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Abstract:
Because of the enormous diversity of biological functions demonstrated by steroidal molecules,
polyhydrox-ylated sterols from marine organisms are potential sources of compounds with significant
biological activity. In addition to the interest shown in these molecules because of this activity, many
researchers are interested in determining the biological pathways which marine organisms utilize to
produce these compounds. In order to study polyhydrox-ylated sterols, however, better methodology is
required to separate and then to determine the structure of these molecules.

In this investigation thirteen polyhydroxylated sterols from the marine sponge Dysidea etheria were
isolated and their structures determined by NMR and MS techniques. A B-cyclodextrin HPLC column
was utilized for the difficult separations of these closely related compounds. This is the first time that
this unique column packing has been used for the isolation of natural product compounds. An
additional problem with the analysis of polyhydroxylated sterols is the difficulty of obtaining a
molecular ion with most mass spectroscopic techniques. Various MS techniques including electron
impact, positive chemical ionization, negative ion chemical ionization, fast atom bombardment, and
liquid chromatography-mass spectrometry were compared and contrasted for their ability to provide
molecular weight information as well as structural information. The results of this study revealed that
liquid chromatography-mass spectrometry was superior to the other methods tested for providing
molecular weight information.

Additional studies were performed to determine the biological significance of these polyhydroxylated
sterols to D. etheria. Biological activity screens were run that tested these compounds for: cytotoxicity,
antimicrobial activity, insect growth activity, plant growth regulation, and ionophore capability. The
results of this last study revealed a possible link between the ionophore activity of these sterols and the
ability of D. etheria to incorporate calcium carbonate detrital material into the spongin skeleton of the
sponge. 
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ABSTRACT

Because of the enormous diversity of biological 
functions demonstrated by steroidal molecules, polyhydrox- 
ylated sterols from marine organisms are potential sources 
of compounds with significant biological activity. In 
addition to the interest shown in these molecules because of 
this activity, many researchers are interested in determin
ing the biological pathways which marine organisms utilize 
to produce these compounds. . In order to study polyhydrox- 
ylated sterols, however, better methodology is required to 
separate and then to determine the structure of these 
molecules.In this investigation thirteen polyhydroxyIated sterols 
from the marine sponge Dysidea etheria were isolated and 
their structures determined by NMR and MS techniques. A B- 
cyclodextrin HPLC column was utilized for the difficult 
separations of these closely related compounds. This is the 
first time that this unique column packing has been used for 
the isolation of natural product compounds. An additional 
problem with the analysis of polyhydroxylated sterols is the 
difficulty of obtaining a molecular ion with most mass 
spectroscopic techniques. Various MS techniques including 
electron impact, positive chemical ionization, negative ion 
chemical ionization, fast atom bombardment, and liquid 
chromatography-mass spectrometry were compared and con
trasted for their ability to provide molecular weight 
information as well as structural information. The results 
of this study revealed that liquid chromatography-mass 
spectrometry was superior to the other methods tested for 
providing molecular weight information.Additional studies were performed to determine the 
biological significance of these polyhydroxylated sterols to 
D. etheria. Biological activity screens were run that 
tested these compounds for: cytotoxicity, antimicrobial 
activity, insect growth activity, plant growth regulation, 
and ionophore capability. The results of this last study 
revealed a possible link between the ionophore activity of 
these sterols and the ability of D. etheria to incorporate 
calcium carbonate detrital material into the spongin 
skeleton of the sponge.



INTRODUCTION

The interest shown towards marine natural products has 
steadily increased since the early 1960's and the areas of 
interest seem to be expanding.1 The pharmaceutical in
dustry, for example, has become more involved in this 
research field, and new products will undoubtedly result 
from studies of the pharmacological activities of some of 
these compounds. The National Cancer Institute has also 
shown a vigorous new interest in marine natural products and 
has increased its commitment to developing new anticancer 
drugs from marine organisms.2

The roles of these natural products in the marine 
environment are just beginning to be understood. In the 
past, many studies of the secondary metabolites of marine 
organisms focused upon the defensive role of these com
pounds. More recent studies, however, have revealed the 
intricate ecological interplay of marine organisms to a much 
greater extent than ever before and some of the more subtle 
biological activities of some of these molecules are now 
being examined. An example of this emerging understanding 
of the ecological relationships between organisms was the 
observation that metamorphosis of the larvae of Pecten 
maximus occurred more readily in the presence of a species 
of red algae. Extracts from this alga revealed that a 
single compound, jacaranone, I, was responsible for this



2
settling behaviour.3 Abalone larvae have shown a similar 
response upon exposure to crustose red algae, y-aminobutyric 
acid (GABA) and its analogs being responsible in this case.14 
Other studies of some shell-less marine molluscs, known as 
nudibranchs, have demonstrated that many of these animals 
obtain metabolites from dietary sources and then incorporate 
them into defensive secretions.5'6'̂ '8'9'10 These are just 
a few examples of the many ways that secondary metabolites 
of marine organisms aid in the defense, communication, and 
metabolic regulation of these creatures.

The competition for survival is so intense along the 
relatively narrow confines of the coral reefs that reef 
dwelling organisms have developed a complex system of 
antibiosis, which involves the limitation or exclusion of 
certain forms of life by diffusable substances produced by 
other living species.11 Some organisms, such as sponges.

O

( OH 
COOCH3

i

are primarily filter feeders whose dietary intake requires
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the straining of myriads of bacteria and microplankton from 
seawater. Sponges are apparently resistant to the action of 
this multitude of microorganisms that enter their complex 
system of canals and cavities, and were therefore postulated 
to produce antibiotic compounds to prevent infection. As 
early as 1952, the antibiotic effects of some subtropical 
sponges were demonstrated by placing fresh sponge fragments 
on inoculated Petri dishes.11 In addition to this demon
strated antibacterial activity, sponges, because of their 
sessile habit and porous structure, must also deal with a 
large number of organisms that frequently dwell in close 
proximity. One can easily imagine, therefore, that a 
sessile marine organism such as a sponge might have to 
produce compounds to protect itself from overgrowth by 
plants and other invertebrates, as well as from predation by 
crustaceans and other marine organisms.

It is precisely this fabulous array of biological 
activities that makes marine natural products So inviting to 
someone interested in developing compounds with new or 
different modes of action. The unique chemical environment 
of sea water has enabled marine organisms to elaborate so 
many new and unusual types of compounds in comparison to 
their terrestrial counterparts, and these new natural 
products quite often demonstrate biological activities that 
are different from those elicited by compounds from ter
restrial sources. These are some reasons, then, why one
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might decide to study marine natural products: I) to 
determine the delicate chemical ecological relationships 
that exist between marine organisms; and 2) to elucidate the 
structures of new and unusual compounds that demonstrate 
activity in one or more of a variety of biological screens 
designed to test for compounds with pharmacological or other 
unique biochemical significance.

Many of the secondary metabolites produced by marine 
organisms fall into the same categories as those produced by 
their terrestrial counterparts, even though the modifica
tions might be very unusual. One class of compounds whose 
presence in marine organisms has been studied quite exten
sively is the sterols. The study of sterols in general 
dates back to the latter part of the eighteenth century, 
when the organic nature of gallstones was first discovered. 
In 1816, Chevreul named the principal component of these 
stones "cholesterine" to indicate that it was a fatty (-ine) 
solid (stereos) of bile (chole).12 When Berthelot13 demon
strated in 1859 that this compound was an alcohol, its name 
was changed to cholesterol to indicate that it was in this 
class of compounds. The term sterol came to be used for all 
compounds closely related to cholesterol, and the term 
steroids describes the entire array of naturally occurring 
and synthetic compounds that are derived from sterols. 
Therefore, an entire class of compounds of great physiologi
cal and biochemical importance has been grouped under the
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rather unimaginative name of "solids", if the closest 
English equivalent were to be used.14

2
The structural feature common to all steroids is the 

saturated tetracyclic hydrocarbon perhydrocyclopentanophe- 
nanthrene, 2, shown with the commonly employed numbering 
system. Steroids differ in the number and position of 
double bonds; in the type, location, and number of sub
stituent groups; in the configuration of these groups in 
relationship to the steroid nucleus; and in the configura
tion of the rings relative to one another. All steroids 
originate from the linear triterpene squalene, which 
cyclizes readily to form lanosterol through an extraordinary 
series of concerted 1,2-methyl group and hydride shifts, as 
well as n-electron migrations, along the squalene chain 
(Figure I). Lanosterol can then undergo conversion to 
cholesterol by the removal of two methyl groups at C-4 and 
one from C-14, saturation of the double bond in the side 
chain, and shift of the double bond from the A 8<9) to the
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A 5<6) position in ring B. The sterols of fungi and plants, 
such as ergosterol and stigmasterol, are synthesized by 
mechanisms similar to the above.15

Figure I. Biosynthesis of cholesterol from squalene.

NADPHSQUALENE squalene monooxygenase

NADP

squalene epoxide 
lonosterol-cyclase

•1 M U M

LANOSTEROL CHOLESTEROL
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By the end of the 1800's, cholesterol had been isolated 
from virtually all animal sources tested and was therefore 
thought to be the universal sterol of the animal world. 
During the first decade of the present century, however, it 
was discovered that in certain animals cholesterol was 
replaced totally or in part by closely related compounds.
It was from a sponge that Henze first isolated a sterol 
other than cholesterol from an animal.xe Doree (1909) was 
the first to describe the possible significance of this 
variation among animal sterols, and his work can be thought 
of as a classic in the field of comparative biochemistry.3-7 
Doree isolated sterols from one or two representatives of 
the larger phyla of the animal kingdom, and since he found 
sterols in all the specimens, he inferred their presence in 
all animals. He obtained cholesterol not only from warm
blooded animals, but from vertebrates and invertebrates, 
such as sea anemones, as well. Although he did not find a 
sterol typical of each phylum, Doree showed that in at least 
two invertebrates, a sponge and the common starfish, 
cholesterol was replaced by another substance. By 1909, a 
sufficient body of evidence had accumulated to demonstrate 
that there existed a diversity of sterols, at least among 
invertebrates.

With the advent of more sophisticated instrumentation 
and better separation techniques, enough information had
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been gathered about sterols and their structures to permit 
Bergmannz in two reviews (1949, 1962), to survey the growing 
body of data from the standpoint of comparative biochemis
try.X4':LB In these studiesl# he examined the connections 
between an animal’s sterol content and its classification, 
and speculated about the evolutionary aspects of sterols. 
Using sterols as taxonomic markers, Bergmann was able to 
make a good case for the reclassification of some organisms 
whose sterol content did not quite match with those from the 
same genus.

From the very early reports of Henze and Doree, through 
Bergmann and other subsequent sterol researchers, sponges 
were recognized as being a rich source of new sterols. When 
Bergmann first began work on invertebrate sterols, the first 
four sponges that he investigated each yielded new sterols. 
These astonishing preliminary results prompted a comprehen
sive survey of sponge sterols of more than fifty species of 
sponges. Individual, identifiable sterols were obtained 
from about one^half of the species studied. Although the 
results were not as dramatic as the initial studies had 
indicated, there was still ample evidence from this body of 
research to suggest that sponges contained a great diversity 
of sterols. Comparative studies such as these indicated to 
many researchers that, in the animal kingdom, the more 
primitive species contain a greater variety of sterols.
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while evolutionally higher organisms often contain only 
cholesterol19.

A resurgence of interest in sterols from marine 
organisms since 1960 has been due in part from the search 
for new marine natural products with useful pharmacological 
and other beneficial biological activities. The toxicity of 
sea cucumbers to fish has been known since the late 1800’s. 
In Guam and in other regions of the Pacific, the juices of 
some species are used by natives for poisoning pools as an 
aid to catching fish. The active compounds in these 
organisms are concentrated in a region called the Cuvierian 
tubules and have been given the general name holothurins.20 
Holothurins are steroidal saponins, which are steroids with 
sugar moieties attached at the C-3 position of, in this 
case, a lanostane type skeleton (e.g. 3).23- The holothurins 
were tested in a variety of biological activity screens and 
proved to be toxic to non-marine plants, demonstrated 
neurological activity comparable to cocaine in potency, and 
showed the ability to suppress tumor growth in mice.20

CH1OH
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The significant hormonal biological activity of sterols 

is a well known phenomenon, and new sources of these 
compounds are constantly being sought. Some 19-nor stanols 
(e.g. 4) isolated from the sponge Axinella polypoides were 
suggested as a potential source of starting material for the 
synthesis of certain oral contraceptives, which also have a 
19-nor steroid nucleus.22

In another study, polyhydroxylated sterols from the 
soft coral Sinularia dissecta, all of which possessed an 
Ila-hydroxy substituent, were considered from the standpoint 
of their potential utility as corticosteroid inter
mediates .23

Other sterols, known as ecdysones, are used by insects 
to initiate the moulting process (called ecdysis). Similar 
structures, called crustecdysones (e.g. 5), can also be 
found in crustaceans24 and are known to produce similar 
effects in these animals. A host of these compounds are now
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known from crustaceans and insects,23 as well as a growing 
list of phytoecdysones, which are probably used as a defense 
against insect predation by plants.26-27 The need for.new 
environmentally sound pest controlling agents is universally 
recognized. As yet, however, very few new insect control 
compounds have been found which interfere specifically with 
insect ecdysis. This is due to the complexity of these 
structures, which would require elaborate, uneconomic, 
stereospecific syntheses, as well as their poor penetration 
of the insect cuticle. Because of the complex inter-species 
relationships and the struggle for space within a marine 
reef community, some researchers have speculated that new 
insect control agents might be available from these sessile, 
primitive, marine invertebrates which require chemical as 
well as physical defenses for their survival.28 It is 
reasonable to speculate, therefore, that due to the similar
ity between the crustecdysones and the ecdysones, and 
because of the need for primitive sessile marine animals 
such as sponges to prevent predation by crustaceans, 
polyhydroxylated sterols from marine organisms might show 
activity against insects by interfering in the moulting 
mechanism. A species of red algae, Laurencia pinnata, 
produces just such a polyhydroxylated sterol, acetyl- 
pinnasterol, 6, which has been shown to be mildly active in 
an insect moulting bioassay performed on the fleshfIy, 
Safcophaga peregrine.29 Future studies of polyhydroxylated
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sterols from other marine sources might discover compounds 
with similar activity.

6
The isolation and structure elucidation, during the 

years 1970-1972, of several unique sterols such as gor- 
gosterol, 23-demethylgorgosterol, and 24-propylidenechole- 
sterol (7-9), marked the beginning of a very productive 
period of discovery of new sterols. Whereas Scheuer's 1973 
review30 of marine sterols listed only forty sterols.
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R=CH

9
Schmitz's review of the subject covering the years 1972-1976 
listed twice that number.31 Early work on marine sterols 
resulted in the isolation of many sterols common to ter
restrial plants plus a few unique to marine organisms. The 
carbon skeletons were often the same as those found in 
phytosterols, and their uniqueness was often due to position 
of unsaturation or extent of hydroxylation. In the early
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1970's, the first reports of new marine sterols such as 
those mentioned above indicated that unprecedented modifica
tions such as cyclopropyl rings in the side chain, alkyla
tion at C-22 and C-23, and propylidene groups at C-24 could 
be found in marine organisms. This list of unusual modifi
cations grew throughout the mid-1970's to include two and 
three carbon side chains, extra carbons at C-27, and 
cyclopropane rings bridging C-23 to C-24. In addition to 
unusual side chain modifications, new hydroxylated sterols, 
e.g. IO,32 some sterol peroxides, e.g. Il,33 and sterols 
with nuclear modifications such as 19-nor-, e.g. 12,34 and 
A-norsterols were discovered, e.g. 13.35

10
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12
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The rapidity with which these new sterols were isolated 

and their structures determined was due in large part to the 
instrumentation and separations technology that had become 
available beginning in the 1960's and was refined through
out the 1970's and 1980's. The development of GC/MS enabled 
researchers to look at the fragmentation patterns of 
individual sterols. These studies in turn served as the 
basis for rapid preliminary identification of these com
pounds in unknown mixtures.36 Djerassiz without question 
the leader in this field, has compiled an enormous data base 
of characteristic sterol fragmentation patterns which have 
enabled him to identify up to 74 sterols from one or
ganism.

Nuclear magnetic.resonance spectroscopy has, of course, 
also played a key role in elucidating new sterol structures. 
The advent of high resolution instruments with Fourier 
Transform capability allowed researchers to analyze trace 
quantities of sterols as never before. The x3C-NMR assign
ments of over 400 sterols and steroids that were compiled by 
Blunt and Stothers made spectral comparisons between unknown 
and known sterols possible.38 Nuclear magnetic resonance 
has also been used to assign the stereochemistry of 24- 
alky lated epimers by identifying small differences in the 
high-field regions of these spectra.39 Studies such as 
these are indispensable to determining the possible dietary
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sources of sterols in some marine organisms, since the 
sterochemistry can differ depending upon the source.

The isolation of individual sterols from the complex 
mixtures in which they occur has been, a critical problem 
throughout the history of sterol research.31 Column and 
thin-layer adsorption chromatography, sometimes with silver- 
nitrate impregnated adsorbents, have been effective in 
separating groups of sterols from one another, such as 
saturated from unsaturated sterols. Gas chromatography has 
been an effective tool for isolating individual sterols from 
mixtures, but its preparative capability is limited, and 
larger polyhydroxylated sterols are too polar to pass 
through a GC column without derivatization first, or without 
increasing the temperature so much that decomposition 
occurs. The most obvious advance in the separation of 
sterol mixtures has been the development of high performance 
liquid chromatography, particularly the reversed phase Cis 
systems.40 Reversed phase HPLC has allowed the nearly 
quantitative recovery of sterols, due to the lack of 
adsorbance interactions, as well as the avoidance of high 
temperatures inherent in GC separations.

The progress that has occurred in the identification of 
new sterols from marine organisms due to these new analyti
cal and separation techniques has continued unabated to the 
present. Much of the information that has been gained has 
been applied to understanding the biosynthetic pathways
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operative in marine organisms. The existence of a given 
sterol in a specific marine organism may be due to one or 
more of the following four processes:

1) de novo sterol biosynthesis via acetate, 
mevalonate, and squalene;
2) dietary origin without further chemical 
modification;
3) dietary origin of sterols followed by chemical 
modification; and
4) result of symbiotic relationship between host 
and symbiont.4^

In terrestrial animals and plants it is normally a 
simple matter to differentiate between de novo synthesis and 
other origins since the dietary intake is either known or 
can be controlled. In most marine invertebrates this is not 
the case. The commonly accepted approach of feeding labeled 
precursors such as 14C labeled acetic acid or mevalonic acid 
to the organism of study presents some problems in marine 
organisms. Feeding a water soluble radioactive substrate to 
a marine organism is difficult because of the great dilution 
that results when a compound of high radioactivity is added 
to the relatively large volume of sea water which is 
necessary to maintain a healthy marine organism.23- Also, 
since it is impossible to obtain marine organisms totally 
free of other organisms, the absolute origin of sterols is 
often difficult to determine.42
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Although much work has gone into the development of 

suitable methods for these incorporation experiments,4 3 
other researchers have followed another approach meant to 
augment the results from these labeling studies. Djerassi 
and his coworkers believe that by isolating and structurally 
characterizing all the members of a given chemical class (in 
this case, sterols)- from one organism, from related 
species, and from potential food chain contributors to that 
organism- then a large enough body of related chemical 
structures can be compiled that will perhaps be explained by 
a consistent hypothetical biosynthetic scheme.43- Such an 
approach necessarily relies upon separation of all sterol 
components and the analysis of as many major and minor 
sterol compounds as possible. It is essential not to 
overlook trace constituents, which may be rapid turnover 
intermediates in a multi-step sequence. In a series of over 
fifty articles, Djerassi has examined the minor and trace 
sterols from marine invertebrates in order to understand 
the biosynthetic pathways at work in these organisms.44'45 
Although the complex interplay of pathways that a marine 
organism such as a sponge uses to regulate its sterol 
content is beyond the scope of this study, it should be 
apparent that the development of new analytical techniques 
for the isolation and structure elucidation of sterols is 
essential to the understanding of these complex mechanisms.
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Various species of sponges from the genus Dysidea are 

known to produce polyhydroxylated sterols that demonstrate 
various types of biological activity. Gunasekera and 
Schmitz have isolated a polyhydroxylated sterol from an 
unspecified species of Dysidea found around the island of 
Guam.46 This 9,II-epoxy sterol 14 was shown to be cytotoxic 
in the PS assay, with an ED50 of 4.9 ug/ml. Another 
polyhydroxylated sterol from a different species, Dysidea 
herbacea, was isolated by Capon and Faulkner.47 This sterol 
also has a I9-hydroxyl group as well as the relatively 
unusual cis A,B ring junction and a 9,11-secosterol arrange
ment. Herbasterol, 15, which was the trivial name given to 
this sterol, was shown to be icthyotoxic to common goldfish 
as well as slightly antimicrobial against the bacteria 
Bacillus subtilus and Staphylococcus aureus.

14
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Much of the work that has been done in our natural 
products laboratory has been concerned with the secondary 
metabolites of the sponge Dysidea etheria. In the course of 
these studies, NMR spectral data indicated that there might 
be polyhydroxylated sterols similar to that isolated by 
Schmitz. Unfortunately, the total yield of Schmitz's sterol 
was only 4.2 mg from approximately 177 g of sponge material 
(wet weight), and about 2.5 mg of this was used for various 
chemical manipulations. This did not leave much compound 
for the additional biological testing that was warranted by 
the initial results of the cytotoxicity studies. Since the 
1H-NMR spectra of the Dysidea etheria extracts from our lab 
indicated that there were similar sterols present, a study 
was undertaken to isolate these sterols in enough quantity 
to do some additional biological testing.

Many problems were encountered, however, when the task 
of isolating the polyhydroxylated sterols was initiated.
The complex mixture of sterols that is often found in a
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marine organism can be extremely difficult to separate by 
most purification methods, and the highly oxygenated sterols 
from D. etheria remained intransigent even to a four step 
separation scheme that included a preparative reverse phase 
HPLC clean up. Separations were also hindered by the lack 
of a chromophOre in these molecules that made detection 
difficult using a UV absorption monitor. Obtaining a 
molecular ion in mass spectral analysis from these polyhy- 
droxylated sterols was also a difficult problem due to the 
facile water loss reactions that occurred under usual 
electron impact conditions. Once a pure sample was finally 
obtained, the NMR of these compounds was difficult to 
interpret due to the large amount of signal overlap in the 
spectra of these molecules. The steps that were taken to 
surmount these problems, as well as the structure elucida
tion, the sterochemical determinations, and the biological 
testing of these polyhydroxylated sterols are the focus of 
this study.

Statement of Problem

Because of the enormous diversity of biological 
functions demonstrated by steroidal molecules, polyhy
droxylated sterols from marine organisms are potential 
sources of compounds with significant biological activity. 
In addition, many researchers are interested in determining 
the biological pathways which these organisms utilize to
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produce these compounds. In order to study polyhydroxylated 
sterols, however, better methodology is required to separate 
and then to determine the structure of these molecules. In 
this study, we will present a novel way to separate closely 
related analogs of polyhydroxylated sterols, as well as 
useful mass-spectral and NMR techniques for their structure 
determination.

The results of various biological activity screens as 
well as speculations on the biogenetic pathways and the 
possible biological utility of these molecules in D. etheria 
will also be presented.
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ISOLATION AND STRUCTURES OF STEROLS FROM D.ETHERIA

Dysidea etheria is an azure blue sponge found in the 
shallow inland waters of Bermuda whose very name, one could 
argue, describes the ethereal delight one derives from 
discovering it in its natural environment. Dysidea belongs 
to the class Demospongiae, order Dyctyoceratida, and family 
Dysideidae. Other species of Dysidea, such as D. fraq- 
ilis, 4B D. avara,*9 D. pallescens,50'5:L'52'53 and D. her- 
bacea,54'55'56 have been known to produce a rich array of 
compounds. Because of this propensity of Dysidea species to 
produce interesting secondary metabolites, our laboratory 
has been investigating the chemistry of D. etheria since 
1981.5-7,5B,59 These studies have led to the discovery of 
numerous compounds from various classes including: ceramides 
(16),60 sesquiterpenes (17, IS),10 a furanosesquiterpene,
19,61 an unusual B,y-epoxy-y-lactone, 20,62 and plant growth 
regulating indoles (21).63

OH

A X-H . n -1 2 .1 3 .1 4 .1 5 ,19,20,21
B X-OH, n -1 9 ,2 0 ,2 1

16
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Initial Separation Attempts

While we were investigating the polar chloroform 
soluble extract of D. etheria, some signals in the 1H-NMR 
were noticed that were indicative of sterol methyl groups: 6 
0.65 (3H, s), 0.85 (6H, d, J=7Hz), 0.98 (3H, d, J=6Hz). 
Schmitz had isolated a polyhydroxylated sterol, 14,4s from 
an unidentified species of Dysidea found around Guam that 
had signals in the methyl region of the 1H-NMR that were 
very similar: 6 0.60 (3H, s, H-18), 0.86 (6H, d, J=7Hz, H- 
26,27), 0.92 (3H, d, J=7Hz, H-21). A gel permeation 
chromatography was run on 496 mg of the chloroform extract 
using Bio Beads S-X4 (90 x 4.5 cm) with n-hexane-methylene 
chloride-ethyl acetate (4:3:1) as mobile phase, and seven 
fractions were obtained. The 1H-NMR sterol signals were 
concentrated in the first fraction (376 mg), and a rough 
comparison was made between this spectrum and that of the 
sterol isolated by Schmitz (Table I). There were enough 
similarities between the two to indicate that D. etheria 
produced a polyhydroxylated sterol (or a mixture of 
polyhydroxylated sterols) which appeared to be similar to 
that isolated by Schmitz.

The 1H-NMR of this sterol fraction from D. etheria was 
not very well resolved, and it was assumed that this line 
broadening was due to the lack of purity of the fraction. 
Many researchers have reported success in separating 
difficult polyhydroxylated sterol mixtures by using reversed
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phase C-I8 HPLC with varying percentages of methanol-water 
as the mobile phase. 42-S4-63-GS-sv An attempt was, there
fore, made to resolve this mixture by reversed phase HPLC 
with methanol-water (9:1) as mobile phase, with 254 nm UV 
detection. The separation appeared to be good, with two 
major UV absorbing fractions dominating the chromatogram. 
Subsequent 1H-NMR analysis of the major UV peaks showed no 
apparent difference between them, which indicated that the 
HPLC separation was not as good as it had appeared in the UV 
chromatogram.

Table I. xH-NMR chemical shift data of 14 and of the 
choroform soluble fraction from D. etheria.

14
(ppm)51

CHCl3 fraction 
(ppm)13

6 0.60 (3H,s,H-18) 6 0.65 (3H, s )
0.86 (6H,d,J=7,H-26,27) 0.85 (6H,d,J=7)
0.92 (3H,d,J=7,H-21) 0.98 (3H,d,J=6)
2.07
2.15

(lH,dd,J=14.2,5.2,H-4a) 
(3H,s,OAc) 2.01 (each 3H,s)

2.18 (lH,dd,J=15.0,6.3,H-12fi
2.08
2.3 (bm)

2.36 (lH,m,H-14a) 2.5 (bm)
3.40 (lH,d,J=4.7,H-IlB) 3.4 (bm)
3.80 (2H,dd,J=12,4.35,H-19) 3.7 (bm)
4.06 (lH,m,H-3a)

3.86
4.11

(bm)
(lH,dd,J=6,15)

5.22 (lH,dd,J=3.5,1.0 ,H-7) 5.27 (s)
5.32 (lH,dd,J=3.5,0.8,H-6a) 5.46 (bm)

a- xH-NMR data from reference 46 (270 MHz, CDCl3). 
to- xH-NMR data from 250 MHz, CDCl3.

Various TLC systems using silica gel were then evalua
ted in an attempt to find an efficient separation scheme for 
this apparently intransigent mixture. TLC plates were
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developed by spraying the plates with a fine aerosol of 
sulfuric acid-ethanol (1:1), and then drying the plates at 
110° for 5 minutes. The polyhydroxylated sterols from D. 
etheria exhibited a characteristic blue color under these 
conditions. A reasonably good separation of sterol com
ponents was achieved using methylene chloride-isopropanol 
(7:3), and so this solvent system was used on a low pressure 
silica gel column (Whatman LPS-2, 30 x 2 cm), using 254 nm 
UV detection. During this chromatography, it became obvious 
from the lack of correlation between the UV peak areas and 
the weight distributions of the fractions, that the mole
cules of interest lacked a UV absorbing chromophore. The 
1H-NMR of the silica gel fractionated sterols still lacked 
resolution in CDCl3; so, at this point the NMR solvent was 
switched to pyridine-d5 with dramatically improved results. 
Although it was obvious that there was still a mixture of 
compounds, the 1H-NMR resolution was much better, and 
coupling patterns could now be discerned.

Derivatizatibn Attempts

Since additional HPLC attempts to separate the sterol 
mixture failed, it was thought that the problem could be a 
lack of detection of the sterol molecules of interest. 
Ultraviolet detection appeared to be giving fallacious 
results as shown by the weights of the corresponding 
fractions in the accompanying chromatogram (Figure 2).



Figure 2. HPLC chromatogram of sterol mixture. ODS-2 (50 cm 
x 9.8 mm); methanol-water (9:1); 3.0 ml/min; UV- 254 nm; 2mm/min.
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Minor impurities in the mixture that were highly 

absorbing in the ultraviolet region used for detection, led 
to sample cuts that did not correspond to the true location 
of the sterols in the chromatogram. In an attempt to remedy 
this lack of a chromophore in hydroxylated sterols such as 
these, some researchers have proposed derivatizing the 
samples with benzoyl chloride prior to the HPLC separa
tion. 68 Since the initial goal, however, was to isolate the 
naturally occurring sterols in order to do biological 
activity studies on the molecules, a benzoylation derivati- 
zation was considered inadvisable due to the difficulty of 
removal once the derivative was isolated.

As an alternative, tert-butyldiphenylchlorosilane 22 
was selected, due to its high UV absorbance, and its 
apparent ease of removal.69 Because this reagent is more 
selective for primary alcohols, it was also thought that the 
number of possible products from a mixture of sterols would 
be reduced. In addition to enhancing detection, it was 
thought that by capping the hydroxyl groups with large non
polar moieties, HPLC separations would be enhanced.
Repeated attempts to derivative the sterol mixture with this 
compound failed, however, under conditions that should have 
formed the siIyI ether with primary alchpls: 3 eg of tert- 
buty ldiphenylchlorosilane , pyridine, 35° overnight.

In the interest of getting some structural information 
in a timely manner from the sterols in this mixture, a
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benzoylation reaction was attempted using 2-chloro-4- 
nitrobenzoyl chloride 23. This derivative would also be 
able to enhance sensitivity and facilitate separations, but 
had the added advantage of providing electron rich centers 
for x-ray crystal studies, as well as for negative ion mass 
spectrometry. Unfortunately, the ester bond would be more 
difficult to cleave selectively since the sterols were known 
to have acetate functionalities as well from 1H-NMR ana
lyses.

22 23
Approximately 120 mg of the semi-purified sterol 

mixture from the low pressure silica gel chromatography was 
reacted with an excess of 2-chloro-4-nitrobenzoyl chloride 
at 100° C for 4 hours in pyridine. After workup, the 
reaction mixture was permeated through Sephadex LH-20 (180 x 
2.5 cm) using methanol-methylene chloride (1:1) as mobile 
phase. The first of the two largest UV absorbing peaks 
contained almost all of the weight, and subsequent 1H-NMR 
analysis of this fraction showed that derivatization had
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occurred. This was indicated by the new signals around 8 
ppm, and by the sharpening of the sterol signals caused by 
the better solubility of the more non-polar derivative in 
CDCl3.

The resulting mixture of compounds from this Sephadex 
LH-20 column fraction was then submitted to HPLC using an 
Altex Ultrasphere-Cyano (25 x I cm) column with hexane- 
methylene chloride-isopropanol (6:1:1) as mobile phase and 
with 254 nm UV detection. Enormously enhanced sensitivity 
and improved separation were observed (Figure 3).

Figure 3. HPLC chromatogram of derivatized sterol mixture.
Beckman Altex Ultrasphere CN (25 x I cm); hexane- 
methylene chloride-isopropanol (6:1:1); 3.0 
ml/min; UV-254 nm; 10 mm/min.

The xH-NMR spectra of these fractions (Figures 4,5,6,7) 
indicated that fractions A,C, and D were related as shown by 
the AB pair of doublets centered around 4.2 ppm. This group 
is absent or at least obscured in fraction B , indicating 
that this sterol was from a different series.



O ppm

Figure 4. 1H-NMR (250 MHz, CDCl3) of fraction A from Figure 3.



Figure 5. 1H-NMR (250 MHz, CDCl3) of fraction B from Figure 3.



Figure 6. H-NMR (250 MHzz CDCl3) of fraction C from Figure 3.



Figure 7. 1H-NMR (250 MHz, CDCi3) of fraction D from Figure 3.
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Since fraction C was the best resolved peak in the 

chromatogram, decoupling experiments were performed with it 
that showed coupling between two methines that resonated at 
6 5.83 (1H, m) and 6 5.11 (2H, overlapping m). The proton 
at 5 5.83 was in turn coupled to a signal at 6 2.54 (2H, m) 
and to a signal at 6 2.27 (m) which was concealed by other 
overlapping signals. The signal at 5 5.11 consisted of 
degenerate resonances, and therefore produced a confusing 
series of couplings to signals at 5 5.83, 2.85, 2.38, 2.27, 
and 1.57. The methine resonance at 6 5.83 and one of the 
resonances at 6 5.11 were assumed to be on heteroatom 
bearing carbons arranged in a diol configuration. The 
couplings to additional signals from these were too am
biguous to deduce a complete part structure fqr this portion 
of the molecule. However, the large number of correlations 
to upfield signals from irradiation of the signals at 5 
5.83 and 6 5.11 indicated a 2,3 diol possibility, since 
this is the only place on a sterol framework that is 
possible to have a diol flanked by two methylenes.

Another correlation which was discernible was an AB 
pair of doublets [6 4.77 (IH, d, J=13.6), coupled to 6 3.92 
(IH, d, partially obscured)] which fit very well into the 
possibility of an oxygenated C-19 methylene group similar to 
that seen in the sterol isolated by Schmitz (14).

Attempts were made to spread out the 1H-NMR signals by 
using pyridine-ds as the NMR solvent, but interferences from
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the free hydroxyl groups as well as water trapped by the 
highly oxygenated molecule obscured important regions of the 
spectrum. This problem was dealt with very effectively in 
later experiments by exchanging the sample three times with 
methanol-d4 before dissolving in pyridine-dB; but at this 
point in the study> this trick had not yet been discovered.

More data was required to determine the correlations 
between the confusing and overlapping signals in the 1H-NMR 
of this molecule, but the 250 MHz NMR here at MSU lacked the 
capability to perform the 2-D experiments needed to obtain 
this information. Dr. Richard E. Moore of the University of 
Hawaii kindly offered to fun a 2D COSY experiment on the 300 
MHz instrument there, and the spectrum obtained from that 
experiment is shown in Figure 8. Clear correlations could 
be seen between 6 5.82 (lH,m) and to the downfield portion 
of the two proton multiplet at 6 5.11. This signal was 
assigned the value 6 5.15 (lH,m). The proton at 6 5.82 was 
also coupled to 6 2.55 (IH,m ), and to 5 2.77 (lH,m); which 
in turn showed correlations to one another. The signal at 5 
5.15 showed couplings to signals at 6 2.85 (1H, dd, J=4.2, 
12.5) arid 5 2.35 (1H, m). These two upfield signals once 
again showed correlations to one another, but to no other 
signals. These, proton-proton correlations indicated the 
part structure 24, a diol flanked by two methylenes, which 
had been suspected from the I-D decoupling experiments. The 
upfield portion of the multiplet centered at 6 5.11 was
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assigned the value of 6 5.08 (1H, m), and was shown to be 
coupled to a signal at 6 2.27 (1H, m), and to 5 1.57 (1H, 
m). These three signals did not appear to be coupled to 
anything else, and therefore indicated another heteroatom 
bearing methine coupled to an isolated methylene 25.

Other correlations that were observed included the AB 
pair of doublets mentioned previously in the section on I-D 
decoupling experiments that could tentatively be assigned to 
the C-I9 carbon; and another set of correlations between a 
signal at 6 5.58 (IR, d, J=4.2) and a signal that overlapped 
the upfield doublet of the aforementioned AB pattern that 
resonated at 6 3.83 (IR, obscured). Without any additional 
information, such as molecular weight, x3C-NMR, and heteroa
tom correlations, it was difficult to determine what these 
resonances represented or where on the molecule they could 
be placed.
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Figure 8. 2D 1H-1H COSY of fraction C from Figure 3.
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Separation Attempts Using CCC

While we were waiting for the results of the 2-D NMR 
work from Hawaii, we made additional attempts to separate 
the sterol mixtures using Centrifugal-Countercurrent 
Chromatography (CCC). CCC is a type of chromatography whose 
name is derived from two classical partition methods - 
counter-current distribution (CCD), and liquid partition 
chromatography. Counter-current distribution is a liquid- 
liquid partition method without solid supports that has many 
advantages for the preparative separation of biological 
samples since it gives high yields under the mild conditions 
necessary to maintain biological activities. The classical 
counter-current methods, such as Craig's apparatus, and 
droplet counter-current chromatography (DCC), suffer from 
long analysis times and from the size of the apparatus 
required for good separations. CCC is a relatively new type 
of continuous flow counter-current Chromatography that 
maintains the stationary phase solvents in the separation 
coil through a synchronous planetary motion.7 0  ̂ This 
ingenious design allows high flow rates as well as high 
efficiencies on an instrument that can fit on an ordinary 
laboratory bench.

Kubo et al. had reported using DCC to separate some 
polydroxylated phytoecdysones from three separate species of 
Ajuga.72 The solvent system used in that study consisted.of 
chloroform-methanol-water (13:7:4). Since DCC is similar in
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principle to CCC, and since the polydroxylated sterols from 
D. etheria appeared to be oxygenated to about the same 
extent as those of the ecdysones, this solvent system seemed 
to be a good one to try on the CCC.

The results, however, were not as successful as those 
seen for the separation of phytoecdysones. On the contrary, 
repeated attempts at separation resulted in the stationary 
phase being pushed out by the mobile phase rather than 
retention of approximately one-half of the stationary phase 
volume as expected. A plausible explanation for this 
occurrence was not immediately apparent, but one possibility 
was that the polyhydroxylated sterols were hydrogen bonding 
with each other and with the water in the CCC system and 
forming an aggregate that essentially formed a plug in the 
coils of the CCC. This plug could prevent the mixing action 
within the coils required for efficient operation of the 
system, and result in the stationary phase being pushed out 
by the mobile phase. Evidence for this was given by the 
observation that when the sterol mixture was dissolved in a 
small amount of aqueous solution, a gelatinous material far 
in excess of the amount expected from the sterol weight was 
formed. In addition, a report of the aggregation phenomenon 
of saponins and bile acids in aqueous solutions seemed to 
lend support to this theory.73 Saponins are triterpene or 
steroidal glycosides, and bile acids are a class of steroid 
with detergent like properties that are produced by most
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vertebrates to aid the dispersion and digestion of dietary 
lipids. The common feature of these compounds is their high 
degree of hydroxylation which aids in micelle formation.

Additional support for the possibility that the 
polyhydroxylated sterols from D. etheria were forming 
aggregates in a like fashion came much later in this study, 
when individual sterols had finally been isolated and 
characterized. When a crystal was obtained of one of these 
pure sterols, it was discovered that the unit cell consisted 
of eight sterol molecules arranged in a non-repeating 
fashion. The solvent used for this crystallization con
sisted of methanol with a few drops of water. This appeared 
to be the strongest evidence yet that these polyhydroxylated 
sterols formed aggregates in aqueous solutions.

Additional solvent systems that were exclusive of water 
were tried, but none were polar enough to dissolve the 
polyhydroxylated sterols sufficiently in both phases to 
allow the CCC to work. Additional attempts to separate the 
sterol mixture by CCC were therefore abandoned.

Refractive Index Detection

An additional amount (4.25 g), of the choroform soluble 
extract that contained the polyhydroxylated sterols was 
chromatographed through Bio-Beads S-X4 (95 x 4.5 cm), using 
n-hexane-methylene chloride-ethyl acetate (4:3:1) as the 
eluant. Three fractions were collected, the first of which
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(2.82 g) showed the characteristic 1H-NMR methyl signals of 
the sterols of interest. This fraction was then permeated 
through Sephadex LH-20 (180 x 2.5 cm) using methanol- 
methylene chloride (1:1) as the eluant. Detection was 
accomplished using an ISCO V4 variable wavelength ultra
violet detector set at 224 nm. Five fractions were col
lected, the third of which (0.619 g) showed the 1H-NMR 
methyl signals of the sterols. This fraction was then 
chromatographed through a low pressure silica gel column 
using a gradient elution of chloroform and methanol. The 
sample was first applied to the column using 5% methanol in 
chloroform and then eluted with 250 ml of this mixture, 250 
ml of 10% methanol, 250 ml of 15% methanol, 250 ml of 20% 
methanol, and finally 25% methanol. Fractions were col
lected on the basis of ultraviolet detection set at 240 nm. 
Five fractions were obtained, the third of which (0.426 g), 
eluted in both 15% and 20% methanol and had the definite 
appearance of polyhydroxylated sterols by 1H-NMR. The 
spectrum indicated that this fraction was still a mixture of 
sterols, so it was subjected to reversed phase HPLC using a 
Beckman Altex Ultrasphere-ODS column (25 x I cm), with 
acetonitrile-water (2:1) as mobile phase. Both an ultra
violet detector (Beckman model 160, 254 nm), as well as a 
refractive index monitor (Knauer Differential Refractometer) 
were used for detection, and a comparison of the two 
chromatograms proved very interesting (Figure 9). As
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previously suspected, ultraviolet detection of the non- 
ultraviolet absorbing sterols had led to fraction cuts that 
did not correspond to the locations of the actual sterols.
A particularly illustrative example can be seen in the 
chromatogram shown, where the major refractive index peak C 
(which correlates very well in weight with the largest 
sterol fraction), appears as a mere hump that underlies a 
sharper peak in the ultraviolet chromatogram. This explains 
why previous attempts at separation using reverse phase HPLC 
had failed. By collecting fractions by UV alone, the actual 
sterols were distributed across fractions, and the 1H-NMR 
spectra of the subsequent fractions appeared similar enough 
to indicate that no separation had occurred. Compounding 
this was the fact that, whereas methanol-water mixtures 
appeared to give better separations according to ultraviolet 
detection, acetonitrile-water actually gave far better 
separation when the sterols could be observed by refactive 
index. The methanol-water mixtures containing higher than 
20% water that were initially tried did hot even move these 
polyhydroxylated sterols within the normal time used for 
sample collection (up to 45 min). Therefore, the sterols 
probably went undetected and spread throughout subsequent 
sample runs. This behaviour can be explained once again
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A

B

tIiiln
Figure 9. Reversed phase HPLC of sterol mixture.

A) Beckman Altex Ultrasphere-ODS (25 x 1cm); 
acetonitrile-water (2:1); 3.0 ml/min; UV-254 nm; 
2mm/min. B) Same conditions- RI detection.
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by the aggregation phenomenon that plagued the attempts at 
separation by CCC. Methanol-water mixtures apparently 
allowed the formation of these sterol aggregates which, 
therefore, did not pass readily through the reversed phase 
column. On the other hand, acetonitrile-water mixtures were 
apparently able to prevent the formation of these aggregates 
and allowed the sterols to be chromatographed successfully, 
even though the sterols have far less solubility in acetoni
trile than they do in methanol.

6-Cyclodextrin HPLC Separations

More of the chloroform soluble extract was brought 
along through the isolation scheme shown in Figure 10 that 
now included two gel permeation steps, a gradient low 
pressure silica gel column, and a reverse-phase HPLC step 
utilizing refractive index detection* The largest fraction 
from the HPLC step totaled 339 mg of reasonably pure 
material, but a 13C-NMR of this fraction showed a doubling 
of the peaks in the upfield region, which indicated that 
there was still at least two components present in ap
proximately a 4:1 ratio. Repeated attempts to separate this 
mixture by reverse phase HPLC with various solvent systems 
failed, which caused us to speculate that these intransigent 
compounds might be closely related positional isomers or 
perhaps epimers of one another.
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Figure 10. Extraction and separation scheme for polyhydroxy- lated sterols.

Chloroform Soluble Extract
Bio-beads S-X4
V n-hexane:methylene-chloride:ethyl-acetate (4:3:1)
Sephadex LH-20
jrMethanol:methylene-chloride (1:1)
Lo w-pressu re-silica

jr 5%methanol/chloroform--25%methanol/ch Ioroform
RP-HPLC
Âcetonitrile = WOter (2:1)
9

V

A B-cyclodextrin HPLC column produced by Advanced 
Separation Technologies Inc. (ASTEC) was purchased to 
resolve this difficult separation problem. Cyclodextrins 
are D(+)-glucopyranose units connected by a-(I,4) bonds to 
form cyclic oligosaccharides by the enzymatic reaction of 
amylase with starch. These compounds are noted for their 
cuplike shapes, with the interior of the toroidal molecule 
being relatively hydrophobic.74 Inclusion complexes are 
formed with a variety of water soluble and insoluble 
molecules. Cyclodextrin HPLC columns have been used to 
resolve optically active compounds such as enantiomers and
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epimers, as well as other isomers in which configurational 
differences led to one particular isomer preferentially 
filling the cavity in the cylindrical polyglucose molecule. 
(A more detailed description of the separation mechanism of 
this interesting stationary phase will be given later, as 
well as the results of a study that was undertaken to 
determine the interactions between this phase and poIyhy- 
droxylated sterols.)

These columns can be operated in either the normal or 
reverse phase mode, but inclusion complex formation and 
retention of substrates occurs preferentially in water and 
aqueous organic mobile phases.75 In this mode, the organic 
modifier competes with the solute for the cyclodextrin 
cavity. Therefore, the greater the percentage of modifier, 
the more easily a solute is displaced from the cyclodextrin 
cavity, resulting in shorter retention times. Common 
organic mobile phase modifiers are methanol, acetonitrile, 
ethanol, dimethylsulfoxide, and dimethylformamide.
Methanol, which is the suggested organic modifier, gave no 
separation of the polyhydroxylated sterol mixture on the 
ASTEC 6-cyclodextrin analytical column (250 x 4.6 mm). 
However, acetonitrile-water (1:1) gave almost baseline 
separation of the two major components of this mixture using 
the refractive index monitor once again for detection 
(Figure 11). The second major peak in this chromatogram 
yielded 132 mg of a pure polyhydroxylated sterol that could
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then be subjected to the various NMR and mass spectral 
studies required to determine its structure.

Figure 11. HPLC 6-cyclodextrin separation of 29 and 31.
ASTEC 6-cyclodextrin column (250 x 4.6 mm); 
acetonitrile-water (1:1); 1.0 ml/min; RI detection; 2 mm/min.

29

Structure Elucidation of Polyhydroxylated Sterols

As recently as 1980, texts on the role of high-resolu
tion NMR in structure elucidation characterized steroid 1H- 
NMR spectra as consisting primarily of an undecipherable, 
broad, almost featureless "hump" between about 6 I and 2.5 
ppm.76 This area of the spectrum, consisting of nuclear and
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side chain methylenes and methines, was universally ignored 
as hopelessly crowded with overlapping resonances, and was 
thought to provide no useful structural information. 
Structural information was derived primarily from xH-NMR . 
chemical shift data for angular methyl singlets (C-18 and C- 
19) by application of Zurcher's rules. A major 
advance in steroid structural analysis by NMR began in 
1980, with the report by Hall and Sanders80 of the complete 
xH-NMR spectral assignment for the relatively simple sterol 
1-dehydrotestosterOne. These workers employed two-dimen
sional J-spectroscopy to deconvolute the l-to-2.5 ppm region 
of that steroid. Individual multiplet patterns (2D J-cross 
sections) for all but two of the fifteen protons buried in 
the spectral hump were presented along with virtually 
complete tables of chemical shift assignments and coupling 
constants. In a similar fashion, using various 2D correla
tion experiments, along with ID difference nOe experiments, 
we were able to assign the complete spectrum for this far 
more complex polyhydroxylated sterol.

A x3C-NMR of the purified sterol (Figure 12) using 
pyridine-d5 as solvent and internal standard (149.9 ppm), 
showed seven signals between 6 77 and 65 ppm that indicated 
the presence of seven sites of heteroatom functionality.
Two of these signals were assigned to quaternary carbons, 
four to methines, and the seventh signal to a methylene 
carbon on the basis of a DEPT experiment run for us by Dr.
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Stephen Grode at Upjohn Pharmaceutical (Figure 12). The 
DEPT experiment (Distortionless Enhancement of Polarization 
Transfer), enables one to determine the multiplicities of 
carbons in just two experiments. In the first spectrum, 
methineS and methyls appear positive, and methylenes appear 
in the negative direction. In the second spectrum, only 
methines appear in the positive direction. Quaternary 
carbons do not appear in either since no polarization 
transfer can occur without attached protons.81

The presence of two acetate groups was indicated by two 
1H-NMR signals at 6 2.05 (Figure 13) and two 13C-NMR signals 
in the ester carbonyl region. The 1H-NMR spectrum showed 
signals typical of four of the five methyl groups in a C-27 
sterol: 5 0.78 (3H, s, H-18), 0.87 (6H, d, H-26,27), 0.92 
(3H, d, H-21). Although the C-19 methyl signal was absent, 
two doublets (each IH, J=I3.7 Hz) at 6 5.24 and 4.80 
indicated the presence of an isolated methylene bearing an 
acetate in place of the C-19 methyl.82

A 1H-NMR 2D COSY was done to determine the couplings 
between the overlapping signals throughout the spectrum of 
this compound.(Figure 14). A proton resonating at 6 5.92 
was coupled to a proton resonating at 6 4.43 (J=4.2 Hz).
This indicated an olefinic proton next to a methine bearing 
a hydroxyl group. These assignments were confirmed by 
HETCOR experiments (Figure 15), where the direct one bond
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Figure 12. 13C-NMR DEPT of 29 (300 MHz, pyridine-d5).
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correlations between hydrogens and carbons were revealed.
The 1H-NMR proton signal at 6 5.92 was correlated to that of 
an olefinic carbon in the 13C-NMR at 6 123.9, and a 1H-NMR 
signal at 5 4.43 was correlated to a heteroatom-bearing 
carbon that resonated at 5 71.4. The 1H-NMR signal at 6 
4.43 was assigned to a methine bearing a hydroxyl rather 
than an acetate on the basis of chemical shifts calculated 
for methines.B3 This gave the part structure of an allylic 
alcohol, 26. A 1H-NMR signal at 6 5.42 (IH, dd, J=4.2, 11.0 
Hz) was shown to be coupled to a signal at 6 2.10 (1H, dd, 
J=Il.0 Hz), as well as to a signal at 6 2.60 (IH, m). The 
two signals at 6 2.1 and 2.6 also showed a strong correla
tion to one another. This suggested a methine bearing an 
ester adjacent to a methylene group, 27. A signal at 6 4.76 
(lH,m) was coupled to a diffuse signal at 6 3.12 (3H, 
overlapping m), a second signal near 6 2.6 (1H, m), and a 
signal at 6 4.30 (IH, dd, J=4.4, 11.2 Hz). HETCOR experi
ments (Figure 15) enabled us to assign two of the 6 3.12 
signals to a single nonheteroatom-bearing methylene carbon. 
The remaining proton at 6 3.12 could be assigned to the same 
carbon as one of the signals at 6 2.6. HETCOR experiments 
clarified the fact that there were two different protons 
resonating at 6 2.6, residing on separate carbons, thereby 
delineating a new part structure consisting of a vicinal 
diol flanked by two methylenes 28. A signal at 6 2.92 (IH, 
m) that demonstrated possible homoallylic coupling in the
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COSY experiment to the allylic alcohol methine at 6 4.43, as 
well as coupling to a methylene at 6 1.55 (2H, m), indicated 
that this should be the 14a proton and that the allylic 
alcohol was therefore at C-6. This placed the quaternary 
carbons bearing oxygens, in all likelihood, at C-5 and C-9, 
with the diol bordered by two methylenes at C-2 and C-3.

H OH
H H

These assignments were strongly supported by long-range 
HETCOR experiments that revealed correlations between 
protons and carbons two or three bonds removed. No correla
tions were seen between the allylic methine signal at 6 4.43 
and the C-18 13C-NMR signal at 6 12.2, or the 13C signal at 
42.5 for C-13, nor were correlations seen between the H-19 
methylene protons and the substituted olefinic signal at 5 
140.5. On the other hand, key correlations between the 1H- 
NMR signals at 6 2.1 and 2.6 and the carbon signal at 5 12.2 
were found, as well as between the 1H-NMR signal at 6 2.92 
and the substituted olefinic signal at 6 140.5. The 13C-NMR 
signal at 5 76.4, assigned to C-9, also showed a correlation 
to the H-19 methylene protons as well as to the olefinic 
proton at 5 5.92. These correlations indicated that our
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proposed part structures had to be assembled to give 29 as 
the gross structure of the lead sterol.

The 13C-NMR spectrum of this new sterol (29) was 
compared with 13C-NMR spectra in the literature of some 
hydroxylated sterols with the 5a-cholestane sterol skeleton 
(Table 2). These values came from the landmark study, of the 
13C-NMR spectra of steroids by Blunt and Stothers,38 where 
over 400 spectra of steroids were compiled for the purpose 
of comparison with unknown steroids. This compilation 
proved invaluble, and enabled us to determine that this new 
sterol had a normal CbH17 side chain. The multiplicities 
that had been determined in the DEPT experiment allowed the 
unambiguous assignment of most of the carbons in the 
molecule through this comparison.

An attempt was made to confirm the substitution pattern 
in this new sterol through the use of Zilrcher' s rules 
•ys.vg. jn this method, the 1H-NMR shifts of the angular 
methyls C-I8 and C-19 can be determined by the nature and 
orientation of substituent groups in the steroid skeleton. 
The induced shifts of these angular methyls caused by 
substituent groups at various positions around the steroid 
framework have been compiled into tables. These values are 
then added or subtracted from the chemical shifts of the 
angular methyls of a 5a- or a 5B-androstane. If more than 
one substituent is present, the induced shifts are additive.
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Table 2. x3C-NMR comparison of A) 5a-cholestan-3B-ol; B)5a-cholestane- 38,5,6a--triol; and C) 29.
Position Asl Ba Cto Mult.
I 37.5 26.7 32.7(t)2 32.4 31.1 73.1(d)3 70.6 67.4 72.3(d)4 39.2 43.3 40.0(t)5 45.3 78.8 77.3(s)6 29.2 72.0 71.4(d)7 32.4 36.8 123.9(d)8 35.8 34.6 140.5(s)9 54.7 43.8 76.4(s)10 35.8 41.9 47.9(s)11 21.6 22.5 74.9(d)12 40.4 40.6 41.1 (t)13 42.9 43.3 42.5(s)14 56.7 56.8 50.9(d)15 24.4 24.6 23.2(t)16 28.5 28.7 27.9(t)
17 56.7 56.8 55.9(d)18 12.5 12.6 12.2(g)
19 12.3 18.0 65.8(t)
20 36.1 36.5 36.1(d)
21 19.0 19.2 18.7(g)
22 36.5 36.8 36.0(t)
23 24.2 24.6 23.9(t)
24 39.8 40.1 39.5(t)
25 28.2 28.7 28.0(d)
26 22.7 23.0 22.5(g)
27 22.9 23.3 22.7(g)
Acetate 171.0
C=O 169.9
Acetate 21.1(g)CH3 20.8(g)

Chemical shift values for these compounds taken from 
ref. 37. Shielding values given in ppm downfield from 
TMS. Pyridine-ds used as solvent.
Chemical shift values referenced to pyridine-ds 
(149.9). Spectrum obtained on a Bruker AM-30’0 spectro
photometer. Multiplicities assigned on the basis of 
DEPT experiments.
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Unfortunately, because of the number of substituent groups 
in our molecule, the permutations of the possible orienta
tions were too numerous to calculate every possible combina
tion, and, therefore, this method was not very useful to us 
at this time. (Later, once the stereochemistry had been 
determined through nOe1s and measurement of coupling 
constants, the method was attempted again and gave only fair 
agreement with the observed values. No doubt this was 
because of the Unknown effect of the C-19 acetate, as well 
as the solvent induced shifts of the pyridine-d5. With so 
many hydroxyl groups in the sterol, the pyridine appeared to 
be interacting with the molecule to induce shifts that would 
not ordinarily be seen in a mono or di substituted sterol.) 
Another method84, similar to Zurcher's rules, but utilizing 
the additivity relationships of substituent effects oh all 
the 13C-NMR chemical shifts rather than only the 1H-NMR 
shifts of the angular methyls, was also attempted. This 
method did not give very good agreement either, for the same 
reasons mentioned above.

Electron impact mass spectral analysis of this molecule 
produced significant water loss ions typical of polyhydroxy 
compounds.85 Fragment ions at m/z 548, 530, and 512 were 
observed that represented losses of one, two, and three 
molecules of water, respectively. No molecular ion was 
detected under electron impact conditions. Ions at m/z 303 
(M^-HOAc-SH2O-CaH1V) and at m/z 261 (M--HOAc-SH2O-C11H23)
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represented loss of the side chain (CaH17), and loss of the 
side chain with D ring fragmentation. The D-ring fragmenta
tions of sterols have been studied extensively by Djerassi 
et al.as'87 and both of these losses are characteristic of 
steroids that are unsaturated in the steroid skeleton. The 
large intensity of the peak at m/z 303, which indicated a 
facile loss of the side chain, is good evidence for a A7 
site of unsaturation.87 These two peaks could also result 
from a A8tx41 unsaturated sterol, which would give a similar 
fragmentation pattern, but the presence of a peak at m/z 
304, which can be tentatively identified as loss of an 
acetate, with a concommitant retro-Diels-Alder fragmenta
tion, lends additional support to the A7 assignment.

Placement of the acetate groups was determined by 
hydrolysis of the natural product and examination of the 
induced 13C-NMR shifts (Table 3) in the appropriate region 
of the 13C-NMR spectrum of the hydrolysis product 30. The 
largest upfield shifts occurred at C-Il and C-19. The 
assignment of an acetoxy group at C-Il is also in agreement 
with the downfield position of the C-18 methyl resonance in 
the 1H-NMR spectrum.23 The placement of the other acetoxy 
group at C-19 had been surmised earlier by the large 
downfield shift of the H-19 protons. The Chemical shift 
ineguivalency of these two protons (6 5.24, and 4.80), also 
indicated that the steric bulk of the acetoxy group was
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preventing free rotation of C-19. These signals coalesced 
to a broad singlet at 6 4.72 in the hydrolysis product 30.

Determination of Relative Stereochemistry

The relative stereochemistry was determined largely by 
difference nOe studies. In the NMR experiment, excess spin 
population is induced to move between energy levels by 
electromagnetic radiation of the appropriate frequency. The 
radiationless return to equilibrium is spin-lattice relaxa
tion, which requires fluctuating magnetic fields of ap
propriate frequencies. These fields can arise from many 
sources, but for spin-I nuclei in diamagnetic organic 
compounds the main sources are the magnetic moments of 
protons in the same molecule. This is known as the dipole- 
dipole interaction. The rate of this relaxation mechanism 
is dependent on the magnitude and frequency of the generated 
fluctuating magnetic fields. This, in turn, depends on the 
distance between the nuclei involved and the correlation 
time (or tumbling time) of the vector which connects the 
nuclei. Nuclear Overhauser effects (nOe’s), and the rates 
at which they grow and decay, are also essentially measure
ments of the strength of the dipole-dipole interaction 
between the spins involved. They are therefore also 
dependent upon interatomic distances and correlation times, 
and hence can be used to great advantage as structural 
probes.as The nOe is generated by irradiating a resonance
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for some time, during which new population differences will 
build up according to any nOe's which may be present. The 
decoupler is then turned off prior to acquisition of the 
FID. Once a set number of scans has been accumulated with 
the system perturbed, an equal number are obtained without 
the perturbation. Subtraction of the unperturbed from the 
perturbed FID, followed by Fourier transformation should 
generate a spectrum in which only signals that differ 
between the two because of nOe's will be observed.89 Sterol 
molecules are particularly well suited for nOe studies due 
to the structural rigidity of these molecules and to the C- 
18 and C-I9 methyl groups which can be used as marker 
signals for the upper, or B, plane of the molecule. If an 
nOe can be observed between one of these methyl groups and a 
signal of known position but unknown stereochemistry (e.g.
I a. or B), then the latter can also be determined. By deter
mining the nOe's between various protons in the molecule> 
and by interpreting these interactions in the manner 
explained above, the relative stereochemistry of the various 
chiral centers was determined (Figure 16).

Irradiation of H-Il provided a 6.9% enhancement of the 
H-18 methyl protons. This indicated that the acetate at C-
II should be a. Irradiation of H-2 gave a 9.1% enhancement 
of one of the H-19 protons. This fixed the hydroxyl at C-2 
in an equatorial position. A slight nOe (3.2%) was observed 
between H-3 and H-la, and irradiation of the complex
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Figure 16. Observed nOe's and relative stereochemistry of 29.

multiplet at 6 3.12 left a residual coupling of 9.5 Hz 
between H-2 and H-3. These data required a diequatorial 2,3 
diol. Irradiation of H-6 elicited a 6.2% enhancement of the 
H-7 proton as well as a 3.1% enhancement of one of the H-4 
protons, thereby placing the hydroxyl at C-6 in the B 
position. This assignment is supported by the coupling of 
4.2 Hz between H-6 and H-7 and the Karplus angle equation.90 
Gunasekera and Schmitz46 assigned a similar stereochemistry 
(3B,5a,6B) for the sterol 14, which they isolated from an 
unidentified species of Dysidea from Guam. Djerassi et al. 
have also reported that a common feature of polyhydroxylated 
sterols from marine organisms is the 3B,Ba,6B-trihydroxy 
moiety.91 In two separate papers, however, Fujimoto and co

HO

R= Ac
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workers32'93 have questioned the original stereochemical 
assignment at C-6 in the sterol isolated by Schmitz and have 
proposed reversing that assignment. We have examined the 
method suggested by Fujimoto, which involves evaluation of 
the pyridine-induced shifts of the protons at C-4, to 
determine the stereochemistry at C-6 in 29 and have found it 
to concur with the predictions of Karplus angle considera
tions and the difference nOe experiments. Specifically, the 
chemical shift of the 4fi proton at 6 3.12 predicts the 
hydroxyl group at C-6 to be in the B configuration. By 
virtue of inter-species chemotaxonomic similarities expected 
for various Dysidea species, and because of the large amount 
of ambiguity inherent in the method of Fujimoto, the 
original stereochemical assignment of (3B, 5a, 6B) for 
Schmitz's sterol is also probably correct.

As mentioned earlier, mass spectral analysis of this 
sterol under normal EI conditions failed to give a molecular 
ion because of facile water losses. However, a FAB experi
ment performed with a 0.14 M RbI/glycerol matrix (Figure 17) 
produced the desired (M+Rb)+ ion at m/z 651, suggesting a 
molecular formula of C3xH50O9. Accurate mass analysis of 
the m/z 548 (M-18)"4" ion, produced under EI conditions, 
confirmed this assignment.



Carbon 29 Mdl 30*=* Me 311= 32° 33to 34= 35= 36= 37= 38=
i 32.7 t 35.4 t 32.6 32.6 32.5 35.5 35.5 36.0 36.0 32.62 73.1 d 73.1 d 73.5 73.4 73.3 73.2 73.2 73.2 73.2 73.43 72.3 d 72.4 d 72.7 72.6 72.5 72.4 72.5 73.0 73:0 72.64 40.0 t 40.2 t 40.4 40.4 40.5 40.8 40.9 40.9 40.2 40.45 77.3 S 77.8 S 77.7 77.6 77.6 77.9 77.9 77.9 77.9 77.66 71.4 d 71.3 d 72.2 72.3 72.2 71.3 71.3 72.2 72.2 72.27 123.9 d 122.7 d 122.9 123.9 122.8 122.7 122.7 122.9 122.7 123.98 140.5 S 143.8 S 140.9 140.8 140.8 144.0 143.9 143.7 143.7 140.89 76.4 S 76.5 S 76.8 76.7 76.8 76.5 76.6 75.9 75.9 76.710 47.9 S 49.7 S 48.3 48.2 48.3 49.7 49.7 49.3 49.2 48.211 74.9 d 73.2 d 75.3 75.2 75.2 73.3 73.3 75.4 75.4 75.212 41.1 t 46.5 t 41.4 41.3 41.3 46.5 46.5 42.2 42.2 41.313 42.5 S 43.2 S 42.8 42.7 42.7 43.2 43.2 43.2 43.2 42.714 50.9 d 51.2 d 51.4. 51.3 51.3 51.3 51.3 51.5 51.4 51.3-15 23.2 t 23.4 t 23.6 23.5 23.5 23.4 23.5 23.5 23.5 23.516 27.9 t 28.2 t 28.9 28,6 28.5 28.7 29.0 28.9 28.2 28.917 55.9 d 56.3 d 55.9 55.8 55.9 55.9 55.9 55.8 56.2 55.718 12.2 g 13.0 q 12.7 12.6 12.6- 13.2 13.2 13.1 12.9 12.6*19 65.8 t 65.1 t 66.2 66.2 66.1 65.1 65.1 65.1 65.0 66.120 36.1 d 36.5 d 40.9 40.6 40.3 40.2 40.2 40.2 36.3 41.021 18.7 q 18.9 q 19.9“ 21.9 20.8* 21.1 19.8« 19.9- 19.0 , 19.222 36.0 t 36.3 t 136.1 137.9 134.2 138.3 136.3 136.1 36.2 -138.123 23.9 t 24.1 t 132.6 127.0 124.1 126.7 132.3 132.4 24.1 130.024 39.5 t 39.7 t 43.4 42.2 38.7 42.2 43.3 43.2 39.7 51.4-25 28.0 d 28.3 d 33.5 28.7 30.2 28.7 33.5 33.5 28.2 32.126 22.5 g 22.6-g 22.Ie 22.4 12.6* 22.4- 21.3 = 21.8* 22.7- 21.9?27 22.7 q 22.9-q 21.3 = 22.5 21.9= 22.5- 20.4 = 21.3 = 22.9- 21.4=28 18.4- 18.3- 18.3° 25.629 12.5=Acetate 171.0 170.4 170.1 171.1 170.2 170.2 170.1C=O

Acetate
169.9
21.1

171.5 
21.1 =

171.2
21.0

170.0
20.9= 20.4 21.8

171.1
21.0CH3 20.8 20.5= 21.1 21.1= 21.3

“-The chemical shift values are given in parts per million (ppm) and were referenced to 
pyridine d3 (149.9 ppm).

^-Spectra obtained on a Bruker AM-̂ 300. 
c-Spectra obtained on a Bruker WM-250.
•^-Multiplicities assigned on the basis of DEPT experiments.
°~a-Signals could be exchanged within the same column.

Table 3 13C-NMR chemical shift data of 5a-sterols
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Figure 17. FAB (0.14 M RbI in glycerol) mass spectrum of 29.
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Isolation and Structure Elucidation of Additional Sterols

Now that a good separation scheme had been developed 
for these polyhydroxylated sterols, it was applied to the 
separation and purification of the additional closely 
related sterols that were known to be present in lesser 
amounts. The first fraction from the 13-eyelodextrin 
separation that gave 29, showed two additional downfield 
signals in the 13C-NMR at 6 136.1 and at 6 132.6 (Table 3), 
as well as a downfield signal in the 1H-NMR at 6 5.12 (2H, 
m), which indicated an extra site of unsaturation in the 
molecule. A FAB mass spectral analysis using 0.14 M RbI in 
glycerol produced an (MtRb)+ ion of m/z 663, which indicated 
that this molecule was a closely related analog of 29 with 
an extra site of unsaturation and an extra methyl group. A 
2-D COSY run on this molecule showed that the H-2I methyl 
group which resonates at 6 1.01 (3H, d, J=6.2) was coupled 
to a diffuse signal at 6 1.94 (IH, m), which was assigned to 
the proton at H-20. This signal was in turn coupled to the 
downfield 1H-NMR olefinic signals at 6 5.12. Correlations 
could also be determined between another 1H-NMR methyl 
signal resonating at 6 0.91 and a signal at 6 1.82 (IH, m), 
which was in turn coupled to the downfield olefinic signals. 
Additional correlations between the signal at 6 1.82 to the 
H-25 multiplet at 6 1.45 proved conclusively that the extra 
site of unsaturation was at A22, and the extra methyl group
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was at C-24 to give the sterol 31. Such alkyl substitution 
at C-24 is weII-documented for sterols from sponges.37

Fraction B from the reversed phase HPLC separation, 
(Figure 9b), showed some doubling of signals in the 13C-NMR 
which indicated that it was not quite pure. Additional 
attempts to purify it using reversed phase HPLC with dif
ferent solvent systems failed. The fraction was then 
chromatographed on the B-cyclodextrin column using aceto
nitrile-water (45:55), and 29 mg of pure sterol were 
obtained. The 13C-NMR and 1H-NMR spectra of this sterol,
32, were very similar to those of the lead sterol, 29. 
However, two additional olefinic signals in the 13C-NMR 
spectrum of 32, (Table 3), resonating at 6 137.9, and at 6 
127.0, as well as two additional downfield signals in the 
1H-NMR spectrum at 5 5.17, indicated the presence of a 
disubstituted double bond in the side chain of this mole
cule. Additional evidence for this came from the FAB mass 
spectral data which showed an (M+Rb)+ ion at m/z 649, 
indicating an extra unsaturation in the molecule relative to 
29. Electron impact mass spectrometry produced fragment 
ions of m/z 303 and 261, corresponding to (M-HOAc-SH2O- 
CbHx5)"1" and (M-HOAc-SH2O-CxxH2x)"1", respectively, and gave 
further support for placing the extra double bond in the 
side chain. Ozonolysis of a small amount (120 ug) of this 
compound, followed by cleavage of the ozonide to the 
aldehydes and subsequent analysis by GC/MS, gave a degrada-
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tion product with, a molecular ion at m/z 86, corresponding 
to CsH10O, which firmly established the double bond at the 
A22 position.

Sterol 33 coeluted with 32 in the reversed phase 
chromatography, but was well separated on the J3-eyelodextrin 
column. This sterol gave an (M+Rb)+ ion of m/z 649, which 
indicated an identical molecular weight of 564 for both 
sterols. In 33, however, the characteristic six proton 
doublet at 6 0.82 normally assigned to the H-26, 27 isopro
pyl group was replaced by a signal at 0.83 (3H, dd, J=3.8, 
7.3), which indicated that the methyl group normally at C-27 
was missing. Downfield signals in the x3C-NMR at 6 134.2 
and at 6 124.1, as well as a xH-NMR signal at 6 5.09 (2H, m) 
indicated an extra unsaturation in the side chain. Decou
pling experiments showed coupling between the H-2I methyl 
doublet at 5 0.99 and a multiplet at 6 1.91 (IH, m), which 
was also coupled to the downfield olefinie signal at 6 5.09. 
The olefinie signal was coupled to another multiplet at 5 
1.83 (IH, m) which was coupled to a methyl doublet at 5 0.92 
(3H, d, J=6.7). This data indicated that 33 was a position
al isomer of 32, with a methyl group at C-24, but with the 
normal methyl at C-27 missing.

Reversed phase HPLC of a slightly more polar fraction 
from the low-pressure-silicargel chromatography gave eight 
fractions, the second of which was subjected to the 13- 
cyclodextrin column using acetonitrile-Water (4:1) as mobile
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phase. This gave four fractions, the third of which 
appeared pure by 1H-NMR. The FAB mass spectrum of this 
sterol (34), gave an (MtRb)-4- ion at m/z 565; this, combined 
with the lack of acetate signals in the 13C-NMR and 1H-NMR 
spectra, indicated that this sterol was the naturally 
occurring nonacetylated heptol analogue of 32. Comparison 
of this spectrum with those of 32 and the hydrolysis product 
30, confirmed this assignment.

The third fraction from the same reversed phase chroma
tography that resulted in the isolation of 34, was also 
subjected to HPLC using the 6-cyclodextrin column with 
acetonitrile-water (4:1) as the mobile phase. In the 
reversed phase chromatogram, it was obvious that there were 
at least two poorly resolved components in this fraction.
The 6-cyclodextrin column, however, gave baseline separation 
of the two major compounds in this mixture. The third peak 
from this chromatography, gave an (M+Rb)-4- adduct ion, m/z 
579, which together with the absence of signals in the ester 
carbonyl region, indicated this sterol was a nonacetylated 
heptol with an extra double bond and an extra methyl group. 
Irradiation of a 1H-NMR signal at 5 1.98 (lH,m) collapsed 
the H-21 methyl doublet at 5 1.01. When two overlapping 
olefinic signals at 5 5.17 (2H,m) were irradiated, the 
signal at 5 1.98 as well as one of two overlapping signals 
at 6 1.82 were sharpened. Irradiation of this signal at 6 
1.82 collapsed a methyl doublet at 6 0.92 to a singlet and
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sharpened portions of the signals at 6 1.38 and at 6 1.58. 
These decouplings allowed the placement of the extra double 
bond at C-22/C-23 and the extra methyl group at C-24, which 
gave 35.

FAB mass spectral analysis of the second sterol from 
the 8-cyclodextrin separation that gave 35 produced an 
(M+Rb)+ adduct ion at m/z 567. This indicated a molecular 
weight of 482, corresponding to that of the hydrolysis 
product 30. . Comparison of the x3C and xH-NMR spectra of the 
natural product with those of the hydrolysis product of 29 
demonstrated that the two compounds were, in fact, identi
cal.

Subjecting the fourth peak from the reversed phase 
separation mentioned above to the B-eyelodextrin column 
utilizing acetonitrile-water (5:1), gave two nicely resolved 
sterols. The first one, which eluted with the solvent 
front, gave an (MtRb)+ adduct ion of m/z 621 that suggested 
that this molecule 36 was the monoacetate analog of 35 and 
31. Comparison of the xH and x3C-NMR spectra with those of 
35 and 31 corroborated this assignment. The acetate was 
placed at C-Il on the basis of the upfield 13C-NMR shift of 
the C-19 methylene carbon compared to that in 29, indicating 
an alcohol rather than ester group at this position.
Further evidence for a C-Il acetate came from the observed 
downfield shifts of the C-18 methyl protons and the H-Il 
proton in 36 versus 35, as was noted earlier by Djerassi's
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group for other sterols.23 Ozonolysis of this sterol and 
GC/MS analysis of the derived aldehydes gave a product with 
a molecular ion at m/z 100. This indicated a A22 double 
bond with a methyl group at C-24 for this molecule.

The second sterol from the same B-cyclodextrin chroma
tography that produced 36, gave an (M+Rb)"4" adduct ion at m/z 
609, which indicated that 37 was a monoacetate analog of 
sterol 29. Examination of the spectral data for this 
molecule confirmed this. As in the case of 36, an upfield 
shift of the C-19 signal in the 13C-NMR spectrum indicated 
that the single acetate was at C-Il.

The fifth peak from the initial reverse phase separa
tion (Figure 9b), after purification on the fi-cyclodextrin 
column, gave an (M+Rb)'1' ion at m/z 679, which indicated the 
presence of two acetates, two double bonds, and two extra 
carbons for this sterol, 38. 1H-NMR decoupling experiments 
showed that a proton at 6 5.08 (1H, dd) was coupled to 
protons at 6 4.95 (dd) and.1.97 (m). The signal at 6 4.95 
was also coupled to a diffuse multiplet at 6 1.59. Finally, 
the signal at 6 1.97 was also coupled to a methyl signal at 
6 1.03 (3H, d). This sterol, therefore, possessed unsatura
tion at A22 and an apparent ethyl group at C-24. Ozonolysis 
of both 38 and stigmasterol, 39, and subsequent analysis by 
GC/MS of the resulting aldehydes gave molecular ions at m/z 
114 and identical fragmentation patterns, thereby confirming 
this assignment.
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39

Determination of C-24 Stereochemistry

Spectral data indicated that the sterols that had been 
isolated so far possessed identical skeletal structures and 
varied only in the side chains and in the degree of acetyla
tion. Comparison of the 13C-NMR shifts of these compounds 
with those of sterols in the literature38 that have a 5a- 
cholestane skeleton (Table 2), showed that the sterols from 
D • etheria also had this configuration. This implied, 
therefore, that the stereochemistry should be 5a, 9a, 14a, 
176, and 2OR. (When describing the stereochemistry of 
sterols, it is quite common to describe those groups that 
protrude into the upper half of the sterol plane as being 6, 
and those that are directed into the lower half as a.) The 
only stereochemical question that remained, therefore, was 
to determine the configuration at C-24 for the 24-alkylated
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sterols. The determination of this stereochemistry is 
important since it can lend insight into the biogenetic 
origin of these sterols. For example, algae and fungi 
generally produce 24-alkylated sterols with the 246 con
figuration®4 , whereas most higher plants are known to 
produce 24a-alkylated sterols®5. Knowledge of the stereo
chemistry at this position, therefore, along with the 
knowledge of the stereochemistry of sterols produced by 
possible dietary sources, can help to determine if the 
sterols are manufactured by the sponge itself, if they are 
modifications of sterols from dietary sources, or if they 
originated from possible endosymbionts. The determination 
of this stereochemistry, however, is not a simple matter. 
Chromatographic separation of pairs of C-24 epimeric sterols 
have only been reported for GLC methods employing very long 
capillary columns coated with high polarity stationary 
phases,®6 and a TLC method which employs an unusual adsor
bent.®-7 These methods, however, would not be suitable for 
separating enough of an unknown sterol in order to do 
spectroscopic studies. C-24 epimeric sterols also cannot be 
differentiated by IR or MS. In the case of A22 unsaturated 
sterols, determination of stereochemistry has involved 
sidechain cleavage by ozonolysis and measurement of optical 
rotation on derivatives of the resulting aldehyde or acid, 
although this only determines the predominant stereochem
istry, since considerable racemization of the ozonolysis

98
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product is often encountered. Sterols with saturated 
sidechains have sometimes been determined by specific 
rotation differences at fixed wavelengths and by melting 
point differences,99'3-00 but in some epimeric pairs, these 
differences are small. These measurements can also give 
only the predominant stereochemistry if both epimers are 
present.

An alternative method to determine stereochemistry at 
this position employs 1H-NMR spectroscopy. The high field 
1H-NMR spectra of some epimeric pairs of sterols show 
distinct differences in the methyl group patterns. Rubin
stein et al.39 have compiled the 1H-NMR spectra of a number 
of different 24-alkylated phytosterols, and these can be 
used for comparison with sterols of unknown configuration. 
The pattern of signals observed in the high-field region 
reveals non-equivalence of the two methyl groups of the iso
propyl moiety. The observed difference in the chemical 
shifts of the C-26,27 methyl group doublets results mainly 
from intrinsic magnetic non-equivalence generated by the C- 
24 chiral center.39 In addition, the normal diastereomeric 
relationship between the chiral centers at C-20 and C-24 
might be expected to produce chemical shift differences in 
both the C-2I and C-28(9) methyl signals of epimeric pairs 
of sterols.39

These spectra, however, were acquired in CDCl3 and C6D6 
only, which posed a problem of solubility for the poly-
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hydroxylated sterols with which we were concerned. In 
addition, all of the 24-alkylated sterols that had been 
isolated so far had a double bond at the A22 position. The 
non-equivalence of the C-26,27 methyls in A22-24-methylster- 
oids is less than that observed in the saturated analogs * 
Fortunately, however, A22-24-ethyl steroids exhibit, in 
CDCl3, diagnostic deshielding of the C-21 and C-29 methyl 
signals, in the B series. The one sterol in the series that 
had a A22-24-ethyl configuration, 38, was also fortuitously 
diacetylated, which dramatically improved the solubility in 
CDCl3 and consequently the resolution of the 1H-NMR as well. 
High-field spectra of both 38 and stigmasterol, 39, were 
acquired in CDCl3 and compared (Figure 18). Although the 
spectrum of 38 is not that well resolved, the patterns of 
the two spectra, as well as the chemical shifts, are similar 
enough to indicate that the two compounds have the same 
24S/a stereochemistry. Sterols with the opposite configura
tion show a slightly different pattern for this high-field 
region of the spectrum (Figure 19). Since none of the other 
24-alkylated sterols were diacetylated, they were not 
soluble enough in CDCl3 to obtain decent spectra. In 
addition, the only authentic 24-alkylated sterol that we had 
for spectral comparisons was stigmasterol, which had a 24- 
ethyl group. As mentioned earlier, all of the other 24- 
alkylated sterols that were isolated thus far had a 24- 
methyl . Since these sterols appear to be a homologous



80
series, however, we feel reasonably confident that these 
must also have the 24S/a configuration.

Figure 18. 300 MHz high-field 1H-NMR of: A) stigmasterol and B) 38 in CDCl3.

ppm ppm

Figure 19. 220 MHz high-field 1H-NMR spectra of: A)
stigmasteryl acetate (24S/a), and B) porifera- 
steryl acetate (24R/B) in CDCl3. (From ref. 39)
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Isolation and Structure Elucidation of SB-Sterols

A slightly less polar fraction from the low pressure 
silica gel column chromatography was subjected to the now 
familiar HPLC separation scheme, which consisted of reverse 
phase HPLC using a semi-preparative column with aceto
nitrile-water (2:1) as the mobile phase (Figure 20), 
followed by a final purification step on an analytical B- 
cyclodextrin column using varying percentages of aceto
nitrile-water as the mobile phase. We were looking for less 
oxidized or more highly acetylated sterols that might lend 
some insight into the biosynthetic pathways leading to the 
polyhydroxylated sterols that had been isolated so far.
Three major fractions were obtained from these chromato
graphies.

Figure 20. Reverse phase HPLC separation of 56-sterols.
Beckman Altex Ultrasphere ODS (25 x I cm); 
acetonitrile-water (2:1); 3.0 ml/min; RI detection; 2 mm/min.

20 10
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1H and 13C-NMR analyses suggested that the three 

compounds in this series possessed identical functionality 
patterns and differed only in the steroid side chain. 
Curiously, these sterols were more non-polar than those 
already isolated, even though they contained the same number 
of sites of oxygenation, seven, by 13C-NMR (Table 4), and 
showed no evidence of acetylation either by 13C or by 1H- 
NMR.

The first sterol in this series, 40, gave an (M+Rb) 
adduct ion of m/z 567, which indicated a molecular weight of 
482, matching that of the non-acetylated C27 sterol 30.
This indicated a molecular formula of C27H46O7. A 1H-1H 
COSY experiment (Figure 21) along with 1H-13C correlation 
experiments (Figure 22), revealed that the functionalities 
were distributed just as they were in 29. A signal at 6 
5.71 (IH, s,) showed a correlation to a signal at 6 4.69 
(IH, s,) buried in the coalesced AB pattern of the C-19 
methylene protons. These signals could be assigned to an 
olefinic methine and an allylic alcohol bearing methine 
based upon the 1H-13C correlation experiments. This 
correlated with the H-7 and H-6 assignments of the previous 
series, but the lack of coupling indicated that the Karplus 
angle between H-7 and H-6 had changed in this series to an 
angle closer to 90°. A heteroatom bearing methine at 6 5.38 
(IH, dd, J=4.1, 11.9 Hz) showed coupling to an isolated 
methylene, represented by signals at 6 2.99 (1H, m) and 2.76
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Table 4• x3C-NMR data comparison of 5c MHz7 pyridine-d5.a i- and E>6-sterols; 250

Carbon 30 40 41 42 43=

I 35.4 42.0 42.0 42.1 36.22 73.1 65.0= 65.0= 65.0= 68.2=3 72.4 69.3 = 69.4= 69.4= 69.9=4 40.2 46.7 46.7 46.7 35.95 77.8 79.6 79.8 79.7 80.06 71.3 70.0 70.0 70.0 201.17 122.7 125.9 126.0 126.0 120.38 143.8 141.4 141.5 141.5 165.09 76.5 78.1 78.2 78.2 46.210 49.7 51.0 51.0 51.0 45.511 73.2 68.9 68.8 68.9 69.612 46.5 42.7 42.8 42.8 44.013 43.2 43.0 43.0 43.1 48.214 51.2 51.7 51.7 51.7 48.215 23.4 23.6 23.6 23.7 31.716 28.2 28.2* 28.3 28.4 21.417 56.3 56.5 56.4 56.4 49.418 13.0 12.6 12.6 12.6* 17.419 65.1 62.9 62.8 62.9 18.820 36.5 36.4£ 36.9 36.7 76.821 18.9 18.9 18.9 19.0 21.422 36.3 36.3= 33.8 34.0 76.823 24.1 24.2 31.0 26.8 30.124 39.7 39.7 39.3 46.3 37.025 28.3 28.3* 31.7 29.3 28.226 22.6= 22.6= 17.7 19.8 22.427
28 
29

22.9= 22.9= 20.4
15.6 19.2

23.3 
12.5*

23.4

a-pyridine-d5 internal standard and solvent 
to-from reference 101
c £-assignments may be reversed in each column

(IH7 dd7 J=Il.9, 23.9 Hz). These signals could be assigned
to H-Il and H-I2 by analogy with the previous ;assignments.
A two proton multiplet at 6 4.85 showed correlations to

CMCO 
t—
I

m 55, 2.55, and 2.09. The signal at 6 3.18 was
coupled to one of the signals at 2.55, ;and the signal at 5
2.09 was coupled to the other signal at this resonance
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42 R=CH2CH3
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OH Z

43
This data indicated that the 2,3-diol arrangement was still 
intact on this molecule, but that substantial changes around 
the A-ring had occurred. Once it had been established that
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the functional groups were distributed around the sterol 
framework the same as before, then it became a simple matter 
through the xH-13C correlations (Figure 22), to assign the 
signals in the 13C-NMR (Table 4). The most notable dif
ferences in the 13C-NMR spectra occurred around the A and B 
rings, where the resonances of C-I and C-4 were both shifted 
to lower field by about 6.5 ppm relative to 30, while C-2 
and C-3 were shifted to higher field by 3-8 ppm. The ring 
juncture carbons, C-5 and C-IO, were slightly deshielded (1- 
2 ppm) and C-19 was shifted upfield by more than 2 ppm.
These 13C-NMR chemical shifts were consistent with a cis AB 
ring juncture that contains a 5B-hydroxyl group, such as in 
muristerone A, 43,101 which has a similar 2,3-dipl, 513- 
hydroxyl configuration. The upfield shifts of the C-2 and 
C-3 signals are probably due to their more protected 
positions in the cis-AB ring configuration. The C-19 shift 
could be due to anisotropic shielding by the C-5 hydroxyl 
group's non-bonding electrons (Figure 23).

The remaining stereochemical assignments for 40 were 
derived largely from ID decoupling and difference nOe 
experiments. Irradiation of the signal at 5 4.65 (overlap
ping signals for H-6 and H-19) resulted in a 3.5% enhance
ment of H-IB at 6 2.55 The two large couplings (geminal and 
axial-axial) to H-IB that were revealed by this experiment 
necessitated an equatorial (B) hydroxyl at C-2. There was 
no enhancement of either proton at C-4, corroborating the
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5B-hydroxyl assignment, and the nOe between H-6 and H-7 was 
a barely discernible 1%. These data support the placement 
of H-6 in the B position. The stereochemistry of the C-3 
hydroxyl was assigned as a because one of the H-4 protons 
appeared as a degenerate doublet of doublets at 6 2.09 (t, 
J = H »7 Hz), which indicated geminal and axial-axial cou
plings of equal magnitude. Irradiation of this proton by 
difference nOe elicited a 7.6% response of its geminal 
partner at 6 2.55, and revealed a large (geminal) and small 
(axial-equatorial) coupling to this signal. A small nOe to 
H-2a was also observed, which supported all the assignments 
inferred for the A ring. Despite some chemical shift 
changes incurred by the cis AB ring juncture, the couplings 
from H-Il to H-I2 remained unchanged, indicating the same 
stereochemistry as found in 29-38.

Figure 23. Anisotropic shielding of C-19 protons in 56- 
hydroxy cis AB sterols.

C-19

OH C-5
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The other two compounds in this new series were found 

to have molecular weights of 496 and 510 daltons, respec
tively, which.indicated that these were saturated side chain 
homologs of 40 containing a C-24 methyl, 41, and a C-24 
ethyl, 42. The remainder of the spectral data were quite 
similar to those of 29 and indicated the same substitution 
patterns and stereochemistry. The lack of availability of a 
good model compound for spectral comparison purposes 
prevented us from determining the stereochemistry at C-24 of 
these 24-alkylated sterols.

Coprostanols, which are sterols with the SB configura
tion, (e.g. 5B-cholestanol-3B-ol 44), are widespread in the 
marine environment, but they are found mainly in sediments 
and are used as an indicator of fecal pollution.102'103 
Only a few coprostanols have been encountered in marine 
animals as minor constituents.45'47'104'10  ̂ Djerassi et 
al.45 have speculated that these sterols are bacterial 
metabolites and are not thought to play a functional role in 
membranes because of their non-planar nucleus. A surpris
ingly high content of 5B-stanols was isolated from a marine 
sponge, Petrosia ficiformis.45 and this was interpreted as 
being strong evidence for the bacterial conversion of the 
sterols which normally occur in the sponge. Moreover, the 
relative abundances of the various 58-stanols were com
parable to those of the A5-Sterols found in the sponge. It 
is well known that the intestinal flora of humans and rats
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biotransform cholesterol to coprostanol. Djerassi has made 
attempts to induce this conversion using the naturally 
occurring bacterial symbionts of the sponge P. ficifor- 
mis.106 Unfortunately, the results of this study were 
inconclusive. Nonetheless, the presence of 56-sterols in D. 
etheria must also be suspected of being of bacterial origin.

44
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B-CYCLODEXTRIN HPLC COLUMN STUDY

The B-cyclodextrin column which was used to separate 
the many closely related sterol analogs and positional 
isomers in this study is based upon an entirely novel 
approach to stationary phase design, in which solute 
molecules can actually be included within the hydrophobic 
cavity formed by the immobilized B-eyelodextrin molecule. 
Cyclodextrins are D(+)-glucopyranose units connected by a- 
(1, 4) bonds to form cyclic oligosaccharides.3-07 The three 
smallest homologues, a-cyclodextrin (eyelohexaamylose), B- 
cyclodextrin (eyeloheptaamylose), and y-cyclodextrin 
(eyelooctaamylose) are commercially available. An interest
ing HPLC column stationary phase has been produced by 
covalently bonding these molecules to silica gel via a seven 
to nine atom spacer.108 B-cyclodextrin is the type that we 
chose to investigate for the difficult separation problem of 
polyhydroxylated sterols. B-cyclodextrin is a non-ionic, 
cyclic, chiral carbohydrate that has the shape of a hollow 
truncated cone (Figure 24), in which the side of the torus 
with the greater circumference has fourteen secondary 
hydroxyl groups, while that of the smaller side has seven 
primary hydroxyl groups.103 The interior of the cavity is 
relatively hydrophobic compared to the hydrophilic hydroxyl 
containing faces. Due primarily to favorable hydrophobic 
and/or hydrogen bonding interactions, guest molecules can 
bind and form inclusion complexes with B-cyclodextrin as
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shown in Figure 25. Because inclusion complex formation is 
highly dependent upon this host-guest spatial interaction, 
complexes formed from a pair of guests which differ only 
slightly can be appreciably different.

Figure 24. Gross structure of the B-cyclodextrin molecule.

The 'lining" o( Ihe cjvity give osidic oxygen budges high electron density

I Edge of secondary 
‘ "  I hydroxyls

Edge ot primary
fr-cydodeMtrin structure HydronyK

Figure 25. Schematic of B-cyclodextrin inclusion complexing.

B-cyclodextrin HPLC stationary phases have probably 
found their most important utility as chiral stationary 
phases (CSP's). m The chiral recognition has been 
rationalized in terms of several possible interactions 
between the B-cyclodextrin host and guest racemates.113 The 
B-cyclodextrin molecule contains 35 chiral centers, and 
guest solutes can interact via van der Waals-London disper
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sion forces with the hydrophobic cavity. In order for this 
to be effective, however, the molecule must fit tightly 
within the cavity. In most cases, the cylindrical binding 
characteristics to a racemic guest molecule are too sym
metrical to induce large enantioselectivities. Conse
quently, there must be other points of interaction in order 
to achieve chiral recognition. The fourteen chiral hydroxy 
groups situated around the mouth of the cavity, as well as 
the' seven primary hydroxyl groups situated around the 
opposite rim provide a number of these possible stereospe
cific interactions.

Although much has been said about the potential of B- 
cyclodextrin as a novel CSP, numerous other types of closely 
related compounds that are not necessarily enantiomers but 
are also poorly resolved on more traditional columns are 
often easily separated on this stationary phase. A variety 
of structural isomers have been separated including: 
positional and cis-trans isomers of prostaglandins,^x4rxx5 
polycyclic aromatic hydrocarbons, and steroid epimers.xxs 
This apparent ability of B-eyelodextrins to separate 
epimeric steroids was particularly interesting to us, since 
in the beginning of this study, the intransigent mixtures 
that we were trying to separate appeared to pose just such a 
problem.

The resolution of steroid epimers is important for the 
analysis of pharmaceutical formulations and to the produc
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tion of synthetic steroids. HPLC has been employed for the 
separation of steroidal epimers using either normal phase or 
reversed phase systems. Redel and CapiIIo n 7 have compiled 
a number of examples of such separations which describe the 
resolution of alcohols epimeric at positions C-3, C-6, C- I r 

C-12, C-17, C-20, C-24, and C-25? of bridge carbon epimers 
at C-5; and of epimeric alkyls at C-16 and at C-22. Some of 
these steroid epimers are best separated by normal phase 
HPLC and others by reversed phase HPLC7 and some are not 
well separated by either technique. Resolution depends 
largely on the position of the chiral center and is much 
enhanced for those positions occurring on the steroidal ring 
framework. When the epimeric center occurs on the remote 
side chain, then the mixture of epimers behaves chromatogra- 
phically more like a pair of enantiomers and less like 
diastereomers and therefore becomes more difficult to 
separate. In such cases, recycling of the solutes through 
the chromatographic system is the only effective way to 
resolve these mixtures.

Armstrong et al.,3-31*5 have shown that closely related 
epimers of estriol (16, 17-epiestriol, estriol, 17-epiestri- 
ol, and 16-epiestriol) can be separated on a 10 cm B- 
cyclodextrin column. This is the first time that these four 
epimers have been resolved in one chromatography. Kirsch- 
baum and Kerr74 have demonstrated that three epimeric pairs 
of steroidal drugs can be separated on a B-cyclodextrin
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column where attempts to separate these mixtures had failed 
using 5%, 10%, or 15% loaded octadecylsilane, intermediate- 
polarity phenyl, cyano, cyclohexyl, and normal phase 
chromatographic systems.

These results were encouraging since we felt that the 
B-eyelodextrin column could be applied to the separation of 
the closely related naturally occurring polyhydroxylated 
sterols from D. etheria. To the best of our knowledge, this 
stationary phase had not been used before for the purpose of 
preparatively separating natural products. Naturally 
occurring sterols, particularly polyhydroxylated sterols, 
are notoriously difficult to separate, and we believed that 
the B-cyclodextrin column might be effective in isolating 
the numerous major and minor sterols that can be found in a 
marine organism. Pre-existing methods for the separation of 
these polar polyhydroxylated sterols include: chromatography 
followed by crystallization of the major component,46'4'7 
repeated chromatographies using reversed phase HPLC,23 or 
separation of the final mixture derived from reversed phase 
HPLC by preparative TLC on silica gel impregnated with 
AgNO3.66 A simple procedure that could separate these 
intractable compounds would therefore be invaluable to any 
study of the polyhydroxylated sterols of marine organisms.

The polyhydroxylated sterols that we were working with 
were extremely polar, and were therefore not amenable to 
normal-phase chromatography. Numerous attempts to separate
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these mixtures using reversed phase octadecylsilane or cyano 
stationary phases also failed. The B-cyclodextrin column, 
however, using acetonitrile-water (1:1) as the mobile phase, 
gave nearly baseline separation of sterols 29 and 31 (Figure 
11). This initial success was followed by the separations 
of 32 from 33 (Figure 26); 30 from 35 (Figure 27); and 36 
from 37 (Figure 28) using the B-cyclodextrin column with 
various percentages of acetonitrile-water. What these 
separations had in common was that the nuclear framework and 
substitution patterns were the same for both members of the 
separated pairs, while the differences occurred only in the 
side chains of these molecules (Table 5).

Once the sterols were purified by these B-cyclodextrin 
chromatographies, and their structures determined, it became 
obvious that we had not separated epimeric pairs as we 
originally thought we would, but rather analogs in which the 
side chains of each member of a pair differed only slightly 
from one another. The sterols separated in the chromatogra
phies shown in Figures 11, 27, and 28 differed only in that 
one member of each set contained an extra double bond at A22 
and an extra methyl group at C-24. The fact that these con
geners co-eluted by reversed phase chromatography in all 
three cases (non-acetylated, mono-aceylated, and di-acetyl- 
ated) with sterols possessing a normal CbH17 side chain, 
indicated that the apparent polarity of these two very 
different side chains must be similar. It was interesting
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to note that whereas the reversed phase column could 
separate sterols differing only by an extra double bond at 
A 22 from those having a normal side chain (Figure 9B), the 
addition of a methyl group at C-24 along with the extra 
unsaturation posed a very difficult problem for a reversed 
phase separation.
Figure 26. 6-cyclodextrin separation of 33 and 32. Aceto

nitrile-water (45:55); 1.0 ml/min; RI detection.
32

Figure 27. 6-eyelodextrin separation of 35 and 30. Aceto
nitrile-water (4:1); 1.0 ml/min; RI detection.
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The other 6-cyclodextrin separation, which is shown in 

Figure 26, is interesting in that it shows a separation 
between two much more closely related sterols than the 
chromatographies mentioned previously. These sterols are 
positional isomers of. one another, since 32 possesses a 
normal C-26,27 isopropyl group, whereas 33 is missing one of 
the C-26,27 methyls but has an extra one at C-24 instead. 
Djerassi et al.,22 x̂xs have reported the separation of 
sterols differing by these same side chains situated on 
identical sterol nuclei. Only relative retention time (RRT) 
data was given in both instances, which makes it difficult 
to determine how well resolved the two components were. In 
both cases, though, the RRT's were close enough (0.72 to 
0.76, and 0.70 to 0.75) to indicate that these closely 
related compounds were not as well resolved using reversed 
phase chromatography as they were on the B-eyelodextrin 
column.

Most researchers agree that when aqueous^-organic mobile 
phases are used, the mechanism of separation on the 6-cyclo
dextrin column is by the formation of inclusion complexes 
with solute molecules.xx2 x̂xs'1X9'X20'X2X'X22 Armstrong et 
al.,xxx have suggested that, in order for chiral recogni
tion to be effective, a compound needs at least one aromatic 
ring, preferably two, and that the chiral center must be in 
close proximity to the ring moieties. The formation of an 
inclusion complex, however, has also been invoked to
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Figure 28. A) B-cyclodextrin separation of 36 and 37.

Acetonitrile-water (5:1); 1.0 ml/min; RI detec
tion. B) Same separation; acetonitrile-water (4:1).

37

37

B

min



Sterol # of acetates Side chain substitutions tK(min) k' R=

31 11,19-diacetate A22, 24-methyl 6.5 2.3 0.9329 (Normal) CsH1^ 8.6 3.3 I

33 11,19-diacetate A22, 27-nor, 24-methyl 5.6 1.0 0.7132 A22 6.4 1.3

35 0 acetates A22, 24-methyl 7.5 1.7 3.030 (Normal) CaH17 13.5 3.8

36 11-acetate A22, 24-methyl 6.1 0.9 1.0537 (Normal) CaH17 7.9 1.4

Table 5. Examples of B-cyclodextrin separations of 5a-■cholesta-7^ene-2a, 3a, Sn (\ R Qzr.11a, 19-heptol sterols. -'vaZ v y  Z - 7  VA f

100
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explain the separation mechanism of diastereomers and 
geometric isomers which lack aromatic rings, such as steroid 
epimers,74'x:LS and prostaglandins.1X4'x:L5 In the separation 
of cis-trans isomers of prostaglandins,xxs for example, it 
was assumed that an inclusion complex would form in such a 
way that the polar functional groups would stay away from 
the hydrophobic center and/or allow hydrogen bonding with 
the hydroxyl groups on the edge of the cavity. The elution 
order of cis followed by trans, was explained by the more 
compact conformation of the cis isomer, which allowed for a 
tighter complex.

It appeared to us, however, even in the reversed phase 
mode, that the separations of the polyhydroxylated sterols 
did not proceed by an inclusion complex mechanism. We 
decided to perform some simple experiments using the sterols 
already isolated and characterized in order to determine 
what interactions were responsible for separating these 
compounds.

The first series of these polyhydroxylated sterols had 
identical substitution patterns and side chains, but varying 
degrees of acetylation. The elution order on the B-cyclo- 
dextrin column, shown in Figure 29, was: di-acetate (29), 
followed by mono-acetate (37), followed by the non-ace- 
tylated sterol (30). This was the reverse of that observed 
for the same compounds injected onto a reversed phase column 
where the elution order was most polar to non-polar as
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expected (Figure 30). This data seemed to indicate that the 
non-polar side chain of the sterols was not necessarily 
included into the hydrophobic cavity, since if this were the 
case, then the elution order should more closely approximate 
that of the reversed phase separation.

The next experiment involved the coinjection of a 5a- 
(30), and a 5B-hydroxysterol (40), (Figure 31), both with 
the same substitution, acetylation, and side chain alkyla
tion patterns. The geometry of these two molecules should 
be so different about the A and B rings, that an inclusion 
complex formed with this region of the molecule should have
dramatically different characteristics for the two epimers.

/

Figure 29. G-cyclodextrin separation of 29, 37, and 30.
Acetonitrile-water (1:1); 1.0 ml/min; RI detection.
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Figure 30. Reversed phase separation of 29, 37, and 30.

Hamilton PRP column (250 x 4.1 mm); acetonitrile- 
water (1:1); 3.0 ml/min; RI detection.

Figure 31. B-cyclodextrin separation of 30 and 40. Acetoni
trile-water (1:1); 1.0 ml/min; RI detection.

30 40
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What was found, however, was that the two compounds had 

virtually the same retention times, and hence were not 
resolved at all. These two compounds were well separated on 
the reversed phase column, with the cis compound eluting 
after the trans. It appeared that the hydroxyl groups of 
the sterols were hydrogen-bonding with the hydroxyl groups 
around the perimeter of the 6-eyelodextrin molecule rather 
than forming inclusion complexes. Both of these experi
ments, therefore, pointed to the conclusion that polyhy
droxy lated sterols are retained on the B-eyelodextrin column 
through relatively non-specific hydrogen bonding interac
tions, and that inclusion complex formation with either the 
hydrophobic side chain or the sterol nucleus was not 
occurring. In this regard, the separation mechanism was 
analogous to that of a diol column. This behaviour has 
already been observed for the normal phase operation of B- 
cyclodextrin columns.122

The third experiment involved the elution of a homol
ogous series of 5B-hydroxy sterols with the same ring 
substitutions but with slightly different side chains. The 
three sterols (40, 41, and 42) differed by the degree of 
alkylation at the C-24 position. The sterols eluted in the

Iorder of increasing alkylation (Figure 32), which was the 
same order as that observed for separation on a reversed 
phase column (Figure 20). This observation was also in 
agreement with the proposed separation mechanism, since
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hydrogen bonding of the hydroxyl groups of the sterols to 
the hydroxyl groups on the B-cyclodextrin molecule would 
allow the non-polar side chain to determine the elution 
order by partitioning into the mobile phase. If this were 
the case, then the more highly branched side chain would 
elute last in the polar mobile phase, as was observed. This 
by itself, however, does not preclude the possibility that 
the non-polar side chains are included into the hydrophobic 
cavity. When taken in conjunction with the previous 
observations, though, the evidence seems overwhelmingly to 
support hydrogen bonding to the polar portions of the sterol 
molecules as the primary separation mechanism.

Figure 32. B-cyclodextrin separation of 40, 41, and 42.
Acetonitrile-water (1:1); 1.0 ml/min; RI detection.

41

In light of this data, it would probably be prudent to 
reexamine the interactions responsible for separations of 
other compounds by this versatile stationary phase, since 
insight into this might allow an even greater array of
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substances to be resolved. While there is no doubt that 
many separations, particularly chiral, are the result of 
inclusion complexing, it would be interesting to find out if 
enantiomeric or diastereomeric separations can occur in the 
absence of this mechanism.



107
MASS SPECTRAL ANALYSIS OF POLYHYDROXYLATED STEROLS

Steroids were among the first natural products to be 
studied by mass spectrometry.3-23'124'125'126 Although some 
correlations between structural.features and specific 
fragmentation processes had been determined (e.g. the 
characteristic D-ring fragmentations)86, the achievements in 
structure elucidation of unknown sterols were dilatory 
compared to the advances made for other classes of com
pounds.12"7 The reason for this is that the fragmentation 
patterns of steroids are rather complex, and involve 
breakdown processes that are often accompanied by compli
cated hydrogen transfers and other rearrangements. In the 
mass spectrometer, electron impact induced fragmentation is 
dependent on localized charges and radical sites, which in 
turn can induce bond scissions and rearrangement reactions. 
If a center exists in a molecule which, with comparatively 
little energy, can be deprived of an electron (e.g. aromatic 
sites, heteroatoms), then essentially only one type of 
molecular ion will be formed and the resulting fragments 
will be few and relatively straightforward. In steroids, 
such a center is usually lacking, and the various tertiary 
and quaternary carbon atoms as well as the oxygen function
alities usually encountered are ionized with more or less 
the same ease. Therefore, there are usually a multitude of 
competing degradation processes that result in fragments of 
about equal abundance.



108
Although this situation was discouraging at first, 

research efforts directed towards understanding these 
steroid fragmentations contributed greatly to the fund
amental knowledge of organic mass spectrometry.3-2'7 Whereas 
much of the research prior to the 1970's was concerned 
primarily with understanding these fragmentations, since 
then, research has been concentrated increasingly on practi
cal applications. These studies have enabled mass spectrom
etry to become a potent tool for the structure elucidation 
of steroidal compounds. Details of the use of mass spec
trometry to identify and determine the location of various 
functional groups on steroidal molecules can be found in one 
of the reviews on the subject.3-2"7'3-28'3-29'3-30

One of the primary concerns in the structure elucida
tion of natural products is the determination of the. 
molecular weight of the compound of interest. For many 
compounds of medium size and polarity this is a trivial 
matter, and either direct insertion or GG/MS sample intro
duction techniques coupled with electron impact conditions 
will normally suffice to give a molecular ion. Highly 
hydroxylated compounds are an exception to this, however, 
and facile water loss reactions quite often make it impos
sible to obtain this information.3-2"7 The polyhydroxylated 
sterols from D. etheria presented just such a problem, for 
the highest molecular weight species that was observed was 
an (M - 18)^ ion when the sample was introduced using the



109
direct insertion probe (DIP) and analyzed under electron 
impact (EI) conditions.

Although in some cases counting of the carbon signals 
in the 13C-NMR was sufficient to give an accurate prediction 
of the molecular weight of these polyhydroxylated sterols, 
the degeneracy of the carbon signals in many of the sterol 
13C-NMR spectra made it impossible to assign a molecular ion 
unambiguousIy if one was not observed in the mass spectrum. 
Since other researchers working with polyhydroxylated 
sterols had also failed to determine the molecular ions in 
their compounds, 4-7,8=̂  and since the structure elucida
tion of the many closely related sterols from D. etheria was 
impossible without this information, a study was undertaken 
to determine the best method available to obtain an unam
biguous molecular ion for these difficult to analyze 
compounds.

Nine polyhydroxylated sterols (29 - 37) were used for 
this comparison study of mass spectral techniques. Their 
structures had already been determined using NMR and FAB/MS. 
Although FAB/MS using RbI in glycerol had worked sufficient
ly well to determine the molecular weights of these com
pounds, the methods Shown in Table 6 were examined to 
determine if one or more of the methods shown might not give 
better, more reliable, results. These mass spectrometric 
techniques encompass a wide range of methods, but this is by 
no means a complete list. These techniques were chosen
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based upon their availability here at MSUz and were felt to 
be fairly representative of the capabilities of most modern 
mass spectrometer facilities. Although field desorption 
(FD) and desorption chemical ionization (DCI) have great ap
plicability to samples of low volatility such as highly 
functionalized sterols, these techniques were unavailable at 
MSU during the period of this study and hence were not 
included.

Table 6. Mass spectral techniques employed for comparison study.
Sample Ionization DetectionIntro

DIP EIa positive ionDIP Cl methane41 positive ionDIP Cl methane41 negative ionDIP Cl isobutanea positive ionDIP Cl CO23 positive ionDIP Cl ammonia3 positive ionDIP Cl ammonia3 negative ionFAB FAB glycerol3 positive ionFAB FAB "magic bullet"30 positive ionFAB FAB glycerol/Rbl3 positive ionLC thermospray0 positive ionLC plasmaspray0 positive ion
a-Mass spectra collected on a VG 7070 EHFto-Mass spectra collected on a VG TRIO-2
=-Dithiothreitol-dithioerythritol (3:1)

Electron Impact MS

EI spectra of polyhydroxysterols at 70 eV gave a large 
number of fragment ions as expected. Samples were intro
duced into the source using the direct insertion probe, 
which was heated at a rate of 20° C/min until the final
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temperature of 550° C was reached. The sterols came off the 
probe tip at temperatures between 510o-540°. None of the 
nine sterols examined gave a molecular ion under these 
conditions. The high mass regions of the spectra were 
dominated by losses of water and acetic acid as shown in 
Figure 33. In this spectrum, which is the EI spectrum of 
29, most of the ion peaks down to about m/z 400 can be 
explained by either losses of water or acetic acid or some 
combination of both. Loss of three water molecules followed 
by the characteristic D ring fragmentation is represented by 
m/z 357. Loss of two waters and an acetic acid molecule 
along with the D ring fragmentation is the explanation for 
the ion at m/z 315. A retro-Diels-Alder fragmentation, 
along with the concomitant loss of an acetic acid molecule, 
is a plausible explanation for the ion at m/z 304. The ion 
at m/z 303 can be explained by a loss of five water mol
ecules, one acetic acid molecule, and the loss of the side 
chain. As mentioned earlier, the loss of the side chain is 
considered to be good evidence for a A7 site of unsatura
tion. Similar fragmentations were observed for the other 
sterols in the series. Although much structural informa
tion can be determined from the EI spectra of polyhydrox- 
ylated sterols, molecular weight information is decidedly 
lacking. In some of the sterols studied, even the ions 
formed by the loss of one or two water molecules were too 
small to pick out from the background.
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Figure 33. Electron impact mass spectrum of 29
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Chemical Ionization MS

Chemical ionization (Cl) mass spectrometry has, since 
its introduction in IBGe,3-33- become a widely used technique. 
The main attraction of this method has been its ability to 
produce molecular weight information in many instances where 
electron impact mass spectrometry has failed to do so. This 
is because Cl is a "soft" ionization technique, the energy 
transfer does not exceed 5 eV with even the more energetic 
protonating agents.

The technique involves the electron impact ionization 
of a reagent gas at relatively high pressures (about I Torr) 
which produces ions that readily react to ionize the sample. 
The subsequent reactions between positively charged reagent 
ions and sample molecules can be grouped into four major 
categories.3-32

I) Proton transfer M + BH- — > MH- + B
2) Charge exchange M + Xt — > Mt + X
3) Electophilic addition M + X+ --> MX-
4) Anion abstraction AB + X- — > B- + AX

The tendency for a reagent ion BH-4" to protonate a 
sample molecule depends on the relative proton affinities 
(PA) of the reagent ion and of the sample. Therefore, in 
order to observe proton transfer (category I, above), the 
proton affinity of sample molecule M must be greater than 
the proton affinity of the conjugate base of BH"1". Represen
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tative proton affinities of some of the reagent ions more 
commonly used in Cl can be seen in Table 7.

Table 7. Selected proton affinities of Cl reagent ions.3-33
Conjugate base (B) Reagent ion PA(B) kJ mole 1
H2 h 3+ 423CH4 ch5+ 536C2H6 C2Hv+ 585
H2O H3O+ 712CH3OH CH3OH2+ 762
CH3CN CH3CNH+ 782
(CH3)2C=CH2* (CH3)3C+* 810
NH3 n h4+ 847
CH3NH2 CH3NH3+ 884
NH2 (CH2)2NH2 NH2(CH2)2NH3+ 936
-Reagent ion of isobutane.

Four reagent gases were selected for this study of the 
application of Cl to the analysis of polyhydroxylated 
sterols: methane, isobutane, ammonia, and carbon dioxide. 
From Table 7, it can be seen that methane reagent gas can be 
used to protonate all the other compounds with the exception 
of hydrogen. Isobutane on the other hand will not protonate 
water or ethane, and is unreactive towards alkanes in 
general. Not only is isobutane more selective in the 
compounds that it can protonate, but protonation by this 
reagent should be considerably less isothermic than protona
tion by methane. Therefore, fragmentation should be less 
and the resulting spectra should contain more significant 
(MtH)+ ions in the isobutane Cl mass spectra.

At the other end of the scale, proton transfer from 
NH4"4" is restricted to compounds with a proton affinity
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greater than that of ammonia, such as amines and amides.2-34 
The great utility of ammonia as a reagent gas stems from its 
ability instead to add to a great number of various func
tional groups in an electrophilic addition type reaction.

Reagent gases such as carbon dioxide that do not 
contain available hydrogen can produce molecular ions by 
charge exchange reactions instead. The rate of decomposi
tion and therefore the amount of fragmentation of these 
molecular ions depends on the internal energy Eint, which 
can be calculated from the recombination energy RE(Xt) of 
the reagent ion and the ionization potential IP(M)Of the 
sample molecule:

Eint = RE(Xt) - IP(M)
Relatively intense molecular, ions are expected if 

RE(Xt) is only slightly greater than IP(M), and conversely, 
extensive fragmentation will result when RE(Xt) is much 
greater than IP(M). Table 8 shows the recombination 
energies of some reagent gas ions. Since most organic 
molecules have an IP of around 7-11 eV, carbon dioxide 
seemed like an excellent choice for a reagent gas.

The results of the Cl study of the nine polyhydrox- 
ylated sterols (29 - 37) run in the positive ion mode using 
methane, isobutane, ammonia, and carbon dioxide are shown in 
Table 9. Only the largest ions have been tabulated in most 
cases, except for a few interesting species which are
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indicative of special structural features (i.e. unsaturation
at A22 which leads to allylic cleavage of the side chain).

Table 8. Recombination energies of some reagent ions.135
Gas Ion (Xt) RE(Xt) (eV)
He Het 24.6Ar Art 15.8N2 N2t 15.3CO cot 14.0CO2 C02t 13.8CS2 cs2t ~10NO NOt 9.3C6H6 C6Het 9.2

Both methane and isobutane PCI of these sterols failed 
to produce the expected (M+H)+ pseudo molecular ion. The 
largest ions observed were formed by losses of one, two, and 
three molecules of water from the protonated (M+H)+ species. 
The relative abundances of the ions formed by elimination of 
a single molecule of water were in general quite low, and 
did not appear to be significantly higher with isobutane 
than with methane. The elimination of two and three 
molecules of water gave higher relative abundances, and 
these ions were far more significant in the non-acetylated 
sterols (30, 34, 35), than in the acetylated ones, due to 
the additional possible elimination site. A representative 
positive ion methane Cl mass spectrum of 29 can be seen in 
Figure 34.

Unique even mass ions were observed in the ammonia Cl 
spectra of these sterols which coincide with the mass to
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Sample
Methane PCI Isobutane PCI

I Pl+ni (M+H-HaOj I M+H-2H^O) (M+H-3HaO)* others (M+H)- (MtH-H3O)* (M+H-2H20)* (M+H-3HaO)'*' others

29 —  - - 531(6) 513(4) 531(23) 513(7)30
31
32
33
34
35
3637

547(0.5)
463(1)
477(2)
519(0.5)
507(3)

447(36)
543(3)
529(6)
529(7)
444(15)
459(38)
501(6)
489(6)

429(100)
525(2) 125(100)-
511(5)- 111(100)“ —
511(4) 111(100)- —
427(100) 111(92)- --
441(100) 125(100)- —
483(10) 125(81)- —
471(18)

547(1)
547(1)
463(5)
477(5)

507(2)

447(78)
543(22)
529(9)
529(14)
445(73)
459(57)
501(35)
489(4)

429(100)
525(5) 125(68)- 
511(3) 111(59)“ 
511(5) 111(100)' 
427(100) 111(65)* 
441(68) 125(100)' 
483(25) 125(85)* 
471(6)

”loss of side chain, ally.lie cleavage.

Sample
Ammonia PCI CO2 PCI

I W-XlaUxNn^ ) (M-H2O) (M+H-2^0)* (M) t (M-H2O)* (M-2H2Q)4 (M-SH2O)*
29
30 566(10)

482(7) 548(13)
464(56)

531(31)
447(62)

— 530(0.7) 512(0.8)
428(10)31 not analyzed32 564(12) 546(17) 529(29)33 not analyzed

34
35

480(7)
494(7)

462(80)
476(76)

445(83)
459(71) — 444(3) 426(7)

36 536(2) 518(11) 501(8)37 . 524(1) 506(5) 489(1) — — —

9. Selected ions from chemical ionization mass spectra of 29-37.
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Figure 34. Methane Cl mass spectrum of 29
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Figure 35. Ammonia Cl mass spectrum of 29.
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charge ratio of the molecular ions for these molecules (see 
Figure 35 for a positive ion ammonia Cl mass spectrum of 29, 
MW 566). Lin and Smith3-36 have postulated that this ion is 
formed by a nucleophilic displacement reaction by NH3 as 
shown below.

(M-HNH4) + NH3 - -> (MH-NH3-OH)-4- + NH4OH
In their work on the Cl of steroids, additional ions which 
represented (M-OH)"1" were observed in the ammonia Cl mass 
spectra, which tended to support this. In addition, the Cl 
spectrum of a steroid using ND3 as the reagent gas gave a 
pseudo-molecular ion three amu higher than the pseudo- 
molecular ion observed with normal ammonia. The authors 
concluded that this precluded the possiblility of this ion 
originating from an initial thermal elimination of water 
which then formed an ammonium adduct. An ion formed in this 
manner in ND3 would have given a pseudo-molecular ion four 
amu higher.

In our study, however, (M-H2O)-4" ions were observed, 
rather than (M-OH)"4" ions, which lent evidence to the 
possibility that the pseudo-molecular ions were probably the 
result of thermal elimination of water followed by elec
trophilic addition of ammonia. The next ions observed in 
these spectra correspond to the loss of hydroxyl rather than 
another water, which could therefore be the result of 
nucleophilic displacement as observed by Lin and Smith. 
Thermal and catalytic decomposition of hydroxy sterols is a
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commonly encountered process, especially when heated inlet 
systems are used.2-27 The high temperatures required to 
volatilize these extremely polar sterols from.the probe tip 
could possibly have led to these thermal degradative losses 
of water and/or acetic acid. Since the higher molecular 
weight species that were observed in methane, isobutane, and 
ammonia Cl all involved losses of water or acetic acid, this 
is a plausible explanation for the lack of an observed 
molecular ion in any of these three methods.

The carbon dioxide Cl mass spectra of these polyhydrox- 
ylated sterols were also devoid of molecular ion informa
tion. This method led instead to excessive fragmentation, 
and no worthwhile information could be obtained using this 
reagent gas for these compounds.

Negative Ion Chemical Ionization MS

Under Cl conditions, the reagent gas gives positive 
reagent ions along with electrons of near thermal energy.
In those cases where a stable anion can be formed from the 
reagent gas, negatively charged reagent ions can also be 
observed. Further reactions to produce negative ions from 
the sample fall into two major categories, capture of 
thermal electrons by the sample molecules and ion-molecule 
reactions between sample and reagent gas ions.137

The formation of negative ions by the interaction of
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electrons and molecules is widely thought to occur by one of 
the following three mechanisms.138

1) Associative resonance capture
AB + e™ — > ABT

2) Dissociative resonance capture
AB + e- — > A- + B-

3) Ion pair production
AB + e" — > A+ + B“ + e”

In order for a molecule to undergo electron capture, it 
must have a positive electron affinity (BA). In addition, 
the initially formed negative ions must be sufficiently 
long-lived so that any excess energy from the electron 
attachment process can be removed by collisional stabiliza
tion or by bond rupture, otherwise the ions will be lost by 
electron auto-detachment.139 The rate constant for the 
electron attachment process shows very large variations 
among compounds , so that different compounds show very 
different sensitivities under electron capture conditions.
In favorable cases, the attachment rate is considerably 
greater than the rate of formation in the positive ion mode, 
so enhanced sensitivity is observed.140

For the analysis of polyhydroxylated sterols in the 
negative ion chemical ionization mode (also known as high 
pressure electron capture mass spectrometry), both methane 
and ammonia were used as reagent gases. The spectra of 
these Compounds did not produce consistent trends using
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either reagent. Some sterols produced an (M)7 ion while 
others produced ions typical of proton abstraction, (M-H)-, 
or proton addition, (M+H)-, or combinations of all three. 
None of these ions were produced in very great abundance. A 
few of the sterols gave adduct ions, but due to the same 
ambiguities associated with the molecular ions, it was 
difficult to determine the exact identity of these adducts. 
These adducts were centered around (M+42)- and (M+24)-,. but 
there were inconsistencies between one sterol to the next.
In all of the spectra, there were ambiguities as to whether 
or not a proton had been subtracted from or added to the 
particular ion being examined (Figure 36 shows a representa
tive negative ion methane Cl mass Spectrum of 29).

Although NICI is quite often extremely sensitive for 
many electron capturing species, it does not appear to be a 
very good method for the analysis of polyhydroxylated 
sterols. Part of the problem might be that the sterols are 
undergoing thermal elimination, as was postulated for the 
PCI spectra. There also appear to be other, as yet undeter
mined, processes at work as well, such as the possibility of 
gas phase free radical attachments to the analyte molecule, 
similar to those postulated by other workers.141'3-42 The 
origin of these ions can be quite complex, and may involve 
several processes in addition to those described for EC 
reactions.139 These factors all combine to make negative
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Figure 36. Negative ion Cl mass spectrum of 29.
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ion chemical ionization a poor choice for the analysis of 
these polyhydroxylated sterols.

Fast Atom Bombardment MS

Fast atom bombardment, or FAB, consists of directing a 
beam of neutral atoms at a metal target within the mass 
spectrometer source on which a sample has been deposited.
The source of fast atoms typically consists of a discharge 
ion source that produces a beam of Ar"1" of controlled energy 
in the range 2-10 keV, which is focused into a collision 
chamber containing Ar gas. Charge exchange occurs with 
little or no loss of momentum. This results in a particle 
beam consisting of Ar atoms and of Ar"*". The ionic component 
is removed from the beam by a set of electrostatic deflector 
plates.143. Xe can also be used rather than Ar.

In early FAB experiments, the sample was merely 
deposited from solution onto the target stage and then 
evaporated to dryness before analysis. The life of the 
sample was found to be only on the order of seconds in these 
experiments. Barber et al.,144 discovered that if the 
sample were dissolved instead into a solvent of low vapor 
pressure and high viscosity, which was then deposited onto 
the target stage, extended sample life (on the order of 
hours) and increased sensitivity would result.

This technique has been used successfully to analyze 
many samples of extremely low volatility and/or high
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molecular weight such as peptides, antibiotics,
i4v,i4a and organometallic compounds.x49 The development of 
fast atom bombardment (FAB) mass spectrometry has proven to 
be especially useful for obtaining molecular ion information 
from complex natural products. Many natural products 
researchers have extolled the virtues of this technique.150 
One researcher has even stated that " mass spectrometry of 
ions sputtered from solvents, mainly glycerol, has been the 
single most important advance in determining the mass of 
natural products in recent years."153- This same researcher 
has investigated the incorporation of metal salts into the 
solvent in order to obtain unambiguous molecular weight data 
through enhancement of molecular ion-metal complexes.
Optimal molecular ion complex enhancement was noted for 0.14 
M solutions of lithium or sodium iodides in sulfolane 
solutions. Alternatively, the use of rubidium or silver 
salts produced molecular ion complexes that were easily 
recognized due to the isotopic ratio patterns for the 
complexed metal.

For this investigation of the use of FAB to analyze 
polyhydroxylated sterols, three solvent matrices were used: 
glycerol, "magic bullet" (which consists of dithiothreitol- 
dithioerythritol (Srl)),152 and 0.14 M RbI in glycerol.

As can be seen from Table 10, both magic bullet and 
glycerol failed to produce molecular ions of any sig
nificance or consistency. In those instances where the
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FAB "magic bullet" FAB glycerol FAB 0.14 M RbI/glycerol

IM+H)~ (MtH-H3O)- (MtH-BH3O)- (MtH) - (MtH-H3O)- (MtH-BH3O)- (MtRb)- (MtH)- (MtH-H3O) -

29 — 549(3) 531(0.7) — — 549(2) — — 651(4) 549(1)30 -- 464(1) 446(5) 483(0.6) 465(0.6) 447(1) 567(3) — «,
31 — 561(2) 543(0.7) — — 561(2) — -» 663(2) « —
32 — 547(3) 529(1) 565(0.8) 547(3) — — 649(10) _
33 — 547(4) 529(0.6) — 547(6) — — 649(5) ■e •
34 481(3) 463(3) 445(9) 565(2) _
35 -------- ---not analyzed — - — — 459(2) 579(4)36 — 519(1) 501(2) 537(1) 519(0.6) 501(0.8) 621(6) —  w
37 527(1) 507(2) 489(4) 525(1) 507(0.5) — 609(2) -- — —

•-dithiothreitol-dithioerythritol (3:1)

Table 10. Selected ions of FAB mass spectra of 29-37
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Figure 37. FAB RbI/glycerol mass spectrum of 29
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FAB/glycerol experiment gave an (M+H)+ ion, the background 
levels were high enough that these ions did not appear to be 
of any consequence. The (MtH-H=O)+ ions were the highest 
species to be consistently detected in both of these 
matrices.

The FAB experiment run in 0.14 M RbI in glycerol, on 
the other hand, was the first method that consistently 
produced molecular weight information for these sterols.
The (MtRb)+ ion was clearly above the background noise for 
all of the sterols tested (see Figure 37 for a FAB mass 
spectrum of 29 run in 0.14 M RbI/glycerol). In addition, 
the isotopic pattern arising from the 85Rb and 87Rb ratio of 
72:28 was easily discernible for these rubidium adduct ions.

LC/MS

The invention3-53 and subsequent development3-54 of the 
thermospray ion source and liquid chromatography/mass 
spectrometry (LC/MS) interface has provided an effective and 
versatile method for the analysis of involatile, highly 
polar, and thermally labile compounds. The most recent 
design of the thermospray interface utilizes direct heating 
of a capillary effluent tube by passing an electrical 
current through the capillary tube itself.3-55 This design 
produces efficient vaporization of most solvent systems, and 
subsequent ionization of analytes when a buffer system is 
used for the mobile phase.
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Many modifications to this system have since been added 

in order to more effectively control the fragmentation of 
the molecules of interest. These modifications include: I) 
the placement of a positively biased electrode downstream of 
the ion exit hole,156'3-5"7 and 2) the addition of a glow 
discharge source surrounding the effluent end of the 
capillary.156'155 These modifications are shown in schema
tic form in Figure 38.

Figure 38. Schematic of the thermospray/plasmaspray LC/MS interface.
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The use of the ion retarder electrode, or repeller, 
causes an increase in the total ion count (TIC). Lewis, 
Smith, and Veares156 have suggested that this increase is 
due to the electric field produced by the retarding elec
trode which retards the flow of ions to the exhaust pump, 
thereby increasing the residence time of the ions in the 
source and giving them more time to enter the analyzer
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through the ion exit hole. It has been suggested that this 
also effectively causes collision-induced dissociation (CID) 
and thereby increases fragmentation.160-3-6:L

The addition of a glow discharge on the spray nozzle 
can be accomplished by maintaining the probe as the cathode 
at about -500 V relative to the source block. The probe and 
the source block are electrically isolated from each other 
with a ceramic insulator. This method, known as plas- 
maspray, enhances the efficiency of the ionization process, 
and is the basic design of the thermospray-plasmaspray LC/MS 
combination interface available from VG Masslab.

Table 11. Selected ions from plasmaspray LC/MS. MS condi
tions: source temp - 270°; electrode - 60 volts; 
capillary temp - 200°; discharge current - 300 uA. 
LC conditions: Alltech Adsorbosphere (C-18) 5 uM 
(150 x 4.6 mm); solvent 75%A - 25%B, solvent A - 
methanol-methylene chloride (8:2), solvent B -  0.1 
M ammonium acetate; flow rate 1.0 ml/min.

Sam
ple

(M+NH4)- (M+H)- (M)t (MM-H-H2O)-1- (M-H2O)+

29 584(39) 567(37) 549(100)30 500(83) 483(7) 482(16) 465(48) 464(43)31 596(32) 579(21) 561(100)32 582(42) 565(24) 547(100)33 582(24) 565(29) 547(100)34 498(64) 481(3) 480(11) 463(14) 462(32)35 512(100) 495(7) 494(17) 477(18) 476(51)36 554(49) 537(37) 519(17)37 542(33) 525(37) 507(16)
*

The results of the LC/MS analysis of the polyhydrox- 
ylated sterols can be seen in Table 11. The samples were 
run in the plasmaspray mode, and as can be seen from the
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table, this procedure gave the best results by far of all 
the methods studied for these samples (see Figure 39 for a 
plasmaspray LC/MS of 29). The prominent (MH-NH4)"1" ions were 
observed for all of the sterols studied, and most of the 
significant fragment ions were the result of losses of 
either acetic acid or water. Interestingly, those sterols 
that lacked acetates, 30, 34, and 35, gave strong (M)T and 
(M-H2O)"1" ions. These ions could be attributed perhaps to 
the thermal elimination products mentioned earlier in the 
section on ammonia Cl, but the extremely strong (M-HSTH4)
,ions make this unlikely.

The plasmaspray results were impressive for these 
thermolabile, polar, nonvolatile compounds, since this was 
the first time that pseudo-molecular ions of this magnitude 
had been observed. Whereas the rubidium adduct ions from 
the FAB RbI/glycerol experiment were on the order of 2 - 10% 
relative abundance, the ammonium adducts from this method 
ranged between 24 and 100% of the base peaks for these 
spectra.

An optimization study of this method was undertaken to 
determine the effects of the various parameters on the 
sterol spectra. The parameters studied were: source 
temperature, discharge current, and repeller electrode 
voltage. The mobile phase was also changed to acetonitrile- 
0.1 M ammonium acetate (3:2), and was run using a single 
reservoir to prevent solvent mixing effects. The TIC
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chromatograms gave much less background noise using this 
method.

In the first experiment, the source temperature was 
varied between 220° and 270°, while the repeller electrode 
was maintained at 150 V and the discharge current was held 
at 500 yA. The polyhydroxylated sterol 29, which has a 
molecular weight of 566, was used for this and all subse
quent optimization studies. In each injection, approximate
ly 85 ug were used. The relative intensities of the ions at 
m/z 584 and 567, which represent (M+NH4)+ and (M+H)"1" respec
tively, were measured and plotted as a function of the 
source temperature in Figure 40. It can be seen from this 
plot, that at lower temperatures, the ammonium adduct ion 
dominates the spectrum. As the source temperature is 
raised, however, the (M+H)'*' pseudo-molecular ion becomes 
more significant, until it reaches a maximum at about 245°. 
As the temperature is raised even more> both the ammonium 
adduct and the pseudo-molecular ion tend to fall off in 
importance, as fragmentation processes begin to become more 
significant. These results imply that varying the source 
temperature can have an enormous effect on the relative 
intensities of the pseudo-molecular ions versus fragmenta
tion ions. Depending upon what information one wants, 
therefore, this parameter can be varied accordingly.

The source temperature was also varied with the LC/MS 
interface being operated in the thermospray mode (discharge
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Figure 40. Source temperature versus (MtNH4)-, m/z 584; and (MtH)-, m/z 567 for sterol 29
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current off). In this case, the ion counts were extremeIy 
low, and the spectra only showed three ions. The ammonium 
adduct ion was the most prominent, and the next most 
significant peak was the (MtH-H2O)- ion at m/z 549. A 
relatively strong (MtH)- ion was observed as well (see 
Figure 41). At source temperatures of 260° and above, a 
fourth ion at m/z 429 (MtH-2HAc-H2O)- becomes the base peak, 
and the ammonium adduct ion at m/z 584 and the pseudo- 
molecular ion at m/z 567 fall off in relative intensity to 
about 37%. Fragmentation is enhanced as a result of the 
thermal instability of these molecules. The spectra 
obtained in thermospray mode are the simplest, and give 
almost nothing but molecular information about a molecule, 
but the sensitivity is poor in relation to the plasmaspray 
conditions.

Varying the repeller electrode voltage has a definite 
effect on the TIC observed for a sample. This same effect 
was noted by Bencsath and Field3-57 in their study of ther
mospray conditions. The effect of varying the repeller 
voltage can be seen in Figure 42, where the TIC is plotted 
as a function of the electrode repeller voltage. The 
relative intensities of the (MtNH4)- and (M+H)- ions are 
plotted as a function of this parameter as well. From this 
can be seen the enormous enhancement in sensitivity between 
repelIer-on and repeller-off modes of operation. Judicious
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Figure 41. Thermospray LC/MS 29. Electrode voltage- 200; capillary temperature- 235°; 
discharge current-0. Altex absorbosphere (C-18) 5 um (150 x 4.6 mm); 
acetonitrile-0.1 M NH4Ac (60:40); 1.0 ml/min.
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adjustment of this parameter can also decide the type of 
primary ion that will be dominant.

From this study, it can be seen that LC/MS, particular
ly plasmaspray, was the best method available to analyze 
these polyhydroxylated sterols to obtain unambiguous 
molecular weight information. The thermal instability of 
these molecules, combined with their extreme nonvolatility, 
make them very difficult to analyze by Cl methods. The use 
of FAB with RbI/glycerol gave interpretable results, but the 
rubidium adduct ions were not as significant as the ammonium 
adduct ions that could be obtained through LC/MS with proper 
adjustment of the repeller voltages and source temperatures. 
Other advantages of the LC/MS include the ability to 
separate minor contaminants from the compounds of interest, 
as well as the potential of obtaining some structural 
information by increasing fragmentations.

If structural information is sought, however, electron 
impact is still the best suited method to provide this 
through characteristic D-ring fragmentations, retro-Diels- 
Alder fragmentations, and other fragmentations.
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BIOLOGICAL ACTIVITY DATA

As mentioned earlier, polyhydroxylated sterols from 
various species of Dysidea, such as 14, isolated from an 
unidentified species of Dysidea from Guam,46 and her- 
basterol, 15, isolated from Dysidea herbacea.4'7 have 
demonstrated activity in a variety of biological tests. The 
sterol isolated by Gunasekera and Schmitz, 14, was shown to 
be cytotoxic in the PS assay, with an ED50 of 4.9 ug/ml.
The sterol isolated by Capon and Faulkner, 15, was shown to 
be both icthyotoxic to common goldfish and slightly anti
microbial against the bacteria Bacillus subtilus and 
Staphylococcus aureus.

These results, particularly the reports of cytoxicity 
against a cancer cell line, are what initially prompted this, 
present study of the polyhydroxylated sterols from Dysidea 
etheria. The intent was to isolate enough sterol in order 
to do a full range of biological tests on the lead sterol, 
as well as tests upon analogs which might be present in the 
sterol mixture. The high yield of sterols,, as well as the 
success that was encountered in separating these closely 
related sterol analogs, enabled testing of the sterols in 
four main areas: I) cytotoxicity studies, 2) antimicrobial 
studies , 3) insect growth studies, and 4) plant growth 
studies.
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Cytotoxicity Test Results

Four of the sterols, 29, 30, 38, and 40, were tested in 
the cytotoxicity screen against the KB cell line. As shown 
in Table 12, the lead sterol 29 was by far the most active, 
with an EDso of 4.7 ug/ml, which was very close to the 
activity level of the sterol found by Schmitz.46 Extra 
sites of unsaturation and extra alkylation in the side 
chain, as in 38, had the effect of substantially reducing 
this activity. The non-acetylated sterol, 30, was also 
found to have reduced activity levels in relation to the 
diacetylated sterol 29. These results point to the pos
sibility of a polarity requirement for the activity of these 
molecules in this cytotoxicity screen, since the oxygenation 
substitution patterns are identical for all three sterols 
tested. The fourth sterol tested, 40, which has cis A,B 
ring geometry, was also found to have substantially reduced 
activity. Whether or not this was due to this nuclear 
alteration or to the lack of acetates as was found for 30, 
is difficult to determine.

Table 12. Cytotoxicity test results for selected sterols from Dysidea etheria.
Sterol ED50 ug/ml (KB cell line)
29 477 ' -------- -30 2538 2740 26
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In addition to the cytotoxicity shown against the KB 

cancer cell line, sterol 29 also showed moderate activity 
against brine shrimp with an LDso of 18 ppm. Although this 
test is a simple lethality test and is not specific for 
antitumor activity, it is still thought to be a good 
indicator of cytotoxicity.162

Antimicrobial Activity Data

Three of the sterols were also tested against a variety 
of microorganisms. The results of this study can be seen in 
Table 14. Interestingly, the antimicrobial activity of 
these compounds paralleled that found for the cytotoxicity 
screen. The lead sterol, 29, was found once again to have 
the most activity against both bacteria and fungi. Sterol 
38, which has the same substitution pattern and level of 
acetylation as 29, but has an additional site of unsatura
tion and alkylation in the side chain showed slightly less 
activity in this study. These results are interesting 
insofar as once again there appears to be a relation between 
the polarity of the side chain and the activity of the 
sterol. The greatest difference can be seen for the fungus 
Rhizoctonia solani. An 8 mm zone of inhibition was seen for 
the sterol, 29, which has a normal CaH17 side chain, as 
compared to the activity of 38, which was only 1.5 mm for 
the same concentration.
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T3.bls 13. Antimicrobial test results of selected polyhy

droxy lated sterols from D. etheria.3-
Microorganism 29 38 42
Staphylococcus aureus53 4 mm 2.5 mm O mmBacillus cereus53 2.5 O OCorynebacterium michiganensis53 5 3.5 O 'Escherichia Colic O O OPseudomonas aeruginosa0 O O OCandida albicans^ 4 2 OAspergillus Ierreusca 2 1.5 ORhizoctonia Solanica 8 1.5 O

at 0.25 mg/disk 3-gram positive bacteria 
--gram negative bacteria 1-fungi

Sterol 42, which has cis A,B ring geometry and no 
acetates, was inactive against all organisms studied at the 
levels tested. The lack of activity of this sterol is 
probably related to the non-planarity of the sterol nucleus, 
which could prevent incorporation of cis A,B ring sterols 
into the membranes of these microorganisms.̂ 63

Insect Growth Data

Additional studies were performed on tobacco hornworm 
larvae to determine if. these sterols might act as insec
ticides, as growth inhibitors, or as possible insect feeding 
deterrents. The structural similarities between the 
ecdysones and the polyhydroxylated sterols isolated from D, 
etheria seemed to suggest that the sponge might be producing 
these to prevent predation by crustaceans. Since the 
crustecdysones (e.g. 5), which initiate the molting process
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in crustaceans, and the ecdysones (e.g. 43), which initiate 
the molting process in insects, are extremely similar to one 
another, it was thought that the polyhydroxylated sterols 
from D. etheria might therefore show biological activity 
against insects as well.

Tobacco hornworm larvae at the fourth instar were fed 
diet containing 100 ppm of sterol 29. The weights of the 
larvae were monitored and their growth characteristics were 
noted. There did not appear to be any noticeable effect to 
those insects that were fed sterol compared to the controls. 
In fact, those insects that were raised on the sterol diet 
were slightly larger until about day nine, when the controls 
began to catch up. Both sets of insects were allowed to go 
to pupation and no statistical difference was observed.

Since the ecdysones are known to have cis A,B ring 
geometry, an additional study was therefore done with 40 at 
both 250 and 100 ppm. Throughout the duration of the 
experiment, there was again no noticeable difference between 
the insects reared on a diet containing sterol and the 
controls.

One final experiment was performed to determine if 
these sterols might have some sort of antiecdysis activity.
It was thought that the insects might not be absorbing the 
extremely polar sterols through their gut, so approximately 
5 jil of a 20 mg/ml solution of sterol 29 dissolved in 
ethanol was injected directly into the insects at the fifth



145
instar stage of development. This insured that approximate
ly 100 ug of sterol was delivered directly to the hemolymph 
of the larvae. In these experiments as well, there was no 
difference between the treated and control insects.

Plant Growth Studies

Additional studies were performed on lettuce seeds 
(Lactuca sativa) to determine if these sterols might have 
plant growth regulatory activity. For these tests, lettuce 
seeds were raised in contact with solutions containing 
varying concentrations of sterol 29, and root lengths were 
measured after two days. The results of these tests were 
interesting in that the sterol appeared to act as a root 
growth promoter at concentrations of IO-5 M (see Figure 43).

Figure 43. Plant root growth test results of 29. Graph and 
data courtesy of Michael F. Raub.
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This is in contrast to the known plant auxin indoleacetic 
acid (IAA),^s4 which shows a maximum of root growth promo
tion at concentrations of IO-8 M (see Figure 44). It is 
thought that sponges probably have a means to control the 
growth of epiphytic marine plants so that they can prevent 
being completely overgrown. This data suggests that there 
might be a possible link between these uncommon sterols and 
plant growth regulation.

Figure 44. Plant root growth test results of indoleacetic 
acid. Graph and data courtesy of Michael F. Raub.X65

IAA

UeeVLeentroI

U)G10[ ]
0



147
BIOLOGICAL SIGNIFICANCE OF POLYHYDROXYLATED STEROLS

The incredible diversity of biological functions 
associated with molecules of the steroid class is testimony 
to the idea that steroids must have been excellent starting 
materials for the development of biologically active 
molecules by evolving eucaryotes. Steroids are involved in 
calcium metabolism (vitamin D), digestion (bile acids), 
arthropod molting mechanisms (ecdysones), poisons (sa- 
ponins), and reproduction in mammals.163 None of these 
various functions, though, can help explain the presence of 
the polyhydroxylated sterols that are sometimes found in 
marine organisms.163 Braekman has suggested that poly- 
hydroxylation of sterols may be a way for soft corals to 
metabolize an excess of C-28 sterols.166 It is difficult to 
believe, however, that the large amount of polyhydroxylated 
sterols that were found in the sponge D. etheria are only 
intermediates in a metabolic breakdown pathway.

In order to try to determine, what possible function 
these sterols serve for the sponge, it would be helpful if 
their origin could first be determined. In other words, are 
these sterols produced de novo, are they the result of 
modifications of dietary sources, are they assimilated 
directly from some dietary source, or are they the result of 
a symbiotic relationship between host and symbiont?

It is doubtful that they are the result of dietary 
intake without further modification, since most of the
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polyhydroxylated sterols that have been reported so far are 
from starfish or soft corals,156 and the dietary sources of 
sponges normally consists of plankton. It is possible that 
the sponge can produce these sterols de novo,42 but without 
running incorporation experiments with labelled acetate or 
mevalonate, it is impossible to determine this for sure. 
Another possibility, is that these sterols are the result of 
a symbiotic relationship, where an endosymbiont (such as 
symbiotic algae or associated bacteria or fungi) produces 
the sterol for consumption or use by the host sponge. This 
sort of relationship has already been proposed for the 
sterols produced by the gorgonian/zooaxanthellae host/sym
biont pair.167 In order to determine unambiguously if these 
sterols are the result of an endogenous symbiont, however, 
experiments would have to be performed to isolate and 
culture the symbiont, and then prove that this species was 
responsible for the production of these sterols by isolating 
them from this culture. Most likely, the sterols are the 
result of modification of dietary sources. The most 
compelling evidence for this is the large amount of sterols 
that were found with similar nuclei, but with different side 
chains. The existence of such a variety of side chains 
together with the unique highly oxygenated nucleus demon
strates that the sponge probably possesses an efficient 
enzyme system which can transform sterols originating from
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many potential members of the food web to a common sterol 
type.41

In light of the available evidence, therefore, it is 
most likely that these polyhydroxylated sterols are the 
result of modification by the sponge of dietary sterols to 
fit the specific needs of the sponge, whatever they might 
be. The problem of determining the dietary sources of these 
sterols, however, is far more complex than might be imagined 
upon a cursory look at the evidence. One's first inclina
tion would be to examine the stereochemistry of the side 
chain modifications, and then relate this to the possible 
dietary sources. For example, diatoms are known to produce 
sterols with A22, 24S-methyl sidechains.41 This is the same 
stereochemistry as that determined for 38 in the series of 
sterols isolated from D. etheria. If this were the only 
consideration, then it would be natural to assume that 
diatoms are therefore a major food source for D. etheria. 
Stoilov et al.,44 however, have pointed out that many 
sponges have the ability to maintain a set ratio of side 
chain modifications in spite of seasonal or location 
specific variations of dietary sources. This suggests that 
sponges possess a complex system of bioalkylation and 
dealkylation enzymes that are able to fine-tune and maintain 
a constant sterol composition rather than merely being a 
reflection of the available dietary plankton. Without a 
seasonal study of the polyhydroxylated sterols from D.
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etheria, it would be impossible to say for sure whether or 
not a similar mechanism is at work in this species as well.

No matter what the origin of these sterols, though, the 
question still remains, just what is the purpose of these 
highly oxygenated sterols in this sponge. In the previous 
section, evidence was presented that tried to link their 
presence to possible chemical defenses for the organism.
The plant growth bioassay suggests that these sterols might 
act to help the sponge regulate the growth of surrounding 
plants. The insect growth results were relatively incon
clusive, in that a direct link between insect feeding 
deterrence and these sterols was not found. This could be, 
however, more of a fault of the experiment than of the 
efficacy of the compounds. The assumption was made, that if 
these compounds were active against crustaceans, then they 
might also be effective against insects. It would probably 
be best to test them against crustaceans, therefore, if that 
is where the activity is suspected to be. The sterols were 
only moderately active in the antimicrobial screen, but the 
fact that these compounds are produced in such large 
quantities means that they could still be used for this 
purpose. Since the range of activities varied quite a bit 
for the type of microorganism studied, the possibility 
exists that these compounds might act in some capacity to 
selectively allow a symbiotic microorganism to thrive over
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other microorganisms that might not be as resistant to 
polyhydroxylated sterols.

None of these activities, though, were so strong that 
it could be said unequivocably that this or that activity 
was the primary reason for the sponge to elaborate these 
sterols. One potential biological function that had been 
overlooked, however, was the possibility that these sterols 
might be used to regulate the ionic contents of the sponge. 
It had already been observed in the FAB mass spectrometry 
experiments that these sterols formed complexes with the 
monovalent ion rubidium. A cursory look at these molecules 
reveals that there is an extremely polar nucleus with seven 
sites of oxygen functionality, and a lipophilic region 
consisting of the sidechain. It is reasonable to speculate, 
therefore; that the lipophilic region might be able to embed 
itself into the membrane, allowing the polar nucleus to 
interact with ions on the outside of the membrane.

It has been known for quite some time that many 
demosponges can supplement their spongin skeletons with 
particulate material acquired from the environment.168 In a 
very elegant study by Teragawa,169 time-lapsed photography 
was used to show the non-random incorporation of calcium 
carbonate detrital particles into the skeletal structure of 
D. etheria. The exact mechanism of the selection and 
transport of these particles is unknown, but it has been 
long suggested that particles were mechanically sorted by
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physical interactions of the sponge surface with its 
environment z such as the interaction between surface 
"stickiness" and water flow.170 More recent studies have 
determined that cells of the dermal membrane 'mesohyl 
interact with particles and may migrate to transport 
particles.171 These observations are consistent with the 
speculation that the polyhydroxylated sterols isolated from 
D. etheria might be membrane components that act as iono- 
phores enabling the outer surface of the organism to adhere 
to calcium carbonate particles preferentially.

In order to test this hypothesis, a simple experiment 
was designed to determine the ion transport capabilities of 
these polyhydroxylated sterols. A U-tube experiment was set 
up, consisting of 70 mg of sterol 29 dissolved in 10 ml of 
chloroform in contact with I M rubidium chloride on one side 
of the u-tube and I M calcium chloride on the other side. 
Calcium was chosen as one of the ions because of the obvious 
implications to the incorporation of calcium carbonate 
detrital material. Rubidium was selected as a counter ion 
for the other half of the tube since the FAB experiments had 
already demonstrated the tendency of these sterols to form 
sterol-rubidium complexes. After two weeks, each side of 
the U-tube was analyzed by atomic absorption for the 
presence of the other sides component. It was found, that 
810 ppm calcium Could be detected on the rubidium side of 
the tube; and, conversely, 650 ppm of rubidium could be



153
detected on the calcium side. In another U-tube, containing 
only chloroform, 18 ppm of calcium could be detected on the 
opposite side after the same amount of time.

This experiment seemed to corroborate the speculation 
that these compounds could be membrane components that acted 
to sort detrital particles by allowing the membranes to 
adhere in a preferential manner to particles with more of an 
ionic character such as calcium carbonate particles. To see 
if some of the other sterols that had been isolated also 
shared this ability to transport ions across a bilayer, and 
also to make sure that this was not a property that all 
sterols shared, a series of U-tubes were set up containing 
29, 38, 40, and stigmasterol (39). The concentrations of 
calcium and rubidium were reduced to 1000 ppm rather than I 
M in order to approximate more closely the environmental 
concentration of calcium in seawater.1-72 The results of 
this study are shown in Table 14.

Table 14. U-tube ion transport experiment.a
Sterol concentration 

in CHCl3
Ca (det1d 
on Rb side)13 Rb (det'd 

on Ca side)13
29 4 x IO-3 M 7 ppm 11 ppm38 3 x 10-3 M 3 ppm 8 ppm40 4 x IO"3 M 2 ppm none detected43 5 x IQ-3 M 2 ppm none detected
CHCl3 only 2 ppm none detected
a-1000 ppm of Ca on one side, 1000 ppm of Rb on the other. 
^-samples were analyzed after five weeks.
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The results of this study show that sterol 29 was best 

able to transport ions across the bilayer. The addition of 
an extra site of unsaturation and extra alkylation in the 
side chain reduced this ability somewhat. Interestingly, 
the cis sterol (40) did no better than stigmasterol (43) or 
pure chloroform. The results of the study of pure chloro
form indicate that calcium is slightly soluble in this 
solvent.

Although these results by no means prove conclusively 
that the polyhydroxylated sterols that were isolated from D. 
etheria are solely responsible for the ability of this 
sponge to incorporate calcium carbonate detrital material 
selectively into its skeleton, they do provide a possible 
explanation for the selective "stickiness" of the outer 
layer of this organism alluded to in other studies.170 
Future studies might include a FAB analysis of the mesohyl 
cells thought to be responsible for this detrital transport, 
to see if these sterols might be detectable in those 
membranes. Other sponges that are also known to incorporate 
calcium carbonate detrital material into their skeletons 
might be examined to see if these sponges also contain high 
percentages of polyhydroxylated sterols.
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CONCLUSIONS

The great diversity of sterols from marine organisms 
has been recognized since the earliest reports of Henzexs 
and Doreexv through the studies of Bergmannx4'xa and other 
subsequent sterol researchers. Numerous reviews of this 
subject throughout the 1970's tracked the prolific output of 
new sterol structures which blossomed during these years due 
to improved analytical and spectroscopic techniques.3p- 31' 
2X As this body of knowledge increased, many reseachers 
attempted to explain the biological significance of these 
unique compounds to the marine organisms that were producing 
them in such abundance.41'42'x63 These studies probed the 
possible biosynthetic origins, the. probable biological 
functions, and the potential use as natural products of 
these unique and varied compounds.

Although most of these new sterols that have been 
isolated from marine sources differ by the alkylation 
patterns in the side chain of the molecule, or by unique 
variations of the common sterol skeleton, an increasing 
number have been discovered that differ by virtue of the 
extent of oxygenation.4S-47 These highly oxygenated 
sterols have demonstrated activity in a number of biological 
screens such as cytotoxicity studies, antimicrobial studies, 
and icthyotoxicity tests. These reports of the biological 
activity of polyhydroxylated sterols from other species of
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Dysidea prompted this investigation of the sterols of the 
Bermudian sponge Dysidea etheria.

In this report, the isolation and structure elucidation 
of thirteen new polyhydroxylated sterols has been presented. 
All of these sterols share the same seven sites of oxygena
tion situated throughout the nucleus of the molecule. Ten 
of these sterols have the 5a configuration which gives them 
a trans A,B ring geometry, and the other three possess the 
opposite 56 configuration which gives them a cis A,B ring 
geometry. The presence of both the 5a, 66 and 56, 6a 
hydroxylated sterols in the same sponge suggests a possible 
5a, 6a epoxide precursor to both groups. Such a common 
precursor could undergo either electrophilic or nucleophilic 
ring opening to give rise to both sets of steroids. Since 
Djerassi45 has suggested that the presence of 56-stanols in 
other sponges is most likely the product of bacterial 
conversion of 5a-stanols, it is possible that their presence 
in D. etheria is also the result of bacterial Conversion of 
the appropriate precursors. This sponge does contain a 
substantial community of bacteria.3

Although all of the sterol structures that were 
determined in this investigation Were novel compounds, the 
major significance of this body of work was the development 
of novel separation techniques and the study of appropriate 
mass spectroscopic techniques to be best able to obtain 
molecular information for these compounds.
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The use of the B-eyelodextrin HPLC column for the 

separation of intransigent mixtures of these sterols is the 
first time that this column has been used for the prepara
tive separation and isolation of natural products. This has 
enabled the development of a highly efficient separation 
scheme which could be invaluable for the study of the 
biosynthetic origins of these compounds. The ability to 
separate and identify as many as possible of the major and 
minor components of the Sterol mixture from a sponge should 
enable researchers interested in the biosynthetic pathways 
of sterol metabolism to determine the end products of such 
pathways as well as the transient intermediates which might 
only be present in trace amounts.

Many other researchers that have worked with polyhy
droxy lated sterols or other highly oxygenated compounds have 
often reported an inability to obtain a molecular ion from 
these compounds. The reason for this, no doubt, is the 
thermal elimination of water and/or acetic acid from these 
molecules during their introduction into the mass spectrom
eter source. In this investigation, a comparative study of 
various mass spectrometric techniques was undertaken in 
order to determine the best method available to obtain 
molecular weight information. The results of this study 
revealed that the relatively new technique of plasmaspray 
LC/MS allowed the unambiquous determination of the molecular 
weight from ammonium adduct ions that were formed with the
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sterol molecules. Other methods, such as FAB using rubidium 
iodide in a glycerol matrix, also gave molecular weight 
information, but the LC/MS technique has the added ad
vantages of being able to separate minor impurities from the 
molecule of interest as well as the ability to adjust 
various parameters which can select for either more or less 
fragmentation information of the molecule.

Finally, ah effort was made to determine the biological 
significance of these molecules to Dysidea etheria. Various 
biological activity studies were performed on these mole
cules to help define these functions, if any. The results 
of these studies revealed that one of these molecules was 
reasonably active against the KB cancer cell line as well as 
antimicrobial activity against gram positive bacteria and 
fungi. The results of the plant growth regulation bioassay 
also revealed a possible activity in this area. The most 
intriguing results, however, were from the tests to deter
mine possible ionophore activity in these molecules. The 
results of these studies suggest a possible link between the 
ionophore activity of these sterols and the ability of this 
sponge to incorporate calcium carbonate detrital material 
into the skeleton by an action that is somehow mediated by 
the dermal mesohyl cells of the organism. Although the 
results of this study were by no means conclusive, they 
certainly lend support to the possibility that the poIyhy- 
droxylated sterols that were isolated could supply the
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"stickiness" required for these dermal cells to adhere to 
calcium carbonate particles.
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EXPERIMENTAL

General

NMR spectra were recorded on a Bruker WM-250, a Bruker 
AM-300, or a Varian VXR-500 spectrometer as indicated in the 
text and NMR tables. Chemical shifts are reported in 6 
units relative to tetramethyIsilane (6=0) with pyridine-ds 
as the solvent and internal standard. Mass spectra were 
determined on a VG-7070 EHF mass spectrometer, or a VG TRIO- 
2 equipped with a dynamic FAB and thermospray/plasmaspray 
HPLC interface. Optical rotations were performed on a 
Perkin-Elmer 241 MC Polarimeter. Column chromatographies 
were monitored with an ISCO V4 variable wavelength UV 
absorbance detector at the wavelength specified, or with an 
ISCO UA-5 UV monitor operating at 254 or at 280 nm. HPLC 
separations were performed on either a Beckman Altex model 
112 pump, with a model 160 UV monitor operating at 254 nm, or 
on a Perkin Elmer Series 3B Liquid Chromatograph using a 
Knauer Differential-Refractometer for detection. Melting 
points were determined on a Fisher-Johns apparatus and are 
uncorrected.

Bioassay Procedures 

Antimicrobial Activity.

Compounds were tested for antimicrobial activity 
against eight organisms: Bacillus cereus, Staphylococcus
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aureus, Corynebacterium michiganensis. Escherichia coli. 
Pseudomonas aeruginosa. Candida albicans. Aspergillus 
terreus, and Rhizoctonia solani. Sterile disks were 
impregnated with compound and then allowed to air dry in 
order to evaporate solvent. A uniform lawn of the selected 
microbe was prepared on a Petri dish, and the disks were 
then placed on this surface. Inhibition, if any, was 
measured by the halo of non-growth surrounding the disks.

Insecticidal Bioassay

Two different methods Were utilized to test the 
insecticidal properties of the polyhydroxylated sterols. In 
the first, the larvae of the tobacco hornworm, Manduca 
sexta, at the second instar stage, were fed approximately Ig 
of black cutworm diet from Bio-Serv, Inc., which had been 
pre-mixed with compound to the appropriate concentration. 
When the entire gram of diet was consumed, fresh untreated 
diet was resupplied to the insects. Periodic removal of 
excrement and frequent changing of diet insured that the 
environment was as sterile as possible to prevent the 
occurrence of mold.

In the second method, the insects were injected 
directly with compound in an effort to conserve compound and 
in order to see more clearly a possible antiecdysis effect 
from the sterols. This method has been used by Schluter et 
al.3-74 in their tests of the effects of azadirachtin on



162
growth of the tobacco hornworm. Manduca sexta larvae were 
reared on artificial diet. Pure compound was dissolved in 
95% ethanol (20 mg/ml) and injected (5 y.1) into the lateral 
antepenultimate segment with a 25 pi Hamilton syringe. 
Controls were injected with the same amount of ethanol. The 
larvae were weighed daily and growth characteristics were 
noted.

Cytotoxicity Bioassay

Cytotoxicity studies were performed according to NCI 
protocols on KB cell lines by Dr. Wolf Lichter at the 
University of Miami School of Medicine. Cytotoxicity refers 
only to toxicity to tumor cells in culture, and therefore, 
terms such as antitumor, anticancer, or antineoplastic are 
not used to describe these purely in vitro results.1"75 The 
KB bioassay is a simple, sensitive, and inexpensive pre
screen, which is frequently used as a bioassay to guide 
natural products isolations. The KB cell culture is derived 
from a human epidermoid carcinoma of the mouth. Evaluation 
is based on the effective dose which inhibits cell growth to 
50 percent of the control growth (EDso=ID50). Usually the 
EDso values are expressed in the concentration unit of 
tig/ml. Natural products extracts with ED50 values < 20 
ug/ml are considered active. For pure compounds an ED50 <10 
ug/ml is satisfactory to warrant further testing.1"75
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Brine Shrimp Bioassay

The brine shrimp assay is a simple lethality test and 
is not specific for antitumor activity. It is, however, a 
good indicator of cytotoxicity and is ideal for the rapid 
evaluation of fractionation procedures. in this
screen, approximately 30 brine shrimp eggs were placed into 
5 ml test tubes containing 4 ml of Instant Ocean and a small 
amount of Red Star yeast. An appropriate amount of compound 
was introduced into the test tubes using 20 ul of ethanol. - 
Controls were treated with the same amount of ethanol. 
Effects to the brine shrimp larvae were.noted at 0, 8, and 
24 hours. An LD50 was calculated by determining the 
concentration that caused death to 50% of the brine shrimp 
within 24 hours.

Plant Growth Bioassay

Twenty lettuce seeds were placed on a screen elevated 
by a plastic spacer and held within a covered Petri dish. 
Five ml of water containing the appropriate amount of 
compound to be studied was placed in the bottom of the Petri 
dish. Root growth was measured after 72 hours.

Ion Transport Experiment

Approximately 20 mg each of sterols 29, 38, 40, and 43 
were dissolved in 10 ml of chloroform and transferred to a
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Kimax u-shaped drying tube. A fifth tube contained pure 
chloroform. Two ml of 1000 ppm Ca were pipetted onto one 
side of the chloroform, and two ml 1000 ppm Rb were pipetted 
onto the other side. The tubes were stoppered and allowed 
to sit. A one hundred microliter aliquot was removed from 
each.of the aqueous layers weekly. After four weeks, the 
samples were diluted 1:10 with distilled water and analyzed 
by atomic absorption. Calcium was analyzed at 423.0 nm with 
an acetylene-nitrous oxide flame. Rubidium was analyzed at 
780 nm with an acetylene-air flame. These samples were too 
dilute to detect transfer of either Ca or Rb. After five 
weeks, additional 200 y.1 aliquots were removed from the 
aqueous layers and analyzed without dilution. This afforded 
only a six second analysis time on the instrument before the 
sample was used up. A four point standard curve was used 
for each ion.

Isolation and Structure Elucidation 

Collection and Extraction

Dysidea etheria was collected in the summer of 1986 at 
a depth of 1-5 m from the inshore waters of Bermuda and 
specimens were transported frozen (-5° C) and packed in 
acetone to Montana. The acetone was decanted, and the 
sample was macerated in a commercial blender using fresh 
acetone. The combined filtrates were reduced to an aqueous 
suspension, and the marc was extracted twice overnight with
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methylene chloride, after which the methylene chloride 
extracts and the aqueous suspension were equilibrated with 
one another. Evaporation of the methylene chloride phase 
afforded 59.0 g of organic-soluble residue.

Partitioning and Fractionation of Crude Extract

The organic crude extract was partitioned via a 
modified Kupchan procedure.178 The extract was distributed 
between hexane and 10% aqueous methanol* The polar phase 
was increased to 25% water and then extracted with carbon 
tetrachloride. The aqueous upper phase was then increased 
to 35% water and extracted with chloroform. The methanol 
was then evaporated from the aqueous phase, and the remain
ing aqueous solution was then extracted with ethyl acetate. 
This afforded 12.0 g of chloroform soluble material, 3.2 g 
of which was applied to a Sephadex LH-20 column (120 x 4 cm) 
and eluted with methanol. Seven fractions were collected; 
the fifth fraction, 2.6 g, was applied to a Bio-Beads S-X4 
column (90 x 4 cm) and eluted with n-hexane-methyIene 
chloride-ethyl acetate (4:3:1). An ISCO V4 variable 
wavelength UV monitor set at 254 nm was used for detection 
in both of these gel permeation steps. The 5^X4 column 
yielded two fractions, the first of which weighed 1.65 g. 
This fraction was applied in two batches to an LPLC silica 
gel column (Whatman LPS-2, 2.5 x 25 cm) using chloroform- 
isopropanol -methanol (15:5:1) as eluent, and the V4 monitor
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set at 240 run for detection. Eight fractions were obtained, 
with polyhydroxylated sterols dispersed in fractions 3-7.
An alternative scheme was employed for some additional 
material, where the two gel permeation steps were reversed 
and the LPLC silica gel column was eluted using chloroform- 
methanol mixtures of increasing polarity. Ten fractions 
were obtained with the polyhydroxylated sterols dispersed 
among fractions 5-8 (corresponding to 10-20% methanol). The 
location of sterols was determined by inspection of 1H-NMR 
spectra which were run in deuteriochloroform for the initial 
extraction, partitioning, and gel permeation steps; and in 
pyridine-ds for the flash silica chromatography. Fractions 
were also screened by TLC using Macherey-Nagel silica plates 
(40 x 80 mm) with chloroform-isopropanoI-methaneI (15:5:1) 
as mobile phase and sulfuric acid-ethanol (1:1) for a 
developer; the plates were then heated in order to visualize 
the sterols. The sulfuric acid test has been known and used 
in steroid analysis for a long time, and a list of the 
characteristic colors associated with many different sterols 
has been compiled.1-73 The polyhydroxylated sterols from D. 
etheria tend to give a blue color when heated gently with a 
hair dryer.

Isolation and Characterization of 5a-sterols

5a-Cholest-7-ene-2a,36,5a,66,9a,11a,19-heptol 11,19-di
acetate 29. The sixth fraction from the LPLC gradient



167
silica gel column, which eluted with 15-20% methanol-chloro
form (0.893 g), was subjected to RP-HPLC on a Beckman Altex 
ODS column (25 x I cm), using acetonitrile-water (2:1) as 
mobile phase. A Knauer Differential Refractometer was used 
for detection (Figure 9B). The third major peak from this 
chromatography (0.339 g) was then applied to the ASTEC B- 
cyclodextrin column (250 x 4.6 mm), using acetonitrile-water 
(1:1) as mobile phase, and RI for detection once again. Two 
major peaks were obtained, the second of which, 188 mg, was 
pure by x3C-NMR and xH-NMR. Additional material was 
isolated later in the study, and a Hamilton PRP column (30 x 
0.7 cm) was used for the reversed phase HPLC step rather 
than a column with a Silica support. The Hamilton PRP 
columns use a rigid macroporous polystyrene-divinylbenzene 
copolymer support to prevent adsorptive effects from the 
support phase. These columns are also able to tolerate a pH 
range of between I and 13. A micro study indicated that 
this column gave far better resolution of the sterol mixture 
in much less time than the Beckman or the Whatman columns 
that we had been using previously. Unfortunately, neither 
of these other columns were new enough for an accurate com
parison of performance characteristics. Yield: I x 10_2%
organic extract; mp 164°; [aIg5 -51.1° (c 3.7, EtOH); xH- 
NMR (300 MHz, pyridine-d5, exchanged three times with MeOH- 
d4): 6 0.78 (3H, s, H-18), 0,87 (6H, d, 3=6.1, H-26, 27), 
0.92 (3H, d, J=4.4, H-21), 1.1 (4H, m, H-22, 24), 1.3 (5H,
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m, H-16, 17, 20, 23), 1.5 (IH, m, H-25), 1.55 (2H, m, H-15), 
1.87 (IH, m, H-16), 2.05 (6H, s, acetate methyls), 2.10 (1H, 
d, J=Il.0, H-12a), 2.59 (1H, m, H-4a), 2.60 (1H, m, H-12B), 
2.92 (IH, m, H-I4), 3.12 (3H, m, H-l, H-4B), 4.30 (1H, dd, 
J=4.4, 11.2, H-2), 4.43 (1H, d, J=4.2, H-6), 4.76 (1H, m, H- 
3), 4.80 (IH, d, J=I3.6, H-19), 5.24 (1H, d, J=13.7, H-19), 
5.42 (1H, dd, J=4.2, 11.0, H-ll), 5.92 (1H, d, J=4.2, H-7); 
for 13C-NMR data, see Table 3; FAB-MS m/z (relative inten
sity): 651 (MtRb+, 13); ,accurate mass (El), m/z 548.3360
(M-H2Q-*-), calc'd for C31H48O8, 548.3347, LRMS (El); m/z 
(relative intensity) 548 (0.1), 530 (0.2), 512 (0.3), 488 
(0.7), 470 (3), 446 (I), 428 (5), 410 (2), 398 (I), 315 (2), 
304 (2), 303 (3), 261 (5), 43 (100).

Hydrolysis of 29. A solution of 6.5 mg of 29 in 5% 
KOH/EtOH was refluxed for 30 minutes, acidified with 5% HCl, 
evaporated to an aqueous residue, and applied to a DIAION 
HP-20 column (10 x 2.5 cm). The column was eluted with 100% 
water, followed by 100% MeOH; the MeOH fraction was evap
orated and subjected to RP-HPLC, using acetonitrile-water 
(2:1), yielding 3.7 mg (67% yield) of 30: mp 240o-260° dec;
1H-NMR (300 Hz, pyridine-d5): 6 0.84 (6H, d, J=6.6, H-26,
27), 0.91 (3H, s, H-18), 0.92 (3H, d, J=4.3, H-21), 1.47 
(IH, m, H-25), 1.60 (2H, m, H-15), 1.78 (1H, m, H-16), 2.14 
(IH, t, J=II.7 Hz, H-12a), 2.40 (1H, dd, J=4.9, 11.9, H- 
126), 2.57 (IH, dd, J=5.4, 13.8, H-4a), 2.99 (1H, m, H-14), 
3.15 (2H, m, H-la, H-46), 3.50 (1H, dd, J=4.5, 13.4, H-16),
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4.45 (1H, br s, H-6), 4.58 (1H, m, H-2), 4.72 (2H, AB 
pattern coalesced, H-19), 4.84 (1H, m, H-3), 5.07 (1H, dd, 
J=4-7, 11.5, H-Il), 5.89 (IH, dd, J=1.9, 5.7, H-7); FAB-MS 
m/z 567 (M+Kb"1", 11); LRMS (El); m/z (relative intensity) 446 
(8), 428 (11), 418 (6), 410 (I), 398 (4), 380 (3), 373 (8), 
304 (22), 265 (17), 261 (10), 181 (18), 43 (100).

5a-Cholesta-7,22-diene-24-methvl-2a,3B,5a,68,9a,11a,19- 
heptol 11,19-diacetate 31. The first fraction from the 13- 
cyclodextrin column that gave 29, also produced 150 mg of 
31. Yield I x 10-=%; mp 175-183°; [a]=5 -35.7° (c 1.4,
MeOH); 1H-NMR (300 MHz, pyridine-d5): 5 0.77 (3H, s, H-18), 
0.82 (6H, dd, J=4.0, 6.4, H-26, 27), 0.91 (3H, d, J=6.8, H- 
28), 1.01 (3H, d, J=6.2, H-21), 1.45 (1H, m, H-25), 1.82 
(IH, m, H-24), 1.94 (1H, m, H-20), 2.01, 2.04 (6H, s, 
acetate methyls)., 2.13 (1H, dd, J=Il.2, H-12a, partially 
obscured by acetate signals), 2.59 (1H, m, H-4a), 2.61 (IH, 
m, H-12B), 2.97 ((1H, m, H-14), 3.15 (3H, m, H-l, H-4B),
4.35 ( IH, m, H-2), 4.43 (1H, d, J=3.8, H-6), 4.80 (1H, m, 
H-3), 4.87 (IH, d, J=13.7, H-19), 5.12 (2H, m, H-22, 23), 
5.29 (IH, d, J=13.7, H-19), 5.45, IH, dd, J=4.7, 11.2, H- 
11), 5.95 (IH, d, J=4.1, H-7); for 13C-NMR data, see Table 
3; FAB-MS, m/z (relative intensity) 663 (MtRb+, 3); LRMS 
(El); m/z (relative intensity) 524 (0.2), 500 (0.3), 482 
(0.6), 458 (0.8), 440 (1.6), 428 (0.4), 410, (0.7), 392 
(0.9), 316 (1.4), 277 (0.7), 261 (2.3).
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5a-Cholesta-7,22-diene-2a,36,5a,66,9a.11a,19-heptol 

11/19-diacetate 32. The sixth fraction from the LPLC 
gradient silica gel column was applied to the Beckman ODS 
column using acetonitrile-water (2:1). The second fraction 
from this chromatography was applied to the B-cyclodextrin 
column using acetonitrile-water (2:1). Most of the weight 
remained in the solvent front fraction, and x3C-NMR revealed 
that there was still more than one component in this 
fraction. This fraction was then recycled back through the 
B-cyclodextrin column using acetonitrile-water (3:1). The 
major weight fraction was still a mixture by 13C-NMR and 
therefore it was recycled once more through the B-cyclo
dextrin column using acetonitrile-water (45:55) to give 29 
mg of 32 which was pure by 13C-NMR. Yield 3 x IO-3 %; mp 
155-162°; [CXlg5 -53.3° (c 2.3, EtOH) ; 1H-NMR (250 MHz, 
pyridine-ds): 6 0.76 (3H, s, H-18), 0,83 (6H, d, J=6.6, H- 
26, 27), 0.99 (3H, d, J=6.2, H-21), 1.93 (1H, m, H-20), 2.02 
(6H, s, acetate methyls), 2.14 (IH, m, H-12a), 2.54 (2H, m, 
H-4a, H-12B), 2.96 (1H, m, H-14), 3.18 (3H, m, H-I, H-4B), 
4.33 (IH, m, H-2), 4.43 (1H, d, J=4.1, H-6), 4.79 (1H, m, H- 
3), 4.86 (IH, d, J=13.6, H-19), 5.17 (2H, m, H-22, H-23), 
5.29 (IH, d, J=13.6, H-19), 5.45 (1H, dd, J=4.1, 11.2, H-
11), 5.94 (IH, d, J=4.6); FAB-MS, m/z 649 (M+Rb+, 9); LRMS 
(El); m/z (rlative intensity) 546 (0.5), 528 (2), 510(4),
486 (14), 444 (21), 426 (54), 408 (13), 396 (22), 378 (22), 
357 (28), 315 (51), 303 (58), 261 (75), 43 (100).
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5a-Cholesta-7,22-diene-27-nor-24-methvl-2a,3B,5a,6fi, 

9a,19-heptol 11,19-diacetate 33. The same fi-cyclodextrin 
column chromatography that produced 32 also yielded 7 mg of 
33. Yield I x IO"3 %; mp 145-152°; [a]55 -63.2° (c 0.9,
MeOH); xH-NMR (300 MHz, pyridine-d5): 5 0.76 (3H, s, H-18), 
0.83 (3H, dd J=3.8, 7.3, H-26), 0.92 (3H, d, J=6.7, H-27), 
0.99 (3H, d, J— 6 .5, H-21), 1.23 (2H, m, H-25), 1.83 (1H, m, 
H-24), 1.91 (IH, m, H-20), 2.02 (3H,. s, acetate methyl),
2.05 (3H, s, acetate methyl), 2.1 (1H, dd, J=Il.2, 11.9, H- 
12a), 2.57 (IH, m, H-4a), 2.60 (1H, m, H-12B), 2.97 (1H, m, 
H-14) , 3.17 (3H, m, H-I, H-4J3) , 4.35 (lH,dd, J=8.1, 16.7, H- 
2), 4.43 (IH, d, J=3.8, H-6), 4.78 (1H, m, H-3), 4.88 (lH,d, 
J=13.7 H-19), 5.09 (2H, m, H-22, 23), 5.30 (1H, d, J=13.7, 
H-19), 5.46 (IH, dd, J=4.6, 11.3, H-ll), 5.95 (1H, d, J=5.4, 
H-7); FAB-MS, m/z 649 (M+Rb+, 5).

5a-cholest-7,22-dien-2a,3G,5a,6G,9a,lla,19-heptol 34.
An isocratic silica gel column chromatography using chloro- 
form-isopropanol-methanol (15:5:1) produced a distribution 
of sterols similar to that of the gradient elution silica 
gel column. The seventh fraction (44 mg) from this column, 
which immediately followed that containing the lead sterol 
29, and, was therefore slightly more polar, was applied to 
the Beckman ODS column (25 x I cm) and was eluted with 
acetonitrile-water (2:1). The second fraction from this 
chromatography was applied to the B-eyelodextrin column 
using acetonitrile-water (4:1) as mobile phase. This
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produced 4 fractions, the third of which 34, weighed 44 mg 
and looked pure by 13C-NMR. Yield: 4.7 x 10~4 %; mp 260°
(dec); [a]3S -28.6° (c 0.70, EtOH); 1H-NMR (250 MHz, 
pyridine-ds): 6 0.84 (6H, d, J=6.6, H-26, 27), 0.89 (3H, s, 
H-18) , 1.01 (3H, d, J=6.4, H-21), 1.55 (1H, m, H-25), 1.85 
(IH, m, H-24), 2.02 (IR, m, H-20), 2.15 (1H, dd, J=Il.7, 
11.6, H-12a), 2.37 (1H, dd, J=4.8, 11.8, H-12B), 2.56 (1H, 
dd, J=5.4, 13.9, H-4a), 3.09 (1H, m, H-14), 3.16 (2H, m, H- 
Ia and H-4B), 3.49 (IH, dd, J=4.5, 13.9, H-1B), 4.43 (1H, d, 
J=4.3, plus some indeterminate coupling to H-14, H-6), 4.56 
(IH, m, H-2), 4.68 (2H, AB pattern coalesced, H-19), 4.81 
(IH, m, H-3), 5.06 (IH, m, H-Il), 5.24 (2H, m, H-22 and H- 
23), 5.88 (IH, dd, J=1.3, 5.3, H-7); FAB-MS m/z 565 (M+Rb+,
9); LRMS (EI); m/z (relative intensity) 462 (0.4), 444 (4), 
426 (3), 414 (4), 396 (2), 378 (2), 315 (3), 302 (5), 259 
(10), 43 (100).

5a-cholest-7,22-diene-24-methyl-2a, 3B, 5a, 6B, 9a,
11a, 19-heptol 35. The third fraction (53 mg) from the same 
reverse phase chromatography that produced 34, was also sub
jected to HPLC on the B-cyclodextrin column using acetonitr
ile-water (4:1) as the mobile phase. Six fractions were 
collected, the third of which weighed 14 mg and appeared 
pure by 13C-NMR. Yield: 2.7 x 10"3 %; mp 260°-270° (dec);
[a]=5 -24.2° (c 1.2, EtOH); 1H-NMR (250 MHz, pyridine-d5): 6 
0.83 (6H, dd, J=3.0, 6.6, H-26, 27), 0.92 (3H, d, H-28),
0.94 (3H, s, H-18), 1.01 (3H, d, J=6.4, H-21), 1.82 (1H, m,



H-24), 1.98 (1H, m, H-20), 2.15 (1H, dd, J=Il.8, 11.7, H- 
12a), 2.37 (IH, dd, J=4.7, 12.0, H-12S), 2.56 (1H, dd,
J=5.3, 13.8, H-4a), 3.03 (1H, m, H-14), 3.14 (2H, m, H-Ia 
and H-4B), 3.49 (1H, dd, J=4.4, 13.4, H-IB), 4.43 (1H, d, 
J=4.3, H-6), 4.56 (1H, m, H-2), 4.68 (2H, AB pair coalesced/ 
H-I9), 4.82 (IH, M, H-3), 5.03 (1H, m, H-ll), 5.17 (2H, m, 
H-22, 23), 5.89 (1H, d, J=4.8, H-7); FAB-MS m/z 579 (M+Rb+,
10); LRMS (El); ra/z (relative intensity) 476 (0.2), 458 (6), 
440 (4), 428 (5), 410 (3), 392 (5), 316 (9), 285 (6), 277 
(12), 259 (10), 43 (100).

5a-cholest-7-ene-2a, 3fi, 5a, 6B, 9a, 11a, 19-heptol,
30. The second major peak from the B-cyclddextrin column 
that yielded 35, also gave another peak which was baseline 
separated from the aforementioned and weighed 10 mg.
Spectral and physical data indicated that it was natural 
product corresponding to 30. Yield; 7.9 x 10-4 %; mp 250° 
(dec); [a]=5 -24.2° (c 1.2, EtOH); IH-NMR (same as hy
drolysis of 3); FAB-MS m/z 567 (M+Rb"*", 13).

5a-cholest-7,22-diene-24-methyl-2a,3B,5a,6B,9a,11a,19- 
heptol-ll-acetate 36. The fourth fraction from the reverse 
phase chromatography that resulted in 30 and 35, was sub
jected to the B-eyelodextrin column using acetonitrile-water 
(5:1), and gave two well resolved sterols, 36 and 37. The 
first fraction 36 weighed 40 mg and was pure by x3C-NMR. 
Yield; 8.2 x IO"4 %; mp 213°; [a]35 -32.2° (c 1.0, EtOH);

173
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xH-NMR (250 MHz, pyridine-ds): 6 0.82 (6H, dd, J=2.9, 6.1, 
H-26, 27), 0.92 (3H, d, J=6.7, H-28) 1.02 (3H, d, J=6.1, H- 
21), 1.08 (3H, s, H-18), 1.82 (1H, m, H-24) 1.94 (3H, s, 
acetate methyl), 2.03 (1H, m, H-20), 2.22 (1H, m, H-12a), 
2.54 (2H, m, H-4a, H-12B), 2.80 (1H, dd, J=4.0, 13.0, H-IB), 
3.13 (2H, m, H-4B, H-14), 3.26 (1H, dd, J=12.8, H-la), 4.28 
(IH, d, J=12.6, H-19), 4.42 (2H, m, H-2 and H-6), 4.68 (1H, 
d, J=12.5, H-19), 4.80 (IH, m, H-3), 5.16 (2H, m, H-22, H- 
23), 5.89 (IH, d, J=4.4, H-7), 6.32 (1H, dd, J=3.9, 10.9, 
H-Il) ; FAB-MS m/ z 621 (M+Rb"1", 11). LRMS (El), m/z (relative 
intensity) 518 (I), 500 (4), 482 (2), 470 (2), 458 (16), 440 
(15), 428 (12), 410 (11), 392 (7), 316 (20), 303 (6), 285 
(12), 269 (13), 261 (21), 43 (100).

5a-cholest-7-ene-2a, 3B, 5a, 6B, 9a, 11a, 19-heptol-ll- 
acetate 37. The second well resolved peak from the same B- 
cyclodextrin chromatography that produced 36 also gave 30 mg 
of 37. Yield: 1.5 x IO"3 %; mp 211o-220°; [a]S5 -40.9° (c
l. 1, EtOH); 1H-NMR (250 MHz, pyridine-ds): 6 0.82 (6H, d,
J=6.6, H-26, 27), 0.93 (3H, d, J=4.6, H-21), 1.06 (3H, s, H- 
18), 1.91 (3H, s, acetate methyl), 2.22 (1H, dd, J=Il.5, 
11.5, H-12a), 2.58 (2H, m, H-4a, H-12B), 2.82 (1H, dd,
J=4.6, 13.4, H-IB) 3.10 (2H, m, H-4B, H-14), 3.27 (1H, dd, 
J=12.9, 12.7, H-la), 4.29 (1H, d, J=12.6, H-19), 4.43 (2H,
m, H-2 and H-6), 4.70 (1H, d, J=12.5, H-19)> 4.83 (1H, m, H- 
3), 5.89 (IH, d, J=4.6, H-7), 6.32 (lH, dd, J=4.4, 11.1, H-
11); FAB-MS m/z 609 (MtRb+, 8).
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5a-cholest-7,22-dien-24-ethyl-2a, 3JB, 5a, 6J3, 9a, Ilar 

19-heptol-ll,19-diacetate 38. The fifth peak from the 
reverse phase column chromatography (Figure 9B) that 
produced the lead sterol looked essentially pure by 13C-NMR. 
It was applied to the 13-cyclodextrin column using aceto
nitrile-water (5:1) to remove any impurities that might be 
present. Attempts to move the major fraction out of the 
solvent front were unsuccessful, so structure elucidation 
was performed on the sterol essentially as it was from the 
reverse phase chromatography. Yield: 2.1 x. IO-3 %; mp
147°; [a]g5 -47.5° (c 1.6, EtOH); 1H-NMR (250 MHz, pyridine- 
ds): 6 0.78-0.93 (12 H, overlapping multiplet and singlet, 
H-18, H-26, H-27, H-29), 1.03 (3H, d, J=6.4, H-21), 1.50 
(overlapping signals, m, H-28, H-24), 1.97 (lH, m, H-20), 
2.01, 2.04 (6H, s, acetate methyls), 2.17 (IH, m, H-12a), 
2.59 (2H, m, H-4a, H-12J3), 3.02 (1H, m, H-14), 3.15 (3H, m, 
H-I, H-4J3) , 4.37 (IH, m, H-2) , 4.43 (IH, d, J=4.8, H-6),
4.80 (IH, m, H-3), 4.90 (IH, d, J=13.6, H-19), 4.95 (IH, dd, 
J=8.4, H-23), 5.08 (IH, dd, J=8.3, 15, H-22), 5.30 (IH, d, 
J=I3.6, H-19), 5.46 (IH, dd, J=4.4, 11.1, H-Il), 5.95 (IH, 
d, J=4.9, H-7); FAB-MS m/z 677 (M + Rb"1"., 25) ; acc. mass 
(ei), m/z 574.3500 (M-18+), calc'd for C33H50Qs, 574.3506. 
LRMS (EI), m/z (relative intensity) 556 (0.6), 538 (I), 514 
(3), 496 (5), 472 (5), 454 (10), 436 (3)., 424 (4), 406 (4), 
357 (6), 330 (11), 315 (11), 303 (11), 291 (6), 261 (11), 43 
(100).
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Ozonolysis of Sterols 32, 36, 38, and 39.

Approximately 120 ug of each sterol were dissolved into 
200 ill of methanol and transferred to a Waters reduced 
volume auto sampler vial with a modified cap to allow for an 
inlet and an exit needle. The vial was set into an ice bath 
(0°) and ozone was bubbled through the solution using a 
Supelco micro ozonizer. The exit line from the capped vial 
led to a 10 ml flask containing 4 ml of indicating solution 
consisting of 5% KI in 5% aqueous sulfuric acid with added 
starch. When a blue color was seen in the indicating 
solution, the reaction was assumed to be complete. The vial 
was then removed from the ice bath, and approximately I mg 
of triphenyl phosphine was added to the solution. The vial 
was then stoppered and then swirled to dissolve the reagent. 
The reaction mixture was then injected directly into the 
GC/MS (VG MM16F) for analysis of the resulting aldehyde 
fragments. This method is a slightly modified version of 
that of Beroza and Bierl.xao The aldehyde fragments gave 
molecular ions of: m/z (relative intensity) 86 (M+, 6), 100 
(MT, 8), 114 (MT, 2), and 114 (M+, 2); for 32, 36, 38, and 
39, respectively.

Isolation and Characterization of 5B-sterols

The third fraction from the ispcratic LPLC silica gel 
column was dissolved in methanol and subjected to semi- 
preparative HPLC on a Hamilton PRP-I (Cia) column (30 x



177
0.7 cm) using acetonitrile-water (1:1) as the mobile phase. 
Further purification of the three major fractions from this 
separation was achieved by HPLC on an analytical B-eyelodex- 
trin HPLC column (ASTEC, 250 x 4.6 mm), with different 
mixtures of acetonitrile-water (4:1, 40), (1:1, 41, and 42).

5fi-cholest-7-ene-2B,3a.SB,6a.9a,lla.19^heptol 40.
Yield: I x 10~2% dry wt.; mp 230-250°C (dec); [a]£5 +23.1°
(c 0.78, EtOH); xH-NMR (250 MHz, pyridine-d5, exchanged with 
MeOH-d4): 5 0.75 (3H, s, H-18), 0.84 (6H, d, J = 6.6, H-26, 
27), 0.92 (3H, d, J = 5.3, H-21), 1.08 (3H, m, H-23, 24), 
1.28 (6H, m, H-16, 17, 20, 22, 23), 1.52 (3H, m, H-15, 25),
l. 83 (IH, m, H-16), 2.10 (1H, t, J =11.6, H-4a), 2.55 (2H,
m, H-IB, H-4B), 2.76 (1H, dd, J =11.9, 23.9, H-12a), 2.85 
(IH, m, H-I4), 2.99 (IH, m, H-12B), 3.20 (1H, dd, J = 2.7, 
10.0, H-la), 4.69 (3H, m, H-6, and H-19 methylene protons - 
coalesced AB pattern) 4.82 (2H, m, H-2,3), 5.38 (1H, dd, J = 
4.1, 11.9, H-Il), 5.71 (IH, s, H-7); FAB-MS: m/z 567 (MtRb+,
I. 7%).

5B-cholest-7-ene-24-methyl-2B, 3a, SB, 6a, 9a, 11a, 19- 
heptol 41. Yield: I x 10""2% dry wt.; mp 240-260°C (dec);
[a]25 +18.2° (c 0.28, EtOH); 1H-NMR (250 MHz, pyridine- . 
d5): 6 0.75 (3H, s, H-18), 0.78 (3H, d, H-27), 0.79 (3H, d,
H-28), 0.82 (3H, d, J = 6.9, H-26), 0.92 (3H, d, J = 4.4, H- 
21), I.0-1.6 (IlH), 1.84 (IH, m, H-16), 2.10 (1H, t, J =
II. 7, H-4a), 2.57 (2H, m, H-IB, H-4B), 2.82 (1H, dd, J =
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11.9, 23.9, H-12a) , 2.86 (1H, m, H-14), 2.99 .(IH, m, H-126), 
3.20 (IH, dd, J = 3.0, 13.1, H-la), 4.68 (3H, m, H-6, and H- 
19 methylene protons - coalesced AB pattern), 4.83 (2H, m,
H-2, 3), 5.38 (IH, dd, J = 4.7, 12.1, H-11), 5.71 (1H, s, H- 
7); FAB-MS: m/z 581 (M+Rb+, 0.7%).

5fi-cholest-7-ene-24-ethyl-2B, 3a, 56, 6a, 11a, 19- 
heptol 42. Yield: I x 10~2% dry wt.; mp 235-245°C (dec);
[a]=5 +17.7° (c 1.3, EtOH); 1H-NMR (250 MHz, pyridine-
d5): 5 0.75 (3H, s, H-18), 0.8124 (9H, m, H~26, 27, 29),
0.94 (3H, d, J = 4.1, H-2I), I.0-1.6 (13H), 1.83 (1H, m, H- 
16, 2.11 (IH, t, J = 11.7, H-4a), 2.56 (2H, m, H-1B), 2.76 
(IH, dd, J = 12.0, 23.8, H-12a), 2.86 (IH, m, H-14), 2.98 
(IH, m, H-126), 3.20 (IH, dd, J = 3.0, 13.2, H-la), 4.67 
(3H, m, H-6, and H-19 methylene protons-coalesced AB 
pattern) 4.82 (2H, m, H-2,3), 5.37 (IH, dd, J = 4.4, 12.2, 
H-Il), 5.71 (IH, s, H-7); FAB-MS: m/z 595 (M+Rb+, 1.1%).
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