution may have been achieved had a bonded phase column been employed. 
In the latter stages of the work, the apparatus was not available for use 
because of a fault with the equipment and obtaining the correct 
replacament part proved difficult.
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2.5 Structure elucidation.
2.5.1 Sy 215/1.

The compound Sy215/1 was isolated in crystalline form after storage 
in hexane for 24 months. 12.9mg in total was available for instrumental 
analysis and structure elucidation.

A 2mg portion was taken for NMR The and 13C one-dimensional NMR
spectra, together with the two-dimensional COSY, C-H Shift correlation, 
Long range COSY and chemical ionisation Mass Spectrum are presented as 
figures.

The 1H NMR spectrum on first inspection shows a number of similarities to 
diterpene esters of the phorbol or ingol type. Fig 2.11 shows the 
structures of phorbol diacetate and ingol tetra-acetate. There are 
relatively few peaks in the CH2 region, 1.2ppm - 2.0ppm, and a number of 
peaks downfield of 3ppm, indicating either unsaturation or proximity to 
oxygen or other electron withdrawing groups. The compound appears to be 
esterified and four strong singlets slightly downfield of 2ppm can be 
observed. These are assigned as acetate methyl groups. There are no peaks 
in the aromatic region.

DR

28 ch2-dh
Fig 2.11: Phorbol diacetate and ingol tetraacetate.
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Fig 2.4a 400MHz -̂H NMR spectrum of Sv215/1.
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Fig 2.4b 1H NMR spectrum of Sv215/1 expansion^
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Fig 2.5 67.3MHz i3C nmr spectrum of Sy215/1, with 135 and 90 DEPT plots.
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Fig 2.6 Sv215/1 COSY.
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Fig 2.7 Sv215/1 lone? range COSY^
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Fig 2.8 Sv215/1 13C-*H shift correlation.
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Fig 2.10 Sv215/1 MS fragmentation pattern
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From the COSY plot, Fig 2.6, a number of chains of connectivities can be 
mapped out:

Segment A: The three proton triplet at 0.91ppm is coupled to the 
two proton pair of multiplets at 1.53ppm and 1.71ppm, which in turn is 
coupled to the one proton multiplet at 2.49ppm. This signal is coupled to 
the three proton doublet at 1.21ppm. This arrangement was assigned to a 
2-methyl butyrate ester, which occurs commonly in diterpenoid compounds 
from the Euphorbiaceae. The assignment of this group is consistent with 
the loss of a 102 molecular weight fragment in the mass spectrum.

Segment B: The three proton doublet at 0.92ppm is coupled to a one 
proton multiplet at 2.37ppm. This in turn is coupled to a two proton 
multiplet at 2.23ppm and a one proton broad doublet at 5.14ppm. A similar 
arrangement occurs in ingol tetra-acetate and is assigned to the methyl 
group at position 16 coupled to the single proton at position 2 which is 
coupled to the geminal protons at position 1 and the single proton at 
position 3. The downfield resonance of the proton at position 3 suggests 
proximity to an oxygen containing group as in ingol tetraacetate. No 
further couplings were observed, suggesting that the adjacent carbon atoms 
are quartemary.

Segment C: The broad doublet integrating to one proton at 5.07ppm 
is coupled to the one proton multiplet at 1.39ppm which is coupled to the 
one proton multiplet at 1.63ppm. This in turn is coupled to the one proton 
doublet at 5.44ppm. This would appear to be a four-carbon segment with 
either a double bond or an oxygen containing group at either end. The 
multiplet at 1.63ppm appears to have a weak coupling to the AB system at 
4.64p*Jiu and 4.72ppm, which may be a long-range coupling.

Segment D: The one proton multiplet at 5.25ppm has a very small 
coupling to the signal at 4.55ppm. It also has a long range coupling to 
the signal at 5.40ppm. The long-range COSY experiment, set up to reveal
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extremely small couplings, shows a coupling to the signal at 4.02ppm.

The 13C spectrum shows four signals in the double bond region, between 
120ppm and 140ppm, corresponding to two double bonds. From the 13C-1H 
Shift correlation, the signal at 132.2ppm correlates with that in the AH 
spectrum at 5.44ppm, and the signal at 120.5ppm to that at 5.25ppm. From 
the 13C DEPT experiments it can be seen that the other two carbon atoms in 
the double bond region are quartemary. It can be assumed that the chain 
of connectivities from the COSY experiment (segment C) has a double bond 
at the end having the proton resonance of 5.44ppm. The second carbon atom 
of that double bond is quartemary. On the COSY plot a small, long-range 
coupling can be seen from the signal at 1.63ppm to the AB system at 
4.64ppm and 4.72ppm, suggesting that segment C extends through a double 
bond to a CH2 group, which is adjacent to an oxygen containing group, 
either an ester or an alcohol, because of the downfield position of the AB 
signals. The proton at the other end of the segment resonates at 5.07ppm 
suggesting that it is adjacent to an alcohol or ester group.

The i-H and 13C spectra provide evidence for three non acyl methyl groups. 
One methyl group has been identified as being the one corresponding to 
position 16 on ingol. There remain two methyl groups in the 1H spectrum 
resonating as sharp singlets at 1.06ppm and 1.19ppm. In ingol there are a 
pair of methyl groups having similar resonances to those at 1.06ppm and 
1.19ppm. They form a pair of geminal methyl groups attached to position 10 
on the cyclopropane ring. The methyl groups at 1.06ppm and 1.19ppm are 
assigned as being the geminal pair. The two protons having resonances of 
1.39ppm and 1.63ppm are likely to be attached to the carbon atoms forming 
the base of the cyclopropane ring. The resonances of the protons at 
1.39ppm and 1.63ppm, and that of the geminal methyl groups are all in
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broad agreement with the corresponding signals associated with the 
relevant group in ingol. On biosynthetic grounds, a total of five methyl 
groups would be expected in a diterpene nucleus of the type found in the 
Euphorbiaceae. This would suggest that two of the methyl groups are in a 
higher oxidation state. One of these may be the deshielded methylene group 
revealed as the AB system in segment C.

Segment C would appear to correspond to carbons 8, 9, 10, 11, 12, 18, and 
19 of a ring similar to ingol. In addition it would appear that there is a 
double bond from carbon 12 to 13 and a hydroxymethyl or acyloxymethyl 
group attached to carbon 13.

From the 13C-1H shift correlation the four methyl signals in the 13C 
spectrum between 20ppm and 21.5ppm correspond to the four acetate methyl 
groups in the proton spectrum. The carbonyl groups associated with these 
ester groups resonate at between 169ppm and 175ppm. The presence of four 
acetates and a 2-methyl butyrate (segment A from the COSY) suggests a 
highly oxidised nucleus. Of particular interest in the 13C NMR was the 
absence of any carbonyl signal at around 210ppm. Most of the diterpene 
ester compounds from the Euphorbiaceae have a ketonic carbonyl group 
either at position 14 as in ingol or position 3 as in phorbol.

The chemical ionisation Mass Spectrum gives m/z617 as .the largest ion 
which could be an [M + 1]+ pseudo-molecular ion. From the NMR data it is 
apparent that there are five acyl groups. A diterpene nucleus (C20) plus 
four acetates and a 2-methyl butyrate would give an empirical formula 
containing 33 carbon atoms and at least 10 oxygen atoms. C33O10 would need 
H60 to give a molecular weight of 616. This is impossible as the formula 
would only allow four double bond equivalents. A formula of C33H44O11
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would give 12 double bond equivalents. Five would be accounted for by the 
acyl groups. The cyclopentane ring (Segment B), the cyclopropane ring and 
the assumed macrocyclic ring another three. Two double bonds would bring 
the total to ten double bond equivalents. The remaining two double bond 
equivalents could only be an additional two rings, with one being either 
an epoxide as occurs in ingol, or a cyclic ether as occurs in some of the 
jatrophane macrocycles and the other a carbocyclic ring. However, the 1H 
NMR spectrum shows too many deshielded signals for the latter type of
structure (Fig 2.12).

RO-HoC

Fig. 2.12: Hypothetical pentacvclic structure for Sv215/1.

The structure and chemical shifts of parts of segments B and C from the 
COSY experiments are similar to ingol. It could be that the molecule has 
a basic ring system of the lathyrane type. A third alternative from the 
mass spectrum is that the empirical formula is C33H46O12 which would give 
a molecular mass of 634. In the C.I.-M.S. spectrum this should give a 635 
[M + 1]+ pseudo molecular - ion. An apparent molecular ion of 617 can be 
accounted for by the loss of water, 635 minus 18. This molecular weight 
would give 11 double bond equivalents, ten accounted for as above plus one 
other - possibly an epoxide as in ingol. On this basis the molecule could 
be of the lathyrane type, with five esterified and one free alcohol.

In the structure elucidation of diterpene esters from Euphorbiaceae, mass
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spectral data primarily gives information on acyl substitution. The parent 
nucleus is normally unstable in the instrument and does not give large 
fragments. The fragmentation of the esters from the nucleus is usually 
fairly clear, and, in this instance, the loss of four acetates ' frcm 635 
to 575, 515, 455 and 395 (loss of 60 in each case) and one 2-methyl 
butyrate from 395 to 293 (loss of 102) can be observed. In addition, the 
loss of 102 from 575 to 473, followed by the loss of three 60 mass unit 
fragments to 413, 353 and 293 can also be seen. The loss of acetate as 60 
mass units and 2-methyl butyrate as 102 indicate proximity of the acyl 
groups to protons, as the esters are lost as free acids. The fragmentation 
of 635 to 617 is likely to be a minor one, as the peak is only 16% 
intensity and subsequent fragmentation frcm 617 is unclear.

If it is assumed that the diterpene has a lathyrane nucleus, then the 
following partial structure can be put forward (Fig 2.13):

CHo-DR

IB

Fig. 2.13: Partial structure of Sy215/1.

It is proposed that carbon 14 is an alcohol rather that a ketone as in
ingol. This is then esterified and accounts for one of the acyl groups.
The singlet at 5.47ppm in the 1H NMR is assigned as the proton at 14. This 
is supported by two small couplings in the COSY experiment to one of the 
protons at position 20 and to one of the protons at position 1. The long
range coupling to the proton at position 20 is further confirmed in the
long-range COSY experiment. The positioning of the epoxide group between
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carbon atoms 4 and 15 is supported by the termination of the COSY 
connectivities in segment C and in segment B. It had been concluded in the 
discussion of segment B that the two carbon atoms at 4 and 15 are 
quartemary.

There are acyl substituents at position 3 and 8, both of which carry a 
proton which is deshielded in the NMR spectrum. The carbon atom at 
position 20 is oxidised to an alcohol, which may be esterified.

The remaining fragment corresponding to carbon atoms 5, 6, 7 and 17 is
less clear. There is a double bond in the fragment composed of one 
quartemary and one CH carbon. This may be between carbon atoms 5 and 6 or 
6 and 7. If it is between carbon atoms 6 and 7, then the fifth acyl group 
would be attached to position 5, and if between 5 and 6, the acyl 
substituent would be at 7. In either case, it would be expected that the 
single proton at position 7 would show coupling to the proton at 8. No 
coupling is apparent between these two protons. Connolly (1984b) has 
measured an extremely small coupling (1.8Hz) between the corresponding 
protons in ingol tetraacetate. The only observed coupling in the COSY frcm 
the proton at 8 is to that assigned to position 9, and this is true for 
the long-range COSY experiment as well. The fragment then comprises an 
isopropylene group which fits into the ring system in one of two ways. 
There is an exo-cyclic CH2 group which- is oxidised to an alcohol. The 
occurrence of a hydroxy group is supported in the NMR data which shows 
a broad peak at 3.2ppm which in the COSY is coupled to one of the protons 
at position 17 (4.02ppm). The wide separation of the geminal proton
signals can be attributed to rigidity of the CH2 group due to hydrogen 
bonding of the alcoholic proton to another point in the molecule. There is 
evidence for a free alcohol group in the loss of water in the MS data.
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The proposed structure for the compound as elucidated by spectroscopy is 
one of tWD.fFig 2.14.)

Fig 2.14: Tvro possible structures for Sv215/1.

The results of the single crystal X-ray study, carried out by Dr K. Molloy
and Dr M. Mahon, show that the compound is indeed an ingol type of
diterpene with an epoxide ring at position 4,15 and double bonds at 5,6
and 12,13. The acyl groups are attached at positions 3, 7, 8, 14 and 20
with the 2-methyl butyrate at position 7. The x-ray structure, however, 
showed what seemed to be a cyclopropane ring at position 17, suggesting a 
compound with a 22 carbon nucleus. This was considered unlikely on 
biosynthetic grounds and the possibility was ruled out on both x-ray and 
NMR grounds. On re-examination, the data were found to be more consistent 
with a hydroxymethyl function in which the oxygen atom was disordered with 
50% occupancy in each of two sites. This disorder reflects the existence 
of two different orientations of the alcohol group, presumably forming tvro 
different hydrogen bonds either intra- or intermolecular, within the

19

18
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crystal structure. The NMR data was consistent with a hydroxymethyl group 
at this position. A portion of the material was acetylated in pyridine/ 
acetic anhydride. The resulting compound showed an additional sharp 
singlet in the acetate region and a change in the chemical shifts of the 
twD doublets at 4.02ppm and 4.55ppm. On acetylation the broad peak at 
3.2ppm disappeared.

The compound is given the systematic name 3-acetoxymethyl, 1,12-epoxy,
10-hydroxymethyl, 9-(2-methyl) butanoyl, 2,8,13-triacetyl, 6,6,14- 
trimethyl, tricyclo[ 10,3,0,05»7 ]pentadeca-3,10-diene. We have given the 
compound the trivial name, based on "Synadenol" for the parent alcohol, 
7-(2-methyl) butanoyl, 3,8,14,20-tetraacetyl synadenol, with a numbering 
system which reflects the fact that it is a 14-dihydro derivative of 
ingol.

The structure of Sy215/1 is shown in Fig 2.15. An ORTEP diagram of the 
compound 2.16.

CHoOR

16

CHoDH

Fig 2.15: The structure of Sv215/1. R= acetate, R ’ = 2-methyl butyrate
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C142

C141
0141

014

C19C14,
C10

C15 C20
021 020

021
04016/ 017 0820802 05 08

06 0703

02203'
07

031
071 071031

C73|
032 072

074

075

Fig 2.16: ORTEP diagram of Sy215/1.

The and 13C one dimensional NMR data are presented in Tables 2.1 and 
2.2, with assignments.
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Table 2.1: Sv215/1 1H NMR spectral assicmments.
Chemical Multiplicity Coupling Integral Assignment
shift
(ppm)

0.91 t.

constants 

3JH 4' fH 3 ’ 7.2HZ 3 H4'
0.92 d. 3JH 1 6, H2 7.3HZ 3 HI 6
1.06 s. 3 HI 9
1.19 s. 3 H18
1.21 d. 3JH 5 ' ,H 2 ' 7.2HZ 3 H5'
1.39 d.d. 3JH 9 , H 8 10.8HZ 1 H9
1.53 m.

3Jh9,hii 9.3Hz
1 H31

1.63 d.d. 3Jh h ,hi2 12.2Hz 1 Hll

1.71 m.
3Jh ii,H9 9.3Hz

1 H31
2.02 s. 3 acetate CH 3
2.07 s. 3 acetate CH 3
2.12 s. 3 acetate CH 3
2.15 s. 3 acetate CH 3
2.23 m. 2 HI
2.37 m. 1 H2
2.49 m. 3Jh 2 • ,H3' 13.6Hz 1 H21
4.02 d.d.

3JH 2 ' ,H5 ' 7.2Hz 
2JH17a,H17b 12.8HZ 1 HI 7b

4.55 br.d. 2J H l 7 b , HI 7a 12.8HZ 1 H17a
4.64 d. 2JH2 0 a ,H2 Ob 12.9HZ 1 H20a
4.72 d. 2JH2 O b , H2 Oa 12.9HZ 1 H20b
5.07 br.d. 3JH 8,H 9 10.8HZ 1 H8
5.14 br.d. 3JH3,H2 8.6HZ 1 H3
5.25 m. 1 H5
5.40 br.s. 1 H7
5.44 d. 3Jhi2,hii 12.2Hz 1 HI 2
5.47 s. 1 HI 4
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Table 2.2: Sv215/1 13C NMR spectral assicfnments.
Chemical Carbon Assignment
shift (ppm) multiplicity
174.9 q ester carbonyl
170.6 q ester carbonyl
170.3 q ester carbonyl
169.4 q ester carbonyl
138.6 q 6 or 13
132.2 CH 12
124.0 q 6 or 13
120.5 CH 5
77.8 q 4 or 15
77.2 q 4 or 15
76.3 CH 3
72.8 CH 8
71.5 CH 14
66.8
61.2 c h2 20
60.1 c h2 17
41.2 CH V
38.6 c h2 1
30.9 CH 9
29.2 CH 2
28.7 CHa 18
26.7 c h2 3'
26.3 CH 11
23.3 q 10
21.2 CH3 acetate CH3
20.9 CH3 acetate CH3
20.8 c h3 acetate CH3
20.4 CH3 acetate CH3
17.1 CH3 16
16.5 CH3 5'
15.1 c h3 19
11.4 c h3 4'
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2.5.2 Sy65/2, Syl34/6 and Sy204/5.
The compounds, Sy 65/2, Syl34/6 and Sy204/5 were isolated by three 

different routes. The 1H NMR spectra for the compounds were identical. 
Sy65/2 and Syl34/6 were combined to give a final quantity of 80mg.

One-dimensional and 13C NMR spectra, two-dimensional COSY and 13C-1H 
Shift correlation plots and the mass spectrum are presented as figures.

The 1H NMR spectrum was identical to that of the acetylated product of 
Sy215/1. Five acetate methyl signals occur between 2.0ppm and 2.2ppm. A 
sixth ester group, 2-methyl butyrate, is also present and shows the same 
chemical shift and splitting pattern as in Sy215/1. From the very close 
similarities of the NMR spectra, it is assumed that the positions of 
acetylation for the acetates and 2-methyl butyrate are the same as in 
Sy215/1.
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Fig 2.17b 1H NMR spectrum of Svl34/6 expansion.
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SY134/6
OG-OCT-87 13:56:54
EXMCO SGBCM
C8NUC 13C
CBFRO 67.80 MHz
POINT 16384
FREOU 18050.5 Hz
SCANS 3600
ACOTM 0.454 sec
P0 0.213 sec
PW1 4.0 us
SLVNT CDCL3
BF ' 0.10 Hz
YG 2.00
XE ie050.5400 Hz
EXREF 77.00 ppm

900EPT

PPM
150 10C

Fig 2.18 67.8MHz 13C NMR spectrum of Svl34/6, with 135 and 90 DEPT plots
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S.Y/134/6-COSY90

A__

Fig 2.19 SV134/6 COSY.
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i
0 I 2 C S7

-LW d d

Fig 2.20 Syl34/6 13C-1H shift correlation.
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Fig 2.21 Svl34/6 Mass spectrum.
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(-60)
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m/z 3 7 7  

(-102)

-/z 275

rn/z 3 9 5
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m/z 335 
( - 6 0 )  
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Fia 2.22 Svl34/6 MS fragmentation pattern^
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The general assignments and connectivities in the compound are in broad 
agreement with those made for Sy215/1. The difference in structure between 
the two compounds lies in the acetylation of the alcohol attached to 
position 17. In Sy215/1, the CH2 group formed an AB system with widely 
separated components possibly due to hydrogen bonding induced rigidity of 
the CH2 group. On acetylation of this group, the hydrogen bonding is 
broken, and the AB signal collapses. The proton spectrum becomes more 
difficult to interpret as the signals due to the protons at positions 5, 7 
and 17 give very broad signals. From the integrals on the spectrum, the 
broad singlet at 5.42ppn integrates to two protons. The region between 
4.8ppm and 5.05ppm integrates to three protons. One of these has already 
been assigned to the proton at position 8. The other two are likely to be 
either the AB system at position 17, or the two protons at positions 5 and 
7. The unequivocal assignment of these signals is difficult due to poor 
resolution of the signals and the lack of coupling between them. It might 
be expected that the two protons at positions 7 and 8 would show some 
coupling but this is not observed. The same situation exists in Sy215/1.

The mass spectrum is more complex than in Sy215/1. The fragmentation of 
the compound is given in Fig 2.23. Acetylation of Sy215/1 would give a 
compound with an empirical formula C35H48O13. This would have a molecular 
mass of 676, corresponding to twelve double bond equivalents, four 
accounted for by the ring system, two by the double bonds, and the 
remaining six by the ester carbonyls. In the chemical ionisation spectrum, 
a molecular ion of 677 is observed. This is consistent with an [M+l] + 
pseudo-molecular ion formed by a compound with molecular mass of 676.

A number of fragmentation patterns can be seen in the spectrum (see Fig 
2.22).'The sequential loss of the ester groups as their free acids, with



Chapter 2 71

acetic acid loss of 60 mass units and 2-methyl butyric acid loss of 102 
units gives peaks at 617, 575, 557, 515, 497, 455, 437, 395, 377, 335 and 
275. The fragmentation of ester groups does not occur in any specific 
order. In addition, it would appear that at least one of the acetates is 
also lost as a 42 mass unit fragment.

The structure of Syl34/6 is shown in Fig 2.23, and the compound is given 
the trivial name 7-(2-methyl) butanoyl, 3,8,14,17,20-pentaacetyl 
synadenol.

CHgOR

16
CHgOR

O R ’
Fig 2.23: The structure of Svl34/6. R = acetate, R 1 = (2-methyl) butyrate.
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Table 2.3: Svl34/6 1H NMR spectral assignments.
Chemical Multiplicity Coupling Integral Assignment
shift constants
(ppm)
0.91 t. 3JH4 ' ,H3 * 7.2Hz 3 H4'
0.92 d. 3Jhi6,H2 7.2Hz 3 HI 6
1.05 s. 3 H19
1.19 s. 3 H18
1.21 d. 3Jh 5■,H2 ■ 7.2Hz 3 H5’
1.40 d.d. 3Jh 9,h 8 10.8Hz 1 H9
1.52 m. 3 J H31 a,H 41 7.2Hz 1 H3'a
1.63 d.d. 3Jh i i,h9 9.9Hz 1 Hll
1.71 m. 1 H3'b
2.03 s. 3 acetate CH3
2.05 s. 3 acetate CH3
2.09 s. 3 acetate CH3
2.14 s. 3 acetate CH3
2.17 s. 3 acetate CH3
2.23 m. 2 HI
2.35 m. 3Jh2 ,h3 8.1Hz 1 H2
2.49 m. 3Jh 2 •,h 51 7.2Hz 1 H2'
4.60 d. 2JH2 0 a ,H2 Ob 12.6HZ 1 H20a
4.72 d. 2JH20b,H20a 12.6HZ 1 H20b
4.8-5.0 br. m. 3 H8, HI7a & b
5.14 d. 3JH3,H2 8.1Hz 1 H3
5.31 d. 3Jhi2,hii 12.4Hz 1 HI 2
5.36 s. 1 H5
5.42 br.s. 2 H7, H14
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Table 2.4: Svl34/6 13C NMR spectral assignments
Chemical Carbon
shift (ppm) multiplicity
174.9 q
170.8 q
170.7 q
169.8 q
169.7 q
133.8 q
131.3 2x CH
124.3 q
77.2 q
76.9 q
76.8 CH
72.5 CH
71.4 CH
68.5 q
61.1 2x CH2
41.2 CH
38.5 CH2
30.2 CH
29.3 CH
28.7 CHa
26.7 CH2
26.7 CH
23.1 q
21.1 CHa
20.9 CH3
20.7 CH3
20.5 CHs
18.0 CHs
17.2 CHs
16.5 CHs
15.3 CHs
11.5 CHs

Assignment

ester carbonyl 
ester carbonyl 
ester carbonyl 
ester carbonyl 
ester carbonyl 
6 or 13
5 and 12
6 or 13 
4 or 15 
4 or 15 
3
8
14
unassigned 
20 and 17 
2’
1
9 
2 
18 
3'
11
10
acetate CH3 
acetate CH3 
acetate CH3 
acetate CH3 
acetate CH3 
16 
5'
19
4'
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2.5.3 Sy54/8, Syl24/2 and Sy204/3.
The compound Sy204/3, is the same as Syl24/2.;and is a more purified 

form of the sample Sy54/8. NMR and MS data were collected on a 5mg sample.

The one-dimensional 1H and 13C NMR spectra, the two-dimensional COSY plot 
and the Mass Spectrum are presented as figures.

On first inspection of the 1-D NMR spectrum, there are a number of 
similarities between the compound and Sy215/1 and Syl34/6. Four acetate 
esters are apparent showing sharp singlets between 2.0ppm and 2.2ppm. An 
additional ester, 2-methyl butyrate is also present, showing similar 
chemical shift and splitting patterns as in the previous compounds. The 
main differences between this compound and the previous two is that one of 
the methyl singlets previously assigned to position 18 has disapeared. An 
AB doublet of doublets has appeared at 3.83ppm and 4.01ppm. The chemical 
shifts for the acetate esters are different, suggesting different 
positions of esterification.

From the COSY, connectivities linking the protons at positions 8 to 9, to 
11 and 12 can be seen. There are further couplings from 12 to a broad 
multiplet at 1.70ppm, which integrates to three protons, and to the 
singlet at 5.20ppm assigned to the proton attached to carbon 14. The 
chemical shift for the multiplet at 1.70ppm is consistent with that for a 
methyl group adjacent to a double bond.
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Fia 2.24a 970MH? NMR spectim-of Sy2047JL.
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T T
l.Ci .A* u

nr-* s i 4.1C 4
rrr,cc rrrp-i

3.53s ' < 5.0

Fig 2.24b 1H NMR spectrum of Sv2Q4/3 expansion^
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SY204/3
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SY'204 /3-COSY90

PPM

5 it 3 2 1

Fig 2.26 SV204/3 COSY.
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Fig 2.27 Sv204/3 Mass spectrum.
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The connectivities between protons at position 1, 2 and 16 are evident as 
in the previous three compounds. The signal for the proton at position 3 
is more obscure,‘and it may be hidden under the broad singlet at 5.18ppm. 
There is a small coupling in the COSY between the signal for the proton at 
position 2 and this signal, which integrates to 2 protons. The broad 
singlet is assigned to the proton at position 3 and that at position 7.

The detail around positions 5, 6, 7 and 17 is not clear. There is no 
coupling between the proton at position 7 and that at position 8. There is 
a coupling between the singlet assigned to position 7 and the multiplet at 
1.84ppm. This multiplet integrates to three protons and it is postulated 
that carbon atom 17 is reduced to a methyl group. There is no signal in 
the proton spectrum assignable to any protons at position 6 suggesting 
that carbon 6 is quartemary, with either an alcohol substitution or a 
double bond to position 5.

Two structures for the compound can be postulated, differing from each 
other in the arrangement around positions 5, 6 and 7. In the first, Fig 
2.29a, there is a double bond between carbon atoms 5 and 6. In the second, 
Fig 2.29b, carbon atom 6 has an alcohol sustituent attached to it and 
•carbon atom 5 is a methylene group. Both of these possible structures have 
inconsistencies associated with them in the 13C NMR data.

DRFig 2.29: Two possible structures for Sv204/3.
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The 13C NMR data shows three methylene groups. These are accounted for by 
carbon atoms 3, 18 and 3' in the 2-methyl butyrate ester. This would 
appear to rule out the possibility of the structure being that in Fig 
2.29b.

If Fig 2.29a is the correct structure, there should be four peaks in the 
double bond region of the 13C NMR spectrum. In fact, only three peaks are 
obvious, and one of them is a weak signal possibly due to an impurity. In 
the 13C spectrum for Syl24/2, Fig 2.30, a broad signal is visible at about 
118ppm, and this may be the missing fourth double bond signal.

24/2
FEB-37 01:13 20 100 SGBCM 13C G7.30 MHz 327G8 18050.5 Hz 18370

1UC
■no
i NT
:ou

:tm 0.800 sec 0.200 sec 
i 2.4 us/NT CDCL3 1.10 Hz 

2.00 18050.5000 Hz iEF 77.00 ppm

J U l

Fig 2.30: 13C spectrum for Svl24/2.

The 13C NMR data does support the reduction of carbon atoms 17 and 20 to 
methyl groups and the oxidation of carbon atom 18 to a hydroxy-methyl 
group. There are six methyl signals below ISppm, corresponding fo the six 
groups in both structures. The methyl signal for carbon atom 18, which in 
Sy215/1 and Syl34/6 was found at about 28ppm has disappeared.
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The mass spectrum could be consistent with both structures. The first 
structure, Fig 2.29a, would have an empirical formula C33H46O11 and would 
have a molecular mass of 618 units. The molecular ion in the C.I.M.S. 
spectrum is 619, which would be a pseudo-molecular ion [Mfl] + . The second 
structure, Fig 2.29b, would have an empirical formula C33H48O12 which 
would give a molecular mass of 636. Loss of water as 18 mass units would 
account for 619 being the highest fragmentation peak in the spectrum. 
Fragmentation from 619 would be the same for both structures and the 
fragmentation pattern is shown in Fig 2,31.

m/2 (637)

(-162)

m/z 475 m/z 5
(-6 0) (-6 0)

7 m/z 6 g

(-6 0 )

m/z415 m/2 457 m/z559
( - 1 0 2 l / \ (_60)

(-6 0) (-6 0)

"A 355 .m/z 397
"/z457 m/2499

(-6 0) (-102)
(-6 0)

m/z 295 m/z 295
?/z397

(-18) (-6 0)

m/z
(-1 8)

m/z 277 m/z 277

(-6 0)

(-6 0) 

m/z 4 3 g
(-6 0) 

m/z 379 

(-10 2)

m/z277 m/z 277

Fig 2.31: Sv204/3 MS fragmentation pattern.
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Table 2♦5: Sv204/3 XH NHR spectral assignments.
Chemical Multiplicity Coupling Integral
shift
(ppm)
0.90 t.

constants
(Hz)
3J H 4 1 ,H3 * 7.0Hz 3

0.92 d. 3JH16,H 2 7.0Hz 3
1.11 s. 3
1.21 d. 3JH 5' ,H2 ' 6.8Hz 3
1.49 d.d. 3JH 9,H 8 ll.lHZ 1
1.54 m.

3J h 9, h i i 9.6Hz
1

1.70 m. 4
1.77 m. 1
1.84 m. 3
2.04 s. 3
2.05 s. 3
2.07 s. 3
2.16 s. 3
2.23 m. 2
2.38 m. 1
2.49 m. 3JH 2 ' ,H 5 ' 6.8Hz 1
3.83 d. 2J H 1 8 a ,HI 8b 11.3HZ 1
4.01 d. 2J h 1 8 b ,HI 8a 11. 3Hz 1
4.75 d.d. 3JH 8 , H 9 ll.lHZ 1
5.03 d.

unknown coupling 1.7Hz 
3J h i 2 , h h  11.4Hz 1

5.18 br.s. 2
5.20 s. 1
5.33 br.s. 1

Assignment

4'
16
19 
5'
9
3’a
20 and 3'b 
11
17
acetate CH3 
acetate CH3 
acetate CH3 
acetate CH3 
1 
2 
2'
18a
18a
8
12
3,7
14
OH or 5
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Table 2.6: Sv204/3 13C NMR spectral assignments,
Chemical Carbon Assignment
shift (ppm) multiplicity
175.1 q ester carbonyl
171.1 q ester carbonyl
170.0 q ester carbonyl
169.8 q ester carbonyl
136.3 q 6 or 13
127.2 q 6 or 13
120.1 CH 12 or 5
77.9 CH 3,8 or 14
77.2 q 4 or 15
74.0 q 4 or 15
73.2 CH 3,8 or 14
73.1 CH2 18
71.6 CH 3,8 or 14
41.4 CH 2'
39.7 CH2 1
30.9 q?29.7 q?29.4 CH 2
27.8 q?27.4 q?26.8 CH2 3'
26.4 CH 11 or 9
25.6 q 10
24.1 CH 11 or 9
21.0 CH3 Acetate CH3
20.9 CH3 Acetate CH3
20.8 CH3 Acetate CH3
20.5 CH3 Acetate CH3
19.0 q?17.2 ch3 16
16.9 CH3 17 or 20
16.6 CH3 5’
15.9 CH3 17 or 20
15.2 CH3 19
11.4 CH3 4'
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2.5.4 Sy 63/1, Syl07/2 and Syl34/4.
The fractions Sy63/1, Syl07/2 and Syl34/4 had identical NMR spectra 

and were combined. A total mass of approx. 50mg was obtained. MS and NMR 
data were collected for the sample, and the one-dimensional 1H and 13C 
spectra, twc-dimensional COSY plot and the Mass Spectrum are presented as 
figures.

On first inspection of the 1H spectrum, the compound has many points of 
similarity with both Sy215/1 and Syl34/6. Four acetate peaks are to be 
seen between 2.0ppm and 2.2ppm, and the familiar splitting pattern for the 
2-methyl butyrate ester. The sharp singlet at 5.40ppm and the doublet at 
5.29ppm are reminiscent of the resonances for the protons at position 14 
and 12 in Sy215/1. The geminal methyl singlets at 1.05ppm and 1.18ppm are 
similar to the other two compounds.

From the COSY the connectivities between protons on positions 1 to 2, 2 to 
16 and 2 to 3 can be seen, as in the two previous compounds. Similarly, 
the chain from positions 8 to 9 to 11 to 12 can be seen. Long-range 
couplings from position 20 to 14 and 14 to 1 are evident. There is no 
evidence of long-range coupling from 12 to 20 as there was in Sy215/1 and 
Syl34/6.

The cyclopentane ring system seems unaltered, with a methyl doublet at 
0.89ppm (position 16), a multiplet at 2.23ppm (protons at position 1)., a 
multiplet at 2.37ppm (proton at position 2) and a multiplet at 5.19ppm 
(proton at position 3), and the connections on the COSY can be mapped out.
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Fig 2.31a 270MHz *H NMR spectrum of Svl34/4.
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Fig 2.31b 1H NMR spectrum of Syl34/4 expansion^
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SY-134/4
22-AUG-88 14:00:18 
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SCAN3 2800
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’1̂ ’* 1 PRHi 1---1---1---1---1---1---•---«---1---1---1---1---1---1---1---1---'---'---1---1---1---1-
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 , , ,-i—       PP«
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Fig 2.32 67.8MHz 13C NMR spectrum of Syl34/4, with 135 and 90 DEPT plots.
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Fig 2.33 Svl34/4 COSY.
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Fig 2.34 Syl34/4 Mass spectrum.
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The overall structure is similar to Sy215/1 and Syl34/6 for most of the 
positions. The differences occur at positions 5, 6, 7 -and 17. It is likely 
that acylation at position 7 is the same.

In the 13C NMR spectrum, the most obvious difference between this compound 
and Sy215/1 and its acetylated derivative is the loss of a double bond, 
leaving only two signals between 120ppm and 140ppm. An additional CH3 
signal at 15.8ppm is also apparent. As the differences between the 
compounds occur around positions 5, 6, 7 and 17, it is likely that the 
compound is closer to lathyrane than the other two in having a methyl 
group at position 17. If this is the case, then the carbon at position 6 
has to be quartemary, as there is no observable coupling in the COSY 
between any of likely signals for the protons at positions 5, 6, 7 or 17.

If position 6 is quartemary, what are its substituents? An additional 
ring connection is unlikely, as the remaining portion of the molecule has 
already been assigned. The only realistic alternative is that the carbon 
at position 6 has an alcohol function as its fourth substituent. In the 
135DEPT 13C experiment, only three CH2 signals are evident. However, one 
of these signals is of far greater intensity than the other two, and it 
may be possible that the two signals are coincident. Positions 1 and 20 
and the CH2 in the 2-methyl-butyrate account for three CH2 groups. 
Position 5 in the ring may well be the additional CH2 . If this is the 
case, then the structure of the compound has to be that in Fig 2.36.
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1.G

Fig 2.36: The structure of Svl34/4.

The compound would have an empirical formula C33H48O1 2. This vrould give 
ten double bond equivalents, five accounted for by the ester carbonyls, 
four by the ring system and the remaining one by the double bond.

The mass spectrum seems to support this structure. A small peak at m/z619 
in the CI-MS is the largest ion, and as in Sy215/1, it is possible that 
this is a fragment ion, the pseudo-molecular ion [M+l]+ having dehydrated 
from 637 with the loss of 18 units. Fragmentation is evident from both 637
and 619, with the loss of esters as free acids (see Fig 2.35).

From 637, the successive loss of acetic acid and 2-methyl butyric acid 
(162 mass units) gives a peak at 475. The sequential loss of three acetic 
acid groups give peaks at 415, 355 and 295 mass units. Alternately, the
molecule can lose two acetic acid groups successively to give a peak at 
517. This then loses methyl-butyrate and the remaining acetates giving 
peaks at 457, 397 and 295. The fragment of mass 295 then dehydrates 
further to 277.

From the dehydrated fragment at 619, a peak of high relative intensity 
(approx. 45%) is observed at 559 mass units, which suggests that this is 
the primary fragmentation pathway. This peak then loses either
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methyl-butyrate or acetate, 102 or 60, giving peaks at 499, 457, 439, 397, 
379, 337 and 277.

From each fragmentation pathway it is possible to account for the five 
ester groups ana the alcohol, and this would support the proposed 
structure of the compound.

The structure is a pentaacyl derivative of 1,12-epoxy, 3-hydroxymethyl, 
2,8,9,10,13-pentahyaroxy, 6,6,10,14-tetramethyl tricyclo [10,3,0,05
pentadeca-3-ene. The acyl groups comprise four acetates and one 2-methyl 
butyrate. The location of the individual esters is uncertain.

m/ z(637)

(-60)

tyt L / / '"/ ‘■/.II

ro/ z397

(-60) (-102)

m/z277 m/z 277

Fig 2.37: MS fragmentation pattern of Svl34/4.
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Table 2.7: Svl34/4 *H NMR spectral assignments.
Chemical Multiplicity Coupling , Integral Assignment
shift
(ppm)
0.89 d.

constants 

3J H1 6 , H2 7.5HZ 3 HI 6
0.93 t. 3Jh4' ,H3 ' 7.5Hz 3 H4‘
1.05 s. 3 H19
1.18 s. 3 H18
1.21 d. 3Jh5' ,H2 ' 6.9Hz 3 5'
1.26 m. 1
1.39 d.d. 3 J  H 9,H 8 11.3Hz 1 H9
1.53 m.

3JH 9,H11 9.4Hz
1 3'a

1.65 m. 1 Hll
1.71 m. 1 3'b
1.82 m. 3 17
2.04 s. 3 acetate CH3
2.05 s. 3 acetate CH3
2.12 s. 3 acetate CH3
2.1-2.2 m. 2 5
2.15 s. 3 acetate CH3
2.23 m. 2 HI
2.37 m. 3J h 2 ,h i 6 7.5Hz 1 H2
2.49 m. 3JH2 * ,H5' 6.9Hz 1 2'
4.64 d. 2JH2 O a ,H2 Ob 12.8HZ 1 H20a
4.72 d. 2JH20b,H20a 12.8HZ 1 H20b
4.74 br.d 1 H8
5.18 br.s. 1 H7
5.19 br.d. 1 H3
5.29 d. 3Jhi2,hii 12.4Hz 1 H12
5.40 s. 1 H14
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Table 2.8: Svl34/4 13C NMR spectral assignments.
Chemical 
shift (ppm)

Carbon
multiplicity

Assignment

170.8 q ester carbonyl
170.7 q ester carbonyl
170.1 q ester carbonyl
169.7 q ester carbonyl
129.8 CH 12
124.5 q 13
77.8 CH 4 or 15
76.6 CH 3
72.5 CH 8
71.1 CH 14
60.8 CH2 20
41.3 CH 2*
38.9 CH2 1
34.1 q 9

30.0 CH 9

29.3 CH 2
28.7 CH3 18
26.7 CH2 3\ 5
26.5 CH 11
23.0 q 10
21.1 CH3 acetate CH3
20.9 c h3 acetate CH3
20.7 c h3 acetate CH3
20.5 c h3 acetate CH3
18.9 q 9
17.2 CH3 16
16.6 CH3 5 V
15.8 CH3 17
15.2 CH3 19
11.5 CH3 4'



Chapter 3 96

CHAPTER THREE.
INVESTIGATION OF ANDROSTACHYS JOHNSONII PRAIN.

3.1 Introduction.

Androstachys johnsonii Prain is an upright tree, 4-8m in height, although 
some specimens grow to 36m (Palmer, Pitman and Codd 1972). The tree is 
deciduous or semideciduous and in tropical areas is almost evergreen. The 
leaves are simple and opposite with adjacent pairs at right angles to each 
other. Alvin (1987) has described the detailed leaf anatomy of the species 
and its functional significance. The plant is unusual in having 
unlignified sclereids in the leaves and Alvin has suggested that these 
structures have an important role in water storage. The leaves vary in 
form but are most frequently ovate-elliptic with rounded bases and obtuse 
apices. Young leaves are pale green turning darker with age. The upper 
surface is glossy and the lower densely pubescent.

The branches and stems are grey-white to almost black. Flowers are 
unisexual and borne on separate plants. Male flowers occur in small spikes 
and the female ones singly (Palmer et al 1972). The fruits are typically 
euphorbiaceous with two to five celled capsules, three being the modal 
form, which dehisce at maturity.

The tree is thermophilous and is distributed from Zimbabwe and central 
Mozambique southwards through the eastern Transvaal, Swaziland and 
northern Zululand (Alvin 1987). It is gregarious, forming pure (not mixed) 
forest in places (Compton 1966). It grows in sandy soil, commonly along 
streams or on hillsides in areas of low rainfall, less than 600mm p.a.
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(Alvin 1987).

Androstachys johnsonii was first described by Prain in 1905 and was a 
monospecific genus until 1970 when Airy Shaw described a further four 
species from Madagascar (Radcliffe-Smith 1987). The classification of the 
genus is controversial. Airy Shaw suggested a seperate family, 
Androstachydaceae, for the genus (Willis 1973) although this has been 
rejected by Kew (Radcliffe-Smith 1987) and some South African botanists 
(van Wyk 1974). Webster (1975) places Androstachys in the subfamily 
Oldfieldioideae, tribe 15.

Androstachys johnsonii produces a timber which is dark in colour, very 
heavy, hard, durable and insect resistant (van Wyk 1974), hence the name 
ironwood. It is used for sleepers, fence posts, flooring and joinery 
(Palmer et al 1972), as well as for hut timbers (Compton 1966).

The foliage of the tree is browsed by cattle and antelopes and the fruits 
eaten by birds and some small game (Palmer et al 1972). The sawdust of the 
timber has a bitter taste (van Wyk 1974) and honey made from nectar of the 
plant is said to be poisonous (Watt and Breyer-Brandwijk 1962).

The heartwood of Androstachys johnsonii has been investigated by Pegel et 
al (1971) and Piacenza et al (1979 and 1985) who have isolated a number of 
oxygen containing tetracyclic diterpenoids of the beyerane class (Fig. 
3.1a) and one of the atisane type (Fig. 3.1b). A similar beyerane 
diterpene, stachenone (Fig. 3.1c), has been isolated from the heartwood of 
Spirostachys africanus Sond. (Baarschers et al (1962)), a species from the 
same family also occurring in Swaziland.
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D

D
Cba

Fig 3.1 Diterpenoid compounds from Androstachys johnsonii and 
Spirostachvs africanus. a, ent- 3b hvdroxvbever-15-ene-2,12-dione,

b.ent-2-benzvlidene-16a-hvdroxvatis-13-ene-3-one, c. stachenone.
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3.2 Materials.
Leaves, twigs and fruits of Androstachys johnsonii Prain were 

collected in Mbuluzi Gorge, Mlawula, in the north east of Swaziland, in 
December 1985. The material was air dried under shade at ambient 
temperature and packaged in paper bags inside cardboard cartons for 
shipping to England. The material was stored at room temperature in the 
dry state at the University of Bath.

The identity of the plant material was confirmed by Mr A. Radcliffe-Smith 
of the Royal Botanic Gardens, Kew, Richmond, Surrey, and a voucher 
specimen and photographs of the species in habitat have been placed in the 
herbarium at Kew.

Reference samples of canophyllol and 30-hydroxy-friedelan-3-one were 
obtained from Dr C. Betancor, Institute de Productos Natureles Organicos, 
C. S. I. C., Departmento de Quimica Organica de la Universidad de la Laguana, 
Tenerife.

All solvents were of Laboratory Grade standard and were redistilled from 
glass prior to use.
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3.3 Methods.
3.3.1 Extraction.

Leaves and twigs of Androstachys johnsonii (1kg) were macerated 
with methanol (approx. 101) at room temperature for 48 hours. The extract 
was decanted and the plant material extracted with a futher portion of 
fresh methanol. The two extracts were combined and reduced under vacuum to 
a small volume (approx. 200ml).

3.3.2 Partitioning.
The concentrated methanol extract was partitioned between 

methanol-water 10:1 (500ml) and cyclohexane (500ml). Any precipitate was 
filtered off and retained. The two fractions were separated. The aqueous 
methanol layer was extracted with a further three portions of cyclohexane 
(100ml). The cyclohexane fraction was extracted with three portions of 
methanol-water 10:1 (100ml). The aqueous methanol fractions were combined, 
as were the cyclohexane fractions. The cyclohexane fraction was evaporated 
under reduced pressure to a small volume (approx. 100ml).

Equal portions of water and diethyl ether (500ml) were added to the 
aqueous methanol fraction. Any precipitate was filtered off and retained. 
The two fractions were separated and the aqueous fraction extracted with a 
further two portions (250ml) of diethyl ether. The ether fractions were 
combined and extracted with aqueous sodium carbonate l%w/v (3x 200ml) to 
remove chlorophyll. The combined sodium carbonate fractions were 
backwashed with a further single portion of ether (100ml). The ether 
fractions were combined,., dried over anhydrous magnesium sulphate, and 
evaporated under reduced pressure to dryness.
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3.3.3 Chromatography.
The dried ether soluble fraction (8.5g) was fractionated on a 

silica gel column (Kieselgel 60, 70-230 mesh, 800g). The silica gel was 
slurried in n-hexane and the sample eluted with 1.51 of n-hexane ethyl 
acetate 80:20, followed by 200ml of a 50:50 mixture of the two solvents, 
followed by neat ethyl acetate.

Five fractions were collected by colour, and the solvent removed under 
reduced pressure. The solid material remaining from each fraction was 
redissolved in ethyl acetate.

3.3.4 Spectroscopic methods.
The NMR instruments used were Jeol GX400 and GX270 F.T. 

spectrometers. The 399.65 MHz *H spectrum was collected with 48 scans over 
a frequency width of 5000Hz and 32K data points, giving a resolution of 
0.31Hz. The 67.8MHz noise-decoupled 13C and DEPT spectra were collected 
with 9000 scans over a frequency width of 18050.5Hz and 16K data points to 
give a resolution of l.lHz/pt. The 100.4MHz 13C-1H shift correlation
spectrum was obtained with 32 scans per slice and a data matrix of 
1024x512 complex points. The row and column frequencies were 8103.7Hz and 
1400.0Hz respectively giving resolutions of 15.8Hz and 2.27Hz.

Mass spectrometric measurements were made on a V.G. Analytical 7070E 
instrument (V.G. Analytical Ltd., Manchester), housed in the School of 
Chemistry at the University of Bath.
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3.4 Results and discussion.
3.4.1 Fractionation.

A portion of the insoluble material (0.2mg) from the partitioning 
of the aqueous methanol phase with cyclohexane (1.2mg) was dissolved in a 
0. 1M aqueous solution of potassium hydroxide (1ml). The material dissolved 
rapidly forming an orange solution. It was concluded that flavonoids may 
be present but that it was not worth persuing due to the paucity of 
material.

The ether soluble fraction (8.5g) of the leaf material was a black, tarry 
substance. On separation on the silica gel column, five fractions were 
collected by colour. The first three were yellow and the last two were 
green. The fourth fraction, after evaporating to dryness and redissolving 
in ethyl acetate formed an immediate, heavy precipitate. The precipitate 
was filtered off and recrystallised from hot ethyl acetate. The mother 
liquor of the precipitate was evaporated to dryness and redissolved in hot 
ethyl acetate and left to recrystallise overnight. The crystals formed 
were colourless needles. The mother liquor was recrystallised until no 
further crystals were formed, and the crystals bulked for instrumental 
analysis. A total of 84mg of crystalline material was collected. The 
crystals were given the code number AnlO. Samples were prepared for Mass 
spectrometry, N.M.R. spectroscopy and single crystal X-ray studies.
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3.5 Structure elucidation of AnlO.
The mass spectrum of AnlO is presented in Fig.3.2 and shows a small 

molecular ion peak at 442. This could give an empirical formula of 
C30H50O2 .

The Eight Peak Index of Mass Spectra (1974)- refers to a compound, 
canophyllol with a molecular ion peak at m/z442 (2.59%) and fragmentation 
peaks at m/z411 (84%), m/z273 (100%), m/z247 (35%), m/zl37 (58%), m/zl09
(36%), m/z95 (35%), m/z81 (32%), and m/z69 (32%). This compound (Fig.3.3) 
was isolated from Calophyllum inophyllum L. and reported by Govindachari 
et al (1967).

D

Fig3.3 Canophyllol, 28-hydroxyfriedelan-3-one from Calophyllum inophyllum.

The fragmentation pattern is the same as that of the compound from 
Androstachys johnsonii and a tentative identification was made on this 
evidence. The CH2-OH group was assigned to position 17 on account of the 
the loss of a 31 molecular mass fragment from m/z442 to m/z411 suggesting 
bridgehead substitution for this group.
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The 1H and 13C one-dimensional NMR spectra, and the two-dimensional C-H 
shift correlation are presented as figures 3.4 to 3.6.

Overall, the NMR spectra for the compound are consistent with the above 
structure. The strong singlet at 3.6ppm in the proton spectrum integrates 
to two protons and is consistent with a methylene group adjacent to an 
alcohol function. The presence of a single methyl doublet and six methyl 
singlets in the proton spectrum suggest that the compound may be of the 
friedeline type, which commonly have either a ketonic function at carbon 
atom 3 or, in the epi-friedeline variation, an alcohol in this position. 
The 13C DEPT experiments confirm the presence of seven methyl groups and 
indicate twelve CH2 groups, four CH groups and seven quartemary carbon 
atoms, one of which lies in the carbonyl region (213.2ppm).

Patra et al (1987) have compared the 13C NMR data of thirty two 
derivatives of friedelane and have made the assignments using experiments 
to determine the number of protons attached to each carbon atom, from 
chemical shift changes on changes of functionality using chemical shift 
theory and by comparison between the compounds. Canophyllol was one of the 
derivatives used in the study and the 13C data is in exact agreement with 
that of AnlO.

A 13C-1H heteronuclear shift correlation experiment (Fig.3.5) was 
performed which enabled assignments in the XH spectrum to be made on the 
basis of the assignments of Patra et al in the 13C spectrum. The NMR data 
for the compound isolated by Govindachari et al, although not detailed, 
was in agreement with that of AnlO.
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Fig 3.4b 1H NMR spectrum of AnlO expansion.
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Fig 3.5 67.8MHz 13C NMR spectrum of AnlO, with 135 and 90 DEPT plots
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The assignment of the methyl signals is straightforward. The doublet with 
coupling constant of 6.4Hz at 0.88ppm corresponds to the methyl group at 
position 23 adjacent to a single proton at position 4. The six other 
methyl signals are sharp singlets, indicating quartemary substitution of 
the adjacent carbon atoms and can be assigned from the 13C-1H shift 
correlation. In the 1H spectrum, the unresolved region between. 1.24ppm and 
1.51ppm contains signals for eighteen protons from positions 6(1H), 7, 8,
'11, 12, 15, 16(1H), 18, 19, 21 and 22.

In the region l.Slppm - 2.4ppm, signals due to a further eight protons can 
be seen. As expected, the signals due to protons on positions 1, 2, 4 and 
10 occur in this region due to the deshielding effect of the carbonyl 
group at position 3. One proton frcm position 6 and one frcm position 16 
also resonate in this region.

The proton attached to position 10 on the skeleton resonates at 1.54ppm. 
The splitting pattern is one of a doublet of doublets with vicinal 
couplings of 12.9Hz to the axial proton and 2.9Hz to the equatorial proton 
at position 1, indicating that Hio is an axial proton.

The protons at position 1 are magnetically non-equivalent. The axial 
proton shows a quartet of doublets 1.68ppm. The larger coupling constant 
of 12.9Hz is due to splitting by the geminal proton, the axial proton at 
position 2 and Hio. The second coupling constant of 5.0Hz is due to 
splitting by the equatorial proton at position 2 which resonates at 
2.40ppm.

The equatorial proton at position 1 resonates at 1.97ppm. The signal is an 
incompletely resolved doublet of doublets of triplets with a geminal
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coupling constant of 12.9Hz, a vicinal coupling constant of 2.9Hz due to 
splitting by Hio, a vicinal coupling constant of 7.2Hz due to the axial 
proton at position 2 and a vicinal coupling constant of 2.2Hz due to the 
equatorial proton at position 2.

The protons at position 2 . are adjacent to the carbonyl carbon and are the 
most deshielded of the ring protons. The doublet of doublets of doublets 
at 2.40ppm for the equatorial proton shows three coupling constants. A 
geminal coupling constant of 14.3Hz and two vicinal coupling constants, 
one of 5.0Hz for the H2-equatorial-Hi-axial splitting, and one of 2.2Hz 
for the H2-equatorial-Hi-equatorial splitting. The axial proton triplet of 
doublets at 2.29ppm overlaps with that of the proton at position 4, but 
the 14.3Hz geminal coupling and Hi axial vicinal coupling 7.2 Hz can still 
be measured.

The single proton at position 4 is coupled to the methyl group at position 
23. The expected quartet is overlapped by the signal for the axial proton 
at position 2, but the coupling constant of 6.4Hz, in agreement with that 
of the methyl doublet at 0.88ppm, can be measured.

A broadened doublet resonating at 1.75ppm can be assigned to one of the 
protons at position 6, having a geminal coupling constant of about 11.5Hz.

One of the protons at position 16, deshielded by its proximity to the 
alcohol group at position 28, resonates as a multiplet at 1.85pFtn. Twd 
coupling constants can be measured, a geminal constant of 13.4Hz and an 
unidentified vicinal coupling of 4.3Hz, possibly to His.
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Table 3.1: AnlO *H NMR data.
Chemical Multiplicity Coupling Integral Assignment
shift constants
(ppm)
0.72 s. 3 24
0.87 s. 3 25
0.88 d. 3Jh2 3,h 4 6.4Hz 3 23
0.91 s. 3 26
0.98 s. 3 29
0.99 s. 3 30
1.12 s. 3 27
1.24-1.51 unresolved 18 6 (lxH),

7 (2xH),
8 (lxH),
11 (2xH),
12 (2xH),
15 (2xH),
16 (lxH),
18 (lxH),
19 (2xH),
21 (2xH),
22 (2xH).

1.54 d.d. 3Jhio,Hla 12.9Hz 
3Jhi0 ,Hie 2.9Hz

1 10
1.68 q.d. 2Jhla,Hie 12.9Hz 

3JHla,HI 0 12.9Hz 
3JHla,H2a 12.9HZ 
3JHla,H2e 5. 0Hz

1 la

1.75 br.d. 2 J H 6 11.5Hz 1 6
1.85 m. 2Jhi6 13.4Hz 

3Jh1 6,hi5 4.3Hz
1 16

1.97 d.d.t. 2Jhia,hia 12.9Hz 
3JHle,H2a 7.2Hz 
3JHie,Hio 2.9Hz 
3JHle,H2e 2.2Hz

1 le

2.28 q. 3Jh4,h23 6.4Hz 1 4
2.29 t.d. 2JH2a,H2e 14.3HZ 

3JH2a,Hla 12.9HZ 
3JH2a,Hie 7.2HZ

1 2a

2.40 d.d.d. 2JH2e,H2a 14.3HZ 
3JH2e,Hla 5.0HZ 
3J H 2 o ,Hla 2.2HZ

1 2e

3.60 s. 2 28
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Table 3.2: AnlO 13C NMR data.
Chemical Carbon Ass
shift (ppm) multiplicity (Pa
6.8 CH3 23
14.6 ch3 24
18.0 ch2 7
18.2 CH3 25
19.0 CH3 26
19.2 CH3 27
22.2 CH2 1
28.1 q 20
29.1 CH2 16
30.0 CHz 12
31.2 CH2 15*
31.3 CH2 21*
32.8 CH3 29
33.3 CH2 22
34.2 CH3 30
34.4 CH2 19
35.1 q 17
35.4 CH2 11
37.4 q 9
38.1 q 14
39.3 q 13
39.4 CH 18
41.2 CH2 6
41.5 CH2 2
42.1 q 5
52.4 CH 8
58.2 CH 4
59.4 CH 10
68.0 CH2 28
213.2 q 3
*The assignments for carbon atoms 15 and 21 may be reversed.
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A single crystal X-ray analysis confirmed the structure and established 
the stereochemistry of AnlO. The structure was solved by direct methods 
and is presented in Fig.3.7 shewing the stereochemistry at each position.

[AC25 C29

C1 C12C11
C24 C 9 C20C19

C27 C18C10C2 C1301 C30

X]C5C3 C14
C21C8

C7
C17C26

C4 C6 "C22C 1 5
C23

C16

Fig.3.7 The ORTEP diagram for AnlO, 28-hydroxyfriedelan-3-one.

Friedelane (also known as friedooleanane) and its derivatives are fairly 
common triterpenes found in a number of plant families. Risk and 
El-Missiry (1986) have reviewed the distribution of triterpenoids within 
the Euphorbiaceae. Friedeline and friedeline derivatives have been 
reported frcm thirteen species in eight genera, Antidesma, Apurosa, 

Bischofia, Bridelia, Euphorbia, Glochidion, Phyllanthus, Putranjiva and 
Sapium.

The compound isolated from Androstachys johnsonii,

28-hydroxyfriedelan-3-one, is a less common derivative of friedelane and 
has been reported previously from the following genera: Amanoa (Fang et 
al 1985), Antidesma (Rizvi et al 1980), Calophyllum (Govindachari et al 
1967), Castanopsis (Hui et al 1976), Elaeodendron (Anjaneyulu et al 1980), 
Euonymus (Kumar et al 1985), Hydnocarpus (Gunasekera et al 1977), 
Lithocarpus (Hui et al 1975), Maytensus (Nozaki et al 1986) and Quercus 
(Kulshreshtha, D.I.C. et al 1971),
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The compound isolated by Gunasekera et al (1979) was initially thought to 
be 29-hydroxyfriedelan-3-one and was given the trivial name octandronol. 
This structure was contested by Betancor at al (1980) who isolated both 
the 29- and the 30-hydroxy compounds from Catha cassinoides. They have 
suggested that the structure for octandranol must be the same as for 
canophyllol, as the physical and spectral data for octandronol and
29-hydroxyfriedelan-3-one were different.

Authentic samples of canophyllol and the 30-hydroxy derivative from Catha 
cassinoides were obtained from Dr Betancor. The 1H spectrum of canophyllol 
was found to be identical with that of the compound frcm Androstachys. The 
1H spectrum for 30-hydroxy-fnedelan-3-one differed from that of the 
Androstachys compound in a number of respects, most noticeably the signal 
for the methylene group adjacent to the alcohol group. The signal in the
30-hydroxy compound resonates at 3.27ppm, and whereas the methylene signal 
of the 28-hydroxy derivative is a sharp singlet, this signal is a 
multiplet, suggesting hindered rotation about the .axis.
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PART TWO.
AN EVALUATION OF COUNTERCURRENT CHROMATOGRAPHY IN THE FRACTIONATION OF 
NATURAL PRODUCTS.
CHAPTER FOUR.
INTRODUCTION.

4.1 COUNTERCURRENT DISTRIBUTION.
4.1.1 Background.
When a solute is dissolved in a mixture of two immiscible liquids, at 
equilibrium it is distributed between the liquids according to its 
partition coefficient. This can be given the symbol K, and is defined as 
the ratio of the concentration of the solute in the one phase to the 
other.

K - fconcentration of solute in Phase 11 .. .1
[concentration of solute in phase 2]

There is no convention about which phase is the numerator and which the 
denominator, but in countercurrent distributions and chromatoraphy the 
mobile phase is commonly held as numerator.

Partitioning of solutes between two immiscible liquids is frequently used 
in isolation procedures as a means of producing a solution enriched with 
the solutes of interest and from which unwanted solutes have been removed. 
In the extreme case, the solute of interest is entirely separated from 
unwanted material and the purification process is achieved in one step. 
Such a purification is the exception rather than the rule and single stage 
liquid-liquid partitioning more corrmonly yields an enriched solution of 
the solutes of interest together with such other solutes which have
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similar partitioning characteristics in the liquid phases chosen.

A single stage liquid-liquid partitioning procedure can be achieved using 
a laboratory separatory funnel. Consider the situation in which a solute 
is dissolved in a liquid and placed in a separatory funnel. If an equal 
volume of a second, immiscible liquid is added then the solute will 
partition between the two liquids according to its partition coefficient. 
If the solute in question has a partition coefficient K= 4 in the 
particular system then the fraction of solute in phase 1 can be calculated 
from the equation

For convenience we shall nominate phase 1 as the upper phase, and phase 2 
as the lower phase. The fraction of solute in phase 2, q, will be the 
difference between unity and the fraction in phase 1.

Statistically, p is the probability of a molecule of solute being found in 
the upper phase, and q the probability of the molecule being found in the 
lower phase.

The sum of p and q will always be unity. In the chosen example, it can be 
shown that at equilibrium, 80% of the solute will be present in phase 1, 
and 20% in phase 2.

If a series of separatory funnels is set up with equal portions of the 
lower phase from the above example in each funnel and the same solute 
partitioned between equal volumes of upper and lower phase in the first

P = K 
1+K

.. .2

q = i - p .. .3
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funnel, at equilibrium the upper phase would contain 80% of the solute 
and the lower phase 20%. The upper phase is then removed and placed in the 
second funnel and a fresh portion of upper phase is placed in funnel one. 
The funnels are shaken and allowed to equilibrate. By the same calculation 
it can be seen that funnel one will have 4% of the solute in the lower 
phase and 16% in the upper. Funnel two will have 16% of the solute in the 
lower phase and 64% in the upper. If the process is repeated, after six 
transfers funnel one will contain 0.03%, funnel two 0.64%, funnel three 
5.12%, funnel four 20.48%, funnel five 40.96% and funnel six 32.77% of the 
starting material. If there were one hundred funnels in the series it is 
possible to envisage from the above example that the solute would be
concentrated in a limited number of funnels, and the funnels in which the 
solute will be found can be predicted frcm the knowledge of the partition 
coefficient of the particular solute.

If a second solute with a partition coefficient K-0.25 was included with 
the first solute at the beginning of the experiment, it can be appreciated 
that the first solute will be carried through the series of funnels at a 
faster rate than the second solute and provided that a sufficient number 
of funnels were available, the two solutes would eventually be separated. 
This procedure is analogous to a countercurrent distribution.

4.1.2 Binomial distribution.
Martin and Synge (1941) recognised that the countercurrent distribution 
can be described in terms of a binomial expansion

(qn-p)n = 1 ...4

which describes the probability of an event occurring at each trial in a
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series of n trials, where p and g are the probabilities of the event
occurring or not occurring in a single trial. As has been shown, p and q

are related to the partition coefficient of the solute in question.
p = amount of solute in upper phase 

total solute
P = C1V1 ...5

CiVi + C2V2

where Ci and C2 are the concentrations of solute in phases 1 and 2 
respectively, and Vi and V2 are the volumes of phases 1 and 2 
respectively.

Similarly,
q - amount of solute in lower phase 

total solute
q = C2V2 ...6

C1V1 + C2V2

= KR .. .7

where K is the partition coefficient and R is the ratio of volumes of the 
two phases.

Rearranging equations 7 and 3 and solving for p gives 
p = KRq 

= KR(l-P)
= KR - KRp 

p + KRp = KR 

p(l + KR) = KR
P = -KR ...8

1 + KR
Similarly, it can be shown that

q = 1 .. .9
KR + 1
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Substituting equations 8 and 9 into equation 4 gives
1 + KR

KR + 1 1 + KR
n = 1 10

where n is the number of transfers of the mobile phase that have been 
made. For low values of n, it is possible to calculate the fraction of. 
solute in each container using this equation.

For large values of n, the fraction of solute to be found in any specified 
container can be calculated from probability statistics. The probability 
of an event occurring, in our instance finding molecules of solute in a 
particular container, is determined by the partition coefficient of the 
solute in the particular solvent system. If the probability of an event 
occurring is p, and g is the probability of the event net occurring,
(g= 1 - p), then the probability of the event occurring on a particular 
trial can be calculated from the following equation, where f n,r is the 
probability of the event occurring on trial r, after a total of n tries.

In the case of counter current distribution, n is the number of transfers 
and r is the specific tube of interest.

Substituting for p and q from equations 8 and 9 gives

f n,r = n! p r q (n"r)
r!(n - r)!

. .  .11
(Hall and Knight 1946)

f n,r =  n!  KR r • 1 n~r
r!(n-r)! 1+ KR 1+KR

nj  (KR)T_______1
r! (n-r)! (1 + KR)* (1 + KR)n~*

nj  (KR)*  1 n . . .12
r! (n-r)! 1 + (KR)

The mean of the binomial expansion can be calculated from
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Tmax — np.

In the counter current distribution, the mean describes the tube which 
contains the maximum concentration of solute.

Substituting for p gives
r»ax = n KR

1 + KR

The standard deviation,
s = Jnpq ,

gives the distance from the mean ( r«ax) to the 
inflection of the curve. Ninety five percent of the solute will be 
contained within the tubes which lie at twice the standard deviation on 
either side of the tube containing the maximum solute.

Martin et al{ 1969) have published a set of programs in Fortran for 
performing a countercurrent distribution simulation, in which they create 
an array in which each point is regarded as an exchange in the counter 
current distribution and use the value at a particular point to calculate 
the value for the following point, using the value for p in equation 2 as 
the basis for the calculation.
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4.2 Counter current chromatography.

4.2.1 General.
Counter current distribution processes as carried out in Craig or 

O'Keeffe apparatus can be regarded as discontinuous processes in which the 
system is allowed to equilibrate between transfers of mobile phase frcm 
one stage to the next .They are not without their drawbacks, however, and 
a number of alternative approaches to achieving liquid-liquid partition 
systems have been developed.

The Craig apparatus is probably the best known of the counter current 
distribution apparatus and was more frequently encountered in the 1960’s 
and '70's than today. A succinct description of a counter current 
apparatus is given by Sixma and Wynberg (1964). Mandava et al (1982a) give 
the following disadvantages of counter current distribution which have led 
to the decline in the use of the technique:

i. The equipment is complex.
ii. The system sometimes leads to the formation of emulsions which 

may be difficult to break.
iii. The volume of solvent required is fixed by the size of the 

apparatus and can be large.
iv. The time taken for effective separation of compounds can be 

very long.

Other commonly quoted disadvantages are that the equipment requires 
skilled operators and that, being made of glass with ground glass 
connections, once a piece is broken exact replacement is difficult,
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leading to problems of leakage at the replacement joint. Cleaning the
apparatus is laborious and time consuming.

Counter current chromatography differs from counter current distribution 
in that the process is continuous and equilibrium of solute between the
two immiscible phases is never achieved. In other respects, however, the
two are very similar. Both rely on differential partitioning of solutes 
between two immiscible phases for separation. Solid supports, as are used 
in conventional liquid chromatography are avoided and problems of 
irreversible adsorption are not encountered. Sample recovery is therefore 
good (Ito 1984). Other problems with solid support chromatography, for 
example, chemical reactions such as acyl shift in diterpene esters (Keeker 
1971, Upadhyay et al 1976) on silica gel, are avoided.

A number of different forms of counter current chromatography have been
developed. Dr Yoichiro Ito has been responsible for many of these
developments and is the author or co-author of many of the publications on 
the techniques. He has classified counter current chromatography into two 
basic types, hydrostatic equilibrium systems and hydrodynamic equilibrium 
systems depending on the overall movement of the apparatus and thus the 
stationary phase with respect to the mobile phase. In hydrostatic
equilibrium systems, the apparatus is stationary, i.e. the coil or columns
of the apparatus do not move and the mobile phase moves only under the 
influence of gravity, whereas in the hydrodynamic equilibrium systems the 
coil or columns of the apparatus move, normally by way of rotation in a 
centrifuge or simply about their own axes. The differentiation used by Ito 
is based on the engineering of the apparatus and not on the principles of 
the separation mechanism.
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A number of reviews on counter current chromatography in general have been 
published. Mandava, Ito and Conway (1982a) have discussed the historical 
development and early instrumentation of counter current chromatography 
with a brief overview of counter current distribution techniques. Ito and 
Bowman (1971) reviewed the counter current chromatography techniques 
available at the time and compared them with counter current distribution 
systems and conventional solid support chromatography. Conway (1984) has 
discussed recent applications of counter current chromatography and Ito 
(1986a) has published a paper on the recent trends in counter current 
chromatography. The Journal of Liquid Chromatography have devoted three 
entire issues to countercurrent chromatography, namely Volume 7, No. 2 
(1984), Volume 8, No. 12 (1985) and Volume 11, No. 1 (1988).

Countercurrent chromatography developed naturally from countercurrent 
distribution. Signer (1952) reported the development of an apparatus for 
separating mixtures of compounds which has led to the development of 
lccular rotatory countercurrent chromatography. Ito et al (1966) reported 
that immiscible liquids in coiled, narrow bore tubes could be segmented 
and made to undergo countercurrent flow and were able to demonstrate the 
separation of a number of dinitrophenyl derivatives of amino acids and 
that the separation was according to the differences in partition 
coefficient. From this developed counter current chromatography using 
helically wound tubing which has led to the development of a number of 
related counter current chromatography apparatus, some of which are now 
available commercially. Droplet counter current chromatography was first 
reported in 1970 by Tanimura in conjunction with Ito and other colleagues 
(Tanimura et al 1970).
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A more recent apparatus for counter current chromatography is that 
developed by Nishizawa and Abe (1986).The device was constructed by 
inserting a sealed glass tube into an outer tube with a gap of one 
millimeter between the two. The gap between the tubes was filled with a 
liquid, in the published method 1-butanol which had previously been 
saturated with water, and a second immiscible liquid, in the example 
water, introduced at the top of the apparatus and allowed to flow down the 
tube under the influence of gravity. The inner tube was rotated on its 
axis to provide mixing of the two solvents and partitioning of the 
solutes injected into the apparatus. The separation of a number of
glucosides was described. Optimum resolution was obtained at 550 r.p.m.

4.2.2 Droplet counter current chromatography (DCCC).
Droplet counter current chromatography was first described in 1970 

(Tanimura et al 1970). The concept is extremely elegant, the apparatus 
simply comprising a series of glass tubes linked with PTFE micro tubing, 
which are filled with stationary phase and through which a second, 
immiscible liquid is pumped in droplets. Solutes are partitioned between 
droplets of the mobile phase and the stationary phase. Those with higher 
partitioning into the mobile phase are carried through the columns at a 
faster rate than solutes with lower partitioning. Turbulence within the 
droplets as they pass through the stationary phase is sufficient to 
promote adequate partitioning of the solutes between the stationary and 
mobile phases. The original paper described the separation of a series of 
dinitrophenyl amino acid derivatives in milligram quantities with a 
resolution of 900 theoretical plates.

The use of droplet counter current chromatography has been extensively 
reviewed by Hostettmann and co-workers (Hostettmann et al 1979,
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Hostettmann 1980a, 1980b, 1981, 1983, Hostettmann et al 1984a, 1984b),
Tanimura et al 1975, Orth 1981, Becker 1984, Knapp 1985, Hanke and Kubo 
1987 and Kubo et al 1988).

Until 1980, the majority of solvent systems in use employed chloroform, 
methanol and water as the main components in varying proportions with 
additional modifiers such as propanol or butanol in a few cases, or dilute 
hydrochloric or acetic acid. Droplet counter current chromatography up to 
this stage was applied most commonly to the separation of glycosides which 
exhibit good partitioning between aqueous and organic phases.

Becker et al (1982) published the use of a non-aqueous solvent system for 
DCCC. They demonstrated the separation of the terpenoid components of the 
volatile oil from Matricaria chamomilla using the solvent system 
n-hexane-ethyl acetate-nitromethane-methanol (18:3:9:3), with the upper 
phase as the mobile phase. The introduction of non-aqueous solvent systems 
is significant in that it allowed the separation of relatively non-polar 
components. Non aqueous systems also have the advantage of easy removal of 
solvent by evaporation. Becker (1984) has published a discussion of the 
use of non-aqueous systems for DCCC. He reported a variation on his 
previous system for the fractionation of a mixture of valepotriates using 
n-hexane-ethyl acetate-nitromethane-methanol (8:2:2:3) again using the 
upper phase as mobile phase. He also reported the use of the solvent 
system n-heptane-l,2 dichloroethane-methanol (47:6:47) for the partial 
separation of hederagenin and oleanic acid from Hedera helix using the 
lower phase as mobile phase. The system n-heptane-dichlorcmethane- 
acetonitrile (50:15:35) was tested for the separation of betulenic acid, 
betulin, a-amyrin and cholesterol, using the lower phase as mobile phase. 
Cholesterol and a-amyrin could not be separated with this system.
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In 1984 Tanimura and co-workers (Takeuchi et al 1984) described the 
separation of enantiomers of isoleucine. They were able to devise a system 
in which the two enantiomers of isoleucine partitioned differentially in a 
solution of n-butanol-water containing copper (II) ions, 
N-n-dodecyl-L-proline and acetate buffer (pH5.5). The separation was 
dependent on the concentration of the chiral agent in the mobile phase. 
The work is significant in the development of droplet counter current 
chromatography in that it is the first to attempt the separation of the 
enantiomers of a particular compound. Previous separations simply utilised 
the differences in partitioning of solutes between the two phases. In this 
system additional solutes were added to the solvents in order to induce 
differences in partitioning. Oya and Snyder have reported the chiral 
separation of a carboxylic acid by DCCC (Oya and Snyder 1986) using an 
amino alcohol, (-) - (J?)-2-aminobutanol as the stereospecific complexing 
agent.

Hermans-Lokkerbol and Verpcorte have reported the use of a pH gradient in 
separating a test mixture of alkaloids (Hermans-Lokkerbol and Verpoorte 
1986). They used a system comprising chloroform-methanol-buffer (5:5:3) 
with the lower layer as the stationary phase. The pH of the mobile phase 
was decreased as the experiment progressed with the rationale that the 
alkaloids with higher pKa values would partition into the mobile phase 
before those with lower pKa's, and a separation would be achieved which 
utilised both the natural partitioning of the alkaloid in the solvent 
system as well as the partitioning induced by the change in pH as the 
experiment progressed. They also observed that ion-pair formation can 
influence the separation of alkaloids. Perchlorate was used as the 
counter-ion and a reduction in the concentration of perchlorate resulted
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in greater partitioning into the aqueous phase and more rapid elution of 
the alkaloids. The indole alkaloids of some Tabemaemontana species in 
tissue culture were separated using the same solvent system and 
perchlorate as an ion-pair reagent (van der Heijden et al 1987)

Droplet counter current chromatography has been investigated for use in 
the determination of log P values (Gago et al 1986). The partition 
coefficient of a particular compound between water and n-octanol is used 
as a parameter in quantitative structure-activity relationships. The 
traditional shake-flask methods employed for determining these values are 
tedious and time consuming and the authors have proposed that droplet 
countercurrent chromatography be considered as an alternative.

4.2.3 Rotational locular counter current chromatography (RLCCC).
A description of rotational locular counter current chromatography 

was first proposed by Signer (1952). The apparatus typically consists of a 
glass tube of approximately 11mm internal diameter, which is divided into 
segments, or loculi, by discs (a commercially available apparatus uses 
Teflon discs), inserted into the tube and separated from one another by 
spacers. The discs have holes at the center to allow solvent to pass 
through. The column is loaded with stationary phase and inclined at an 
angle of 20° to 40°. The column is rotated and the mobile phase introduced 
at the appropriate end. The inclination of the tube allows the mobile 
phase to pass through the system without displacing the stationary phase. 
Partitioning of solutes occurs at each loculus and solutes are eluted 
according to their partition coefficient in the particular solvent system. 
With the commercially available apparatus, sixteen glass columns are 
mounted cylindrically about a rotational axis and joined in series with 
Teflon tubing (Snyder et al 1984). Snyder et al (1984) report that
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equilibration at each loculus is not achieved since an apparatus 
containing 592 loculi only generates between 250 and 300 theoretical 
plates.

RLCCC has not been used as extensively as droplet counter current 
chromatography or the rotating coil types of counter current
chromatography, possibly because of the lower resolution obtained with 
this technique. Pieters and Vlietinck (1986) have used the method to 
fractionate the diterpene esters from croton oil. The diesters of phorbol 
were reasonably well separated from the triesters although baseline 
separation of individual compounds was not achieved. The solvent system 
used was petroleum ether-diethyl ether-methanol-water (18:2:15:0.75). 
Domon et al (1982 b) have separated the stereoisomers of norephedrine 
using RLCCC using 0.5M sodium hexafluorophosphate (pH4) as the stationary 
phase and 0.3M (R,R)-di-5-nonyl tartrate in 1,2-dichloroethane as the
mobile phase.

Kolobow et al (1985) have described a development of RLCCC in which the 
loculi are moulded in sheets of polypropylene. They describe the apparatus 
as a "monolithic integrated fiow circuit". The apparatus was operated in 
the conventional RLCCC mode, i.e. columns were rotated, and the 
performance was compared with two additional forms of agitation, gyration 
and oscillation. The efficiency of the apparatus in separating the 
N-2,4-dinitrophenyl derivatives of alanine and glutamic acid was better in 
the gyrating mode than in the oscillation mode. Simple rotational mixing 
was least efficient.
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4.2.4 Coiled tube counter current chromatography.
Coiled tube counter current chromatography is used as an umbrella 

title for the different types of counter current chromatography developed 
by Dr Y. Ito and his colleagues at the laboratories of the National 
Institutes of Health, Bethesda, Maryland. The various types of 
chromatography in this class were developed from the mid 1960's until the 
present time and cover analytical separations on a microgram scale to 
preparative separations on a gram scale, using plastic or glass tubing of 
differing diameters wound onto a coil which may or may not be rotated in a 
centrifugal field. Apparatus using the technology of Dr Ito are now 
commercially available.

Ito and coworkers first observed that two immiscible solvents in a coiled 
tube could be segmented and made to undergo countercurrent flow (Ito et al 
1966). The system they used worked on a micro scale and only minute 
quantities of their test mixture were separated. The technique generated 
an efficiency of between 2500 and 5000 theoretical plates which, at the 
time, was regarded as being comparable with gas chromatography (Ito and 
Bowman 1970). It was soon realised that placing the coiled tube in a 
centrifugal field improved the performance of the apparatus and that 
larger scale separations were possible (Ito and Bowman 1971). Ito called 
the apparatus a flow-through coil planet centrifuge. In earlier work, the 
coil did not rotate on its own axis but retained a constant orientation 
within the centrifugal field. The apparatus was later adapted so that the 
coil rotated about its own axis as well as in the centrifugal field. 
Sutherland and Sharpe (1976) discussed parameters relating to the solvents 
used in stationary coil planet centrifuge countercurrent chromatography. 
They recognised the need for solvents to have low viscosity and high 
interfacial tension for adequate performance.
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The droplet size in the apparatus is important. If the droplets are too 
small emulsions form, resulting in carry over of the stationary phase. 
They estimated that the droplet size should be in the order of 0.1mm 
diameter. They also recognised that best conditions for separation occur 
when the phase volume ratio lies between 0.4 and 2 and that the operating 
temperature should be constant to within 0.5°C.

In the early 1980’s Ito modified the apparatus to perform very much faster 
separations than had previously been achieved. He called the technique 
high speed countercurrent chromatography. Whereas the coil in the 
flow-through coil planet centrifuge was of one layer only, the high speed 
machine had a multi layer coil. Ito has reviewed the development of high 
speed countercurrent chromatography (Ito 1984).

Sutherland, Heywccd-Waddington and Ito (1987) have differentiated three 
basic types of coiled tube countercurrent chromatography and have 
discussed the respective types of mixing of the two liquid phases. 
Synchronous coil planet centrifuge type of apparatus in which the coil 
does not rotate on its own axis and in which the acceleration field is 
consequently uniform, undergo a cascade type of mixing. One half of a turn 
of the coil is occupied by one phase and the other half by the other phase 
in much the same way as in the original fixed coiled tube experiment. (See 
Fig. 4.1)
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Fig. 4.1: Cascade fixing as occurrs in a synchronous coil planet 
centrifuge, (from Sutherland et al 1987)

Spicyclic coil planet centrifuges, in which the coil is rotated about its 
own axis as veil as in the centrifugal field, have a different phase 
distribution within the coil and a different means of mixing due to the 
fluctuating acceleration field (See Fig. 4.2).

Fig. 4.2: Wave mixing as occurs in an epicyclic coil planet centrifuge 
(from Sutherland et al 1987)

The two phases occur in layers throughout the coil and a wave type of 
mixing occurs due to turbulence within, the tube. The liquid within the 
tube is constantly forced to the tail of the coiled tube due to the 
Archimedes screw principle. With two immiscible liquids, the mere dense 
liquid moves to the tail in preference to the less dense liquid, which is
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displaced to the head.

The motion of a chosen point, z, on the coil is determined by the 
centrifugal radius and also on the radius of the coil. The ratio of the 
two radii is an important determinant of the contact of the two phases 
within the tube, and thus the retention of stationary phase with respect 
to mobile phase, i.e. the phase volume ratio, and the interfacial activity 
of the two liquids which determines the extent of mass transfer between 
the two phases.

Epicyclic coil planet centrifuges perform separations much faster than 
synchronous coil planet centrifuges, and are the basis of high speed 
countercurent chromatography. Sutherland et al (1987) have compared the 
performance of the two in separating a mixture of macrolide antibiotics. 
The epicyclic coil plane centrifuge machine performed the separation in 
less than half the time taken on the synchronous coil planet centrifuge 
machine.

Epicyclic coil planet centrifuge systems, as with synchronous coil planet 
centrifuge systems require solvent systems with low viscosity, high 
density difference between the phases and high interfacial tensions 
(Sutherland et al 1987). Mixtures of organic solvents or organic solvents 
and water which form two immiscible phases are generally suitable for use 
in such apparatus. Double aqueous phase systems having increased 
viscosity, low density difference between the phases and low interfacial 
tension are not suitable. Such systems, however, are of interest in the 
separation of cells, organelles or cell components, and a machine which is 
capable of accommodating immiscible solutions of polymers would be of use 
for such a separation. Aqueous solutions of polyethylene glycol 6000 (5%)
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and dextran T-500 (6%) are immiscible and can be buffered to a suitable pH 
and adjusted to any required tonicity (van Alstine et al 1985). A 
variation of such a system has been used in the separation of fragments of 
human deoxyribonucleic acid (Elies and Sutherland 1980). They used a 
toroidal flow coil centrifuge in which the plastic tubing was wound onto a 
flexible core which in turn was wound onto the coil and placed in the 
centrifuge. The coil was thus at right angles to the direction of 
rotation. Sutherland, Heywood-Waddington and Peters (1984) have described 
the apparatus, the mechanism of mixing and the application to the 
separation of the principal subcellular organelles of rat liver 
homogenates.
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4.3 Computation of some countercurrent chromatography parameters.

4.3.1 Background and programming.
Keulemans (1957), in his discussion of the general theory of

chromatographic separations, differentiates chromatography into four types
on the basis of the distribution isotherm and whether the exchange process
is thermodynamically reversible (See Fig 4.3). If the partition
coefficient of a solute is independent of concentration - that is, if the
plot of the concentration in the stationary phase against that in the
mobile phase at constant temperature and pressure produces a straight line
through the origin - then the distribution isotherm is linear. In a
chromatographic or countercurrent flow situation, if the mass transfer
coefficient is infinitely high, that is, if equilibrium between particle
and fluid is immediate, then "ideal'1 chromatography conditions exist.
Under such conditions, the width of a band of solute passing through a
chromatography column would be constant throughout the column.
Countercurrent distributions and countercurrent chromatography are
"non-ideal" chromatographic processes as equilibrium of the solute between
mobile and stationary phase is not immediate, the mass transfer
coefficient is not infinitely high and the band width of a solute
increases as it moves through the column.

linear ideal linear non-ideal
chromatography chromatography
non-linear ideal non-linear non-ideal
chromatography chromatography

Fig. 4.3 The four possible types of chromatography according to Keulemans 
(1957). '•

In many simple liquid-liquid systems the partition isotherm for solutes 
is linear. On this basis, it is possible to investigate some of the
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parameters which affect the resolution generated during countercurrent 
chromatography, as this type of technique relies essentially on 
partitioning of solutes between two immiscible phases for separation. 
Factors which render the partition isotherm non-linear, such as very high 
concentrations of solutes, the use of varying concentrations of complexing 
agents or the use of solvent gradients during the development of the 
chromatogram would make theoretical prediction very much more complex, if 
not impossible.

Countercurrent chromatography can be considered as an extension of 
countercurrent distribution for purposes of the theoretical treatment. The 
factor of importance here is the length of column which is equivalent to 
one "stage" in the countercurrent distribution, that is, the length of 
column required for an effective exchange, n, to have occurred. The actual 
length of column for such an exchange in reality will be dependent on the 
solvent system in use, principally on the factors affecting mass transfer 
between the two phases. Such factors would include the molecular or atomic 
mass of a solute (the rate of movement of a solute in a liquid is 
inversely proportional to the mass of the solute), the viscosity of the 
liquids, the interfacial tension between the two phases and degree of 
turbulence at the phase interface.

The distribution of solutes within a countercurrent distribution is 
dependent on the partition coefficients of the individual solutes in the 
particular solvent system employed and the ratio of the volumes of the two 
phases. The fraction of a particular solute that is present in a specified 
tube can be calculated from Equation 12:

f n , r - n! (KR) .. .12
r!(n-r)! 1 + (KR)
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With the use of a microcomputer, it is possible to perform a simulation of 
the binomial distribution with simple programing. However, even large 
mainframe computers are unable to handle the extremely large numbers 
generated by the factorials in equation 12, and for values of n greater 
than about 15, alternative methods of performing the simulation are 
needed. Cooke et al (1982) provide an algorithm for generating a binomial 
distribution but this method cannot operate above values of about 100.

In cases where the number of transfers is greater than 50, the binomial 
distribution approximates to a gaussian distribution, and a simpler 
equation for computational purposes can be used. Rothbart and Barford 
(1982) have compared the typical gaussian distribution to the binomial 
distribution and present the equation:

IIC 1 exp -(rmax - r)2
J2irnpq 2npg

Using this equation, it is possible to program a microcomputer to 
calculate the fraction of solute present in each tube, r, after n 
transfers have occurred. Such a program in the computer language BASIC is 
presented in Appendix 1. The program requires the input of values for the 
partition coefficient of the solute, the phase volume ratio for the 
solvent system under examination, the number of stages in the apparatus 
and the number of tranfers which the operator would like to simulate. The 
values for n, p and q are constant and the program calculates the 
probability of an event occurring at each stage in the distribution which 
is equivalent to the fraction of solute in each tube of the apparatus. The 
program was written to present the data in plot form as this is easily 
assimilated. The data could equally be presented as a printout of the 
values for f.
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Additional programs based on the above can be written for two or more 
solutes so that the degree of separation of the components can be 
established. This is of use in situations where the number of transfers 
that can be generated on a particular apparatus is known and the 
effectiveness of that particular system in separating the components needs 
to be assessed. -

If the partition coefficients of two solutes are known for a particular 
solvent system, then it is possible to compute the number of transfers 
that would be required to separate the solutes. The important factor in 
such a program is the definition of separation. In the normal distribution 
the mean is determined by the number of tries and the probability of the 
event occurring, i.e. mean=np. Two thirds of the distribution will lie 
within one standard deviation on either side of the mean, 95% will lie 
within two standard deviations and 99.74% will lie within three standard 
deviations. Baseline separation in chromatography is commonly defined as 
separation of two components by six times the standard deviation as 
derived from the normal or gaussian distribution. For components which are 
very similar, the standard deviation for each will be almost equal hence 
the use of the term "six times the standard deviation". For purposes of 
the theoretical argument, as a knowledge of the partition coefficient of 
each component is assumed, it is possible to calculate the standard 
deviation for each component, and separation can be defined as having 
occurred when the value for the mean plus three times the standard 
deviation for one component is less than the value for the mean minus 
three times the standard deviation for the other. Fig.4.4 gives a 
diagramatic representation of a baseline separation of two components in 
terms of their respective means and standard deviations. The standard 
deviation from the mean for one component can be calculated from the
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formula s= v/npg. Appendix 2 lists a program for calculating the number of 
transfers required to separate two components of known partition 
coefficient from each other. Separation is defined as being three standard 
deviations from the mean. The program computes the relative positions of 
the leading and trailing edges of the distribution of a particular solute 
relative to a second solute, and prints out the value for the number of 
transfers required to achieve a 99.9% pure component.

B1 B1

A3 A3 B3 B3

5E-3 “

100 200
Fig 4.4: Separation of two peaks in terms of their respective means and 
standard deviations. A- mean for peak A, Al= standard deviation for peak 
A, A3= 3xAl, B= mean for peak B, Bl= standard deviation for peak B, 
B3= 3xBl. n- 1180, R= 0.08, K a =  1. K b =  1.8.
Writing individual programs for each application can be tedious and 
"debugging" can be time consuming. A number of software packages for 
performing statistical calculations are commercially available which 
simplify the programming procedure considerably. One such package is 
"INSTAT" which was written in the computer . department of Reading 
University for applications on BBC microcomputers. The package allows the 
operator to create a worksheet on the microcomputer. The worksheet is a 
series of columns each consisting of an equal number of rows. A facility
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is provided for constants in the calculation, and strings, that is, 
alpha-numeric symbols which may be used in labelling but which are not 
involved in the calculations. The operator can define the values in a 
particular column. Data in a column may be entered piece by piece, or the 
column may represent a spread of numbers having a algebraic relationship 
to one another, for example, the values in a particular column may range 
from one to two thousand, in steps of fifty. The package allows the 
operator to perform a calculation on each value in the first column and to 
store the result in a second column. The entire calculation may be 
performed in one step, or, as in more complicated calculations, the 
equation may be divided up into smaller parts, and each part computed 
separately and the results combined at a later stage. The great advantage 
of the statistics package is that the various columns can be correlated 
with each other, or plotted against each other with minimal programming 
input by the operator. The package automatically selects a suitable scale 
for the plot, and allows the operator a choice of plotting formats.

4.3.2 Selection of a suitable solvent system.
The selection of solvent systems for use in countercurrent 

chromatography is commonly done on empirical grounds. Hostettmann (1980a) 
has proposed the use of a TLC system for choosing a solvent system, based 
on the Rf values of the compounds using the non-aqueous phase of the 
solvent system as the TLC solvent. This system would appear to be 
effective for the separation of glycosides and similar semi-polar 
compounds.

A more rational approach would be to use the partition coefficients of the 
compounds to be separated in a simulation of the process. Manipulating the 
partition coefficients by subtle changes in the solvent system should
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allow the operator to select an appropriate system for the particular 
separation.

The computer program discussed in the above section could form the basis 
of a simulation, and the resolution of components under different 
conditions can be predicted. The optimum solvent system can therefore be 
selected for the separation.

4.3.3 Effect of various parameters on the separation of two solutes.
4.3.3.1 Partition coefficient.

A difference in partition coefficient is the most important 
parameter required for the separation of two solutes in countercurrent 
chromatography. The partition coefficient iC of a solute is of primary 
importance in determining the value of p in the normal distribution 
analogy. Two solutes having the same partition coefficient can never be 
separated in that particular solvent system.

4.3.3.2 Phase-volume ratio.
The second component in the value of p is the phase-volume ratio, 

R. This has a profound effect on the speed and efficiency of separation of 
two solutes. Table 4.1 shows the effect of changing the phase volume ratio 
in the separation of two solutes, one having a partition coefficient of
1.0 and the second a partition coefficient of 1.3. The program listed in 
Appendix 2 was used to calculate the number of transfers, n, required to 
separate the two components.
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Table 4.1: The number of transfers required to separate two components 
with partition coefficients of 1 and 1.3 respectively, at different 
phase-volume ratios.

Phase volume ratio R Number of transfers, n.
1 2110
0.75 2108
0.5 2266
0.25 3032
0.1 5681

As the phase-volume ratio decreases, i.e. as the proportion of mobile 
phase to stationary phase decreases, the number of transfers required to 
separate the two components increases. This would suggest that optimum 
resolution is obtained at a phase-volume ratio of unity. However, as the 
phase-volume ratio decreases the retention of the solutes increases and 
for a given column length a greater number of transfers can be generated 
before the solute is eluted from the column. After 2110 equivalent 
transfers with a phase-volume ratio of 1, the mean for the solute with 
partition coefficient of 1 is at the 1055th "tube1' and that of the solute 
with partition coefficient of 1.3 is at the 1193rd. If we assume that the 
apparatus consists of 1193 "tube" equivalents then after 2110 tranfer 
equivalents the leading compound will have its maximum in the last tube. 
Table 2 shows the number of transfer equivalents required for the leading 
component to be found in the 1193rd■"tube".

Table 4.2: The number of transfer equivalents required for the mean of the 
component with partition coefficient of 1.3 to be equal to 1193.

Phase-volume ratio Number of tranfers, n.
1 2110
0.75 2435
0.5 3059
0.25 4588
0.1 9942

A comparison with Table 4.1 shows that the number of transfers required to 
separate the two components at a phase-volume ratio of 0.1 is 5681, 
whereas the number of transfer equivalents required to bring the leading
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component to the last "tube" is 9942. After 9942 transfer equivalents the 
two components will be separated to a much greater degree than after 5681. 
Metzger et al (1973) have recognised that reducing the phase-volume ratio 
to the smallest practicable value improves resolution. They also 
recognised the savings in solvent volume that this implies.

4.3.3.3 The spread of partition coefficient about unity.
It has been recognised that for best results in countercurrent 

chromatography, the partition coefficients of the solutes should lie 
between 0.2 and 5. Ideally, the partition coefficients of two solutes 
should be evenly spread about unity. If one plots the number of transfers 
required to separate two solutes, against the sum of the logarithms of 
the partition coefficients, or more correctly, the logarithms of the p 
values for the two solutes, a parabolic curve is the result, with the 
minimum value of n at zero, the log of 1. The data in Fig U,C was 
obtained using the program in Appendix 2, to calculate the number of 
transfers, n, required to separate two solutes the ratio of whose p values 
is held constant. For simplification, the phase-volume ratio was set at 
one. Fig. 4.5 shows the relationship between the sum of the logarithms of 
p for two solutes and the number of transfers required to separate them.
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500

Fig 4.5: Plot of the number of transfers, n required to separate two 
components, against L, the sum of the logs of the two components. The 
ratio of the two components is 1.3.

4.3.4 Peak broadening as a function of n.
As a countercurrent distribution or chromatogram develops, the 

spread of a solute within the apparatus increases. Two factors influencing 
this broadening of the peak can be postulated. Lateral diffusion against 
the concentration gradient will have a peak broadening effect in 
countercurrent chromatography but not in countercurrent distribution, as 
each stage in the distribution is discrete from the next. In 
countercurrent chromatography lateral diffusion will vary with time so 
that in very slow processes, such as droplet countercurrent chromatography 
which may take several days for complete development of the chromatograph, 
the degree of lateral diffusion might be expected to be greater than in a 
faster process. Hostettmann et al (1984a) have proposed this factor as a 
reason for the increased efficiency of separation in some droplet 
countercurrent chromatography applications where the flow rate has been 
increased. The major reason for the broadening of peaks in countercurrent 
chromatography and distribution is, however, due to the broadening that
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accompanies each successive tranfer, n.

From the normal distribution model, 99.74% of a solute would lie between 
three standard deviations on either side of the mean, np. The standard 
deviation can be calculated from the equation s=/npg. p and q are 
constants, therefore the standard deviation and thus the spread of solute, 
is proportional to the square root of the number of tranfers, n.

4.3.5 Peak shape in countercurrent chromatography.
Within a binomial, normal or gaussian distribution the peaks are 

symmetrical about the mean and it might be expected that countercurrent 
chromatography peaks would be symmetrical also. In practice it has been 
noted that the peaks are skewed (see chromatagrams in experimental 
section). This skewing can be explained from the model for countercurrent 
chromatography.

In the binomial distribution, the peak shape and position is determined by 
the mean and standard deviation for the distribution. In countercurrent 
chromatography, the number of equivalent transfers, n, is continuously 
changing and thus the mean and standard deviations are continuously 
changing and therefore the peak shape will alter as the solute is eluted. 
The program in Appendix 1 plots the probability of an event occurring at 
any stage in a fixed series of stages, with each stage being one 
equivalent transfer in the countercurrent chromatography model. The plot 
gives the distribution of solute at a given moment. If the chromatographic 
process were to be halted at a particular moment and the distribution of 
solute calculated, the resulting plot would show symmetrical peaks. The 
elution chromatogram, however, does not show symmetrical peaks because the 
system is not stationary with respect to time. As the chromatogram
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develops, n changes and with the change in n is a corresponding change in 
the mean and standard deviation. To obtain a simulation of the 
chromatogram, the program in Appendix 3 should be used. This program 
utilises the same formula as that in Appendix 1 except that the value for 
r, the tube number is held constant and n, the number of transfers, is 
varied. In a countercurrent chomatography situation, the number of tubes 
or tube equivalents is fixed, and it can be assumed that the value 
obtained on assaying the eluent is the same as for the last tube in the 
series. Fig. 4.6 represents a single solute simulation for a compound with 
known partition coefficient (1.8) and phase volume ratio (0.08), for a 
column of known length (115 "tubes"). The extent of the skewing can be 
measured by dropping a perpendicular from the top of the peak to the 
baseline. The skewness is defined in conventional chromatographic terms as 
the ratio of the distance from the perpendicular to the leading edge to 
that of the trailing edge at ten percent peak height.

1000

Fig 4.6: Single solute simulation showing peak skewing. K= 1.8, R= 0.08,
r= 115.
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Solute diffusion against the concentration gradient is also a factor in 
peak skewing. In very slow processes, such as droplet countercurrent 
chromatography, a peak may take a number of hours to be eluted and the 
degree of lateral diffusion at the tail end of the peak will be greater 
than at the leading end.

The linearity of the distribution isotherm has been assumed to be constant 
for purposes of this discussion. However, in practice, if the partition 
coefficient of the solute varied with concentration, then the peak will be 
skewed to the leading or trailing end depending on whether the partition 
coefficient changed in favour of the mobile or stationary phase.

4.3.6 Calculation of partition coefficient from retention.
The position of a compound within a countercurrent distribution or 

countercurrent chromatography apparatus is determined by the value of p 
for that compound and the number of transfers, n, which it has been 
subjected to. It should be possible to calculate the partition coefficient 
for a particular compound from the chromatographic trace provided the 
phase-volume ratio and the flow rate for the particular column is known.

The solvent front will be eluted after a time depending on the flow rate
and the phase-volume ratio. The dead space, to, which is the distance from
the point of injection to the elution of the solvent front, can be
calculated.

to = Volume of mobile phase (ml)
Flow rate (ml/hr)

Any solute retained on the column will be retained to a degree which is 
proportional to its partition coefficient and the phase-volume ratio. The 
retention time for a compound, ti, can be calculated from to.
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tl = t o / p

Conversely, the partition coefficient for a compound can be calculated 
from the retention time for the compound, provided the phase-volume ratio 
and the flow rate are known.
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CHAPTER FIVE.
EXPERIMENTAL WCRK.

5.1 Apparatus and materials.
Droplet countercurrent chromatography was carried out on a Buchi 

model B-670 DCCC machine, with glass tubes of 2.8mm internal diameter.

High speed counter current chromatography was carried out on an Ito planet 
coil centrifuge chromatography apparatus fitted with a 1.6mm internal 
diameter coil.

A Milton-Roy L.D.C. "Cons tame trie" HPLC pump was used in conjunction with 
the Ito high speed countercurrent chromatography apparatus.

An L.K.B. 'Redirak' fraction collector with 100 15ml glass tubes was used.

Ultra-violet spectrophotometric post column detection was carried out on a 
Cecil Model 212 variable wavelength detector.

A Perkin-Elmer lambda-3 UV-visible spectrophotometer was used for 
absorbance measurements on selected solutions.

All solvents were of standard laboratory grade and were redistilled in 
glass before use. All solvents for droplet counter current chromatography 
were filtered through Whatman 0.45jjm PTFE on polypropylene or 0.5jjm 
cellulose acetate filters before use.
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5.2 Droplet counter current chromatography - Methods.

5.2.1 Description of Buchi B-670 DCCC apparatus.
A schematic diagram of the apparatus is given in Fig. 5.1. The 

apparatus consists of a single piston reciprocating pump which pumps 
solvent from a reservoir to the columns via a pressure sensor, in-line 
filter and sample injection chamber. The pump is regulated by two 
controls, one which adjusts the stroke of the pump and the other the rate 
at which the plunger reciprocates. The pressure sensor is linked to the 
pump control and allows a variable maximum pressure to be set, above which 
the pump automatically cuts off. The maximum pressure at which the 
apparatus will operate is 40 bar. The in-line filter consists of a glass 
tube, 2.8mm internal diameter which is packed with glass wool. The sample 
chamber is of glass, and placed in an invertable mounting to allow 
selective injection and mixing prior to injection. Three sizes of sample 
chamber, 1ml, 5ml and 15ml, are provided for different applications. The 
various parts of the apparatus are linked with Teflon microbore tubing. 
The injection mechanism is linked to the columns via a coupling block 
which allows selection of the desired mode of operation, i.e. ascending or 
descending mode.
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Fig 5.1: Schematic diagram of DCCC apparatus (from Buchi B-670 instruction 
manual). P= pump, G= pressure sensor, F= filter, S- sample tube, B= bleed 
point, c= column coupling block.
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The columns are of glass, 2.8nm internal diameter and 40cm long. The 
columns are connected to one another with Teflon tubing. The Teflon tubing 
is connected to the glass columns via a coupling device which comprises a 
nut which fits on the outside of the column, a washer, spacer and bolt 
which are drilled to take the Teflon tubing which is flanged at the end. A 
capillary plate is located between the flanged Teflon tubing and the top 
of the glass column.

Columns are arranged in racks with 49 columns to each rack. The number of 
racks used in each experiment is variable. The racks are housed in the 
apparatus in an upright position along specially provided grooves and 
retaining lugs. A retaining bar is located at the front of the racks to 
prevent their accidental withdrawal.

5.2.2 Equipment modification.
5.2.2.1 Dampening mechanism.

A pressure dampening system was constructed from a 15ml glass tube 
attached at one end with teflon microbore tubing to a sealed glass tube 
(2.8mm i.d. x 5cm) and to a three way glass connector at the other. The 
dampener was fitted to the system via the glass connector between the pump 
and the pressure sensor.

5.2.2.1 Sample injection system.
The sample injection chamber was isolated from the system by a 

"Rheodyne" HPLC valve.

5.2.2.2 Detection system.
The outlet from the apparatus was fed into a glass two way 

splitting device to separate carried-over stationary phase from the mobile
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phase. One outlet from the splitter was passed through a U.V. detector. 
The other bypassed the detector and was routed directly to the fraction 

collector cr waste flask.

The modified apparatus is shewn diagramatically in Fig. 5.*-.

i:r

DS

Ficr 5.2 
pressure gauge

Modified DCCC apparatus. P= pump^ — dampening— system, G_
‘ "Rheodvne" valve. S= sample tube, B= bleed pointyR=

C= column r>Q= dPt^ctcr splitting device^
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5.2.3 Development of suitable solvent systems.
A number of solvent systems for use in DCCC have been described in 

the literature and reviewed by Hostettmann and others (see chapter 4 for 
references). Prior to making up large volumes of solvents, a single tube 
apparatus was set up to test solvent systems for their ability to form 
suitable droplets. The apparatus consists of a 20ml glass syringe 
connected by teflon microbore tubing to a single DCCC tube, 2.7mm x 400mm 
in dimension held vertically in a retort stand. The tube was filled with 
the phase designated as stationary and the mobile phase drawn in at the 
appropriate end. Droplet formation was observed and possible problems with 
the phases noted.

The following solvent systems were made up and tested using the above 
apparatus.
System 1: Hexane 100

Dichloromethane 30 
Acetonitrile 70

System 2: Hexane 36
Diethyl ether 4 
Methanol 30 
Water 1.5

System 3: Hexane 80
Dichloromethane 20 
Methanol 95 
Water 5

System 4: Hexane 100
Toluene 40 
Ether 40 
Methanol 100 
Water 10

System 5: Hexane 10
Ethyl acetate 5 
Acetonitrile 10

System 6: n-Hexane 100
Ethyl acetate 20 
Diethylene glycol 20 
Acetone 80 
Water 1
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System 7: n-Heptane 50
Acetone 10 
Methanol 40

System 8: Chloroform 7
Methanol 13 
Water 8

System 9: 22-Hexane 4
Diethyl ether 8 
n-Propanol 3 
95% Ethanol 5 
Water 4

5.2.4 Use of model compounds to assess the performance of DCCC.

5.2.4.1 Partition coefficient determination.
Atropine sulphate and hyoscine hydrobromide were selected for use 

as model compounds. Both items were obtained from Sigma Chemical Company 
Ltd, Poole, Dorset.

A calibration curve for atropine sulphate was constructed to ascertain the 
linearity of response of the spectrophotometer. A series of dilutions in 
distilled water was set up and the absorbance at 254nm measured. A plot of 
concentration vs absorbance was drawn up.

100ml of solvent system 8 was prepared, using aqueous buffer (pH4.35 
acetate buffer B.P.) and the two phases separated. 10ml of each phase was 
measured out and 15mg of atropine sulphate dissolved in the combined 
system. The twc phases were allowed to settle completely and then 
separated. The absorbance of each layer was measured at 254nm against a 
blank reading for each phase after slight warming of the solution to 
ensure homogeneity. The partition coefficient was calculated as being the 
ratio of the absorbance of mobile phase (in this case the upper phase i.e. 
the aqueous-methanol phase) to the stationary phase.
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5.2.4.2 Preparation of solvent systems.
Solvent systems for use in the DCCC were prepared in volumes of 

between 1L and 5L. The components were shaken together in a separatory 
funnel of suitable size and the system allowed to stand until the phases 
had separated. The two phases were stored separately in glass containers.

The buffer system was prepared by dissolving anhydrous sodium acetate 
(lOg) in distilled water (300ml) and titrating with glacial acetic acid to 
pH4.35. The solution was diluted to 1000ml with distilled water and the pH 
checked again:

The solvent system chloroform:methanol:aqueous buffer pH4.35 was prepared 
and the lower phase selected as stationary phase.

5.2.4.3 Operation of DCCC apparatus.
The required number of racks of tubes was selected and the 

stationary i.e. lower phase pumped in at high pressure. The apparatus was 
set in the ascending mode to ensure that all air bubbles and residual 
solvent were flushed out from all parts of the apparatus. Once the 
stationary phase was in position, the mobile phase, i.e. the 
aqueous-methanol phase was introduced. The initial flow rate was kept to a 
minimum until the droplets were observed in the first tubes and then 
adjusted upwards until the maximum flow rate was achieved.

A stock solution of sample was prepared by dissolving the required amount 
of material in a portion of the mobile phase. Once the system was 
operating at the required flow rate the sample was loaded into the sample 
chamber via the "Rheodyne" loop valve and injected onto the column. The 
pressure cut off was set to a suitable level.
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5.2.4.4 Monitoring of chromatograph eluent.
The eluent from the chromatograph was either collected in a 

fraction collector in 5ml aliquots or allowed to pass into a waste flask. 
A U.V. spectrophotometric detector was connected to the end of the column 
before the fraction collector with the flow splitting device in the 
appropriate position.

5.2.4.5 Comparison of the effect of column length on the retention of 
atropine.

A comparison was made using column lengths of 49, 98 and 294 tubes 
each with dimensions 2.7mm by 400nm. 1ml of a standard solution of 
atropine sulphate (20mg/ml) was injected onto each column in turn. The 
solvent system used was chloroform-methanol-pH4.35 acetate buffer 7:13:8 
with the lower phase as stationary and the upper phase as mobile in the 
ascending mode. The flow rate was set at 16ml/hour. The eluent was passed 
through an ultra-violet spectrophotometric detector set at 254nm linked to 
a chart recorder operating at lem/hour. The apparatus was allowed to run 
until the injected compound had been completely eluted. The stationary 
phase was replenished between runs.

5.2.4.6 Use of beta-cyclodextrin as a chiral complexing agent in the 
attempted separation of the enantiomers of atropine.

Beta-cyclodextrin was dissolved in the mobile phase (2g/l) of the 
solvent system chloroform-methanol-pH4.35 acetate buffer and the 
experiment rum using 294 tubes (2.7mm x 400mrn) in the ascending mode at a 
flow rate of 16ml/hour. Atropine sulphate (20mg) dissolved in mobile phase 
(1ml) was injected onto the column after the flow rate was adjusted. The 
column eluent was passed through a U.V. spectrophotometric detector set at
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254nm linked to a chart recorder operating at lcm/hour.

5.2.4.7 Separation of atropine and hyoscine.
A stock solution of atropine sulphate and hyoscine hydrobromide 

(20mg/ml of each) was prepared and injected (1ml sample) onto a column of 
294 tubes (2.7irm x 400mm) using the solvent system 
chloroform-methanol-pH4.35 acetate buffer in the ascending mode at a flow 
rate of 16ml/hour. The eluent was monitored on an ultra-violet
spectrophotometer at 254nm connected to a chart recorder operating at 
lcm/hour. The apparatus was allowed to run until no further peaks were 
eluted.
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5.3 Ito high speed countercurrent chromatography.

5.3.1 Description and operation of apparatus.
The apparatus consists of a coil of teflon tubing (3.9m x 1.6mm) 

wound concentrically onto a metal reel. The coil is rotated about a 
central spindle and simultaneously about its own axis. The apparatus is 
driven by a variable speed electric motor at up to 800 revolutions per 
minute. The coil is counterbalanced by a metal weight with removable brass 
and aluminium components as required for each particular situation. The 
inlet and outlet tubes on the apparatus are arranged in such a way as to 
avoid twisting of the tubes, thus removing the necessity for rotating 
seals. The coil and drive motor are contained in a metal housing. Fig.5.3 
gives a diagrammatic representation of the apparatus.

P2
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Ficr 5.3: Schematic diagram of Ito high speed countercurrent chromatography 
apparatus. C= coil, W= counterweight. Pl= main pump, R= "Rheodvns" valve 
and sample loop. P2= secondary pump, M= pre-detector mixing tube.
D= detector.
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An HPLC pump was used to fill the apparatus with stationary phase and to 
pump the mobile phase. The sample injection chamber was isolated from the 
pump-apparatus circuitry a "Rheodyne" loop valve.

The outlet of the coil is connected to a glass T-piece which allows the 
introduction of solvent from a second pump. The eluent from the T-piece. 
leads to a mixing chamber consisting of a glass tube (2.7mm x 100mm) 
filled with glass beads (0.45-0.50mm diameter). The solvent is then fed to 
a variable wavelength U.V. spectrophotcmetric detector and then on to a 
fraction collector, if required.

The apparatus is prepared by filling the coil with stationary phase, 
taking care to exclude any air or residual solvent from the sample chamber 
and coil. The coil is then rotated to the required speed (up to 800 
r.p.m.) and the mobile phase injected. Care must be taken to ensure that 
the orientation of the coil is correct for the selected solvent system 
i.e. if the more dense phase is used as the mobile phase, then the solvent 
must be pumped from head to tail and vice versa. When the solvent is being 
pumped, the second pump may be switched on and a solvent which is miscible 
with both phases pumped into the post column mixing chamber to facilitate 
UV detection.

5.3.2 Selection of solvent systems.
Solvent systems which are suitable for use in droplet 

countercurrent chromatography will generally be suitable for use in the 
Ito high speed countercurrent chromatograph. A simple test for solvent 
systems is to mix equal portions of the two phases in a stoppered tube, 
shake the tube vigorously for a few seconds and allow the contents to 
settle. If phase separation occurs within 30secs then the solvent system
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is likely to be suitable for use in the Ito CCC.

Additional solvent systems prepared for the apparatus were:
System 1: n-Octanol 1

Water 1
System 2: Chloroform 1

Methanol 1 
Water 1

5.3.3 Use of model compounds to assess performance.
5.3.3.1 Retention of atropine sulphate.

The solvent system chloroform-methanol-pH4.35 acetate buffer 
(7:13:8) was prepared and the lower phase chosen as stationary phase. The 
counterbalance required was calculated by weighing 320ml of the stationary 
phase (387g) and adding the difference between this and the preset weight 
(320g) to the counterweight. The mobile phase was pumped at the rate of 
5ml/min tail to head and the coil rotated at 800 r.p.m.. A sample of 
atropine sulphate (20mg) was dissolved in mobile phase (1ml) and injected 
onto the column. The second pump added methanol into the post column
mixing chamber at a rate of 1ml/min. The eluent was monitored using a U.V.
spectrophotometric detector at 254nm connected to a chart recorder 
operating at 12cm/hour. The apparatus was allowed to run until the sample 
peak had been completely eluted.

5.3.3.2 Separation of atropine from hyoscine.
The solvent system chloroform-methanol-pH4.35 acetate buffer 

(7:13:8) was prepared and the lower phase chosen as stationary phase. The 
apparatus was set up in the same manner as for the atropine retention 
experiment. A sample containing 20mg of each of atropine sulphate and 
hyoscine hydrobromide was prepared in 1ml of mobile phase and injected 
onto the column. The eluent was monitored on a UV detector at 254nm with a
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chart recorder speed of 12cm/hour. The apparatus was allowed to run until 
botli compounds had been eluted.
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CHAPTER SIX
RESULTS,AND DISCUSSION.

6.1 Droplet countercurrent chromatography.

6.1.1 Apparatus modification.
6.1.1.1 Dampening system.

Early attempts at using the Buchi DCCC apparatus were frustrated by 
the poor droplet formation in the tubes, especially in the first rack. A 
number of experiments failed because the flow rate of the machine had to 
be set to an extremely low level (below 3ml per hour) to allow reasonable 
droplet formation. It was thought that a possible reason for the poor 
performance was the pump on the instrument, which was a single piston 
reciprocating pump, which would deliver the solvent in pulses. At the peak 
of each pulse the droplet formation was impaired. A pulse-free pump driven 
from a nitrogen cylinder was attached to one rack of tubes and it was soon 
obvious that the problem was one of pulsing flow. The dampening system was 
designed using the end coupling pieces from broken tubes to ensure that 
good connections were obtained at the junctions. The pieces were made up 
in the University glass-blowing workshops. A 15ml sample injection chamber 
was used in-line in the dampening system and this proved adequate for the 
purpose.

Once the dampening system had been installed, droplet formation was much 
improved and higher flow rates were possible.
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6.1.1.2 Sample injection system.
The original apparatus set-up loaded the sample through the pump. 

The solvent flask had an aspiration tip which could be removed, and this 
was placed in a test-tube containing the sample. When the sample volume 
had passed through the pump into the sample chamber, the aspiration tip 
was once again placed in the solvent flask.

One of the first separations attempted on the instrument was of a mixture 
of sterols. On passing the sample through the pump, it was noticed that 
the pump could not control the back-pressure from the tubes and on further 
investigation it was found that the non-return valves in the pump were 
stuck. It was noticed thereafter that the pump required a great deal of 
attention to keep the valves clean and the obvious reason for the problem 
was the injection of the sample through the pump. The isolation of the 
sample chamber using a "Rhecdyne" injection valve meant that the sample 
could be injected directely onto the tubes without passing through the 
pump. Maintainance of the pump was much reduced once the alteration had 
been made. An additional advantage of the "Rheodyne" valve was that the 
flow of solvent was not interrupted in switching from sample injection 
onto the tubes to mobile phase.

6.1.1.3 Detection system.
Early attempts at monitoring the effluent from the machine using a 

UV detector were unsuccessful as it was not possible to achieve a stable 
baseline. On consideration, it was realised that the carry-over of 
stationary phase, although small, was probably the root of the problem. 
The splitting device was made up in the glass-blowing workshop using 
connection pieces from broken tubes, to ensure good connections. Once in 
place the mobile phase could pass through the detector as a clear
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solution, with the carried-over stationary phase by-passing the detector 
and being fed directly to the fraction collector or waste flask. A ten 
second delay was used between the detector and the chart recorder as 
recommended by the manufacturer of the instrument, which further reduced 
any baseline perturbation.

6.1.2 Solvent systems.
The objective in testing various solvent systems was to find those 

which performed well in the apparatus. The required parameters were 
droplet formation and speed of flow. The single column apparatus for 
testing columns was found to be useful in that it allowed the assessment 
of a solvent system in a minimum of time using a small quantity of solvent 
(approximately 20ml). The use of a glass hypodermic syringe allowed the 
operator to test the solvent system in both the ascending and descending 
mode and could deliver a pulse free flow, which is essential for effective 
droplet formation and flow.

It was decided to test a variety of different solvent systems so that a 
range of suitable systems could be collated for use in different 
circumstances. A classification of solvent systems based on the polarity 
of the compounds which they would be suitable for would be ideal.

The following solvent systems were tested on the single column apparatus.
In all instances the solvents which gave a positive test on the single
tube apparatus worked well in the DCCC itself.
System 1: Hexane 100

Dichloromethane 30 
Acetonitrile 70

The system had been reported in the literature and worked well in the 
DCCC. It is non-aqueous and might be suitable for the separation of fairly
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non-polar compounds.
System 2: Hexane 36

Diethyl ether 4 
Methanol 30 
Water 1.5

This system was an attempt to increase the polarity of the upper, mainly
hexane layer, . as the compounds being vrorked on (diterpene esters)
partitioned preferentially into the methanol phase. Although two layers
formed readily, and droplets were produced in the test they tended to
aggregate in the column and formed slugs which then moved very slowly and
displaced stationary phase from the system.
System 3: Hexane 80

Dichloromethane 20 
Methanol 95 
Water 5

The system suffered from the same drawbacks as system 2. Slugs formed
which did not flow through the stationary phase, but displaced it.
System 4: Hexane 100

Toluene 40 
Diethyl ether 40 
Methanol 100 
Water 10

This system worked well in the DCCC. Good flow rates (up to 60ml/hour)
were achieved. The drawback of the system was that toluene is not UV
transparent and UV detection was therefore not possible. However, the
system was considered to have potential in the separation of moderately
polar compounds and that post column monitoring of the fractions collected
could be done by thin layer chromatography. Toluene was included because
it had been noted in column chromatography on silca that toluene sometimes
gave a better separation of diterpene esters than hexane. The ether was
included to increase the polarity of the hexane/toluene layer.
System 5: Hexane 10

Ethyl acetate 5 
Acetonitrile 10
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The system formed slugs and was not suitable.
System 6: n-Hexane 100

Ethyl acetate 20 
Diethylene glycol 20 
Acetone 80 
Water 1

Good droplets were formed in the ascending mode only. The system was not
considered suitable for further investigation because of the low flow rate
due to diethylene glycol causing increased viscosity, and because of the
potential problems in removing the diethylene glycol from the sample after
use. Diethylene glycol was incorporated because it is sometimes used in
partition preparative TLC for the purification of the more polar, often
irritant diterpenes from Euphorbiaceae.
System 7: n-Heptane 50

Acetone 10 
Methanol 40

Slugs formed in the column and consequently the system was not suitable.
System 8: Chloroform 7

Methanol 13 
Water 8

This is probably the most widely used DCCC solvent system. Numerous
applications in natural products have been reported (see for example
Hostettmann's reviews on the subject) with this and variations on this
system, hfost of the experiments carried out in this work used a slight
variation with the aqueous component buffered to pH4.35. The addition of
the buffer salts did not appear to make any difference to the performace
of the system in droplet formation or in flow rate.
System 9: Hexane 4

Diethyl ether 8 
n-Propanol 3 
95% Ethanol 5 
Water 4



Chapter 6 168

This system had been reported by Marshall and Kinghom (1981) for the 
separation of phorbol and 4a-phorbol. On attempting to use the system it 
was found that it did not work due to the very low flow rate achieved and 
the slugs formed by the droplets.

6.1.3 Use of model compounds to assess performance.
6.1.3.1 Partition coefficient determination.

The solvent system chloroform-methanol-water 7:13:8 was chosen as 
it is a widely used one and it was felt that it should be suitable as a 
test system. None of the components were opaque to U.V. light at the 
wavelength suitable for the detection of the test compounds and the 
components were readily available. The aqueous component was modified to a 
pH4.35 acetate buffer as the pKa of atropine is 4.35 and it was considered 
that this would give a partition coefficient for atropine close to 1. 
Hyoscine was the second test compound chosen. Atropine and hyoscine were 
selected as test compounds because the presence of an ionisable group in 
the molecules meant that the partition coefficients of the compounds could 
be manipulated by changing the pH of the system. The aromatic ring in both 
compounds meant that they would be readily detectable on a U.V. 
spectrophotometric detector. Atropine would also be a suitable test 
substance for the attempted separation of enantiomers.

Fig. 6.1 shows the calibration plot for the UV absorbance of atropine vs 
concentration in water at 254nm. The procedure was carried out to 
establish the range of concentrations between which the Beer-Lambert Law 
held true.
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Fig 6.1: Calibration Diet for the absorbance, A. at 254nm against
concentration, C (mg/ml), for a range of concentrations of atropine 
sulphate.

Table 6.1.: Ultra-violet spectrophotometric absorbance readings and
partition coefficients for atropine sulphate and hyoscine hydrobromide in 
the solvent system chloroform-methanol-pH4.35 buffer 7:13:8.

Absorbance Absorbance Partition coefficient
upper layer lower layer (Au pper/ Al owsr)
Atropine 1. 0.783 0 .462 1.7
Atropine 2. 0.470 0.251 1.87

Hyoscine 1. 0.605 0.633 0.96
Hyoscine 2. 0.336 0.322 1.04

The mean partition coefficient for atropine was taken as 1.3 and that for 
hyoscine as 1.0. The values for the partition coefficients were measured 
on separate occasions in different batches of solvent, and the differences 
between readings are probably due to small changes in the composition of 
the solvent system.

The partition coefficient for atropine was expected to be approximately 1 
but was found to be closer to 2. That of hyoscine was very close to 1 and
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it was decided that the solvent system would be suitable as the spread of 
partition coefficients was in the desired range with one of the components 
having a partition coefficient of 1.

6.1.3.2 Effect of column length on the retention of atropine sulphate.
The retention of atropine sulphate was observed for three different 

column lengths in the solvent system chloroform-methanol-pH4.35 acetate 
buffer 7:13:8. The phase-volume ratio was calculated at each column length 
and found to be 0.08.

Fig. 6.2 shows the chromatograms of the eluents of the three experiments. 
Fig. 6.2a is the trace for a column length of 49tubes, Fig. 6.2b is for 98 
column lengths and Fig. 6.2c for 294 tubes.
Table 6.2: Retention time and peak width for the retention of atropine in 
columns of differing length.

Column Retention Retention Peak
length time (hours) time (mm) width (mm)
(No. of tubes)
49 3.4 34 29
98 6.7 67 48
29 21.2 212 71

There is a linear relationship between the retention of atropine and the 
column length. There is also a linear relationship between peak width and 
the square root of the column length. This is consistent with the 
theoretical statement that the peak width is proportional to the square 
root of the number of equivalent transfers, n, as an equivalent transfer 
is defined in terms of column length. If lateral diffusion is of primary 
importance in peak broadening, then it would be expected that the 
relationship between peak width and the square root of column length would 
not be closely adhered to. This does not appear to be the case, although 
more measurements would have to be made so that adequate statistical
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testing could be done.
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Fig 6.2: The effect of column length on the retention of atropine sulphate 
in DCCC. a = 49 tubes, b = 98 tubes, c = 294 tubes.
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6.1.3.3 Use of beta-cyclodextrin as a chiral complexing agent in the 
separation of the enantiomers of atropine.

Cyclodextrins have been employed in High Performance Liquid 
Chromatography for the separation of enantiomers both as components of the 
mobile phase and when bonded to the solid support of the stationary phase 
(see for example Debowski et al (1983)). Davankov et al (1983) have 
reviewed the resolution of racemates by HPLC.

The major drawback of such systems is the cost. Cyclodextrins are 
expensive and eyelodextrin-bonded columns extremely so. It was decided to 
investigate whether cyclodextrins could be used in DCCC for chiral 
separations. If the experiment was successful then cyclodextrins could be 
incorporated into the stationary phase. This would require relatively 
little material which could be reused, thus avoiding the expense of a 
bonded column.

Atropine was again selected as a model compound because chiral specific 
complexation with eye lodextr in is . frequently associated with compounds 
having a chiral centre close to an aromatic system. Propranolol and 
chlorpheniramine both have such chiral centers and the enantiomers of both 
compounds have successfully been resolved using eye lodextr in systems.

Beta-cyclodextrin was incorporated into the aqueous phase of the solvent 
system used in the previous experiment at the maximum possible 
concentration. The solvent was used as the mobile phase as this was the 
mode of operation of the experiment without eye lodextr in and it was 
necessary to compare the results of the two experiments. There is no 
reason why the aqueous phase should not be used as the stationary phase 
and the chloroform phase as mobile in a seperate experiment. Fig. 6.3
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shows the chromatogram of the cyclodextrin experiment (trace a) and 
compares it to the experiment without cyclodextrin (trace b). The 
retention of the peak from the cyclodextrin containing solvent was 21.7 
hours compared with 21.2 hours for the cyclodextrin free solvent. The peak 
width for the cyclodextrin experiment was 70nm compared with 71mm for the 
previous experiment.

The incorporation of beta-cyclodextrin in the solvent system made no 
difference to either the retention or the peak width of the test compound. 
It may be that the concentration of cyclodextrin in the mobile phase was 
not high enough but it was not possible to dissolve more material in the 
solvent. Alternately, it may be that there is no enantiomer specific 
interaction between atropine and beta-cyclodextrin which may well be the 
case as one might expect peak broadening due to the interaction, but 
this is not observed.
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Fig 6.3: Comparison of the effect of the inclusion of beta-cyclodextrin in
the mobile phase, on the separation of the enantiomers— of— atroping
sulphate. a= mobile phase with cyclodextrin. b= mobile phase without
cyclodextrin.
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6.1.3.4 Separation of atropine from hyoscine.
A difference in partition coefficient is crucial if separation of 

two compounds is to be achieved by DCCC. As had been established the 
partition coefficients of atropine and hyoscine were 1.8 and 1 
respectively. The twd compounds should theoretically be reasonably well 
separated on a column length of 294 tubes.

Fig. 6.4 shows the chromatogram of the eluent for the experiment. As 
expected, atropine was eluted first after 22.5 hours with hyoscine coming 
off after 33 hours. There is a shoulder on the hyoscine peak due to an 
impurity in the hyoscine which has distorted the peak shape.

— s

Fig 6.4: Separation of atropine sulphate and hyoscine hydrobromide by
DCCC. A= atropine sulphate, B= hyoscine hydrobromide.
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6.2 Ito high speed countercurrent chromatography.

6.2.1 Solvent systems.
Selection of suitable solvent systems for Ito high speed 

countercurrent chromatography presents far fewer problems than droplet 
countercurrent chromatography. Discreet droplet formation is not necessary 
and most solvent systems that form two phases will work. Shaking the two 
phases together in a stoppered tube is a useful, quick way of assessing 
the suitability of a particular system.

The n-cctanol-water system was suggested in view of its use in log p 
determinations in Hansch analysis. Partition coefficients in this system 
have been published for a large number of compounds and if the system was 
found to be suitable for the Ito machine, then the published data could be 
used in the separation of mixtures of compounds. In the event the system 
was found to be unsuitable in that the mixture of water and octanol took 
longer than a minute for the phases to separate. A second drawback is that 
n-octanol has a high boiling point and removal of the solvent would be 
tedious in sample recovery.

Mixtures of chloroform, methanol and water were suitable for use in the 
apparatus. The same system as used in DCCC was applied to the Ito machine 
and the same model compounds were run on it.
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6.2.2 Use of model compounds to assess performance.
6.2.2.1 Retention of atropine sulphate.

The same solvent system as for the DCCC was used with the same 
sample size. A stable baseline was achieved for the monitoring of the 
eluent by injecting additional methanol into the line immediately before 
the detector. An alternative methods for achieving the same result would 
be to pass the eluent through a heating block, which would increase the 
miscibility of the two phases. The total volume for the column was 320ml 
and the phase-volume ratio was calculated as 0.6. Fig. 6.5 shows the 
chromatogram of the eluent. The major peak for atropine was eluted after 
46 minutes.

6.2.2.2 Separation of atropine- and hyoscine.
A direct comparison was made between the Ito machine and the DCCC 

for speed of operation and resolution. The same solvent system was used as 
for the DCCC experiment and the same sample size injected onto the column. 
Fig. 6.6 shows the chromatogram of the eluent. Atropine was eluted after 
48 minutes and hyoscine after 64 minutes. In DCCC the retention times were
22.5 and 33 hours respectively. The resolution obtained on the high speed 
machine was not appreciably better than on the DCCC but the time taken was 
considerably improved.
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Fig 6.5: Retention of atropine sulphate 
chromatography.

in Ito high speed countercurrent
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Fig 6.6: Separation of atropine sulphate. A, and hyoscine hydrobromide, B, 
by Ito high speed countercurrent chromatography.
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6.3 Use of computer model to simulate solute resolution.
Using the partition coefficients and phase volume ratios for 

atropine and hyoscine for the two machines, the simulation program 
discussed in an earlier section is used to compare performance of the 
apparatus with the model.

It is difficult, if not impossible, to estimate the number of transfer 
stages, or "tubes", in either of the machines, as this would depend 
largely on the sample injection volume. It is assumed that this parameter 
would be fixed for a particular solvent system and sample injection 
volume, the determining factor being the rate of mass transfer between 
mobile and stationary phase.

The computer program in Appendix 2 was used to calculate the number of 
transfers required to separate the two components. The program also prints 
out the relative positions of the peaks and the value for the transfer 
number at which the two compounds are separated is taken for the length of 
the column. At this point, the leading compound would already have been 
eluted from the column, with the trailing compound still in the apparatus.

Using this program, the value obtained for the Ito high speed 
countercurrent chromatography apparatus was 190, and that for the DCCC was 
115. This is in line with expectation, as it was shown earlier that the 
smaller the phase-volume ratio, the fewer the number of transfer stages 
required to obtain a separation.

When these values are used in the program (Appendix 4) to model the 
separation, the plots in Figs 6.7 and 6.8 are obtained. Fig 6.7 shows the 
simulation for DCCC. The actual chromatogram for the apparatus is shown
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beneath it. Fig 6.8 shows the simulation for Ito high speed countercurrent 
chromatography with the chromatogram for the apparatus beneath it. The 
atropine peak is labelled A in each case and the hyoscine labelled B.

VE-21

2 E - 2 "

2000 1000

Fig 6.7: Comparison of the simulation of the separation of atropine
sulphate and hyoscine hydrobromide with the actual separation by DCCC. The 
upper plot shows the simulation. The lower plot is the chromatogram..
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Fig 6.8: Comparison of the slinulation of the separation of atropine 
sulphate and hyoscine hydrobromide with the actual separation by Ito 
HSCCC. The upper plot shows the simulation. The lower plot is the 
chromatogram.

From the plots it can be seen that the solutes are eluted in the predicted 
order. It is also apparent that the peak shape is essentially the same. 
The peaks are distorted and are not symmetrical as would be expected in a 
normal distribution.
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Although the simulations do not exactly measure up to the chromatograms, 
the model is useful in that it allows the operator to predict whether 
resolution between two components will occur. Using the simulation it is 
possible to optimise the solvent system for a particular series of 
compounds on the basis of the partition coefficients for the compounds.

The simulation is also of use in giving an idea of the relative resolving 
power of DCCC and Ito high speed countercurrent chromatography. DCCC has 
the equivalent of about 115 transfers, whereas the high speed machine has 
190. If the phase-volume ratio for the Ito machine was reduced to that of 
DCCC, higher resolution of solutes would be achieved.

6.4 Calculation of partition coefficient from retention time.
The retention time for any of the components could be predicted 

from the knowledge of partition coefficient, phase-volume ratio and flow 
rate, and, conversely, the partition coefficient for a particular compound 
could be predicted from the retention time. In the Ito high speed 
countercurrent chromatography apparatus, the flow rate was 5ml/min and the 
phase volume ratio 0.6. Using these data, it could be predicted that the 
solvent front would be eluted after 24min and that the atropine peak would 
be eluted after 46min. The atropine peak was in fact eluted after 48min. 
In the DCCC experiment, the solvent front would have been eluted after 3 
hours, and the atropine peak after 23.8 hours. The actual elution time for 
the atropine was 22.5hours. In both cases there is good agreement between 
predicted and observed elution times.

The value of countercurrent chromatography for partition coefficient 
determinations is, however, uncertain. It has been established from a
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theoretical point of view that ideal behaviour of the apparatus requires 
partition coefficients of between 0.2 and 5. Solutes with partition 
coefficients outside of this range will either be retained in the column 
for a long period of time, or will be eluted extremely quickly. One of the 
more important uses of partition coefficient determination is in 
quantitative structure activity.relationships, and this is commonly quoted 
as a logarithm of the partition coefficient. The range of partition 
coefficients measureable by countercurrent chromatography lies within one 
unit only of the logarithmic scale and so the method would not be suitable 
for such determinations, as proposed by Gago (1986).

6.5 Separation of diterpenes using countercurrent chromatography.
Marshall and Kinghom (1981) have reported the separation of 

phorbol and 4a-phorbol by DCCC. They used the solvent system 
nhexane-diethyl ether-n-propanol-95% ethanol-water (4:8:3:5:4) with the 
lower phase as mobile phase on a Model-A DCC, Tokyo Rikakikai machine. 
Unfortunately, they do not report any further details of the apparatus 
such as the number of columns used or the internal diameter of the 
columns. The two compounds were not completely resolved and purification 
was completed by preparative liquid chromatography using an octadecylsilyl 
bonded phase column eluted with methanol-acetonitrile-water (1:1:6) which 
resolved the two compounds well.

Kinghom has used DCCC in the fractionation of a number of extracts from 
other members of the Euphorbiaceae. Three 16-hydroxyingenol derivatives 
were isolated from Euphorbia canariensis (Lin et al 1983a). Euphorbia 
hermentiana latex yielded four 16-hydroxyingenol (Lin et al 1983b) and two 
8-methoxyingol diterpenoids (Lin et al 1983c). In each fractionation, DCCC 
was used as a preliminary stage with the semi-pure fractions being further
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purified using preparative TLC. Unfortunately the authors of these reports 
do not give adequate details of the DCCC experiments. Flow rate is not 
quoted, nor the number of tubes in the apparatus. However, it is apparent 
that the experiments were successful in enriching certain fractions with 
one of the components and this undoubtedly led to a more rapid isolation 
of the final product.

Pieters and Vlietinck (1986) used rotational locular countercurrent 
chromatography for the fractionation of croton oil. The components were 
not completely resolved, but phorbol diesters were separated from 
triesters, and short chained diesters were partially separated from long 
chained diesters. The method is of use in the early fractionation of the 
oil.

There are no reports of the the use of Ito high speed countercurrent 
chromatography in the purification of diterpenes from Euphorbiaceae or 
Thymelaeaceae. However, because of the dramatic increase in the speed of 
separation obtained on this instrument when compared with DCCC, it would 
be the preferred method for natural product purification. Separations 
could be accomplished within a working day, thus the technique could be 
used on the same time-scale as for column chromatography. The utilisation 
of a different mechanism of separation means that the resolution of 
closely related compounds would be facilitated.
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6.6 Conclusions.
Countercurrent chromatography is a potentially useful tool for the 

fractionation of natural products. Its use should be evaluated in terms of 
the advantages and disadvantages associated with the two principal types 
of apparatus available, i.e. DCCC and Ito. HSCCC.

Both instruments are expensive, currently in the order of thousands of 
pounds for the basic equipment. This does not include monitoring devices, 
nor, in the case of Ito high speed countercurrent chromatography, a pump 
for operating the apparatus. Consequently, a strong case must be made for 
the purchase of the equipment.

Droplet countercurrent chromatography is extremely slow in its operation. 
It is, however, cheaper than Ito high speed countercurrent chromatography 
to purchase. In the course of this work, a number of alterations had to be 
made to the instrument in order for it to operate effectively. Even after 
these alterations, high operator input and skill was required to obtain 
useful results.

Ito high speed countercurrent chromatography was easier to set up than 
DCCC. The selection of solvent systems that will work in the apparatus is 
less restrictive than with DCCC, and this gives the machine greater 
versatility. The increase in speed of operation of the machine over DCCC 
is the principal advantage. Separations can be achieved within a few 
hours.

The original advantages proposed by Hostettmann and others are valid. The 
lack of a solid adsorbant means fewer problems with regard to irreversible
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adsorption. Compounds retained on the column can be recovered easily. 
Solvent consumption is greatly reduced in comparison with preparative 
HPLC.

The over-riding consideration has to be the resolving power of the 
technique, and at present this is not comparable with preparative HPLC. 
However, the development of the high speed machine has improved the 
performance of the apparatus considerably and further development work is 
in progress. An increase in the resolving power would make countercurrent 
chromatography indispensable in the natural products research laboratory.
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APPENDIX 1
BASIC Program to calculate the fraction of solute present in each tube, 
after n transfers.
10 M0DE0
20 INPUT"WHAT IS THE PARTITION COEFFICIENT? "K 
30 INPUT"WHAT IS THE PHASE VOLUME RATIO? "Z
35 INPUT"HOW MANY TRANSFERS IN THE SIMULATION? "n 
40 R=n
50 p=K*Z/(K*Z+1)
60 Rm=n*p 
70 r=Rm 
80 q=l-p 
90 s=SQR(n*p*q)
100 A=l/(s*SQR(2*PI))
110 B=-( (Rm-r)~2)
120 C=2*n*p*q
130 FMAX=A*EXP((B/C))
132 FSC=INT(FMAX*(100+1))/100 
140 PROCframe 
150 FORr=lTOR 
160 PROCcalc 
170 PROCplot 
180 NEXT 
190 END 
200 :
210 DEF PROCcalc 
220 p=K*Z/(K*Z+l)
230 q=l-p 
240 Rmax=n*p 
250 s=SQR(n*p*q)
260 A=l/(s*SQR(2*PI))
270 B=-((Rmax-r)~2)
280 C=2*n*p*q 
290 F=A*EXP((B/C))
300 ENDPROC 
310 :
320 :
330 DEFPROCplot 
340 xscale=1000/n 
350 REMxo=xorig
360 PLOT5,xo+xscale*r,yo+yscale*F 
370 ENDPROC 
380 :
390 DEFPROCframe
400 yscale=600/FMAX
410 xo=200:yo=200
420 N=R
430 P=0.25*N
440 Q=0.5*N
450 T=0.75*N
460 S=N
470 VDU5
480 MOVExo, yo: DRAWxo, yo+600: MOVExo, yo: DRAWxo+1000, yo
490 MOVExo,yo: DRAWxo-20,yo:MOVExo,vo+150: DRAWxo-20,yo+150:MOVExo,yo+300: 

DRAWxo-20, yo+300: MOVExo, yo+450: DRAWxo-20, yo+450: MOVExo, yo+600: 
DRAWxo-20,yo+600: MOVExo,yo 

500 MOVExo,yo: DRAWxo, yo-20:M0VExo+250,yo: DRAWxo+250,yo-20:M0VExo+500, yo:
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DRAWxo+500, yo-20: MOVExo+750, yo: DRAWxo+750, yo-20: M3VExo+1000, yo: 
DRAWxo+1000,yo-20: MOVExo,yo 

510 M0VExo-50,yo+10: PRINT"0M :M0VExo-200 ,yo+160: PRINTFSC*0.25:
M0VExo-200,yo+310:PRINTFSC*0.5:M0VExo-200,yo+470:PRINTFSC*0.75: 
MOVExo-200,yo+610: PRINTFSC 

520 MOVExo-12,yo-50: PRINT110":MOVExo,yo-50: PRINTP:MQVExo+25 0,yo-50: PRINTQ: 
MOVExo+505 ,yo-50: PRINTT:MOVExo+750,yo-50: PRINTS 

530 MDVExo-200,yo+300: PRINTMf" :M0VExo+500 ,yo-100: PRINT"r"
540MDVExo,yo
550VDU4
560ENDPROC
APPENDIX 2.
BASIC program to calculate the number of transfers, n, required to 
separate two components of known partition coefficient.
10 MDDE128
20 INPUT"WHAT IS THE PARTITION COEFFICIENT OF SOLUTE 1? "K
30 INPUT"WHAT IS THE PARTITION COEFFICIENT OF SOLUTE 2? "K2
40 INPUT"WHAT IS THE PHASE VOLUME RATIO? "R 
50 FORn=lT0100000
60 r=n 
70 :
80 P1=K*R/(K*R+1)
90 RMl=INT(n*Pl+0.5)
100 Q1=1-P1
110 Sl=SQR(n*Pl*Ql)
120 A=INT(RMl-(3*Sl)+0.5)
130 B=INT(RM1+(3*S1)+0.5)
140 P2=K2*R/(K2*R+1)
150 Q2=l-P2
160 RM2=INT(n*P2+0.5)
170 S2=SQR(n*P2*Q2)
180 C=INT(RM2-(3*S2)+0.5)
190 D=INT(RM2+(3*S2)+0.5)
200 :
210 IF C>B GOTO240 
220 IF A>D GOTO240 
230 NEXT
240 PRINT"THE NUMBER OF TRANFERS REQUIRED TO SEPARATE THE TWO COMPONENTS 

IS "n
250 PRINT"95% OF THE SOLUTE WITH THE PARTITION COEFFICIENT"K" WILL BE 

FOUND BETWEEN TUBES "A" AND"B 
260 PRINT"THE MEAN POSITION FOR SOLUTE ONE IS AT TUBE NUMBER "RM1
270 PRINT"95% OF THE SOLUTE WITH THE PARTITION COEFFICIENT"K2" WILL BE 

FOUND BETWEEN TUBES"C" AND"D 
280 PRINT "THE MEAN POSITION FOR SOLUTE TWO IS AT TUBE NUMBER "RM2
290 END
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APPENDIX 3.
INSTAT program to calculate the fraction of solute present at a particular
point, r, for variable values of n. Data is presented as a plot of f vs n.
NOTE PROGRAM APPENDIX 3
NOTE REPARTITION COEFFICIENT
NOTE K2=PHASE VOLUME RATIO
NOTE K3=TUBE NUMBER (FIXED VALUE FOR r)
NOTE XI=VALUES FOR N 
K4=K1*K2/(1+K1*K2)
K5=l-K4 
X2=2*R4*R5*X1 
X3=-((X1*R4-R3)~2)
X4=(1/SQR(PI*X2))*EXP(X3/X2)
LINX4 1 1 1  
PLOTX4 XI
APPENDIX 4.
INSTAT program to simulate the separation of two components of known 
partition coefficient.
NOTE PROGRAM APPENDIX 4
NOTE REPARTITION COEFFICIENT 1
NOTE R2=PARTITI0N COEFFICIENT 2
NOTE R3=PHASE VOLUME RATIO
NOTE R4=TUBE NUMBER (FIXED VALUE FOR r)
NOTE XI=VALUES FOR N 
NOTE SETITLE FOR PLOT 
R5=R1*R3/(1+R1*R3)
R6=l-R5
R7=R2*R3/(1+R2*R3)
R8=l-R7
X2=2*R5*R6*X1
X3=-((X1*R5-R4)'S2)
X4=(1/SQR(PI*X2))*EXP(X3/X2)
X5=2*R7*R8*X1
X6=-((X1*R7-R4r2)
X7=(1/SQR(PI*X5))*EXP(X6/X5)
X8=X1*(-1)
LINX4 1 1 1  
LINX7 1 2  1 
PLOTX4 X7 X8;TITS1
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APPENDIX 5.
Details of crystal structure determinations.

The crystal structure determinations were undertaken by Dr K. Molloy and 
Dr M. Mahon in the School of Chemistry, University of Bath. Data was 
collected on a Hilger and Watts Y290 Automatic 4-circle diffractometer 
using Mo-ka radiation ( X=0.71069A). Both structure;were solved by direct 
methods using SHELX86, (G.M. Sheldrick, SHELX86 a computer program for 
crystal structure determination, University of Goetingen 1986).

Hydrogen atoms were included in positions of fixed geometry and all atoms 
were refined isotropically.

Sy 215/1.
A crystal with approximate dimensions 0.5x0.4x0.45mm was used for 

data collection. It crystallised in the orthorhcmbic space group P21 21 2y 
with cell dimensions a= 11.514 (4)A, b=16.521 (7)A, c=17.695 (5)A. After
least squares refinement, the final R-value was 8.66.

AnlO.
A crystal with approximate dimensions 0. 3x0. 3x0. 3mm was used for 

data collection. It crystallised in the orthorhombic space group P2r21 2r 
with cell dimensions a= 6.442 (4)A, b=14.015 (4)A, c=28.691 (9)A. After 
least squares refinement, the final R-value was 9.18.
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