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Abstract.
Synthesis of amino estratrienes as peotidomimetics.

This thesis describes the synthetic routes investigated in order to prepare amino
estratrienes as potential small molecule mimics of endogenous opioid peptides.
3-Hydroxy-17 a-aminoestra-1,3,5(1 O)-triene was prepared from estra-1,3,5
(1 0)-trien-3,17p-diol by formation of the sulphonate ester 3-benzyloxy-1713mesyloxyestra-1,3,5(1 O)-triene, displacement of the mesylate ester group with
azide anion to give 3-benzyloxy-17a-azidoestra-1,3,5(10)-triene, followed by
catalytic hydrogenation. As an altemative to hydrogenation, the Staudinger
reaction was performed on the 17 a-azide but gave 3-benzyloxy-17 a(diethylphosphoramido )estra-1,3,5(1 O)-triene.
A key compound, 3-Benzyloxy·6-azidomethyl-17p-acetoxyestra-1,3,5(1 0),6tetraene was obtained from 3,17P-dihydroxyestra-1,3,5(10)-triene in seven steps.
The synthesis involved benzylic oxidation of 3,17p-diacetoxyestra-1,3,5(1 O)-triene
with chromium trioxide-3,5-dimethyl pyrazole complex to give the key intermediate,
3-benzyloxy-17 p-hydroxyestra-1,3,5(1 0)-trien-6-one. Sulphur ylid methylene
insertion at the p-face of the 6-keto derivative gave 3-benzyloxy-6-spiro -epoxy17p-hydroxyestra-1 ,3,5(1 O)-triene. Base promoted isomerisation of the 6-spiro
-epoxide gave 3-benzyloxy-6-hydroxymethyl-17p-hydroxyestra-1,3,5(10),6tetraene. The allylic alcohol was acetylated and the key compound obtained from
palladium(O)-catalysed allylic azidation.
Other alternative approaches involved regioselective nucleophilic ring
opening with azide anion of the 6-spiro -epoxide to give 3-benzyloxy-6-hydroxy-6azidomethyl-17P-hydroxyestra-1,3,5(10)-triene. Manganese (IV) oxidation of the
allylic alcohol gave the allylic aldehyde and its oxime, 3-benzyloxy-6-carbaldoxime17p-hydroxyestra-1,3,5(10),6-tetraene was obtained upon treatment with
hydroxylamine hydrochloride.
3,17P-Bis(tert-butyldimethylsiloxy)estra-1,3,5(1 O)-triene gave [,,6-3,1713bis(terl-butyldimethylsilyloxy)estra-1,3,5(1 O)-triene]-tricarbonylchromium upon
treatment with chromium hexacarbonyl. However, subsequent benzylic activation
at position 6 and treatment with various electrophiles was unsuccessful.

(vi)

1.0.
INTRODUCTION.

"Pain, is a more terrible lord of
Mankind than even death itself."
Alberl Schweitzer.
"Among the remedies which it has pleased
Almighty God to give man to relieve his sufferings.
none is so universal and so efficacious as opium. ..
Thomas Sydenham. J680.
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The following introductory text presents the research carried out in
order to gain an improved understanding of opiate analgesic and
endogenous opioid / receptor interaction. To achieve this goal an
appreciation of the nature of opiate and opioid ligands is required.
Therefore this introduction will; (i) provide a summary of the key
developments in opiate analgesic synthesis, emphasising the effect of
structural and peripheral group changes on receptor specificity and
physiological response, (ii) present an insight into the major
discoveries in endogenous opioid-receptor interaction and (iii) outline
the research aims.
1.1

The Opiates - a Brief History of Analgesia.

1.1.1. Isolation and Early Modifications of Morphine.
The sensation of pain is the salvation and bane of all living
organisms. Its function is to alert an organism to the fact that something
is amiss in its relation to the environment. Put more simply, pain is an
alert signal to injury or malfunction. However, the signal does not
. terminate once the injury has been noted. Pain often persists past the
point at which the casual stimulus has been removed. It can often be
so intense as to impair normal functions. The relief of pain has
therefore figured prominently as one of mankind's aspirations.
Opium, the crude partially dried latex from the immature fruit of the
poppy, Papaver somniferum, had for centuries been used in the
struggle to relieve pain. The beginning of the last century saw an
increasing interest in plants that appeared to possess pharmacological
activity. There quickly followed a period of natural product isolation,
and later on with the development of organic chemistry, the first
synthetic analgesics.
In 1803, Friedrich Serturner, isolated the major alkaloid contained
in opium. He discovered its analgesic activity (naming the isolate
morphine (1), after Morpheus, the Greek god of dreams) and quickly
the use of morphine rather than crude opium, became commonplace.
Although the mode of action of this drug and its congeners is not known
in any detail to this day, their action is classed as narcotic. Morphine
acts principally on the central nervous system as a stimulant and
depressant. Clinically, the depressant action of the morphine group is
its most useful property, resulting in an increased tolerance to pain, a
-2-

lessened perception to external stimuli, and a feeling of euphoria. The
phenolic hydroxyl at position 3 is a very important functional group on
an essential ring. There are very few active opiates without the
aromatic ring or the phenolic hydroxyl group. The latter probably
amplifies the van der Waals binding to the opiate receptor of the
aromatic ring through hydrogen bonding. In tribute to the remarkable
potency and action of morphine, it remains an indispensable analgesic
from a plant source. Only since 1938 have synthetic compounds,
rivalling it in action, been found.

T-shape structure.

3. R1 and R2 = COMe, R3 "; Me,

The discovery of morphine and the demonstration of its potent
analgesic activity led directly to the search for more effective analgesia
from plant derived compounds. Before 1929, the majority of morphine
derivatives were the result of simple changes on the parent molecule,
such as esterification and etherification of hydroxyl groups. Masking
the phenolic hydroxyl at position 3 by acetylation or methylation,
changes the narcotic analgesic effect. Codeine (?), if given
parenterally, has only one tenth the effect of morphine because it must
be partially demethylated in the liver and transformed to morphine;
given intracerebrally it is totally inactive as an analgesic. Even in large

-3-

doses codeine does not depress respiration, and has survived as a
good analgesic and anti-tussive agent. The increased analgesic action
and dependence liability of the diacetyl derivative of morphine,
diamorphine (heroin, 3), has been known for a long time. Heroin's
popularity over morphine as a drug of abuse lies in its greater
Iipophilicity. After administration it crosses the blood-brain barrier more
rapidly and only then is it metabolised to yield the active agent; with
heroin the onset of analgesia is faster and the euphoria more intense.
The increased activity due to esterification of the hydroxyl group at
position 6 compensates for the loss of potency by masking the hydroxyl
with an acetyl group at position 3. Heroin is used nowadays only to
relieve very severe pain, usually in terminal illness.

The alcoholic hydroxyl at position 6 can be modified or even
omitted. For instance, the 6-methylether of morphine is about five times
more active than its parent. The 6-keto derivative and the 6-methylene
analogue are both active analgesics. The !J.7 ,8 double bond is also
non-essential to the activity of morphine. Dihydromorphine (4) or
dihydromorphinone (5) are active compounds with a reduced duration
of action but increased activity. The N-methyl substituent on morphine
is not absolutely essential to its analgesic activity. Thus N-normorphine
(6), the secondary amine, has only one-eighth of the activity of
morphine, indicating that it cannot cross the blood-brain barrier
because of its polarity. Higher alkyl substituents usually render the
molecule less active, although the activity rises dramatically if the side
chain carries an aromatic ring. For instance, the N-phenethylnormorphine (7) derivatives and their analogues can be up to 50 times
more active than morphine as a result of the involvement of auxiliary
binding sites.
Non basic morphine derivatives, such as morphine N-oxide or the
quaternary methiodide, are inactive parenterally. The latter cannot
cross the blood brain barrier because of their ionic charge, but show full

-4-

activity if injected intracisternally. The most important and dramatic
change results when the N-methyl group of morphine is replaced by an
N-alkene or N-cyclopropylmethyl group. The resulting compounds
show antagonist properties. Derivatives with a hydroxyl group at
position 14 such as 7,8-dihydro-14-hydroxymorphine-6-one (oxymorphone 8) show increased potency (up to five times that of
morphine), probably as a result of the introduction of an additional
hydrogen-bonding substituent. The stereochemistry of this hydroxyl is
of considerable importance in terms of activity.
Rl
N'

10. Rl = Me, R2 = H, R3 =

~Et,

11. Rl = Me, R2= OH, R3 =OEt,

o

12. Rl = Me, R2 = OH, R3 = Me,

R2

N'

oJ2

R,

EtOAO
These early morphine modifications, led to the discovery of some
compounds with greater activity than morphine but also greater toxicity
and addictive tendencies. No compounds had been found that did not
possess in some measure the addiction liabilities of morphine. Until
1929, few systematic efforts had been made to investigate the structureactivity relationships in the morphine molecule or its congeners, only
peripheral groups had been modified. With this in mind, Eddyl and coworkers, approached the morphine problem from the standpoint that it
might be possible to separate the addiction property of morphine from
its other more salutary attributes, and if this was not possible, to find
other synthetic molecules without this undesirable property.
Proceeding on these assumptions it was hoped that morphine's
addictive tendency, respiratory depression, gastrointestinal tract and
Circulatory disturbances, could be minimised or abolished. Since
earlier modifications of morphine caused variations in the addictive
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potency, it was felt that the physiological effects of morphine could be
related. Unfortunately, these studies on morphine derivatives did not
. provide the answer to the elimination of addiction liability. In fact, they
suggested that any modification bringing about an increase in the
analgesic activity caused concomitant increase in addiction liability.
Eddy noted that the morphine molecule contained in its makeup
certain well-defined types of chemical structure, e.g., the phenanthrene
and the dibenzofuran nuclei. These synthetic studies, although
extensive, unfortunately failed to provide, significant findings. However,
one of the more useful results of their investigation was the synthesis of
5-methyldihydromorphinone (metopon 9, p.4). Although it possessed
addiction liabilities, it was found to be a very potent analgesic with a
minimum of the undesirable side-effects of morphine, such as emetic
action and mental dullness.

1.1.2. Phenyl piperidine series.
In 1938 Eisleb and Schaumann 2 reported the fortuitous discovery
that a simple piperidine derivative, known as meperidine3 (10)
possessed analgesic activity (about one fifth of morphine). It became a
very popular opiate analgesic, because it was thought to be nonaddictive. Unfortunately, in the 1940s the large number of meperidine
addicts proved it otherwise. Today, meperidine is the most widely used
synthetic opiate in clinical practice (used extensively in childbirth). The
discovery led not only to the finding of an active analgesic but, more
importantly, it served as a stimulus to research workers.
It
demonstrated the high potency in a synthetic compound that was
related only distantly to morphine. 4,5 There followed an extensive study
of structural modifications of meperidine. In an attempt to enhance its
activity further, changes were made to meperidine itself.6-9 The
addition of a hydroxyl group at position 3 resulted in the bemidone 1o
(11) series, while modification of the ester group to a ketone gave the
ketobemidones 11 (12), having more than six times the activity of
meperidine. The derivative carrying the N-phenethyl side chain,
anileridine 12 (13) also proved to be potent. Perhaps the most
successful modification of the 4-phenylpiperidine derivatives of
morphine were the 4-anilino compounds like fentanyJ13 (14). This was
50-100 times more active than morphine, owing to its excellent
transport characteristics across the blood-brain barrier. Fentanyl

-6-

derivatives were fast acting but of short duration. Spectacular activities
were also achieved by introducing ether or keto substituents
(sufentanii1 4 15), as in the meperidine or ketobemidone series. Later
on, ring enlargements 15 and contractions16 produced a series of useful·
analgesics.

1.1.3. Methadone series.
Following on from the meperidine analogue discoveries,
Bochmuehl and Ehrhart17 claimed that compounds of the type (16),
possessed marked analgesic properties. During the second World War
the ketones corresponding to these esters were prepared. One of the
compounds with high activity was methadone (17). Its pharmacological
profile is similar to morphine, although it is much more effective orally
and longer acting. Since its discovery, much work has been done on
this compound, its isomer isomethadone (18), and their related
compounds. Some of the more clinically interesting derivatives include
a series of amide analogues of methadone. Janssen18 et al.
synthesised racemoramide (19), a more active compound than
methadone. The (+)-isomer, dextromoramide, being the active isomer.
1

2

3

4

16. R = alkyloxy, Rand R = H, R = NMe2'

18. R1 = CH2Me, R2 =Me, R3 =H, R4 =NMe2,

102

19. R =N

-\
, R =Me, R3
=H,4
Rr
=N'---10

In 1946, almost simultaneously with the emergence of methadone
came another important advance in synthesis; the morphinans, resulted
indirectly from early attempts at morphine total synthesis. Grewe
approached the problem of synthetic analgesics from another direction
when he synthesised the tetracyclic compound, N-methylmorphinan
(20). The relationship of this compound to morphine is obvious. Nmethyl-morphinan differs most significantly from the morphine nucleus
in the lack of the ether bridge between carbon atoms 4 and 5. Because

-7-

this compound has been found to possess a high degree of analgesic
activity, it suggested the non-essential nature of the ether bridge. The
best known analgesic of this series is (-)-3-hydroxy-Nmethylmorphinan, levorphanol, the levo- rotatory form of
racemorphan 19 (21). It contains the complete carbon-nitrogen
framework of morphine but lacks several of morphine's peripheral
functional groups. It is nevertheless five to six times as potent as
morphine with good oral effectiveness, finding use in the relief of
severe pain. The (+)-isomer, dextrorphan, is totally devoid of analgesic
activity because it cannot bind to the receptor. Shifting the phenolic
hydroxyl to position 2 or 4 results in loss of activity. The N-phenethyl
derivative of (21) shows an analgesic effect about twenty times that of
the parent compound.
Me
.
N
20. R = H,
21. R = OH.

R

1.1.4. Benzomorphan series.
Inasmuch as the removal of the ether bridge and all the peripheral
groups in the alicyclic ring in morphine did not destroy its analgesic
action, May20 and co-workers, synthesised a series of compounds, the
6,7-benzomorphans, in which the alicyclic ring was replaced by one or
two methyl groups. Study of the stereochemistry of these methyl
groups led to the major discovery of non addictive analgesics of the
metazocine 21 (35, figure 4, p.19) series. Compounds in which the two
alkyl substituents were cis corresponding to the carbon atoms in
morphine, were powerful analgesics. However they were unable to
relieve withdrawal symptoms in addicted animals, meaning that in
animals at least, these drugs were not addictive. The tfans isomers, on
the other hand, while also a potent analgesic, relieved withdrawal. (-)Pentazocine 22 (38), a derivative of exceptionally low addictive capacity
and satisfactory analgesic potency, precipitated withdrawal symptoms
in animals. It had about half the analgesic activity of morphine, with a
reduced incidence of side-effects and addiction liability.23 Interestingly
-8-

some derivatives, like cyclazocine 22 (36), were clinically unsuitable
because of unpleasant dysphoric, hallucinogenic properties.
The N-substituted derivative, phenacozine 24 (37), had similar
actions and uses to morphine, but was effective in smaller doses with a
more prolonged action. A more recent addition to the benzomorphans,
bremazocine (32), was found to be a powerful receptor agonist of long
duration, and devoid of addictive properties and respiratory depressant
activity. On the basis of receptor binding, it was about 200 times more
active than morphine. In general, this series of 6,7-benzomorphan
compounds demonstrated that in some cases it was possible to divorce
analgesic activity from addiction liability.

1.1.5. Oripavine series
Another important series of analgesics, the oripavine derivatives,
were prepared from thebaine 25 (22), a naturally occurring opium
alkaloid which is not a narcotic analgesic but a convulsant. Bentley26
and co-workers, developed a series of bridged opiates through the
Diels-Alder addition of unsaturated ketones to the conjugated diene of
thebaine. Subsequent Grignard reaction of the ketone and hydrolysis
of the 3-methoxy group to a free phenolic hydroxyl gave etorphine (23).
HO

HO

MeO

MeO
HO MeCMe3

22.

23.

24.

It is 5,000-10,000 times more potent than morphine and is active in
doses as small as 0.1 mg for an adult. However it has only about 20-30
times the affinity of morphine for the receptor. Its enormous activity is
due to its greater lipophilicity and facilitated ease in penetrating the
blood-brain barrier.
A derivative with an N-cyclopropylmethyl
substituent and t- butyl instead of n- propyl in the 7a. side chain, called
buprenorphine 27 (24), is a mixed agonist-antagonist and the most
-9-

lipophilic compound in the series. "It is about 100 times as active as
morphine as an agonist, and four times as active as nalorphine 28 (25)
as antagonist, and is therefore non-addicting. The analgesic action of
morphine at its receptor site has been considered. 29 It is believed to
involve a fit of the opiate at three points on the receptor site. The
nitrogen atom interacts with an 'anionic center' and functionalities at
positions 15 and 16 fit into a 'hole'. In order to explain the phenomenal
analgesic potency of some members of the oripavine and 6,14-endoethanotetrahydrothebaine series, it has been suggested 30 that the
receptor surface is more extensive and that a substituent at position 7
binds with a second lipophilic site.

1.1.6. Morphine antagonists.
The replacement of the N-methyl group in morphine by larger alkyl
groups lowers analgesic activity. The reversal of activity increases as
the size of the group increases, with the allyl group being maximal.
These counteract the effect of morphine-like analgesics and are
referred to as narcotic antagonists. Examples in this series include
(25), levallorphan (26), the corresponding analogue of (21) and Nallylnoroxymorphone, naloxone (27). The latter appears to be a true

HO

HO

o

//

H

25.

N~
26.

27.

antagonist with no morphine-like effects. Naloxone, also blocks the
effects of other antagonists. All of these drugs are used to prevent,
diminish or abolish many of the actions or the side-effects encountered
with the narcotic analgesics. They are thought to act by competing with
the analgesic molecule for attachment at the receptor site. These
narcotic antagonists, which are devoid of addiction liability, are also
strong analgesics spurring considerable interest. 31

-10 -

1.2. Endogenous Opioids and their Receptors.

1.2.1. Discovery of Opioid Receptors and Endogenous Ligands.
Based on their analgesic properties towards all types of pain, many
have pointed out the indispensable nature of the opiates. However, for
as long as medicine has used the beneficial analgesic and euphoriant
properties of narcotic analgesics, it has become increasingly aware of
the undesirable consequences of their prolonged use; such as
respiratory depression, drowsiness, nausea, psychic and physical
dependence. Despite the discoveries highlighted previously, the goal
of a truly non-addictive compound having an equalled or equivalent
narcotic analgesic action to morphine, has remained frustratingly
elusive.
Many physiological ligands (e.g., hormones and neurotransmitters)
produce their highly selective effects at very low concentration. It is
assumed they act at specific binding sites consisting of large
molecules, located on the external surface of cells in the target organs.
As early as 1954, based on both structure-activity data and the
pronounced stereospecificity of morphine and its analogues, it was
hypothesised 32 that the opiates also exerted their effect in this way.
The following evidence supports these claims. First, all opiate agonists,
show basic similarities in their design. Morphine and most other
opiates have a rigid 'T'-shaped structure with two broad water repelling
surfaces at right angles to each other, a hydroxyl group capable of
hydrogen bonding and a positively charged nitrogen atom that can form
an ionic bond, all suggesting interactions with a geometrically and
chemically complementary receptor site. Moreover, synthetic opiate
agonists have been devised that although similar in their basic·
structure, are more potent than natural agonists. Etorphine, for
example, is some 6000 times more potent than morphine. Surely for a
drug to act in such small doses it must seek out highly selective binding
sites.
Second, most opiates exist in at least two optical isomers. Usually
only the /evo- rotatory isomer can relieve pain, elicit euphoria or any
other actions associated with opiates. The stereospecificity of opiate
action supports the model of a highly specific receptor that can
distinguish between opiate isomers. Third, opiate agonists can be
transformed by very slight molecular modifications into antagonists,
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substances that specifically block the analgesic and euphoric actions of
agonists without eliciting any such effects themselves. For example,
nalorphine (25), a potent antagonist that blocks all the pharmacological
effects of morphine. An experimental animal or a person at the point of
death from morphine poisoning can be revived almost instantaneously
by much smaller amounts of nalorphine. An effect so rapid implies a
common site of action. For these reasons pharmacologists assumed
that specific opiate receptors existed in the central nervous system and
possibly in other tissues. By synthesising a range of morphine
analogues and testing their pharmacological effects, a crude picture of
what parts of the opiate molecule were responsible for what
physiological effects became available. In the process the physical
form of the postulated opiate receptor became clear, but unequivocal
identifications of the receptor itself remained elusive.
Using receptor-binding and radiolabelling techniques, Snyder33 et

al. discovered the distribution of opiate receptors in the brain strikingly
paralleled one of the pain pathways in the central nervous system; the
paleospinothalamic pathway. This pathway ascends the midline of the
brain; its way stations include the central gray matter of the brain stem
and central part of the thalamus (figure 1, p.13) two major brain
pathways have been implicated in the perception of pain. Sharp,
localised pain is poorly relieved by opiates. In contrast, duller, more
chronic and less localised pain is quite effectively relieved by opiates.
A high density of opiate-receptor binding was discovered in the limbic
system. In particular a group of brain regions that mediated emotional.
behaviour called the amygdala, thi:: corpUl:> striatum and the
hypothalamus. These regions control the emotional component of pain
and hence the euphoric effects of opiates. Within the spinal cord,
receptors are localised in the substantia gelatinosa (a region dealing
with the upward conduction of sensory information), and in tissues
responsible for cough reflex depression. They were also found in a site
where opiates effected nausea and emetic response.
Snyder34- 37 and co-workers continued to explore opiate receptor
binding in a wide range of animal species. Surprisingly, as much
opiate receptor binding was found in the most primitive vertebrates as
in monkeys and man. Moreover, the opiate-receptor drug specificity
displayed in both lower and higher vertebrates was the same,
indicating that few, if any, changes in chemical structure of the receptor
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Figure 1. Pain pathways of the central nervous system. t
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had occurred in the course of vertebrate evolution. This was confirmed
in 1973 with the discovery of a stereospecific binding site,38-40 with
appropriate ligand specificity. It was reasonable to assume that the
opiate receptor was normally concerned with receiving some
morphine-like factor that had remained the same throughout evolution.
That is to say, morphine and synthetic analgesic drugs produced their
biological effects by mimicking the actions of molecules produced
naturally by the body.

HO

Tyr 1 - Gly -

Gly - Phe - R

S

28. R= Leu,
S
29. R= Met

30. R

= Leu-Arg-Arg 7 -!!e-Arg-Pro-Lys-Leu-Lys-Trp-Asp-Asn-Gln17.

Studying the suppressive action of morphine on electrically induced
contractions of involuntary muscle, Hughes41 and Kosterlitz42
discovered that extracts of brain tissue could mimic morphine's action.
The effect was both stereospecific and inhibited by low concentrations
of agonist, so that the morphine-like brain factor was clearly binding to
opiate receptors.

The discovery of the morphine-like factor was

reported simultaneously by a number of groups,43-46 however their
eventual elucidation was credited to Hughes47 et al. The morphine-like
factor was extracted from the brain of pigs and was found to consist of
two closely related pentapeptides which were labelled 'enkephalin'
from the Greek for 'in the head'. One of the peptides, (MetSj-enkephalin
(29) had the sequence; tyrosyl-glycyl-glycyl-phenylalanyl-methionine.
The other, (LeuSj-enkephalin (28) was of the same sequence with a
leucine residue, replacing the methionine residue.

As many as

eighteen endogenous peptides (figure 2, p.15) are now known to exist
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Figure 2. The endogenous opioids and their peptide precursors.

Precursor Peptides.

Endogenous Opioid Peptide.
(receptor active species).

Pro-en kephalin A derived;
[Leu 5j-enkephalin 28,
[Met 5j-enkephalin 29,

(a) Tyr-Gly-Gly-Phe-Leu
(b) Tyr-Gly-Gly-Phe-Met
(c) Tyr-Gly-Gly-Phe-Met-Arg-Gly-Leu

(d) Tyr-Gly-Gly-Phe-Met-Arg-Phe
(e) Tyr-Gly-Gly-Phe-Met-Arg-Arg-Yal-NH2
(f) Amidorphin
(g) Bovine Adrenal Medulla
and related species.

Pro-enkephalin B derived (Pro-dynorphin);
Dynorphin A (1-17) 30,

(a) 1-17

Dynorphin B (1-8),

(b) 1-8
(c) 1-7 Glu-Phe-Lys-Yal-Yal-Thr

Rimorphin.

Pro-opiomelanocortin derived;
(a) 61-91 amino acid residues

~-endorphin,

(b) 61-76 amino acid residues

a,-endorphin,

(c) 61-77 amino acid residues

y-endorphin.
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in the mammalian brain. All of which are contained in three precursor
peptide molecules,48,49 [pro-opiomelanocortin, pro-enkephalin A and B
(pro-dynorphin)] and when acted on by certain site specific enzymes,
produce opioid peptides.
A variety of evidence indicates that the opioid peptides are
neurotransmitters of specific neuronal systems in the brain that mediate
the integration of sensory information dealing with pain and emotional
behaviour. Regional variations in the opioid peptide levels tend to
parallel the distribution of opiate receptors. Instead of acting directly on
the receiving nerve cell (figure 3, p.17), the peptides block the release of
excitatory neurotransmitters, thereby reducing the cells excitatory input.
The peptide binding on the terminal of an excitatory neuron, partially
depolarises the terminal membrane and reduces the net polarisation
produced by the arrival of a nerve impulse. This alters the activity of the
membrane ion channels e.g., those permeable to potassium or calcium
ions. The amount of neurotransmitter released from the terminal is
proportional to the net depolarisation, so that less excitatory transmitter
is released. The receiving cell is then exposed to less excitatory
stimulation and reduces its firing rate. Such an opioid peptide
inhibitory system may modulate the activity of the ascending pain
pathways in the spinal cord and the brain.
Structural similarities between endogenous opioids and
exogenously administered analgesics are not unexpected since both
produce their biological effects by interacting with the same specific
receptor molecules. At first glance, the highly flexible structures of the
opioid peptides do not appear to resemble the classical opiate
morphine. However, the N-terminal Tyr1 residue (the one component of
the enkephalin structure essential for biological activity) contains a
phenolic ring separated by two carbcn atoms from a nitrogen, which is
also a feature of the morphine structure. This however, is not an
absolute requirement for opioid activity since it is not found in flexible,
synthetic opioids such as methadone and meperidine although one
can envisage conformations with an orientation of the nitrogen and
aromatic ring similar to that found in morphine. It should be noted that
in the enkephalins, removing the Tyrl or interfering with its phenolic or
amino groups abolishes biological activity. In addition, loss of activity is
observed when the L -Tyrl is replaced by its D -enantiomer. On the
other hand, replacement of the Gly2 residue with D -Ala renders the
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Figure 3. Synaptic schematic.

EXCltatory
(pre-synaptic)
Neuron.

Enkephalin
Neuron

Acetylcholine or
other excitatory
transmitter
Enkephalin

----------synapse

Receiving
(post-synaptic)

Cell.

-17-

peptides resistant to hydrolysis, to the extent that some of the synthetic
analogues retain their activity when taken orally.

1.2.2. Opioid Receptor Multiplicity.
In 1965, Portoghese 50 , whilst investigating receptor topography,
postulated the existence of multiple opioid receptors. A decade later,
the first real evidence for multiple receptors was presented by Martin 51
et al. The authors measured a number of physiological parameters and
established that the effects produced by morphine were different from
those produced by the nalorphine-like compound ketocyclazocine (34)
and N-allylnormetacozine (31. figure 4, p.19). Martin suggested the
existence of at least three types of opioid receptor through which
morphine and the opioids exerted their biological effects; ~- (morphinelike), K- (ketocyclazocine-like) and a- (N-allylnormetazocine-like). The
~-receptor is the principal pain modulating site in the central nervous
system, and is morphine selective. The a-receptor is now not
considered to be an opioid receptor. 52 Only a few synthetic opioids
such as (31) interact with this site producing dysphoric effects not
observed with other opioids. Whilst Lord 53 demonstrated the existence
of another receptor type called Ii-(at which enkephalins acted), Ling 54 et
a/ realised that the existing receptor subdivisions were
oversimplifications and that the receptor classes could be subdivided
further. He showed that morphine acting through ~1 receptors
produced analgesia whilst its concomitant action on ~2 receptors
produced respiratory depression and physical dependence. Clearly, a
selective ~1 agonist drug may result in a clinically useful analgesic
drug, free from dependence liability. The K-receptor appears· to
mediate a sedating analgesic effect with decreased addiction liability
and respiratory depression. In general, each receptor sub-type is
responsible for a physiological response, although all affect analgesia.
The receptor sub-types have yet to be fully characterised in molecular
terms, though some progress has been made. 55 To date the evidence
for opioid receptor heterogeneity is at best tentative, although it should
be noted that some results suggest that the presence of subtypes is an
explanation of the findings .
. The discovery of both multiple receptors and their endogenous
opioids (the physiological ligand) directed research towards
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Figure 4. Benzomorphan small molecule mimics.
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H
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H

developing more effective receptor mappers. This might provide a more
detailed understanding of opioid action at its receptor, and ultimately,
produce new non-addictive analgesics.

The complexity of

physiological ligand-receptor interaction was appreciated, but at the
same time imparted optimism within the scientific community.

It

became clear that if a physiological ligand could be synthesised for
each receptor subtype, then analgesia from one subtype might not be
associated with physical and psychological dependence. Despite the
expansion of knowledge in the field of opioid receptor characterisation,
the precise role of different receptor subtypes in the modulation of pain
remained unclear. In order to ascertain the nature of ligand-receptor
subtype interaction, synthetic attempts to map the topography of the
receptor subtypes were made. In summary, both synthetic opiates and
opioid peptides were developed for this purpose; the majority showing
profound receptor specificity but were unsuccessful in providing a
comprehensive map of the individual receptors.

f

f

N

N

OH

HO

HO

40.

39.

The endogenous peptides, with the notable exceptions of dynorphin
A and dynorphin B (K-selective), show no large selectivity for the 11-, /iand K-receptor subtypes 56 ,57 and are further more rapidly metabolised
enzymaticallY,58 thereby rendering them of little value as
pharmacological agents. Although, structural modification and the use
of enkephalin degrading enzyme inhibitors 59 gives peptides that are
resistant to breakdown, a more important factor contributing to
endogenous opioid unsuitability is that relatively few barriers to rotation
within their structure exist. Therefore a number of conformations are
possible, anyone of which, being biologically active.
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1.2.3. The Message-Address Concept.
Realising the significance of subtype selective receptor antagonists
as indispensable pharmacological tools, Portoghese 60 , described a
bivalent ligand approach to drug design. This resulted in the
development of several highly selective non-peptide opioid receptor
antagonists, such as the K-selective norbinaltorphimine (39) and the 0selective naltrindole (40). The bivalent ligand approach incorporated
Schwyzer's61 message-address idea (figure 5, p.22). This described
the recognition elements of peptide hormones, and suggested that the
opioid peptides contained a 'message' sequence and an 'address'
sequence of amino acids, each being continuous and close to one
another in the peptide chain. The 'message' component was
responsible for receptor transduction and the resulting physiological
response. Whilst the 'address' sequence provided additional binding
affinity, and was not responsible for the transduction process. The
bivalent-ligand and message-address idea, presaged altering
antagonist selectivity by simulating a portion of the address peptide
component with a rigid non-peptide moiety.
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Figure 5. Schwyzer's message-address concept.
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1.3.

Research Aims.

Although many opiate analgesics are potent and effective, they are
associated with undesirable and sometimes limiting side·effects. 63 -6s
There is evidence that these effects are associated with the occupation
of the Jl-opioid receptor. 66 It would therefore be desirable to have an
.analgesic of comparable efficacy to the available opiate drugs that was
devoid of these unwanted effects. In order to achieve this goal more
detailed information regarding Iigand-receptor interaction is required.
We hoped to accomplish this by preparing a new series of non-peptide
opioid receptor Iigands. The new synthetic probes will aim to mimic
endogenous opioids and their existing small molecule mimics and
evaluate / characterise the mechanism and selectivity of Iigandreceptor interaction. This information will prove essential for the design
of more selective Iigands and therapeutic agents.
Opiate and opioid analgesics exert their effects by mimicking the
actions of the endogenous opioid peptides. The receptor sites for these
peptides are heterogeneous and can be divided into 11-, 0- and Ktypes. 67
Recently considerable interest has surrounded the
pharmacology of the K-selective endogenous peptide, dynorphin A(117), (30, p.16). The dynorphin family of opioid peptides are believed to
be the endogenous ligands for the K-receptor.68 They are C-terminal
extensions of the o-receptor-preferring leucine (ILeuS]) enkephalin (28).
Whereas (30) has a much greater affinity at the K-site than the o-site,
(28) has almost no affinity for the K-site. 67 Studies 69 on the lengthening
of the (28) peptide sequence suggest that the most important aminoacid for introducing K-activity is Arg7.
Authors have demonstratecj that compounds with affinity for the Kopioid receptor produce antinociception in animal models,7o and the
partial K-agonist, nalorphine (25) produces analgesia in manJ4 The
former is of particular significance since such K-selective Iigands
appear to be analgesic but unlike morphine, produce only very mild
withdrawal response in animals following the cessation of long term
treatment.7 s K-Agonists seem to be devoid of constipating effects and
although they produce some respiratory depression their effect is less
marked than that produced by ll-agonistsJ6 These characteristics have
been established through the use of existing small molecule mimics
from the aryl acetamide series; U-50488 (42),77-80 U-69593 (43),81 PD117302 (44)82,83 and C-1977 (45)84 (figure 6, p.24). Other examples of
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Figure 6. K-Opioid receptor selective arylacetamides.
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selective K-ligands include the benzodiazepine derivative tifluadom
(41)85 and the 6,7-benzomorphan derivative ethylketocyclazocine
(33)86·88 (figure 4, p.19).
Previously it had been difficult to ascribe a definitive pattern of
behaviour to a specific action at the K-receptor. This was mainly a
consequence of the poor selectivity of the prototype benzomorphan
ligands, which were used in the original classification of the receptor. 89
Nevertheless, despite this lack of selectivity, (33) and bremazocine
(32)90 have maintained a higher affinity and I or potency at the Kreceptor than many of the arylacetamides. 81 -91 In addition current
pharmacological evaluation of the opioid K-site is limited because the
receptor may be a mixture of sub-types,92 with heterogeneity for
molecular recognition and transduction mechanisms and resultant
effects. Evidence for K-receptor multiplicity has been obtained through
ligand-binding assays and cross-tolerance stu.:!ies in animal tissues. 53
However, interpretation of these results is difficult because of, (i) the
limited knowledge of the nature of the receptor binding protein, (ii) the
absence of information regarding intrinsic activity at the K-receptor and
(iii) the lack of in vivo selective antagonists.
Instead of using conformationally unrestrained peptides meaningful
information regarding the K-site may be gained by using small
molecule mimics. The benzomorphans (31-38, figure 4, p.19) and
arylacetamides (42-45, figure 6, p.24) appear to be the only compounds
that show high selectivity for the K-site. Since (42-45) are essentially
devoid of activity at wand /I-sites, it would seem the recognition site for
these compounds is associated with the binding site for the Arg7 of the
dynorphins. The Arg7 amino acid is important for conferring activity at
the K-site, whilst Tyrl is a dominant feature in many opioid peptide
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agonists. It would therefore be of benefit to ascertain the relativE'
positions of these amino acids at the K-receptor.
To date only the dynorphin peptides and the arylacetamides are
available for use at the K-site. Although the latter class of compounds
are smaller and structurally dissimilar to the peptides they are still
flexible with the various functional groups adopting different spatial
positions at the receptor surface. Clearly there is a need for new more
conformationally restrained endogenous opioid mimics.

With this in

mind, we sought to make use of a small molecular structure as a rigid
template and introduce amine functionalities or short peptide
sequences at key atom sites on its periphery. This new agonist might
provide valuable information regarding the preferred conformation of
endogenous opioids at their receptors, and more importantly the means
by which an effective design of a solely analgesic drug possible.

51

a. A 1 = H, A2 = OH,
b.

A1 = OH, A2 = H,

c.

A l , A2= (=0).

6

Our search led us to amine functionalised steroid molecules, as
useful rigid templates for investigation. The steroid system, selected by
the evolutionary process to perform some of the most fundamental
biological functions, has become one of the most intriguing classes of
biologically active compounds. Indeed examples of steroid systems
possessing analgesic activity have been reported. These include 16~
amino-17a,20~-dihydroxy (46, figure 7, p.27)93a and 16~-amino-17a

hydroxy-20-oxopregnenes (47),93b 3a-amino-5a-pregnane (48)93C and
6a-(dimethylamino-methyl)-5-cholestane-3~,5a,6-triol

(49).93<1

In .

addition Craig 93e et al. had previously shown that the pregnane amine
(50) which had some structural similarities with morphine (1),
possessed marked analgesic activity in several assays. These results,
and the slight wreceptor affinity exhibited by 3,17a-estradiol 94 (51 a),
had wider implications. Consequently, the amine functionalised
analogs (52-54, figure 8, p.29) of the female sex hormone 3, 17~
estradiol (51b) were chosen as synthetic targets. The aromatic A-ring
and peripheral amino functionalities at positions 6 and 17 might interact
with the K-site. In order to provide improved affinity for the receptor,
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Figure 7. Amine steroids with analgesic activity.
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short peptide sequences might be added at a later stage. It was hoped,
the rigid estradiol template coupled with amino residues, might prove
sufficient to mimic some of the lC-selective ligands.
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Figure 8. The target amino estratrienes.
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2.0.
DISCUSSION.

"Scientists are actually preoccupied with accomplishment. So they are focused on whether they can do
something. They never stop to ask if they should do something. They conveniently define such
considerations as pointless. If they don 'I do il. someone else will. Discovery, they believe. is
inevitable. So they just try to do ilfirst. That's the game in science."
lan Mafcolm, "}urassic Park", Michael Chrie/on.
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2.1.

Synthetic Strategy.
The following serve only to present a very broad outline of the

synthetic strategies designed to obtain target amines (52-54). A more
detailed account of each route with mention of appropriate 3- and 17hydroxy protecting groups will be presented in the following Discussion
chapters (2.2. - 2.7.).

2.1.1. Routes to target amino estratriene (53) through intermediates (56)
and (61), (scheme 1.)
Two compounds were selected as key intermediates for this route to
amino estratriene (53).

The first was the precursor to (53), the

homologous aldehyde (61). This compound might readily yield amino
estratriene (53) by reductive amination (step xi). To obtain aldehyde

(61) a number of steps were proposed, all of which originate from the
second designated key intermediate; ketone (56). The ketone (56) can
be prepared by benzylic oxidation100.101 (step i) of the dihydroxy
protected starting material (55) and provided the foundation to much of
the synthesis to follow.
Having obtained (56), introduction of an additional carbon atom at
'position 6' was desirable.

We proposed that this might best be
achieved using the Wittig reaction 110 (step iii) to give olefin (58), or
alternatively, the Horner modified Wittigl13 reaction (step ii) to give
vinyl ether (57). The exo- cyclic carbons present at position 6 would be
expected to allow further functionalisation.
The olefin (58) can give aldehyde (61) by way of the primary alcohol

(54), or spiro- epoxide (60). This can be achieved by hydroboration
(step vi) of (58) to the primary alcohol (59) followed by chromium VI
oxidation 166 (step viii). Alternatively, peracid epoxidation127 (step vii) of
(58) and Lewis acid rearrangement 136 (step ix) of the spiro- epoxide
(60) might yield the key intermediate (61). A more direct route (step v)
to aldehyde (61) might be possible through acid hydrolysis of vinyl
ether (57).
Other alternative routes, which avoided the need for olefin (58) and
aldehyde (61) preparation, were conceived. An alternative to steps (iii)
and (vii), involved methylene insertion 128 (step ivY in the key
intermediate ketone (56) to give the spiro- epoxide (60).
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Another

Scheme 1. Routes to (53 ) using phosphorus and sUlphur ylid chemistry.
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Possible synthetic steps;
(i) CrOa. 3.5-DMP, CH2CI2 ; (ii) Ph 2POCH 2 0Me. n -BuLi. NaH; (iii) Ph3PCH3 Br, n -BuLi; (iv) Me2SCH2 I, NaH;
(v) W/H 2 0; (vi) BHa·THF, H20 2, NaOH; (vii) m- CICeH4COaH. NaHCOa ; (viii) Na2Cr207. H20, H2 S04 (ix) SnCI .
4
THF; (x) p -MeCsH4 S02 Cl. Py; NaN3, DMF; H2 , Pd/C, EtOAc; (xi) R3 NH 2. HCI, KOH; NaBH CN. MeOH.
3

N R3 R4

53.

approach might employ sulphonate ester formation,202 displacement
with azide ion 214 and catalytic hydrogenation 219 (step x). This enables
the primary alcohol (59) to be converted to the target amine (53), so
avoiding the formation of aldehyde (61).

2.1.2. Routes to target amino estratriene (53) from spiro- epoxide (60),
(scheme 2.)
The spiro- epoxide (60) provided an alternative key intermediate in
the synthesis of amino estratriene (53). We proposed to cleave the
spiro- epoxide ring with nitrogen nucleophiles to give the nitrogen
functionalised alcohols (62) and (63). This approach might provide
valuable precursor compounds to target amine (53). It was envisaged
that azide anions (step i) might cleave the ring to yield the azido
alcohol (52),163.164 or alternatively, amide anions (step iv) to'give
amino alcohol (63).161
Dehydration of the alcohols to the
corresponding allylic azide (62a) and amine (63a) might then be
possible (step ii). Finally, catalytic hydrogenation (step Hi) of (62a) and
(63a) might yield amino estratriene (53).
The use of cyanide anion as a nucleophile (step v) to give the
cyano alcohol (66), and ultimately amino estratriene (65) might have
also been achieved through similar chemistry.
However, its
preparation was not investigated because of the presence of an
additional carbon atom between the amino group and the steroid
template. It was felt that although amino estratriene (65) was an
interesting analogue of (53), it fell outside the original research aims.

2.1.3. Routes to target amino estratriene (53) from (60) through 6-allylic
alcohol (66), (scheme 3.)
Base induced isomerisation 139 (step i) of spiro- epoxide (60) to the
allylic alcohol (66) demonstrates an additional option in the routes to
target amine (53). We believed that the allylic alcohol (66) might
provide a series of suitable nitrogen containing intermediates (68, 69
and 71) from their respective precursor compounds (67, 61 and 70).
Manganese IV oxidation 167 (step ii) of (66) to give the allylic
aldehyde (67) followed by imine 191 or oxime 182 formation (step Hi) and
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Scheme 2.
Routes to (53 ) through epoxide (60 ) ring cleavage with nitrogen nucleophiles.

v
60.

53.
65.

Possible synthetic steps;
(i) NaN3, Liel, DMF; (ii) SO CI2 , Py; (iii) H2, Pd/C, EtOAc; (iv) Me3 Si NHR 3,
DMSO;

W /H20;

(v) Me3 Si CN, AICI3;
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W /H20.

Scheme 3. Alternative routes to (53 ) from (60 ) through 6-allyl alcohol (66).
OR 2
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Possible synthetic steps;
(i) MeLi, Et2 NH, HMPA, Et20; (ii) Mn02 ,CH2CI2; (iii) H2NOH.HCI, EtOH or R3 NH2 ,
CH2CI2; (iv) H2 , PdlC, MeOH; (v) [Rh (CO)2C112, PhCH2 WEt3 Cl', NaOH, CH2CI2 ;
(vi) p -MeC6H4 SO CI2 , Py; NaN3, DMF; (vii) AC20, Py; (viii) Pd(O), PPh3 , THF, NaN3
or R3 NH2 or Phth N'K+; (ix) H 2NNH2 , MeOH.
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catalytic hydrogenation (step ivY of both the imine or oxime and 6,7double bond of (68) might yield amino estratriene (53). A comparable
route to target amine (53) might use rhodium (I) catalysed biphasic
isomerisation179.180 (step v) of (66) to generate the saturated
equivalent of (67), aldehyde (61). This might precede similar imine or
oxime formation (step iii) . giving (69) and catalytic hydrogenation to
yield the target amino estratriene (53).
The formation of aldehydes (67) and (61) might be avoided using
sulphonate ester formation and displacement with azide ion (step vi) .
The reaction conditions ensure that allylic alcohol (66) undergoes an
azide insertion (step viii) to give allylic azide (71 a). The target amine
(53) might then be obtained through catalytic hydrogenation (step ivY .
Acetylation (step vii) of (66) would give allylic acetate (70) which
might provide an alternative route to amino estratriene (53) through
palladium(O)-catalysed N -allylation of nitrogen containing nucleophiles
227·230 (step viii). The allylic acetate (70) might perform an allylic
exchange reaction (step vi) with azides,230 amines 227 and
phthalimides 228 to give the corresponding allylic azide (71 a), amine
(71 b) and phthalimide (71c). Again, as with previous examples the
allylic azide (71a) and amine (71b) might undergo catalytic
hydrogenation (step ivy to give the amine (53). The allylic phthalimide
(71 c) might yield (53) through reduction with hydrazine 238 (step ix)
followed by catalytic hydrogenation of the 6,7-double bond.

2.1.4. Route to target diamino estratriene (54) from (62) through azide
displacement of disulphonate ester (72), (scheme 4.)
A route to target diamine (54) might be possible through
displacement of the disulphonate ester (72) with azide anion. We
proposed to treat the hydroxy allylic alcohol (66, R2 = H), with ptoluenesulphonyl chloride 2oo or methanesulphonyl chloride 201 (step i)
to yield the disulphonate esters (72a) and (72b) respectively. The
lability of the sulphonate groups may prove sufficient to allow
introduction of azide anion with inversion of configuration 215 (step iii)
yielding the diazide (73). Catalytic hydrogenation of the azide groups
and 6,7-double bond (step iii) might yield the diamino estratriene (54).
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Scheme 4. Route to (54 ) from (62) through azide displacement of disulphonate ester (72 ).
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54.

Possible synthetic steps;
(i) p- Me C6HS S02CI (TsCI), Py, or MeS02CI (MsCI), Et3 N , CHCI3; (ii) Me3Si N3, CH2CI2 ; (iii) H2 , Pd/C , EtOAc.

2.1.5. Routes to target amino estratriene (53) from (55) through Cr(CO}3
complexation and benzylic activation, (scheme 5.)
The functionalisation of the diacetate (55) to its ketone (56) provides
the basis for much of the synthesis described so far.

A possible

alternative to direct functionalisation at position 6 might incorporate the
effects of chromium tricarbonyl complexation257.258 on the steroid
template. The treatment of (55) with chromium hexacarbonyl267 might
give the Tl 6-arene chromium tricarbonyl complexed estradiol (74). The
presence of the Cr(CO)s group activates (74) at the benzylic position.
The action of base at this site provides an opportunity to introduce
electrophilic functionalities. We proposed to obtain (75) by adding the
immonium containing cation (step ii) of Eschenmoser's salt.264-266
Decomplexation with air and Iight263(step iii) might then give the target
amine (53).
An alternative route to amino estratriene (53) from the complex (74),
uses paraformaldehyde as the electrophile (step ivY. The reaction
might yield complex (76) and after decomplexation (step iii), the
primary alcohol (59).

As described previously, the alcohol might

provide routes to amine (53) through the displacement of sulphonate
with azide and catalytic hydrogenation (step vi).

2.1.6. Routes to target amino estratriene (52) from (55) through
displacement of sulphonates with azide (scheme 6.)
Treatment of estradiol (55) with benzyl bromide (step i) yields the
benzyl ether (77). The unprotected 17-hydroxy of (77) might now form
a sulphonate ester (78) through treatment with p -toluenesulphonyl
chloride or methanesulphonyl chloride (step ii). A displacement of the
more labile sulphonate ester group of (78) with inversion of
configuration (step iii) to give the 17a-azide (79) might be achieved
through reaction with azide anion. Catalytic hydrogenation (step ivY of
azide (79) might give the target amine (52).
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Scheme 5. Route to (53) from (55) through Cr (COh complexation and benzylic activation.
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Possible synthetic steps;
(i) Cr C06 . n - BU 2 O. THF; (ii) (Me3Si)2 N Na. THF. Me2N+ CH2 r; (iii) hv- O 2 ; (iv) (Me3Si)2 N Na. THF. (CH 0)n ;
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(v) p -MeC6H4 S02 Cl. Py; NaN 3 . DMF; (vi) Me3SiN3. CH2CI2 ; H2 .Pd/C. MeOH.
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Scheme 6. Routes to (52) from (55) through azide displacement of sulpho nates and Mitsunobu chemistry.
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Possible synthetic steps;
(i) PhCH2Br. K2C03. EtOH; (ii) [TsCI. Py or Ms Cl. Et3 NJ. CH2CI2; (iii) NaN3 . LiCI. N-methyl-2-pyrrolidinone;
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2.2.

Benzylic oxidation with chromium trioxide-3,S-dimethylpyrazole complex; a preparation of ketone (56, scheme 1, p.32).

The key intermediate, 3, 17~-diacetoxyestra-1 ,3,5(1 0)-trien-6-one (56a,
R1, R2= COMe, scheme 1, p.32), was obtained in two steps from 17~
estradiol (51b, p.26).

17~-Estradiol

was acetylated in refluxing acetic

anhydride and pyridine giving after recrystallisation from ethanol! water
the diacetate (SSa, R1, R2= COMe, 96%) as white plate-like crystals
(mp. 126.8-127.5"C [1it.,96 mp. 126-129°Cj). The 1H nmr. spectrum of
(55a) showed singlets for the acetate methyls at 82.08 (17-0COCJ:::!.s)
and 2.30 (3-0COCJ:::!.s)ppm. Also the ir. spectrum gave carbonyl stretch
bands at 'Urnax 1762 (3-0COCHa) and 1732 (17-0COCHa) cm- 1.
HO,
yrN
..... Me
O=Cr-N

o//

--

Me

80.
Previously, keto steroids were prepared by allylic oxidation with less
elaborate oxidants. 95.96 Mixtures of chromic and aqueous acetic acids
introduced keto functionalities at the 1S'position of ~8(14) -steroids. 95
Similarly chromic acid oxidation of 17a-estradiol (S1a) and estrone
(51c) gave the corresponding 6·keto derivative. 96 However, low
(-10%) yields were the main disadvantage of this early technique. In
an attempt to improve the yield, Salmond 97 et al. found that complexing
chromium trioxide (CrOa) with the ligand, 3,5-dimethylpyrazole (3,5DMP), gave a complex (80, CrOa-3,5·DMP), which oxidised ~5(6)
-steroids to their 7-keto derivatives rapidly and in good (70%) yield.
The complex had previously been used for the oxidation of alcohols to
carbonyl compounds 98 and in the allylic oxidation of cyclic olefins to
a,~·unsaturated cyclic ketones. 97.99 The realisation that this complex
could effect oxidation in olefinic steroids with improved yield, led
Akanni 100 et al. and Garza 101 et al., to a benzylic oxidation of estradiol
diacetate (56a) using the new chromium oxidant (80) in -40% yield.
Other improvements in allylic oxidations have included the use of t
-butyl hydroperoxide and chromium hexacarbonyl Cr(CO)6. 102
A plausible mechanism for this reaction has been proposed
(scheme 7, p.42. the 3 and 5 methyls of (80) have been omitted for

·41 -

Scheme 7. Benzylic oxidation mechanism
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clarity).97

A one to one addition of 3,S-DMP and Cr03 to give the

complex (80) is assumed. One ligand site remains free on the
chromium atom allowing for facile attack by the It-electrons of the
double bond. The complex is prepared in situ at low temperatures (-20
to -30°C), giving a deep-red coloured reaction mixture. The complex
attacks the double bond by means of an ene-type reaction, wherein the
removal of a 6a-proton is hastened by the basic nitrogen of the
pyrazole ligand. In passing from (SSa) to (82), no reduction of the Crv1
to Cr1v takes place. A 2,3-sigmatropic shift of the chromium alkyl (82)
follows, giving the intermediate (83). Oxidation of the steroid takes
place and reduction of Crv1 to Cr1v occurs at this stage. Finally,
decomposition of the resulting chromate ester (84) to the ketone is
aided by an intramolecular cyclic mechanism. The increased rate of
reaction observed when using (80) is due in part to the increased
solubility of the complexes and also from intramolecular acceleration by
the pyrazole ligand through proton abstraction.
We initially performed the oxidation using the Akanni and Garza
procedures. To a stirred mixture of complex in methylene chloride at
-30°C, diacetate (SSa) was added, giving after Akanni and Garza workups, the 6-ketone (S6b, p.4s) in 24 and 34% yields respectively. We
found that the difference in yields was due in part to the inefficient
removal of chromium complex residues from the reaction mixture.
Akanni's method relied on the addition of aqueous sodium hydroxide
(SM) in order to solubilise chromium residues in the aqueous layer
during extraction.

However, the combination of chlorinated reaction
solvent and strong base produced a resilient e"nulsion. 103 Garza's

method circumvented the use for strong aqueous bases and
consequently alleviated the emulsion problem. The reaction mixture
was quickly passed through anhydrous silica gel and 'fluorosil' which
retained the unwanted chromium residues. Interestingly, a combination
of both procedures, Akanni procedure and Garza work-up, gave
cleaner reactions and more consistent (-3S%) yields.

The crude

diacetate 6-ketone was recrystallised from ethanol/water as a white to
pale cream crystalline solid [mp. 173.4-174.0°C (lit.,96 mp. 173-175°C)].
The 1H nmr. spectrum of (S6b) showed the absence of the 6-methylene
multiplet at 32.8S and also more noticeably, the downfield shift of the
aromatic protons from 6.78-7.28 (SSa), to 7.24-7.7S. In particular the H4
doublet (J - 2.5Hz) shifted from 6.78 to 7.28 ppm due to the presence of
the deshielding 6-keto group. Also, the ir. spectrum showed the 6-keto
stretching band at Umax 1679 cm- 1.
-43-

2.2.1. Conclusion.
The initial procedure 100 chosen for the benzylic oxidation of 3,17diacetate (55a), gave the 6-ketone analogue (56b, p.43) in often poor
(-20%) yield. Infact in some instances this was only accomplished after
prolonged and cumbersome experimental work-up. It was observed
that the yield of (56b) depended critically on reaction time and
temperature but more significantly on the type of experimental work-up
employed. However, we discovered that these initial problems could
be overcome using an Akannpoo and Garza 101 combined work-up.
This, in part, ensured improved (-35%) yields of 6-ketone (56b) and the
reproducibility of the reaction (p.43).
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2.3.

The Wittig Reaction and Horner Modification ; a preparation of
olefin (58) and vinyl ether (57, scheme 1, p.32).

2.3.1 The Wittig reaction; a route to olefin (58).
A number of possible methods for converting steroidal ketones to
their homologous aldehydes have been reported.104.107 As a key step
in some of these,104,108 and other related examples,109 the Wittig110 and
modifications of this reaction have shown their wide scope and
synthetic utility.

The Wittig procedure generates an alkylidene-

phosphorane (85, a ylid) which reacts with an aldehyde or ketone to
give an olefin (89), after rearrangement and elimination of trialkyl or
triaryl-phosphine oxide (90).

The existence of some of the

intermediates formed in the mechanism of this reaction remain a point
of discussion. 111 It is accepted that nucleophilic addition of the ylid
carbon of (85) to the carbonyl group (87) takes place, yielding a dipolar
intermediate (87, a betaine), which then eliminates phosphine oxide

(90), giving (89). The elimination might be concerted, or takes place via
a four-membered oxaphosphetane (88) intermediate. Alternatively,
(89) may be formed directly by a cycloaddition reaction of the ylid and
the carbonyl compound, by-passing the betaine as an intermediate.

+

,

Ra P - CR2

+ - ,

R3 P - CR2

85.

+

..

O= CR2

86.

Cl .

.

O-CR2

87.

!

,

R2 C= CR2

89.

+

,

RaP=O

R3r~R2

90.

:J .
O-CR2
88.

R, R', R' = alkyl. aryl.

Since its discovery, the Wittig reaction has been extensively studied
and many syntheses have benefited from its use. Takadate 104 et al.
used a similar procedure in his attempts to prepare 6-aminoalkyl
catechol estrogens (94) from their 6-keto precursors (92).
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The 6-

methylene (93) derivative was obtained in moderate yield using Wittig
chemistry, however subsequent hydroboration and aminolysis failed to
yield (94). In these laboratories, Akannj112 used both Wittig and the
Horner modification l13 of this reaction in order to generate the
homologous aldehyde (61a, scheme 8, p.47).
We chose to re-investigate these reactions as key steps in the
generation of the olefin (58 a) and homologous aldehyde (61a). Akanni
reported classical Wittig reaction conditions gave low yields of (58c),
when reacting the acetoxy protected 6-keto estradiol (56b) with methyl
triphenylphosphonium iodide and n -butyllithium (n -BuLi) or dimsyl
anion (MeSOCH2 -) as ylid generating base. This was not unexpected
since previous authorsl08.109 had shown that acetoxy protecting groups
decrease yields. Improved (50%) yields of (58d ) were obtained using
a benzyl ether protected 6-keto derivative (56d) and the dimsyl anion
as base.
OR 2
92. Rl = PhCH 2, R2 = Ac, R3 and R4 = (0),
93. Rl = PhCH 2, R2 = Ac, R3 and R4 = (CH 2),
94. R 1 and R2 = H, R3

= OH,

R4 = CH 2NH2.

We decided that a change of ylid generating base might be needed.
There is some literature precedent for potassium tertiary butoxide (t
-BuOK) as the preferred ylid generating bi:1se with enolisable
ketones. 114 ,115 With this in mind, a solution of the base in tertiary
butanol (t -BuOH) was added to methyl triphenylphosphonium bromide
in diethyl ether and gently refluxed. Whereupon a solution of 6-ketone
(56b) in diethyl ether was added and stirred under reflux. Work-up and
purification yielded 6-methylene estradiol (58a, 65%) as a pale cream
coloured amorphous crystalline solid. Attempts to recrystallise this
solid were unsuccessful. The 1H nmr. spectrum of (58a) showed both
methylene protons cis and trans to the aromatic ring, 155.47 and 4.93
respectively, and also the absence of protecting acetoxy methyls at
2.08 (17-0COCtb) and 2.30 (3-0COCtb) ppm.
In our attempts to establish the reproducibility of this result, a mixture
of partially hydrolysed diacetate 6-methylene and 6-ketone was
commonplace. The following Wittig reaction products were isolated.
The 6-methylene monoacetate (58b) was obtained in 25% yield as a
- 46-

Scheme 8. Routes to aldehyde (61 ) through (57 ) and (58 ).

51c. R 1 =H, R2 =(O),
55a. RI = Ac, R2 = ... OAc, ..••,H

56a.
56b .
56c.
56d .

RI, R2 = H,
RI, R2 = Ac,
RI = H, R2 = Ac,
RI = CH 2Ph, R2 = H.

o

57a. RI = CH 2Ph, R2 = H,
R3 = (CH OMe),
58a. RI, R2 = H, R3 = (CH 2),
5Bb. RI = H, R2 = Ac, R3 = (CH 2),
58c. RI, R2 = Ac, R3 = (CH 2),
5Bd . RI = CH 2Ph, R2 = H,
R3 = (CH 2 ),

61a. RI = CH 2Ph, R2, R4 = H,
R3 =CHO.
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pale yellow coloured transparent gum. The 1H nmr. spectrum showed
the cis- and trans- 6-methylene protons, 35.4 and 4.9 ppm respectively.
The absence of a methyl singlet from the 3-acetate (2.2 ppm) in
conjunction with ir. spectral data showing no carbonyl stretching band
at Umax 1760 (3-0COCH3) and olefinic stretch at 1604 cm- 1, confirmed
the nature of (58b). Partially hydrolysed starting material (56c) was
also identified in 20% yield as a transparent pale yellow coloured gum.
The 1H nmr. spectrum showed no 6-methylene protons and only 17acetate remaining at 32.1 (17-0COCtb)ppm. The ir. spectrum also
showed the loss of carbonyl stretching bands at U max 1760 (3-0COCH3)
and olefinic stretch at 1604 (6 C=C) cm- 1.

ii

..

96.

95.

97.

An alternative approach to aldehydes uses various Wittig alkoxyand aryloxy-methylphosphonium ylids (95). These have also been
used to convert aldehydes and ketones into their homologous
aldehydes (97) through (96). The significance of vinyl ethers (96) as
valuable intermediates in the synthesis of aldehydes have been
investigated. 114,118.121 Interestingly, Pettit 108 et al. used such ylids to
generate the vinyl ether (99, -30%) from the 20-keto-5-pregnene (98),
and found that the 21-aldehyde (100) was readily available by acidhydrolysis of (99) in good (69%) yield. Vinyl ether generation is
believed to involve alkylative carbonyl transposition in which the ylid
Me

Me

Me

j5CHOM'

0

..

{

ii

CHO

..
RO

RO

99.

98.
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100.

behaves as a formyl anion equivalent. 116 The sequence works well in
some cases but is not reliable for two reasons: the ylids are unstable,
poor yields of vinyl ethers are often obtained l16 ,118, 119 particularly with
enolisable ketones and vinyl ethers are difficult to separate from
triphenylphosphine oxide. The probable cause of these problems is
that an oxygen lone pair of electrons destabilises the anion on the
adjacent carbon atom.114.115 It might also make the anion harder so
that proton abstraction, particularly from enolisable aldehydes and
ketones, competes with nucleophilic attack on the carbonyl group.
2.3.2. The Horner-Wittig modification; a route to vinyl ether (57).
The Horner modification l13 of the Wittig reaction provided a further
structural variation to the phosphorus ylid.
It makes use of
diphenylphosphinoyl (Ph2PO) as the anion-stabilising group and in
addition to its improved stereoselectivity, has a number of notable
advantages: (i) the reaction occurs with a wider variety of aldehydes
and ketones under relatively mild conditions due to the improved
nucleophilicity of the (Ph2PO) stabilised carbanions compared with the
corresponding phosphonium ylids;122 (ii) fewer side reactions result
from (Ph2PO) stabilised carbanion use;123 and (iii) the phosphonic,
phosphinic and phosphorus acid derivatives obtained from these
modifications are water soluble, allowing easier separation of product
from reaction mixture. 124
Treatment of an alkylidenephosphine oxide (101) with sodium base
gives an anion which reacts with aldehydes or ketones to form a
mixture of erythro (102a) and threo (102b) diastereomeric alcohols.
Unlike the betaine-oxaphosphetane intermediates of the Wittig
reaction, the alcohols can be isolated, and the diastereomers
separated by chromatography. The erythro -threo proportion is greatly
biased in favour of the erythro -isomer (102a). Conversion to the
alkenes is then effected with sodium hydride which proceeds by a syn
-elimination of the Ph2P02- species, through a four-membered cyclic
transition state similar to (88).125 Thus the erythro -alcohol (102a) gives
the Z -alkene (103a) and the threo -alcohol (102b) the E -alkene
(103b). In general, owing to the erythro -selectivity in alcohol formation
and chromatographic isolation of diastereomers, the Horner reaction
provides a useful route to Z -alkenes. The Horner modified Wittig
reaction provides an alternative route to the vinyl ether (57a) and hence
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the homologous aldehyde (61 a) through hydrolysis with aqueous
sulphuric acid in THF. In order to optimise the yield of (57a) from our
steroidal ketone (56d), a series of model systems were chosen. The
reaction was attempted on a-tetralone (104) and its related compound
7 -methoxy-1-tetralone (106). Oiphenyl(methoxymethyl)phosphine
oxide (OPMP) in THF containing lithium diisopropylamide (LOA) was
allowed to react at -78°e with (104). The crude product was treated
with sodium hydride in the prescribed manner,126 but only (104) was
isolated. It was thought that changing the base from LOA to a molar
excess of sodium bis(trimethylsilyl)amide (SBTSA) might allow the
reaction to proceed in one step, but only starting material was
recovered. Moreover, attempts to produce the vinyl ether (107) of 7methoxy-1-tetralone (106) using LOA under normal conditions were
also unsuccessful. The apparent unreactive nature of both the
tetralones towards the generated bases may have been due to the
ketones being present as their enol tautomers.
Akannj112 reported that the vinyl ether (57a) was available using this
modification in good (70%) yield, and that acid hydrolysis of (57a) gave
the homologous aldehyde (61a) in low (ca. 30%) yield. However, reinvestigating this procedure, we were unable to isolate the vinyl ether
(57a). Moreover, we found that a mixture of two aldehydes were
detectable prior to sodium base induced syn -elimination of
phosphinoxyanion. To a solution of OPMP and LOA in THF at -78°e,
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(56d, previously prepared by the action of benzyl bromide and
potassium carbonate in refluxing ethanol on 56b, p.123) in THF was
added. After work-up, an oily gum was isolated and was shown to
contain no aldehyde (by 1H nmr. and ir. spectroscopy). However, in
order to isolate the mixture of threo and erythro -alcohols from the more
polar matter, flash chromatography of the crude mixture gave both
starting material (29%) and a 45:55 mixture (from CHO 1H nmr.
singlets) of stereomers, 60:- and 6~-carboxaldehyde (21%) as a
transparent pale yellow coloured gum. The lH nmr. spectrum of the
isolate showed two singlets, 39.66 and 9.35ppm, corresponding to
aldehydic CH and a carbonyl stretch at "U max 1726 cm- 1 in the ir.
spectrum. Clearly this result suggests that elimination of the
phosphinoxy anion and hydrolysis of the resulting vinyl ether has
occurred during flash chromatography.
104. Rl

=H, R2 =(0),

105. Rl

=H, R2 =(CHOMe),

106. Rl = OMe, R2 = (0),
107. Rl

=OMe, R2 =(CHOMe),

108. Rl

=OMe, R2 =CHO, H.

2.3.3. Conclusion.
Generally we found that insertion of a methylene functionality at
position 6 of (56) using Wittigll0 and the Homerl13 modification of this
reaction, capricious and unreliable. The Wittig phosphorus ylid gave 6methylene (58a, p.46) in good (-60%) yield, however its isolation
proved to be the exception rather than the rule. A mixture of partially
hydrolysed product and starting material was commonplace and
reflected the poor reproducibility of the reaction. We felt that although a
change to t -BuOK as ylid generating base may have improved the
yield of (58a), this was off-set by the choice of diacetoxy protecting
groups.
Interestingly we found that during the Homer-modified Wittigl13
reaction of (56d, p.51), a mixture of aldehydes (61a) was observed
before sodium hydride addition. The metal hydride would have
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initiated the elimination of phosphine oxide to give the expected 112
vinyl ether (S7a). However strong spectral evidence suggested that
phosphine oxide elimination and hydrolysis to the aldehydes (61a) had
occurred at this stage. Unfortunately no solid mechanistic explanation
was offered for this anomaly. except that perhaps these transformations
had occurred during chromatography of the reaction mixture prior to
sodium hydride addition.
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2.4.

Sulphur Ylids and Epoxide Reactions ; routes to target amino
estratriene (53) from spiro -epoxide (60. scheme 2, p34).

2.4.1. spiro -Epoxides from Sulphur ylids ; a preparation of spiro-

epoxide (60).
Epoxides have proved advantageous as key intermediates in
synthesis through their ease of preparation, often with stereochemical
control, and high reactivity, a feature attributable to the ring strain of
these small ring heterocycles. Their synthetic flexibility includes the
ability to undergo nucleophilic cleavage of the ring with suitable
nucleophiles and conversion to isomeric compounds under the
influence of acidic or strong, non-nucleophilic basic reagents. These
properties coupled with the difficulties experienced generating the
aldehyde (61, scheme 1, p.32) using phosphorus ylids, made an
approach to (61) through the spiro -epoxide (60a) an attractive
alternative. Apart from epoxidation of methylene compounds (58) using
peroxy acids127 as electrophilic oxidants, (60) can also be obtained
through the carbonyl analogue (56) using sulphur ylid chemistry.

109.

+

110.

-

Me2S-CH2

f\)R ---~~
~
111 .

R'
112.

113.

Dimethylsulphonium methylide (109) and dimethyloxosulphonium
methylide (110), are two of the most widely used sulphur ylids. 128 Both
ylids are nucleophiles and Junction to transfer methylene to certain
electrophilic unsaturated linkages, including the carbonyl group. Their
reaction with aldehydes and ketones yield epoxides and not alkenes
(cf., phosphorus ylids). The reaction begins in the same way as with
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the phosphorus ylids by attack of the nucleophilic carbon of the ylid
(109) on the electrophilic carbon of the carbonyl group (111). but since
sulphur does not have phosphorus' high affinity for oxygen,
nucleophilic attack on the carbon by the oxyanion (112) leads to
formation of the epoxide (113) with displacement of dimethyl sulphide.
Corey128a et al. reported that in most cases the sulphonium ylid formed
an epoxide with a new axial carbon-carbon bond, whereas its oxo
-relative (110) gave an epoxide with an equatorial carbon-carbon bond.
This has been ascribed to the fact that the addition of the (109) to the
carbonyl group to form the zwitterion (112) is irreversible, whereas
addition of (110) is reversible, allowing accumulation of the
thermodynamically more stable zwitterion. 128e

116. R3 = Me; R4 ,R 5 =(O),
115.

R\ R2

=~'pH2'
o

117. R3

= Me;

4 R5
R,
=~'~CH2.

o

The sulphonium and oxosulphonium ylids have been incorporated
in a number of epoxide syntheses.128-132,134 However their application
in the field of steroid functionalisation has not been as prolific. Cook 129
et al. had shown that synthesis of the epoxides (115) and (117) of (114)

and (116) keto steroids was possible using such chemistry, and
discovered that (109) reacted in a highly stereoselective manner with
a-side methylene transfer. In contrast, Bridge130 et al. showed that the
action of (109) on 5-hydroxy-3~-methoxy-5a-cholestan-6-one (118,
figure 9, p.55) did not give the expected 6-spiro- epoxide (119), but
instead the endocyclic epoxide 5,6a-epoxy-3~-methoxy-6~
hydroxymethyl-5a-cholestane (121). The 6-spiro- epoxide (119) was
infact prepared through treatment of the 6-methylene (120)
intermediate with peracid. The formation of (121) was thought to arise
from the initially formed exocyclic epoxide (119) by an epoxide
migration133 involving intramolecular nucleophilic attack upon the
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Figure 9a. Preparation of
5-hydroxy-3~-methoxy-5a.-cholestane-6(R )-spiro- 2'-oxirane (119).130

MeO

119.

118.

121.

Figure 9b. Intramolecular nucleophilic attack and epoxide migration in (119).

MeO
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epoxide ring by the Sa-oxygen function which was antiperiplanar with
respect to the 6~-oxygen atom.
In spite of the problems encountered by Bridge, we proposed to
adopt the Corey12Sa procedure in order to generate the spiro -epoxide
derivative (60) of ketone (S6, scheme 1, p.32), and in so doing, provide
a more direct route to the target amino estratriene (S3). At -soC, the
benzyl ether (S6d, scheme 8, p.47), prepared from (S6a) in 93% yield,
was added to a solution of trimethylsulphonium iodide and dimsyl
carbanion in DMSO (with enough THF to prevent freezing). It was
necessary to conduct the reaction at temperatures below O°C because
of the marked thermal instability of (109). At ambient temperatures,
(109) decomposes with a half-life of a few minutes, evolving ethylene.
The process of ylid formation appeared to be instantaneous, and it was
therefore possible to conduct the reaction without significant loss of the
reagent by immediate addition of· substrate (56d) with continued
cooling. After 2 hours at -soC, isolation and careful purification, starting
material (10%) and a diastereomeric mixture (9: 1) of 6a / ~-spiro
-epoxides (60a) were isolated (SS%) as a transparent yellow coloured
gum having the following important signals in its 1H nmr. spectrum:
06.70 (1 H, J - 2.SHz, d, H4), 3.20-2.84 (2H, m, 6a / ~-spiro -epoxy CJ:::!2).
The spiro -epoxide was found to be unstable in solution, rapidly
decomposing to the allylic alcohol (66a, Rl=CH 2Ph, R2= H), [OH 7.026
(1 H, J = 2.7Hz, d, H4), 6.04 (1 H, s, H7), 4.49 (2H, J = 12.8/ 38.9Hz, qAB,
6-CJ:::!20H)] and a mixture of at least two saturated aldehydes, including
(61a) having a lH nmr. signal at 10.0-9.0 (multiple singlets, 6CHO)ppm. As a result of its instability, the diastereomeric mixture of
(61a) could not be separated by routine procedures without significant
decomposition.
Interestingly under identical reaction conditions the diacetoxy
protected 6-keto derivative (S6b, scheme 8, p.47) , gave starting material
as the only identifiable product. The electron-withdrawing nature of the
3-acetoxy group appeared to have inhibited the formation of epoxide.
Curiously lack of reactivity was experienced with the model system, 7methoxy-1-tetralone (106). This yielded a mixture of starting ketone
and homologated aldehyde (108, 36%, determined from the relative
areas of MeO- singlets from lH nmr. spectrum of the crude) as a pale
brown coloured crude. The lH nmr. spectrum showed an aldehyde
doublet at 09.64 and the aldehyde aromatic proton resonances shifted
upfield from 07.S1-7.03 in (102) to 7.07-6.66ppm. The ir. spectrum
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gave carbonyl stretches at
R'RC=O) cm- 1.

'Il max

1720 (C=O, 1-CHO) and 1678 (C=O,

The nature of the stereochemistry at C6 remains uncertain. The Csbond might adopt either an a- (methylene insertion from the ~-face of
the molecule), or a ~-orientation (a-face methylene insertion). We
proposed that 6a-stereochemistry (i.e., a CoO bond in the a-plane)

°

might have been the most probable orientation in (61 a), and that (109)
attacked from the ~-face of the molecule. As stated previously amethylene insertion was reported 129 for compounds (114) and (116).
Clearly the proximity of ~-methyl functionalities at C13 in (116) and C10
in (114), directed methylene insertion at the a-face (i.e., below the
plane) of the molecule. However, similar stereoselectivity could not be
argued when considering (52d), because there were no ~-methyl
functionalities close enough to C6 to effect such selectivity. Indeed it
was likely that methylene insertion in (52d) resembled the ~-face attack
of sodium borohydride, in the reduction of (52d) to its 6a-alcohol
analogue. 135

2.4.2. spiro -Epoxide Fissile-Rearrangement; a preparation of
aldehyde (61) and allylic alcohol (66).
2.4.2.1. Lewis Acid Promoted Isomerisation of spiro- Epoxide (60).
The isomerisation of epoxides with suitable Lewis acids (LA)
provides a useful alternative to carbonyl analogues. 136 Boron
trifluoride etherate (BF3' Et20) and tin (IV) chloride (SnCI4) are
frequently used as catalysts. The reaction appears to involve
carbonium ion formation and the structure and stereochemistry of the
product is determined by factors governing the substituent migration
that follows.
With a view to preparing the homologous aldehyde (61a, figure 10,
p.58), a series of LA promoted fissile rearrangements of (61 a) were
undertaken. The optimum reaction conditions were as follows. A
solution of 0.5 mol equivalent SnCI4 was added to a mixture of spiro
-epoxide (60a) in methylene chloride and stirred for one minute at
-15°C. Upon work-up a mixture (1 :1) of 6a- and 6~- saturated
aldehydes (90%) was isolated as a transparent pale yellow gum.
Attempts to separate the epimers by flash chromatography were
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Figure 10. Lewis acid promoted fissile rearrangement of spiro -epoxide (60a ).

61a.

60a.

Lewis Acid

mol eq.

Solvent

t I mins

T 1°C

66a.

Product(s)t %
61a.

66a.

BF3Et2O

2.0

Et20

15

0

23

SnCI 4

2.0

Et20

15

21

35

SnCI4

1.0

CH 2CI 2

60

21

70

SnCI 4

1.0

CH 2CI 2

7

0

70

SnCI 4

1.0

CH 2CI 2

5

-16

90

SnCI 4

0.5

CH 2CI 2

1

-15

90

SnCI 4

0.5

CH 2CI 2

1

-78

23

52

SnCI 4

0.5

CH 2CI 2

2

-36

10

80

"

<5

<5

t percentages of (61 a) and (66a) determined from relative peak heights of H 4 nmr. signals.
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unsuccessful. The ir. spectrum of (61 a) gave an aldehyde carbonyl
stretch at l'max 1716cm-1. The 1H nmr. spectrum of this mixture showed
two C13-methyl singlets, 60.77 and 0.74, two benzylic methylenes at
5.06 and 5.03, an aldehyde proton singlet at 9.75 and doublet (J

=

3.4Hz) at 9.46 ppm.
The Lewis acid rearrangement of the 9:1 epimeric mixture (60a)
produced an epimeric mixture (1 :1) of 6a- and 6~-carboxaldehydes
(61a).

The differing vicinal splitting patterns and chemical shifts

exhibited by (61a) may be explained in terms of their different
configurations and preferred conformations. From molecular modelling
experiments 137 (figure 11, p.SO), we proposed that the more downfield
signal had a vicinal coupling constant (Jv) that was small enough to
appear as a singlet. Newman projection diagrams (figure 11 a and 11 b)
gave the dihedral angle (tjJ , the angle between H6 and Ha) for each
epimer and through the Karplus equations (appendix, p.14S), an
estimate of the value of J v . In the 6a-epimer (figure 11 a), the
conformation equilibrated so that the protons were approximately
antiperiplanar (Haand H6 orbitals overlapping most efficiently). In
contrast, the 6~- species (figure 11 b) had an equilibrium conformation
where the Ha and H6 protons were almost periplanar (orbitals were
orthogonal). Here the Karplus equations predicted that the 6~-epimer
would have a very much smaller J v (s1.0Hz) value than its 6a- relative
(-3.0Hz) and might explain the different vicinal couplings observed.

60a .,.----"'

I~
~+~ 'I~
Cl. --'I~ .~.
H2C-O '...... LA

H-C-Q-LA
H 0'

122.

HC~Q-LA
+

123.

During the fissile rearrangement of (60a) the more stable
carbocation (122) was formed by the rupturing of the bond between the
epoxide oxygen atom and the more substituted C6 atom. The role of
the Lewis acid was to form the active intermediate oxonium species
(123), and in so doing promote the ionisation and rupture of the Cs-O
bond. An electron pair from the ionised oxygen atom in (122) formed
the new carbonyl group with the spiro -methylene carbon and
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Figure 11. Stereochemistry exhibited at C 6 in 6-carboxaldehyde (61 ).

Figure 11 a. 6a.-Epimer

Newman projection.

Figure 11 b. 6 ~-Epimer
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accompanied the migration of hydrogen from the

spir~

-methylene to

the electron deficient C6 atom. In some rearrangements allylic alcohol
(66a, R1= PhCH2, R2= H, p.5S) was also identified. However, this was
not unexpected, since Posner 138 et al. reported the formation of
mixtures of regioisomers from acid-catalysed scission of epoxides. The
presence of (66a) was believed to be due in part to an alternative
competing rearrangement, and not wholly through the instability of the
substrate (60a).
Attempts to generate the target amino estratriene (53) by either
oxime formation and reduction, or alternatively imine formation and
catalytic hydrogenation (reductive amination) were unsuccessful.
Treatment of the epimeric mixture (61 a) with hydroxylamine
hydrochloride and pyridine to give the oxime (69a, R1= CH2Ph, R2= H,
R3= OH, p.35) gave instead upon work-up a chromatographically
inseparable mixture of products. Similar difficulties were encountered
in an attempt to obtain target amine (53a, R3= CHMe2, R4= H) when the
epimeric mixture of aldehydes (61a) was added to an alcoholic solution
of isopropyl amine followed by an in situ sodium borohydride reduction
of the imine (69b, R1= CH2Ph, R2= H, R3= CHMe2).
2.4.2.2. Base Promoted Isomerisation of spiro- Epoxide (60).
The instability of spiro -epoxide (60a) and the tendency to undergo
rearrangement to the allylic alcohol (66a, figure 10, p.66), prompted an
investigation into obtaining (66a) exclusively (scheme 3, p.35). A useful
synthetic method which provided this selectivity was the strong nonnucleophilic base isomerisation of epoxides to allylic alcohols. 139
Strongly basic reagents such as the lithium dialkylamides, are required
to promote the reaction. Aluminium 140 and magnesium 141 containing
amides, as well as selenide anions,142 can also effect this
transformation, but are only appropriate for very sensitive substrates.

{
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The formation of allylic alcohols from the reaction of epoxides with
lithium amide bases in relatively nonpolar solvents proceeds through a
~-elimination pathway and adheres to Hofmann-type elimination
parameters. 143 The stereochemistry concerning the process has been
shown to proceed by syn -elimination. Product studies and deuterium
labelling experiments designed to show the site of proton removal by
the basic reagents, suggest the transition state (124) results from a
concerted proton abstraction cis- to the epoxide ring. Such an
arrangement might result from co-ordination of an oxygen lone pair with
an electron deficient centre of the dialkylamide moiety. Subsequent
decomposition of (124) in a cyclic, concerted manner provides an
efficient route to (66a). Stereoelectronic considerations suggest that ~
elimination should be facilitated by the availability of a conformation
that permits bond reorganisation to occur with a maximum of orbital
overlap and a minimum of molecular deformation in (124). This is best
achieved from a conformation in which the more acute dihedral angle
of the epoxide ring subtends the dihedral angle of the adjacent proton
bearing carbon as indicated by the Newman projection (125).

~

__L_i_NE_t_2

-I"~

o
126 _

127 _

Few examples of the formation ,,: allylic a,.::ohols from epoxides with
an unsubstituted ring carbon have been recorded. Nucleophilic
addition of the base144-146 to the terminal epoxide appears to be the
major reason for the limited application of this reaction to spiro
-epoxides. However, the problem of base nucleophilic addition has
been reduced using sterically encumbered bases such as LDA,147 or
alternative more hindered substrates. The unsubstituted terminal
epoxide (126) demonstrates the latter quite successfully. Hill148 et al.
isolated the allylic alcohol (127) in good (80%) yield using lithium
diethylamide as base. Moreover, Miyano149 et al. and Trost150 et al.
reported the use of similar reaction conditions with steroidal spiro
-epoxides (128) and (131). The authors isolated allylic alcohols (129,
69%) and (132, 74%) as key intermediates in the syntheses of the
deoxyaldosterone hemiacetal (130) and 5a-cholestan-3-one (133),
respectively. The use of base induced isomerisation in these steroidal
-62-
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128.

129.

130.
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substrates, prompted a similar investigation of this procedure with spiro
-epoxide (60a).
A solution of (60a) in diethyl ether was added to an excess (2.5 mol
eq) of lithium dialkylamide and hexamethylphosphoramide (HMPA) at
ooe and stirred for 24 hours under gentle reflux. The base was
prepared by adding a hexane solution of methyl lithium (MeLi) to a
mixture of diet~ylamine and HMPA in diethyl ether. The addition of
HMPA has been reported to improve the yield of reaction by promoting
the availability of the electrophilic lithium species through
coordination. 150,151 The diethyl ether-hexane solvent system is most
often used for lithium amide isomerisations. Isomerisations are
reported 138 to be significantly slower in pure diethyl ether solvent
undoubtedly as a result of complexation of the lithium amide with
diethyl ether. Upon work-up and flash chromatography the allylic
alcohol (66a) was isolated (58%) as a transparent pale yellow gum.
Attempts to crystallise (66a) were unsuccessful.

Li NEt2

131 .

..

{

-----.

{

132. 74%

133 .

2.4.3. Nucleophilic Ring Opening of spiro- Epoxide (60).
Opening of the epoxide ring with a variety of nucleophiles
demonstrates an additional synthetic flexibility of these systems.
Nucleophilic ring opening can take place under a wide variety of
conditions and provides one of the b.est methods of generating two
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contiguous stereochemically defined Sp3 carbon atoms. 153 Good
nucleophiles (e.g., RS-, RSe-) react with epoxides under neutral or
basic conditions. Even weak nucleophiles (e.g., ROH, H20) can be
made to react rapidly with epoxides in an acidic medium.
The stereoselectivity of this reaction is dependent on the conditions
employed. Neutral or basic conditions promote ring opening by either
an SN2 mechanism (scheme 9, p.6S) or a borderline SN2 in which the
SN2 transition state (134b) possesses substantial SN1 character. 153
Ring opening in an acidic medium can occur by either a borderline SN2
or an SN1 mechanism. An SN1 mechanism is implicated by loss of
stereochemical integrity at the carbon atom being substituted. With
scant exception, the SN2 mechanism prevails unless the epoxide bears
at least one functional group (e.g., phenyl, vinyl, methoxyl) which has
the capacity to stabilise an adjacent carbonium ion (134a) through
resonance.
The regioselectivity of epoxide-openings is related to the
mechanism of the reaction, and is therefore dependent on reaction
conditions. Epoxide-cleavage conducted in acid through (134a), will
result in ring opening at the more substituted epoxide terminus giving
(135a). The opposite regioselectivity is anticipated when the epoxide
cleavage is conducted under non-acidic or neutral conditions where an
SN2 mechanism operates giving (135b) from the transition state (134b).
It should be noted that, although the regioselectivity is strongly
dependent on the mechanism of the reaction, it is also influenced by
the particular steric, conformational and electronic effects of the
substrate.
We proposed to utilise this chemistry and introduce an exo- cyclic
nitrogen functionality a to the 6-position in our estratriene model. This
might be achieved by either, ring opening (60, scheme 2, p.34) with
azide anion to give azido-alcohol (62) or more directly with an amine to
give the amino-analogue (63). Finally, dehydration and catalytic
hydrogenation of both (62) and (63) to the amino estratriene (53) would
be affected at a later stage.
2.4.3.1. Sulphide and Amide Nucleophilic Ring Opening of spiroEpoxide (60).
In order to confirm the regioselectivity of spir~ -epoxide (60) ring
opening with nitrogen nucleophiles, the reaction of (60) with
thiophenolate anions (a sulphur nucleophile analogue) was
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Scheme 9. Nucleophilic ring opening mechanisms of epoxides.
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Scheme 10. Epoxide ring attack with sulphur and nitrogen nucleophiles.
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investigated. The thiophenolate nucleophile was chosen because of
the existing literature precedent demonstrating the ease of epoxide ring
cleavage and resulting regioselectivity.154 Marples 155 et al. prepared a
series of model systems (137a-c, scheme 10, p.66) containing
thiophenyl alcohol moieties by regioselectively opening cis - (136a)
and trans -~-substituted styrene oxides (136b) with thiophenol.
Interestingly, high regioselective a-carbon attack was observed for
(136b), whilst a- and ~-carbon attack was observed for (136a).
We anticipated that a thiophenolate anion (PhS-) would attack the
unsubstituted carbon of spiro -epoxide (60) exclusively, since steric
constraints experienced by (136a) and (136b) were no longer a
consideration. Upon treatment with thiophenol and triethylamine in
methanol and methylene chloride, the (60a) gave after purification and
separation, a diastereomeric mixture of 6a-thiophenoxy methyl (138a,
39%, scheme 10) and 6~-thiophenoxy methyl (138b, 20%) as a pale
yellow coloured transparent gum. The stereochemistry at position 6
(figure 12, p.6S) was tentatively assigned based on the observed
chemical shifts of the diastereomers (138a) and (138b). The 13~
methyl of the 6~-diastereomer (138b) gave a singlet at /iQ.67, whilst a
more downfield signal of 0.81ppm was observed for 6a-diastereomer
(138a). The difference in chemical shift of the 13~-methyl group might
be explained in terms of the proximity of the shielding 1t- ring of the
thiophenoxy functionality. It can be argued that in (138b) the 6bthiophenoxy methyl group exhibits a pseudo axial conformation, and
consequently its aromatic ring shields the 13~-methyl group. However,
a similar shielding effect is not experience"'; by this group in (138a),
because the aromatic ring of the thiophenoxy methyl group is now 6a-,
adopting a pseudo equatorial conformation and giving a more
downfield singlet. In addition, the 6~-hydroxy group of (138a) may
have contributed to the shift of the more downfield singlet through its
greater deshielding of the 13~-methyl. The different conformations
might also have accounted for the signals observed for their 6methylene moieties. In (138b) the pseudo axial 6~-methylene protons
gave two doublets (AB quartet, J = 13.1 and 14.5Hz) each at 33.47 and
3.31, whilst their pseudo equatorial congener (138a) showed two
downfield doublets (J = 8.0Hz) at 4.10 and 3.62ppm. The proximity of
the estradiol aromatic A-ring to the pseudoaxial 6-methylene protons
might account for the different chemical shifts.
Acetylation of (138a) yielded, after purification, the 17~-acetoxy
derivative (138c) quantitatively as a pale yellow coloured transparent
- 67-

Figure 12. Stereochemistry exhibited at CB in 6aJf\-thiophenoxymethyl (138) fragments.

Figure 12a,
pseudo equatorial6a-CH 2SPh in (138a).

Figure 12b,
pseudo
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axiaI6~-CH2SPh

in (138b).

gum. This derivative confirmed our earlier predictions regarding the
regioselective nature of the thiophenolate anion during nucleophilic
ring opening of spiro -epoxide (60). If nucleophilic cleavage had
occurred between the more substituted carbon at position 6 and the
spiro -epoxide oxygen the reverse regio-adduct (138d) would be
formed. A concomitant downfield shift of the 6-methylene and Haproton signals would be expected upon acetylation of (138d). Since
only one acetoxy methyl signal, 1i2.03, and a 17a-proton downfield shift
from 3.67 in (138a) to 4.61ppm in (138c) was observed, it was
concluded that the thiophenolate anion had indeed attacked the
unsubstituted carbon of (56 a) and not the more substituted carbon at
position 6.
Having established unequivocally the regioselectivity of the
nucleophilic ring opening of (60a) with thiophenolate anion, ring
cleavage with nitrogen containing nucleophiles was investigated
(scheme 2, p.34). Existing literature precedent describes a range of
reaction conditions for the opening of epoxides with such
nucleophiles. 136,155-159 However we found the work of Hewett161 et al.
to be more applicable to our research interests. A series of hydroxy
amino functionalised steroids were prepared from epoxy-androstanes
and -pregnanes, using morpholino, piperidino and other nitrogen
containing nucleophiles. The authors managed to functionalise the
androstane at position 6 by nucleophilically opening the corresponding
5a,6a-epoxide with primary and secondary amines. 3~-Acetoxy5a,6a-epoxyandrostan-H-one (141) gave 3~,5a-dihydroxy-6~
morpholinoandrostan-17-one (142) after refluxing with aqueous (10%)
morpholine in good (80%) yield.
These observations coupled with the success of the thiophenolate
anion as a nucleophile, prompted an investigation into functionalising
directly at position 6 of spiro -epoxide (60a) with aromatic amines.
Under identical reaction conditions to those employed with thiophenol,
nucleophilic ring opening of (60a) to give the amino alcohols of (63,
R3= Ph, p.34) was not observed when using aniline. This was not
surprising since the thiolate anion is known to be more nucleophilic
than its nitrogen containing counterpart. Also the benzylamino hydroxy
analogue (63, R3= CH 2 Ph) was not obtained using benzylamine with
similar reaction condition~. The major isolable product in these amine
induced epoxide ring openings was the allylic alcohol (66a).
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The presence of (66a) suggests that the nitrogen nucleophiles
employed in order to obtain suitable hydroxy precursors to target
compound (53), were not sufficiently reactive. Indeed results showed
that (60a) preferred rearrangement to the more stable allylic alcohol
(66a) which occurred before any nucleophilic ring opening could take
place. It was proposed that since the azide anion was a more reactive
nitrogen nucleophile, unwanted rearrangement of (60a) might be
avoided if azide containing species were employed.
2.4.3.2. Azide Nucleophilic Ring Opening of spiro- Epoxide (60).
There are numerous reported examples of epoxide ring openings
with azide anion nucleophiles applied to saturated steroid models.
Campbell 162 et al. demonstrated the use of azide anion in the ring
opening of 2~,3~-epoxy-5a-androstan-17-one (143). trans -Diaxial ring
opening163 of (143) by sodium azide gave as the sole product the 2~
hydroxy-3a-azide (144) which was converted to the amine (145) by
catalytic hydrogenation. However, the remaining seven regio- and
stereoisomers of (145) were not available by this method. Only through
a series of functional group inversions and transformations of the 2,3epoxide and aziridine derived vicinal trans -diaxial amino- and azidoalcohols could these isomers be obtained.
Interestingly, amine functionalisation (via azide insertion with
inversion of configuration) at position 6 of ~-epoxy dichloride (146) was
also observed. 155 Treatment of (146) with sodium azide in DMSO
afforded the hydroxy-bisazide (147) in good (60%) yield.

Moderate

(47%) yields of theallylic diamine (148) were then obtained from the
17-ethylene acetal of (148) by lithium aluminium hydride reduction and
deprotection.
Compared with the non-aromatic 2,3-epoxy steroids, few examples
of azide nucleophilic attack of aromatic systems similar to spiro-
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144.

143.

145. 62%

(i) Na N3, DMF, H20, reflux; (ii) Pd (C) I H2 , Me2CHOH.

epoxide (60) exist. However, the work of Guy164 et al. demonstrated the
regio- and stereoselective ring opening of (R) -phenyloxirane (149) at
the non-benzylic position with lithium azide and HMPA. (149)
Underwent attack at the sterically less hindered site (~-attack) and gave
the optically pure (R) -2-azido-1-phenylethanol (150a, 94%) with
complete retention of configuration. Moreover, Beck165 et al. described
the synthesis of 3,4-bridged indoles (153) from spiro -epoxides (151).
He had shown that when n= 1, azide epoxide ring opening of (151) to
the azido alcohol (152, 53%) was possible with similar regioselectivity
and reaction conditions. We recognised that spir~ -epoxides (149) and
(151) were infact structurally similar to the A and B-ring fragments of
spiro- epoxide (60) and proceeded to apply this chemistry directly to
(60). Dehydration and catalytic hydrogenation of the resulting azido
alcohol (62) might yield the target amino estratriene (53).
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(i) NaN3 ,DMSO; (ii) (EtOb CH, (CH 20H)2 ,TsOH, reflux; (iii) LiAIH4' Et20. reflux; (iv) NaOH. H20.

The spir~ -epoxide (60a) was opened to the azido alcohol (62a, R1 =
CH 2Ph, R2= H, 11 %, p.34) using sodium azide and lithium chloride in
hot DMF. The absence of lithium chloride in this reaction resulted in
lower yields of (62a, scheme 2, p.34) and increased spir~ -epoxide
rearrangement. The azido alcohol (62a) was isolated as a colourless
gum and its 1H nmr. spectrum gave azido methylene multiplets at 83.52
and 3.35ppm.

Similarly, ir. spectral data gave azide and hydroxy
-71 -

stretches at

Umax

21 OO.S and 360S.2cm- 1 respectively. The reaction

presumably proceeded through an in situ production of lithium azide.
The compound had a two-fold advantage over its sodium analogue.
Firstly it was more soluble in DMF than sodium azide, and secondly the
lithium cation facilitated the reaction by co-ordinating to the epoxide
oxygen .165b Alternative cations have been investigated in similar
reactions, but the lithium counter-ion was found to be superior.166
H

~
V

..

+

LiN3, HMPA, RT.

150a. 94%

149.

150b. 6%

The yields of (62a) may have been improved still further if it were not
for the detrimental effects of lithium chloride use. According to the effect
of reaction conditions on the regioselectivity of nucleophilic substitution
outlined previously, the mild Lewis acid nature of lithium chloride
shows a preference for an SN 1-type mechanism and carbocation
intermediate (154) (cf. SN2-transition state, 155, p.73). This mechanistic
preference might have accounted in part, for the poor yields of (62a).
The use of pre-formed lithium azide might have avoided these
problems, however there is evidence that suggests its use might not
have necessarily improved yields. 165b
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The by-products of this reaction included the saturated aldehyde
mixture (61a), the allylic alcohol (66a) and a hydrolysis product (140a,
p.66). The aldehydes (61 a) were present as a direct result of the
rearrangement of the unstable starting material (60a). The allylic
alcohol (66a) may have also been present through a similar
rearrangement, or alternatively through dehydration of the hydrolysis
product (140a, p.66).
The hydrolysis product was separated
chromatographically (p.126) to give a colourless gum. The 1H nmr.
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spectrum of (140a) gave two doublets (J - 12Hz) at 83.77 and 3.62
ppm, corresponding to the methylene protons of the primary alcohol.
Acetylation of (14Qa) gave the diacetate (140b) quantitatively as a
colourless gum. In the presence of the deshielding effect of the acetoxy
group of (140b), the doublets of the methylene protons of (140a) moved
downfield to 84.37 and 4.21 ppm.

RC

RC

SN 1 -carbocation intermediate.

SN 2 -transition state.

154 _

155.

2.4.4. Conclusion.
We found that methylene insertion at position 6 was possible using
sulphur ylids. 128 The spiro- epoxide (60a) was obtained in good (55%)
yield and was found to be predominantly one isomer resulting from ~
face methylene insertion. (60a) , However was unstable, undergoing
rearrangement to the more stable allyJic alcohol (66a) and aldehydes
(61a, p. 56).
Taking advantage of this tendency to rearrange to the more stable
analogue, we subjected (60a) to Lewis acid promoted fissile
rearrangement 135 and base promoted isomerisation. 138 The Lewis
acids gave at best a mixture of at least three aldehydes and lacked the
selectivity we required (p.59). Subsequently, imine and oxime
formation of the aldehyde mixture only compounded the problem of
product isolation. In contrast, base promoted isomerisation gave the
allylic alcohol (66a) in good (58%) yield and provided a key compound
for further development (p.63).
Nucleophilic attack at the least substituted carbon of spiro- epoxide
(60a) with thiopheno)154 and the resulting ring opening to give isomers
(138a) and (138b) demonstrated the reactivity of the epoxide ring as
-73-

well as the regioselectivity of this reaction (p.67).

Unfortunately

replacing thiophenol with aniline, did not yield the expected amino
alcohol (63, p.69), giving starting material rearrangement products
instead. This reflected the reduced reactivity of the nitrogen containing
anion (PhNH-), compared with the sulphur equivalent (PhS-). In
contrast, the azide anion performed the nucleophilic ring opening165 of
(60a, p.71), however its yield (11%) of azido alcohol (62a) was
disappointing. In addition the presence of side-products (61a), (66a)
and (140a, p.72) hinted at the poor selectivity of the reaction.
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2.5.

Allylic Oxidation and Rhodium (I) Catalysed Isomerisation ; a
route to amino estratriene (53) through Schiff bases of aldehydes (67)
and (61, scheme 3, p.35)

To obtain the key intermediate aldehyde (61) and ultimately the
amino estratriene (53), we proposed to oxidise the allylic alcohol (66) to
the aldehyde (67) and then catalytically hydrogenate the 6,7-double
bond, or isomerise (66) to (61) directly. The key intermediate (61)
would then provide the basis for further nitrogen functionalisation
through imine reduction or alternatively oxime formation and reduction.

2.5.1. Manganese (IV) oxidation of allylic alcohol (66) ; a preparation of
allylic aldehyde (67, scheme 3, p.35)
There exist a number of reported 167 methods for the oxidation of
primary alcohols to their corresponding carbonyl analogues. However,
in the series of reagents .used in heterogeneous oxidation reactions,
active manganese (IV) oxide has a prominent role because of its ease
of preparation and general selectivity. Indeed, it was the extensive
application of this oxide as a mild reagent for the oxidation. of a,~
unsaturated alcohols to a,~-unsaturated aldehydes in steroid systems
that proved attractive. 168
The emphasis on selectivity in manganese (IV) oxide oxidations
was of particular relevance since the allylic alcohol (66), was a 'diol'
having an additional hydroxyl group at pc,3ition 17. Therefore
selectively oxidising the allylic alcohol and not the 17-hydroxyl group
was of paramount importance. Fortunately, reports169 have shown that,
no matter where the allylic alcohol group is located in a steroid
molecule (ring A, B, C or D) it is oxidised first with the manganese (IV)
oxidant, thus giving rise to selectivity in oxidation. 17o Indeed, the
apparent ease of oxidation of allylic hydroxyl groups compared to
hydroxy groups attached to saturated steroid rings or chains has been
extensively reviewed. 171 The work of Counsell 170 et al. was of
particular significance, since the chosen steroid model included an
allylic alcohol in the B-ring of ~7-androstene-3~,6a-diol (156).
Subsequent treatment of (156) with the manganese (IV) oxidant gave
the conjugate enone (157) in good (87%) yield and demonstrated the
selectivity of the reagent.
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Operationally the oxidation of allylic alcohol (66a, p.35) was very
simple. The reaction was carried out under heterogeneous conditions
by stirring a solution of (66a) in methylene chloride at ambient
temperature with an excess of finely divided manganese (IV) oxide for
24 hours. Filtration of the reaction mixture and concentration of the
filtrate afforded a.,p-unsaturated aldehyde (67a 57%, Rl= CH 2Ph, R2=
H, scheme 3) as a colourless gum after purification. The presence of
an allylic aldehyde functionality at position 6 of (67a) was confirmed
from lH nmr. and ir. spectral data. The lH nmr. spectrum of (67a) gave
an aldehyde methine at 89.65 and was accompanied by the absence of
the methylene AB quartet of (66a) at 4.49ppm. The ir. spectrum gave
the a.,p-unsaturated aldehydic C=O stretch at Umax 1675cm· 1. At first
glance this value appears to be slightly lower than expected (umax
1705-1680cm- 1),171 however it does not seem unreasonable when
considering the presence of additional conjugation in the A-ring and
the fact that the sample was prepared in liquid film.
2.5.2. Rhodium (I) catalysed biphasic isomerisation of allylic alcohol
(66) ; a preparation of aldehydes (61) (scheme 3, p.35)
Isomerisation of allylic and other unsaturated alcohols to the
corresponding saturated aldehydes or ketones is a useful alternative to
manganese (IV) oxide directed oxidation of primary alcohols.
Previously, this transformation was effected by n -BuLi,173 or through
thermolysis 174 of the allylic alcohol at 302-368°C. In addition the
application of double bond migration catalysed by transition metal
complexes has been successfully performed by several
investigators.175.181 These have been conducted in acidic or basic
media,175 in the presence of metallic copper176 and supported
palladium,l77 with iron 178 or cobalt 179 carbonyls, as well as, in the
presence of ruthenium (Ill) salts.180 Unfortunately these methods were
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of limited practical synthetic value since they required extreme reaction
conditions and / or yielded substantial amounts of side products.
The use of rhodium containing species as catalysts in the
isomerisation of allylic alcohols have been investigated. Unfortunately
their shortcomings were very similar to those outlined for ruthenium and
the other metal catalysts. 181 However Alper 182 et al. whilst investigating
the application of phase transfer to metal catalysed processes 183
described the rhodium (I) dimer (158, p.78) catalysed biphasic
rearrangement of allylic alcohols to carbonyl compounds under
remarkably mild reaction conditions. The method did not generally
require a phase-transfer catalyst, although the use of one resulted in a
cleaner reaction (no by-products).
A possible reaction pathway for this reaction is outlined (scheme
11). Hydroxide ion displacement of halide from' (158) generates the
rhodium hydroxide species (159). The latter then forms a It-complex
(160) with the unsaturated alcohol, which on subsequent allylic
hydrogen abstraction leads to the It-allylic complex (161). Delivery of
the hydride to a terminal allylic carbon affords the enol complex (162).
Decomplexation of (162) regenerates the rhodium catalyst and gives
the enol (163a) of the carbonyl (163b)
Although Alper et al. described the preparation of ketones and not
aldehydes from his chosen allylic alcohols, we thought it reasonable.
that under very similar conditions the allylic alcohol (66) might yield the
saturated aldehyde (61, scheme 3, p.35). We observed that treatment of
a methylene chloride solution of allylic alcohol (66a) with a catalytic
amount of chlorodicarbonylrhodium (I) dimer (158) (50: 1 ratio of
66a:158), sodium hydroxide (8M), and benzyltriethylammonium
chloride as the phase-transfer catalyst at room temperature for 43 hours
gave after work-up a mixture of products and significant quantities of
starting material. Although there was some 1 H nmr. evidence of
aldehyde proton signals between 810.3 and 8.87ppm, none of these
matched or approached the signals observed for the Lewis acid
rearrangement of spiro -epoxide (60a, p.57). It was therefore concluded
that since the spectral data of this mixture gave no aldehyde proton
signals similar to those of (61 a), rhodium (I) -catalysed biphasic
isomerisation of (66a) did not yield the expected aldehyde (61a).
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Scheme 11. Rhodium (I) - catalysed biphasic isomerisation of allylic alcohols; reaction pathway.
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2.5.3. Schiff bases (Oximes and Imines) of Aldehydes (61) and (67,
scheme 3, p.35)
The treatment of aldehydes and ketones with nitrogen bases such
as hydroxylamine salts and amines has found extensive use in
synthesis. In a great number of instances the primary interest in such
reactions is to obtain a derivative for characterising the aldehyde or
ketone.
However the resultant Schiff 192 base can yield its
corresponding amine by reduction.
2.5.3.1. Oximation and Reduction; a route to amino estratriene (53)
through (68, R3 = OH, scheme 3, p.35.)
There exist two general methods for the formation of oximes. 184
However only the more common method which relies upon the
treatment of an aldehyde or ketone with a salt of hydroxylamine was of
relevance to our investigation. Hydroxylamine and its derivatives,
which are sensitive and decompose in their free form, are supplied as
their salts, which can then be completely, or partially neutralised by the
addition of a base or by carrying out the reaction in pyridine. 185 The
latter is used especially for the oximation of steroidal ketones. 186 The
reaction time seldom exceeds an hour, and the reaction is often
complete within a few minutes.
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(i) H2NOH. HCI, Na OAc, EtOH; (ii) NH3/NH4 OAc, Zn, EtOH.

The reaction between hydroxylamine and a carbonyl group reflects
the similarities in the mechanism of carbonyl condensations with all the
nitrogen bases (scheme 12a, p.80). In the first step the nitrogen base
(165, R3= OH) adds to the carbonyl compound (164) to give
carbinolamine intermediate (166), followed by elimination of water to
form the imine bond (167) in the second step. The bimolecular
-79 -

Scheme 12a. Proposed mechanistic pathway for the condensation reaction
between nitrogen bases and carbonyl compounds.
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Scheme 12b. Oxime reduction and secondary reaction pathways.
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reversible mechanism has been reviewed exhaustively187 and shows
that the pH of the reaction medium is critical. The rate of formation of
oximes is at a maximum at a pH which depends on the substrate but is
usually about 4, and that the rate decreases as the pH is either raised
or lowered from this point.
An example of the application of oximation to steroid systems was
demonstrated by Hamacher188a et al. and Rausser 188b et al. In a
synthetic route to the estradiol nitrogen mustard (17S, p.79), Hamacher
described how the 6-oximino estradiol (173) was prepared in good
(94%) yield from the 6-ketone (S6b, p.47). Similar functionalisation was
adopted by Rausser in order to prepare 11 a- (178a) and 11 ~-amino
S~-pregnane-3a,20-diol (178b).
Both 11-amino pregnanes were
derived from a common 11-oxime (177) precursor which was in turn
prepared from the 11-ketone (176) in good (74%) yield. More
specifically Rosenkranz 186b et al. demonstrated an oximation of the a,~
unsaturated ketone, 3-acetoxy-17-acetyl-1 ,3,S, 16-estratetraene (179,
p.82) as part of a partial synthesis of estrone (S1 c, p.26). The yield of
oxime (180) was reported to be quantitative, but no overall yield of
(S1c) was provided.
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CH(O_H)_M-,-e .. HO

H

176.

177.74%

178a. 71%
b. 70%.

(i) H2 NOH. HCI, Py, H20; (ii) Na, Me (CH2) OH, 11 a- ; (iii) PI/ H2 ,AcOH, 11f3-.

In spite of the difficulties we experienced during oximation of the
saturated aldehydes (61a, p.61), we proposed to apply this method of
nitrogen functionalisation to the a,~-unsaturated carboxaldehyde (67)
as part of an alternative pathway to target amino estratriene (S3).
Hydroxylamine hydrochloride was added to a refluxing mixture of
carboxaldehyde (67a) in ethanol and pyridine.
Work-up and
chromatographic separation yielded the 6-carbaldoxime (68a, R1=
CH2Ph, R2= H, R3= OH, p.3S) in good (67%) yield as a pale yellow
coloured gum. Both 1H nmr. and ir. spectral data confirmed the
absence of the aldehyde group. The ir. spectrum gave no a,~-
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unsaturated aldehyde stretch at

'Il max

1675 cm· l . The 1H nmr. spectrum

of (68a) showed no aldehydic proton singlet at 09.65 but instead gave a
broad oxime hydroxy proton singlet at 7.07. The aromatic and methine
protons at positions 4 and 7 respectively gave more upfield signals at
7.56 and 6.27ppm as a result of the shielding effect from the newly
acquired oxime group. The oxime methine (6-CHN OH) was believed
to reside amongst the aromatic signals attributed to the benzyl ether
protecting group (07.44 - 7.30ppm). The formation of the carbaldoxime
(68a) from allylic aldehyde (67a) proved to be a less capricious
reaction than when using the saturated aldehydes (61a). However, no
explanation could be offered for this observation.
Me
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The reduction of oximes is an old and widely used synthesis of
primary amines and affords a simple method of introducing an amino
group in the place of carbonyl oxygen. The reduction can generally be
effected either chemically (e.g., with lithium aluminium hydride,189) or
by catalytic hydrogenation, that is by the addition of molecular
hydrogen under the influence of a catalyst (e.g., palladium or rhodium
on charcoal).
There are numerous examples where chemical reduction with
lithium aluminium hydride has been used to convert oximes to their
amine analogues. We observed (p.132) that at least two major products
were present after treatment of lithium aluminium hydride with a
ethereal solution of carbaldoxime (68a). The lH nmr. spectrum of the
reaction crude was inconclusive in establishing whether amine (71 b,
R1 =OCH2Ph, R2 and R3 =H, p.35) had been formed. However, it clearly
showed that (68a) had been used up in the reaction and that from the
13-methyl singlets at 00.85 and 0.81 ppm, two major products were
formed (approximate ratio 3:2). Unfortunately the ir. spectrum of this
mix1ure could not confirm whether these were amine in nature and a
- 82-

subsequent attempt to isolate the major components of this reaction by
thin layer chromatography were unsuccessful.
In view of the difficulties encountered with lithium aluminium
hydride, catalytic hydrogenation of carbaldoxime (68a) was
investigated. Hydrogenation of oximes to primary amines can usually
be made to proceed smoothly. An oxime (168, scheme 12b, p.80) forms
an intermediary imine (169) which is then reduced further to the amine
(170). There are however a number of mechanistic complications, the
extent of which depend very much on the reaction conditions
employed. The amine (170) and imine (169) can give an addition
product that undergoes either elimination to an imine (172) followed by
saturation, or alternatively hydrogenolysis, resulting in a secondary
amine (171).
We proposed that since these complications were due in part to
excessive temperature and pressure effects, milder reaction conditions
and employing a noble metal catalyst might avoid secondary amine
formation. Hydrogenation of oximes with a rhodium 190 or palladium 191
on charcoal catalyst has been reported to be effective at ambient
temperature and pressure. Ethanol was added to a mixture of
carbaldoxime (68a) and metal-charcoal catalyst at ambient temperature
and pressure. Care was taken to ensure that once all the reactants
were present oxygen was absent from the suspension and apparatus.
This was achieved by consecutively evacuating the reaction vessel and
flushing with hydrogen. The contents were then stirred vigorously
overnight under hydrogen at atmospheric pressure. The reaction
mixture was filtered to remove the suspended particles and thoroughly
washed with additional reaction solvent. However, upon concentration
of the filtrate and washings it beca"me apparent that both rhodium and
palladium metal catalysts had been ineffective in giving the expected
amino estratriene (53). lH nmr. and ir. spectral analysis of the crude
product showed that again the carbaldoxime (68a) had been used up
and that a mixture of crude products resulted. However through
chromatographic separation, we were still unable to ascertain whether
the crude was a mixture of primary and or secondary amines or other
reaction side products.
A possible reason for the lack of selectivity in this reaction was that
oxime catalytic hydrogenations require the presence of acidic
solvents. 273 These are known to prevent the formation of secondary
amines through salt formation with the initially formed primary amine.
In addition Hamacher188a et al. offered an explanation for the general
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reluctance of estratrienes with oxime functionalities at position 6 to
undergo reduction. It was reported that a similar lack of reactivity was
observed when reducing oxime (173, p.79) to the corresponding amine
(174). The nature of the A-ring protecting group was of significance to
the outcome of the reaction. Amine (174) could not be prepared whilst
in the presence of a benzyl ether protecting group at position 3.
However good (85%) yields of (174) were possible when position 3
remained unprotected.
2.5.3.2. Imine Formation and Reduction; a route to amino estratriene (53) through (68, R3 = alkyl, aryl, scheme 3, p.35).
The most common method for preparing imines is through the
condensation reaction of aldehydes and ketones with amines.
Mechanistically the reaction is similar to that between oximes and
carbonyl compounds (scheme 12a, p.80). However, here the reaction is
generally not as straightforward with more testing conditions.

The

reaction is acid-catalysed and is generally carried out by refluxing the
carbonyl compound (164) and amine (165, R3= alkyl, aryl) in solvents in
which the water formed can be removed either azeotropically by
distillation,193 or with a drying agent such as titanium tetrachloride, 194 or
with a molecular sieve. 195 The removal of water in this way effectively
shifts the position of equilibrium towards the imine (167).

o

H

4A molecular sieve,
gentle reflux.

182.

183. 78%

As with the oximation of carbonyl compounds, imines have also
been thoroughly investigated as alternative intermediates for amine
synthesis. 196 However there are few examples of imines being used
solely in a steroid system as an amine intermediate. The reason for this
is perhaps that synthetically the N-O bond of an oxime can be reduced
to its primary amine, whereas this is not possible when similarly
reducing other N-alkyl or N-aryl imines (anils). Indeed more credence
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has been given to studying the melting points of Schiff bases in order to
characterise the parent carbonyl steroid.
There are however some examples of steroidal imine synthesis. In
order to determine the optical properties of (183) and (185), Bonnett1 95a
et al. and Price 197 et al. prepared imines of the ketones (182) and
(184) respectively. N-(3a-Hydroxy-5a-androstan-17-ylidene)-n -butylamine (183) was prepcoJed in good (78%) yield from 3a-Hydroxy-5aandrostan-17-one195a (182), whilst treatment of 6-keto-cholestanol
(184) with n -butylamine gave the imine (185).197 Similarly, FernandezG198 et al. prepared the estrogen anticoagulant, N-(3-hydroxy. 1,3,5(1 O)-estratrien-17~-yl)-3-hydroxypropylamine (187) in good (68%)
overall yield by refluxing estrone (51c) with 3-amino-1-propanol in
toluene and reducing the imine (186) with sodium borohydride.

1-0

Ph Me, reflux.

1-0

o
184.
In spite of the disappointing results observed when forming imines
of saturated aldehydes (61 a, p.57), we felt that treatment of a more
reactive aromatic amine with a,~-unsaturated aldehyde (67) might
introduce a nitrogen functionality as part of an aromatic imine, or ani!.
Stirring a mixture of powdered molecular sieve (4A) with
carboxaldehyde (67a) and aniline in benzene at ambient temperature
gave a crude product in which early spectral data suggested a reaction
had occurred. The 1H nmr. spectrum of the reaction crude confirmed
this by showing the absence of any aldehydic proton at o9.65ppm.
However the ir. spectrum was less conclusive in demonstrating that
carbanil (68b, R1= OCH2Ph, R2= H, R3= Ph, p.35) had been formed. No
clear a,~-unsaturated imine C=N stretch was observed at or around
Urnax 1660-1630cm-1. Subsequent attempts to isolate the major
constituents by flash chromatography were unsuccessful in obtaining a
fraction containing the Urnax 1690cm-1 signal. The only recognisable
fractions by 1H nmr. and ir. spectra were starting material
carboxaldehyde (67a) and aniline.

-85-

Replacing aniline with p -toluidine (para -substitution of aniline with
electron donating group increases reaction rate 199) gave similar
spectral data, although the ir. spectrum was more promising. An a,~
unsaturated imine C=N stretch was present at Umax 1650cm·1, which fell
into the expected range for an imine C=N bond. The 1H nmr. spectrum
of the crude confirmed through the absence of the aldehydic methine
signal, that the reaction had once more gone to a completion. Again,
however, separating the major constituent by of this reaction by
chromatography proved unsuccessful in isolating the carbanil (68c, R1=
OCH2Ph, R2= H, R3= C6H4.Me, p.35). Clearly in both examples
evidence suggested that carbanils (68b and c) may have been formed,
but separating the anils chromatographically from the impurities was
not achieved. From these observations we concluded that perhaps
carbanils (68b and c) were somehow inherently unstable, rapidly
decomposing to carboxaldehyde (67a) and amines aniline and p
-toluidine respectively.

51c.

186.

187. 68%

(I) NH2 (CH2)2 OH , Ph Me , gentle re'Iux;

(ii) "aBH4, MeOH.

2.5.4. Conclusion.
We found that

a,~-unsaturated

carboxaldehyde (67a) was readily

available from the alcohol (66a) in good (57%) yield by manganese (IV)
oxidation (p.76).168 However, the saturated equivalent of unsaturated
(67a), carboxaldehyde (61a), could not be prepared by rhodium (I)
catalysed biphasic isomerisation of (66a).1B1 Infact spectral data of the
reaction crude suggested that a number of aldehydes had infact been
made (p.77). Unfortunately, none of which matched those of the Lewis
acid reClrrangement of spiro -epoxide (60a). We concluded that
preparing the intermediate aldehydes (61 a) by a rearrangement
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reaction was unrealistic since the aldehyde formed was itself unstable,
rapidly decomposing to other rearrangement products.
Attempts to make the Schiff bases of aldehydes (61a, p.61) and
(67a, p.81) did not match our expectations for this procedure. Imines
and oximes of carboxaldehydes (61a) remained frustratingly elusive.
This may have been due in part to the instability of (61 a) and also the
difficulty experienced in separating numerous nitrogen containing
compounds from the crude reaction product. In contrast however, the
carbaldoxime (68a, p.82) was readily available in good (57%) yield from
of a,~-unsaturated carboxaldehyde (67a). Unfortunately, treatment of
(68a) with lithium aluminium hydride or catalytic hydrogenation with
palladium or rhodium on charcoal did not give an amino estratriene
Indeed this may have been due to the absence of an acidic
solvent (e.g., acetic acid) in the reductive process 273 and the nature of
the protecting group at position 3. 188a
Carbanils (68b and c) of a,~-unsaturated carboxaldehyde (67a)
(p.82).

also reaffirmed the capricious nature of Schiff base preparation when
applied to this system (p.85). Although spectral evidence suggested
that a reaction had occurred and that perhaps a carbanil had been
formed, isolating them was not possible. The carbanils formed
appeared to undergo decomposition to their starting materials.
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2.6.

Nitrogen Nucleophile Insertions ; routes to target amino (53 and
52) and diamino estratriene (54, schemes 3, 6 and 4, p.35, 40 and 37).
It is possible to obtain an amine from its alcohol by avoiding imine or

oxime formation from an intermediate aldehyde (p.79). To this end, we
investigated alternative routes to target amines (53, 54 and 52) through
nitrogen functionalisation at relevant carbon centres by azide
displacement of sulphonate esters (72, p.37 and 78, p.4o) and palladium
(O)-catalysed substitution of allylic acetate (70, p.35) with nitrogen
nucleophiles.
2.6.1. Sulphonate Ester Displacement; preparation of amino (52) and
diamino estratriene (54) from sulphonates (72 and 77, schemes
6 and 4, pAO and 37).
In most cases, the conversion of alcohols to amines by nucleophilic
substitution of the hydroxyl functionality can only be effected when the
lability of the hydroxyl group is improved. This can be achieved by
converting the hydroxyl group into a reactive ester, normally a
sulphonate ester. . Such esters are useful substrates in nucleophilic
substitution reactions because of their high reactivity and because they
may be prepared by reactions that do not directly involve the carbon
centre at which subsequent substitution is to be effected. These
properties become important when the stereochemical and structural
integrity of the substrate must be maintained whilst converting an
alcohol to a derivative capable of undergoing nucleophilic substitution.
The ability of sulphonyl esters to initiate carbonium ion reactions in this
way has made the sulphonylation of alcohols a common and widely
applied technique.
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In order to prepare sulphonate esters there exists a range of
elaborate and specialised sulphonyl halides, of these p -toluenesulphonyl chloride2OO (tosyl chloride) and methanesulphonyl
chloride 201 (mesyl chloride) have proved to be the popular choice in
steroid synthesis. In the Tipson sulphonylation procedure,202 tosyl
chloride is the preferred reagent. The reaction requires its treatment
with an alcohol in the presence of pyridine. The pyridine has the dual
purpose of reaction solvent and base in order to neutralise the
hydrogen chloride that is formed. The application of the Tipson
procedure in the partial synthesis of aldosterone (130, p.63) was
reported by Johnson203 et al. The primary alcoholic group of the ketal
diol (188, p.BB) was selectively tosylated in order that the secondary
group might be oxidised to produce the keto tosylate (189) required for
cyclisation of the 0 ring.

.. [192a. R = N3, 74%,
11

b. R=NH2,
iii

TsO

[

C.

R = NHAe, 90%.

191 .
(i) NaN3, DMF, reflux; (ii) UAIH 4 ,

Et~

, reflux; (iii)

Ac~,

Et20 .

Examples of nucleophilic substitution reactions involving nitrogen
nucleophilic species and steroid systems have also been reported. 204206 Whilst investigating nucleophilic substitutions in cholestane
derivatives, Henbest204 et al. reacted nitrogen nucleophiles with
cholestanyl tosylate esters. In particular, 3a-azido-5a-cholestane
(192a) was obtained in good (74%) yield by heating (153°C) a solution
of the tosylate ester (191) and sodium azide in DMF. The structure of

i
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ii
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193.

194.

195. 6B%

(i) NaN3, N-methyl-2-pyrrolidinone (NMP) , 150·C; (ii) LiAI H4,
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Et~.

(192a) was confirmed by lithium aluminium hydride reduction to the 3aamine (192b), and isolated as its acetyl derivative (192c, 90%).
Davis205a et al. reported the preparation of 17a-amino-5a-androstan3~-01 (195, p.89) by lithium aluminium hydride reduction of the 17aazido derivative (194). The azide (194) was readily available from
heating (150°C) 17~-tosyl ester (193) in a solution of sodium azide and
N-methyl-2-pyrrolidinone (NMP). An example of steroid mesylation as
an alternative to tosylation was demonstrated by Rosser2osa et al. The
authors investigated the synthesis of marine steroidal alkaloids, and
took ergosta-7,22-dien-3~-01 (196a),206b and prepared 3a-azido-5aergosta-7,22-diene (197) via the corresponding 3a-mesylate (196b).
Reduction of the azide with lithium aluminium hydride in THF afforded
the amine (198).

Me

1968. R=H,

i

[

197. 91%

198 .

b. R=Ms, 95%.
(i) MeSO~1 (MsCI) , Py, O°C; (ii) NaN3, DMF, 100°C; (iii) LiAIH4, EtP

2.6.1.1. P -Toluenesulphonate esters of dihydroxy estratetraene (66,
p.37) and hydroxy estratriene (55, p.40).'

As part of the first step in a route to target amine (53), we attempted
to tosylate the primary hydroxyl at position 6 of (66) in the presence of a
secondary hydroxyl functionality at position 17 following this procedure.
We hoped initially to avoid additional tosylation of the secondary
alcohol at position 17 by limiting reaction time and reducing the mole
equivalents (et., alcohol) of tosyl chloride. Kabalka207 et al. had
previously shown that higher yields of pure tosylate were obtainable
within 3 hours using a 1.0 : 1.5 : 2.0 ratio of alcohol I tosyl chloride I
pyridine in chloroform. Also, under these conditions secondary
alcohols were only found to react at reaction times of greater than 7
hours. We concluded therefore that there would be little likelihood of
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obtaining a disulphonate ester if tosylation of allylic alcohol (66)
followed a Kabalka modified Tipson procedure.
To a solution of allylic alcohol (66) in chloroform and pyridine (2.0
equiv.) at O°C, tosyl chloride (1.0 equiv.) was added in small portions
with constant stirring. After the reaction had gone to completion (2
hours), spectral analysis showed. there to be present an unknown
estratetraene component (17%), but unfortunately no signs of an allylic
tosylate ester (199a). The unknown component was isolated as a
colourless gum and from spectral data, assigned the structure of allylic
chloride (199c R2= H, R2= Cl). Its 1 H nmr. spectrum indicated that the
methine proton from position 7 had moved downfield from 1\6.04 in (66,
p.127) to 6.14, whilst the methylene protons of the hydroxymethyl

functionality gave upfield signals [4.49 (1 H, J - 16Hz, d, 6-CH HCI),
4.32 (1 H, J - 16Hz, d, 6-CHH CI)ppm] as part of a new AB quartet
splitting pattern.
OR 2
199a.

b.

c.

PhCH 20

d.

e.

R2

R3

H
H
H
Ts
Ms

OTs
OMs
Cl
Cl
Cl

We were able to obtain a tosylate ester of allylic alcohol (66) by
repeating the reaction at a lower reaction temperature (-10°C), with a
larger amount of tosyl chloride (5 equiv.). Upon work-up a pair of
colourless gums were isolated. One of these products was the allylic
chloride (199c, 5%), whilst the other was identified as a tosylate ester.
However, after further analysis this compound was assigned the
structure of the '6-chloromethyl-17IHosylate ester' (199d, R2= Ts, R3=
Cl, 15%). The most notable signals in the 1H nmr. spectrum of (199d)
were the tosyl methyl singlet at 1\2.46 and the accompanying upfield
shift (O.66ppm) of the 17-H signal to 4.38ppm. Similarly, the mass
spectrum (El) of (199d) was in agreement with our structural
assignment, showing an mlz of 526 (parent ion less hydrogen and
chlorine).
In an attempt to obtain the disulphonate ester (72a, R2= Ts, R3= OTs,
p. 37) as part of a route to the diamino target (54), mole excesses (10-15
equiv.) of tosyl chloride at O°C, only managed to give allylic chloride
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(199c, 15-20%) and in few cases its

17~-tosylate

ester (199d, <9%).

These results, and the absence of (72a) suggested that perhaps a more
preferential reaction was taking place when tosylating (66).
The presence of allylic chloride (199c) rather than the desired allylic
tosylate (199a) during tosylation of allylic alcohol (66) may have been
due to chlorination of the tosyl group of (199a). Examples of chlorine
displacement of sulphonate esters in this way have been reported in
the Iiterature,202 However it was Hess208 et al. who first suggested that
chlorine displacement took place after tosylation had occurred and
increased with increasing temperature. From this we concluded that
allylic tosylate (199a) was in fact formed as a transitory intermediate at
the onset of reaction. The tosyl group would then have been
susceptible to chlorination by pyridinium chloride. As the reaction
progressed still further, tosylation of the secondary alcohol at position
17 took place, giving the tosylate ester (199d). The absence of
recoverable starting material and generally poor yields of reaction
products was disappointing. Nagpal209 and Kochi21o et al. offered an
explanation for the poor yield of sulphonate ester in alcohol tosylations.
They suggested that the low yields from reactions in which pyridine was
used as a base was due to facile alkylation of pyridine by the products.
The pyridinium salts formed in this way would have then been lost
during work-up:

sui phonate ester

pyridinium quarternary salt

As part of a route to target compound (52, p.41), the tosylation of the
benzyl ether (77) was attempted. Stirring (51b) with an excess of
benzyl bromide and sodium hydride in DMSO and THF gave (77, 93%),
after recrystallisatlon from acetone Imp. 104.5-105.3°G, 67.44-7.30 (5H,
m, 3-0GH2Ph), 5.02 (2H, s, 3-0Gli2Ph)ppmj. The problem of
. selectively tosylating the dihydroxy system in (66a) might be avoided
when performing the reaction on the monohydroxy estratriene (77).
Using the modified Tipson conditions of stirring (77) with pyridine and
tosyl chloride in chloroform at OOG for 2 hours gave a mixture of starting
material (77, 85%) and 17~-tosylate ester (78a, R3= Ts, 11% from
relative peak heights of H17). The 1H nmr. spectrum of (78a) gave a
-92-

tosylate methyl singlet at /52.46 and a more downfield 17 methine
multiplet .at 4.34ppm. The poor yields of (78a) were unsurprising since
the hydroxy group at position 17 is recognised as a more unreactive
secondary alcohol and is also more sterically hindered than the primary
alcohol at position 6 in (66a).

Slightly decreasing the reaction

temperature (-5°C) improved the yield of (78a, 85%) but only after a
lengthy reaction time (5 days). Clearly a near quantitative tosylation
may have been possible with longer reaction. times.

However,

sulphonylation of (77) in this way was a little slow and might have been
quickly achieved with a more reactive sulphonylating reagent.
2.6.1.2. Methanesulphonate esters of dihydroxy estratetraene (66,
p.37) and hydroxy estratriene (55, p.4o).

The problems of facile alkylation and resulting low product yields in
tosylation reactions were addressed by Truce,211 a and later by
Crossland 20 1 et al. in a sulphonylation reaction which deviated from the
usual Tipson procedure. In the modified procedure the sulphonylating
reagent tosyl chloride was replaced by its mesyl counterpart and the
pyridine base by triethylamine in methylene chloride solution.
Crossland reported that an extraordinarily simple and rapid reaction
In the light of
was possible with no observable by-products.
evidence,211b the mechanistic course of the reaction was changed from
the usual nucleophilic addition of the alcohol to the sulphonyl group to
addition of the alcohol to the unstable intermediate sulphene212 (200)
derived from mesyl chloride by E2 elimination of hydrogen chloride.
ROH

methanesulphonyl
chloride

+

methanesulphonate
ester

E~NWCI"

As an altemative route to the target amine (53), we chose initially to
repeat the sulphonylation of the allylic alcohol (66, p.37) using
Cross land's mesyl chloride-triethylamine procedure. It was hoped that
this modified reaction might significantly improve the overall yield of
products and give a more chlorination resistant sulphonate ester. To a
cooled (-70C) solution of (66) in methylene chloride and triethylamine
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(1.5 equiv.), was added (dropwise with constant stirring) mesyl chloride
(1.0 equiv.) over 15 minutes. After an additional 30 minutes and workup, unreacted alcohol (66, 20%) and '6-chloromethyl-17~-mesylate
ester (19ge, R2= Ms, R3= Cl, 11 %, p.91) as a colourless gum, were
isolated. Repeating this procedure with a greater reaction time (6
hours) gave allylic chloride (199c, 16%) and its '17~-mesylate ester'
(19ge, 40%).
The absence of allylic chloride (199c) and presence of mesylate
ester (19ge) suggested that within 45 minutes of initiating the reaction,
the displacement of the mesylate group of (199b) with chlorine anion
and further mesylation of the secondary alcohol at position 17 had
occurred. Clearly from these results, the problems of chlorination within
this steroid system had not been fully resolved. However, the overall
yield had improved somewhat from the earlier tosylations performed
according to the Kabalka modified Tipson procedure. This was
unsurprising since mesyl chloride is the more reactive sulphonylating
reagent (e.f., tosyl chloride) and possesses greater solvolytic
resistance. 213
In contrast to the tosylation procedure (p.90), sulphonylation of the
benzyl ether (77) was more easily accomplished using Cross land's
mesylation. The 17~-mesylate ester (78b, p.4o) was prepared easily in
good (89%) yield by stirring for 40 minutes (77) with freshly distilled
triethylamine (2.0 equiv.) and mesyl chloride (1.0 equiv.) in methylene
chloride at -5°C. Upon work-up and purification, the ester (78b) was
isolated and recrystaliised from ethanol as a cream coloured solid
(89%, mp. 137-138°C). The lH nmr. spectrum of (78b) showed a
downfield shift (0.85ppm) to 04.57 and the presence of the mesyl
methyl singlet at 3.01 ppm. The now easily accessible sulphonate ester
(78b) provided the next step to the target amine (52) through azide
anion displacement of the mesylate group and reduction thereof.
2.6.1.2.1. Azide anion insertion; route to target amino estratriene
(52, scheme 6, p.4o)
The indirect conversion of alcohols to azides is possible through
displacement of sulphonate ester groups with azide anion. 214 The
reaction is a bimolecular (SN2) SUbstitution with near complete
inversion of configuration. 215 Preparatively, the displacement can be
achieved through one of two synthetic methods. The first is preferred
when using water sensitive substrates and uses an organic azide (e.g.,
trimethylsilylazide) as the azide anion source. However it is the second
- 94-

method that has become the most widely used azidation. The method
involves the use of metal alkali azides (mainly sodium azide) in DMF or
DMSO.
We chose the second alternative method and followed the
procedure used by Henbest and Rosser (p.89).

Both authors had

displaced sulphonate ester groups from their steroid systems when
refluxing esters (191, p.89) and (196b, p.90) with sodium azide in DMF,
respectively.

In both cases the conversion from (191) and (196b) to

azides (192a, 74%) and (197, 91%) was good and it was felt that
applying this general procedure to 17~-mesylate ester (78b) might give
the 17a-azido estratriene (79) in equally good yields.
Stirring the mesylate ester (78b, p.4o) with sodium azide (5.0 equiv.)
in refluxing (170°C) DMF for 5 hours, gave upon work-up, a dark brown
viscous crude product. Preliminary ir. spectral data confirmed the
presence of an azide product from the strong azide absorption at 1l max
2100cm- 1 . Purification gave the '17a-azido-' (79, 20%), and '16,17dehydro-' (201 d, 13%, p.96) products as colourless and yellow coloured
gums respectively. Attempts to crystallise (79) were unsuccessful. The
lH nmr. spectrum of azide (79) showed the effects of inversion of the
H17 proton and presence of the more shielding azide group. The
existing multiplet Signal from the a-H17 proton at 84.57 in mesylate ester
(78b), became a more upfield doublet (J = 6.6Hz) at 3.58ppm in (79).
The '16,17-dehydro-' 1 H nmr. spectrum gave interesting splitting
patterns for the methine protons at positions 16 and 17 (the presence of
two olefinic signals showed that (201 d) was not a !:J. 1,2 -, or !:J.l.3
-estratriene). The downfield double doublet (J

= 1.7/ 5.7Hz) at 85.91

was tentatively assigned to H17 and may have resulted from a vicinal
coupling (J

= 5.7Hz) from H16 and an allylic coupling (J = 1.7Hz) with

one of the non-equivalent methylene protons at position 15. In contrast
the methine proton at position 16 gave the upfield multiplet (possibly a
double double doublet, J =

4.49 / 5.68 / 5.71 Hz) at 5.74.

This

assignment was made by assuming that as well as a vicinal coupling
from the proton at position 17, the protons at position 15 gave separate
vicinal couplings (J

= 4.49 / 5.68Hz) which may have accounted for the

more extensive (eight peak) upfield splitting pattern observed at
5.74ppm.
Attempts to improve the overall yield of 17a-azide (79), and avoid
the formation of large quantities of impurities were achieved with an in

situ production of lithium azide (p.71) and change of the dipolar aprotic
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201d.

=

=

201a. R1 CH 2Ph, R2 Cl,
b. R 1 = CH 2Ph, R 2 = NHP(O)(OEth '
C. R1
H, R2 NHP(O)(OEth

=

=

solvent. The more reactive azide was prepared by mixing lithium
chloride (5.0 equiv.) and sodium azide (5.0 equiv.) in NMP at 160°C.
Previously, NMP had been reported to be advantageous as a high
boiling point polar solvent for nucleophilic displacements. 205,216 When
using NMP as a DMF substitute a much cleaner work-up was possible.
After 5.75 hours, an improved yield (39%) of azide (79) was obtained
as well as an increased yield (17%) of (201 d). In addition to (79) and
(201 d), the '17u-chloro-' compound (201a, 20%) was also identified
and isolated as a colourless gum. It had the following important 1H
nmr. signals; 1>4.11 (1 H, J 6.2Hz, d, Hu), 0.82 (3H, s, H18)ppm.

=

Clearly through the addition of lithium chloride, the presence of
lithium azide in the reaction improved the yield of (79), but it also
initiated chloride anion displacement of the ester (78b) af the expense
of (79). The yield of the '16,17-dehydro-' compound (201d) increased
with reaction time and temperature and was accompanied by a
decrease in the combined yields of (79) and (201 a). The presence of
elimination products in many of our crude reaction products by
desulphonylation, was not unexpected since competitive elimination in
nucleophilic substitution of sulphonate esters had been reported
previously.216,217a
2.6.1.2.2. Azide Reduction; preparation of target amino estratriene
(52, scheme 6, p.4o)
The reduction of an azide functionality to an amine has found wide
applicability, and since many azides can be prepared with regio- and
stereocontrol, subsequent reduction permits a controlled introduction of
an amine function. The reaction has been effected by a variety of
reagents,214 with metal hydride reduction (e.g., lithium aluminium
hydride217 and sodium borohydride218) .and catalytic hydrogenation219
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being the most popular. Although reductions of azide with lithium
aluminium hydride have been the demonstrated method with steroid
systems,204-206 we were mindful of the difficulties experienced when
reducing 6-carbaldoxime (68a, p.81). We therefore opted for a catalytic
hydrogenation of Ha-azido estratriene (79) in order to obtain the
amine (52). The reported excellent yields, ease of preparation and the
possibility of additional hydrogenolysis (fission) of the benzyl ether
protecting group at position 3 suggested that reduction of (79) in this
way might be advantageous.
Generally, catalytic hydrogenation can be effected simply by stirring
vigorously the substrate and catalyst in a suitable solvent (e.g.,
methanol, ethyl acetate) in an atmosphere of hydrogen. At the end of
the reaction the catalyst is filtered off and the product is recovered from
the filtrate, often in a high state of purity. In many cases reaction
proceeds smoothly at or near room temperature and at atmospheric
pressure. However, high temperature (>1 OO°G) and pressure (>100
atmospheres) conditions are sometimes needed, requiring special high
pressure equipment.
Many catalysts have been used for catalytic hydrogenations,
although they are mainly metals or metallic oxides. The most common
of which are palladium, platinum, and Raney nickel. All of these have
been used successfully under mild conditions for hydrogenation of the
azido function. They are often used as supported metal catalysts (e.g.,
palladium on charcoal) since they have a larger surface area and are
more active than the unsupported metal. Indeed, Campbell 162 et al.
had shown that the steroid, 3a-amino-5a-androstan-17-one (145, p.71),
could be prepared in good (62%) yield from the corresponding 3aazide (144) using such a catalyst.
To the Ha-azide (79), in ethyl acetate solution, palladium on
charcoal (0.16 equiv.) was carefully added. The mixture was
connected to an atmospheric hydrogenator220 and repeatedly
evacuated / flushed with hydrogen whilst being stirred slowly. Once
under hydrogen atmosphere the solution was stirred vigorously at
ambient temperature and left overnight. IR. Spectroscopic analysis of
the reaction mixture revealed a completion of hydrogenation when no
strong azide absorption (umax 21 00cm- 1) was observed. The reaction
mixture was then filtered (analytical grade paper) and repeatedly
washed with ethanol and ethyl acetate to ensure complete removal of
crude reaction product.

The filtrate washings were combined and
solvent removed in vacuo to give a polar crude. After difficult
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chromatography, the amine (52a, R1, R2= H, pAO) was isolated (24%,
overall yield; 4%) as a brown coloured gum and was found to have the
following important 1H nmr. signals; 83.01 (1 H, m, H17), 2.68 (2H, m, 17NH2), 0.69 (3H, s, H1S)' The absence of the methylene (7.44-7.30) and
aromatic methine (5.03ppm) proton signals confirmed that in addition to
hydrogenation of the 17a-azido functionality, hydrogenolysis of the
benzyl ether group at position 3, had also occurred.
Although the target 17a-amino-estratriene (52 a) was isolated, it was
felt that the low yields were disappointing. We believed that the poor
yields may have been due to poor solubility of (52 a) in ethyl acetate,
and also, some retention of product on the palladium I charcoal
catalyst. Attempts to improve yields by increasing solubility with
methanol as reaction solvent coupled with repeated washing of the
catalyst with a more polar solvent (e.g., pyridine, 10% in methanol) did
not markedly enhance the yield of (52a). In addition, the insolubility
and relative polarity (c.f., azide, 79) of the amine (52a) may have also
accounted for the difficult chromatography of the reaction crude.
Clearly, the accompanying hydrogenolysis of the benzyl" ether
protecting group in this reaction was a mixed blessing. Improved
chromatographic separation of (52a) from impurities was achieved
through acetylation of the crude, prior to chromatography. This in effect
avoided separating a very polar product with poor eluent solubility. The
acetylated product, 3-acetoxy-17a-acetamide (52b, R1, R2= COMe,
37%, pAO) was isolated as a transparent yellow gum. Attempts to
crystallise the gum were unsuccessful. The acetamide (52 b) was found
to have the following important 1H nmr. signals; 85.71 (1H, J = 8.8Hz, d,
17-NHCOMe), 4.05 (1 H, J = 7.7Hz, t, H17l, 1.99 (3H, s, 3-0COMe), 0.83
(3H, s, H1S)ppm.
It is well documented that triphenylphosphinimines (204)
conveniently accessible by the Staudinger reaction (scheme 13,
p.99),221 between triphenylphosphine and organic azides (203), can be
readily hydrolysed to the corresponding primary amines (206). Since
their first reported synthesis from tertiary phosphines and organic
azides,222a the phosphinimines have served as important intermediates
in the reduction of azides to amines. Kabachnik223 et al. greatly
extended the scope of this reaction by demonstrating that besides
tertiary phosphines, the esters of phosphorus acids could also be used
in a phosphite-azide coupling variant of the original procedure.
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Scheme 13. Staudinger reaction and Kabachnik variant.
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Interestingly, Koziara 224 et al. reported that this variant of the
Staudinger reaction, was convenient for the reduction of azides (203) to
amines (206) in a one-pot transformation of alkyl bromides (202) to
primary amines (206). As an alternative means of reducing 17a-azide
(79), we proposed to use the Kabachnik variant of the Staudinger
reaction in order to prepare the phosphazido compound (201 b, p.96).
Hydrolysis and deprotection of (201 b) might then give amino
estratriene (52a).
To a stirring solution of 17a-azide (79) in benzene was added
anhydrous triethylphosphite (10 equiv.). During the addition, the
reaction temperature was prevented from reaching 30°C. Once added,
the mixture was left to stir at room temperature overnight. The benzene
solution was then saturated with hydrogen chloride for 2 hours, allowed
to stand overnight and upon work-up gave a viscous yellow oil.
Refrigeration of the oil gave white crystals which unfortunately proved
difficult to isolate by crystallisation. Separation of the crude by flash
chromatography was more successful in isolating two identifiable
products as transparent yellow gums, however none of these were the
expected amine hydrochloride. Instead, spectral analysis of the
isolates suggested they were the 17a-diethylphosphamido benzyl
ether (201b, 52%) and the hydrolysed derivative, 3-hydroxy-17adiethylphosphamidoestra-1 ,3,5(1 O)-triene (201 c, 3%). The 1H nmr.
. spectrum of (201b) gave the following important signals; 04.17-4.02
(4H, m, 17-NHP(O) (OCH 2Me)2), 3.65 (1H, m H17), 1.33 (6H, m, 17.NHP(O) (OCH 2 Me)2)ppm. The presence of (201b and c) was
surprising since thorough saturation of tne reaction mixture with
hydrogen chloride gas had been ensured and yet the hydrolysis of the
'intermediate phosphazo' compound to the amine hydrochloride had
still not occurred. We concluded that 17a-diethylphosphamido benzyl
ether (201 b) was stable even in the presence of hydrogen chloride gas
and that only slight hydrolysis occurred at position 3 with removal of the
benzyl ether protecting group.

2.6.2. Palladium-Catalysed Allylic Substitution; a preparation of
amino estratriene (53) from allylic acetate (70, scheme 3, p.35)
Allylic transformations catalysed by palladium have considerable
value, since an allylic moiety has potentially numerous synthetic
applications. 225 The most common and useful approach to such
-100 -

Scheme 14. Palladium (O)-catalysed nucleophilic substitution of allylic compounds.
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transformations has led to the development of palladium(O)-catalysed
reactions of allylic esters and ethers 226 with various nucleophiles.227.230
The first 113-allylpalladium complexes were isolated and identified by
Shaw 231 et al., whilst Tsuji 225c et al., demonstrated that a limited range
of nucleophiles could react with palladium allyl systems.
The mechanism 232 (scheme 14, p.101) of reaction is believed to
involve co-ordination of palladium(O) across the unsaturated bond of
the allylic compound (207) to give (208). This is followed by oxidative
addition to afford the intermediate 113-allyl complexes (209a and b). In
the presence of excess ligand, an equilibrium between the neutral
(209a) and cationic 113-allyl complex (209b) is established. The cationic
complex (209b) is very reactive towards a range of nucleophiles and
undergoes nucleophilic attack at one of the allylic termini to afford the
palladium(O) complex (210). Finally, upon dissociation of palladium(O),
the activated palladium catalyst (212) is regenerated to continue the
catalytic cycle and the new allylic system (211) is liberated. The net
stereochemistry of this allylic substitution is retention.
The
regiochemistry with unsymmetric allylic substrates, in general, favours
attack at the less substituted allylic terminus, but is dependent upon the
nucleophile as well as the Iigands. 233

132.

~

{

__
ii ,_i_ii-i~~ {

213. 96%

-----.133 .

214. 86%

(i) Ac,O, Py; (ii) PPh 3 , Pd(PPh3 )4, THF; (iii) NaH, CH(PhS0 2)C02 Me, THF.
Although, the most commonly employed substrates have been the
allylic acetates, a range of leaving groups (e.g., phosphates,227i
carbonates234a and halides234b ) have also functioned effectively.
Similarly the range of nucleophiles is equally as extensive, and include
'soft' stabilised carbanions such as dimethyl malonate as well as
nitrogen based nucleop~iles (e.g., amines,227 imides228 and aZides230).
The nature of the ligand employed in palladium(O)-catalysed allylic
substitutions has a considerable effect on the rate of reaction and also
regioselectivity.226e In the presence of It-accepting ligands, such as
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Me
Me

215.

216. 90%

(i) Pd 2(dbals. CHCI 3 , PPh 3 , THF; (ii) NaH, H2 C(C0 2 Me)2, THF, reflux.

phosphines and phosphites, the reaction is greatly accelerated. The Itacceptor properties of the ligand withdraw electron density from
palladium, increasing the positive charge character of the allylic moiety,
rendering it more susceptible to nucleophilic attack. Indeed, phosphite
ligands have been shown to be a greater It-acceptors than analogous
phosphine species. 235
In steroids, palladium(O)-catalysed allylic substitution has been
restricted to the use of carbanions as nucleophiles only. As part of a
general route to 5a.-cholestan-3-one (133, p.63) from 3-oxohydroxypregna-16-ene (132), Trost150 et al. prepared the key
intermediate (214, 86%, p.102) by a palladium(O)-catalysed alkylation of
the allylic acetate (213). In these laboratories, Datcheva236 et al. used
a similar procedure to perform the palladium(O)-catalysed alkylation of
cholest-1-en-3~-yl acetate (215), to give the 3~-alkylated cholest-1-ene
(216) in excellent (90%) yield. The use of palladium(O)-catalysed allylic
substitution with nitrogen nucleo,:!1i1es in ~teroid substrates has not
appeared in the literature. We proposed to use the technique by
incorporating examples of nitrogen nucleophile insertion as a means of
preparing the allylic amine (71 b, R3= H, scheme 3, p.35).
OAc

X)

R

o

0Et

i&ii

[217a. R=OAc,
b. R = NEt2 , 80%.

.

(i) Pd(PPh3)4 , PPh3 ' THF, RT, 30 min; (ii) NEt2, THF, reflux, 48h.

Interest in allylic amines stems from the presence of this functionality
in many natural products. 237 The preparation of such compounds using
palladium(O)-catalysed nucleophilic substitution has been achieved

-103-

predominantly through direct amination of an allylic substrate. 227
Baer227h et al. described the preparation of the 4-aminoglycoside
(217b, 80%) from its allylic acetate (217a), by refluxing an excess of
diethylamine with triphenylphosphine (0.7 equiv.) and tetrakis(triphenylphosphine)palladium (0.07 equiv.) in THF. Using a similar
palladium(O)-catalysed amination procedure, Gundersen 2271 et al.
prepared the inhibitor of human immunodeficiency virus, carbovir (220),
from the 0 -silylated allylic acetate (218) and the anionic form of 6-0
-protected guanine (219).

218.

219.

220. 38%

(i) Pd(PPh 3 )4, LiH, DMF; (ii) BU4NF, MeCN.

Palladium(O)-catalysed imidation (i.e., phthalimide and succinimide
nucleophiles) and azidation however, have not featured so prominently
in the literature as a means of potential amine synthesis. Whereas
direct palladium(O)-catalysed amination of allylic esters gives
secondary amines, imidation and azidation as indirect routes to aliylic
amines, have the advantage of preparing primary amines only.
Inoue228 et al. obtained the phthalimide (221 b) from allylic acetate
(221 a) in an investigation into palladium(O)-catalysed substitution of
allylic acetates with imides. Clearly, the removal of the dioyl group with
hydrazine as part of a modified Gabriel synthesis,238 might have given
an allylic amine, but this was not reported by the author. However,
such a procedure applied to allylic phthalimide (71 c, p.35) might give
target amine (53) after treatment with hydrazine and reduction of the
6,7-double bond of allylic amine (71b, R3 = H).
We were, however, unable to investigate the effect of treating allylic
phthalimidewith hydrazine because of the difficult preparation of (71c).
We repeated the 'Inoue imidation' conditions of adding potassium
phthalimide (1.2 equiv.) to a stirring mixture of the palladium(O) catalyst
bis( dibenzylideneacetone )palladium (Pd( dbah, 0.03 equiv.) ,239
triphenyl-phosphine ligand (0.1 equiv.) and allylic acetate (70, Rl, R2=
Ac, p.35, previously prepared by the acetylation of allylic alcohol 66a
-104-

with acetic anhydride and pyridine, p.130) in DMF. Unfortunately, after 6
hours at 100°C, we observed that the majority of starting material was
still unreacted with no identifiable reaction product. Extending the
reaction time (-20 hours) only resulted in lower amounts of recoverable
starting material (possible decomposition), with no signs of allylic
phthalimide (71 c).
Ph

i [2228. R=OAc.

~.

l.

i[

2218. R = OAc ,
... [

b. R = NPhth, 79%.

R '"

R

(i) Pd(dba),. Ph 3 P. KNPhth, DMF; (ii) Pd(PPh3 )•• THF, NaN3

b. R=N3. (84%).

c. R = NH2 . 91%.
•

H20; (iii) PPh3

,

NaOH (aq)

Since the phthalimidation of allylic acetate (70, p.103) was
unsuccessful, we examined palladium(O)-catalysed allylic substitutions
with azide anion to allylic azides. Murahashi et al. demonstrated a
palladium(O)-catalysed azidation of allylic acetate (222a, p.l04) with an
aqueous solution of sodium azide giving the corresponding allyl azide,
carvylazide (222b, 84%), under mild conditions with net retention of
configuration. 230a ,b Similarly, we were able to complete the azidation of
allylic acetate (70) by adding an aqueous solution of sodium azide (1.3
equiv.) to a solution of Pd(dba)2 (0.17 equiv.), triphenylphosphine
ligand (0.33 equiv.), acetate (70) in THF and stirring for 6 hours at 50°C.
Upon work-up and purification the allylic azide (71 a, Rl= PhCH2, R2=
Ac, 13%, p.3S) was isolated as a transparent yellow gum, and easily
identified from its strong azide stretch at lJmax 21 07cm-l. The effect of
the azide functionality on the shift and splitting pattern of the 6methylene protons was equally dynamic with new upfield splitting
patterns of M.20 (J 13.7Hz) and 4.02 (J 13.6Hz)ppm. In an attempt

=

=

to improve on the 13% yield of (71a), the azidation was repeated, but
with the triphenylphosphine ligand replaced by a bidentate species,
1,3-bis(diphenylphosphinimino)propane (dppp, 0.17 equiv.). It was
anticipated that through its increased reactivity,230b the bidentate ligand
might improve the rate and overall yield of (71 a) in this reaction.
However only a slight improvement (15%) to the yield of allylic azide
(71 a) was observed.
A catalytic hydrogenation of allylic azide (71a) with palladium (10%)
on charcoal was unsuccessful in obtaining the 6-methylamino
estratriene (53, p.3S). It was hoped that together the azide moiety and
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'6,7-double bond' would be hydrogenated, and the 3-benzyl ether
protecting group hydrogenolysed. Indeed early ir. spectra confirmed a
reaction through the absence of an azide stretch, but was unable to
demonstrate the presence of primary amine. We concluded that this
may have been due to the poor solubility of the products making
product identification and isolation difficult. The reaction may have
been complicated further by the attempted one-pot hydrogenation and
hydrogenolysis.
Importantly, allyl azides (203, R= alkenyl, scheme 13, p.99) can also
be converted into primary allyl amines using the Staudinger
reaction. 222b ,c An advantage in using this method of amine synthesis
from (203) rather than the more obvious choice of catalytic
hydrogenation, is that the Staudinger procedure does not affect the
allylic double bond in (203) and hence has greater selectivity.
Interestingly, 'one-pot' syntheses of allyl amines from allylic acetates
via their azides using palladium(O)-catalysed allylic azidation with
phosphinimine formation and hydrolysis, have been reported.
Murahashi 230a ,b et al. showed that the allylic amine, carvylamine (222c,
91%, p.104) could be prepared efficiently from its acetate (221) in a onepot procedure through palladium(O)-catalysed allylic azidation and an
in situ Staudinger reaction.
To obtain directly the allylic amine (71 b, R3 = H, scheme 3, p.35)
without prior azide (71 a) isolation, the 'Murahashi one-pot procedure'
was applied to allylic acetate (70). The reaction was repeated as
before except that after 5 hours of palladium(O)-catalysed azidation at
50°C, triphenylphosphine (1.0 equiv.) was added. After an additional 4
hours at 50°C, aqueous sodium hydroxide (2M) was added. Upon
work-up, spectral analysis indicated that a reaction had occurred
(absence of azide stretch in ir. spectrum), but unfortunately allylic amine
or its ph os ph amide precursor were not present. Clearly when
compared with the Kabachnik procedure of 17a-azide (79), the differing
steric factors and extra conjugation at position 6 in 6-azidomethyl, (71 a)
may have accounted for the lack of phosphine-azide coupling.

2.6.3. Conclusion.
Azide displacement of mesylate ester (7ab, p.95) and palladium(O)catalysed allylic azidation of acetate (70, p.105) were found to be
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successful methods of nitrogen insertion in hydroxy estratriene
substrates (77 and 66) respectively.
Catalytic hydrogenation of azide (79, p.78), gave the target amine
(52a, 24%, overall yield 3%) in an almost trouble-free synthesis.
Although it must also not go unmentioned that the isolation of the eluent
insoluble and polar amine (52a) was made easier through acetylation
to (52b, 37%, p.98). In addition, we observed that because of the
sluggish reaction between tosyl chloride and the secondary alcohol of
(70), the tosylate ester (78a, 11 %, p.92) could not be prepared in
sufficient quantities to make it an efficient route to amine (52a).
Sulphonylation of dihydroxy estratriene (66a, p.91) demonstrated a
prevalence for chloride displacement at the 6-methylhydroxy group,
whilst, mesylation and some tosylation was observed at the 17-hydroxy
group. This undoubtedly highlighted the easier chloride displacement
of sulphonate esters formed at a primary alcohols, compared with
esters formed at secondary positions. Future advances using this
approqch with substrate (66a), might call for protection of one or other
of the alcohols prior to reaction.
Palladium(O)-catalysed allylic azidation of (70) gave the allylic azide
(71 a, 13-15%, p.l0S) in an operationally simple reaction carried out at
ambient temperature. However, isolation of the allylic amine (71b) or
its saturated analogue (53), after atmospheric pressure catalytic
hydrogenation was hampered primarily by the small quantities of
material, and also by the eluent insolubility of the product and its
retention by the hydrogenation catalyst (p.l0S).
Incorporating palladium(O)-catalysed allylic azidation with the
Staudinger reaction in a one-pot conversion of (70) to allylic amine
(71b) was unsuccessful in isolating the amine (p.l06). This was a
disappointing development since earlier attempts of the Staudinger
reaction on the secondary azido group of estratriene (79) were
successful in obtaining the amine precursors 17a.-diethylphosphamide
(201 band c, p.96).
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2.7.

Tricarbonylchromium Complexes and Organometallic
Temporary Activation ; a route to amino estratriene (53)
(scheme 5, p.39)

Tricarbonylchromium [Cr(CObJ complexed arene systems (223), were
first synthesised by Fischer and Ofele,241 and later more efficiently by
Nicholls and Whiting. 242 Since their first synthesis a number of
significant properties have been observed. The inductive effect of the
Cr(COb group has often been compared with that of the N02 group.
Also the lower basicity of uncomplexed aniline compared with anilineCr(COb highlighted the electron-withdrawing effect of the Cr(COb
complexation on the aniline ring.242 The complexation imparts a
number of useful properties to the parent molecule through the
powerful electron-withdrawing ability and steric effect of the Cr(CO)3
group. These properties produce a net lowering of electron density
within the arene ring, an enhancement of the propensity the ring to
undergo both ring243-247 and benzylic deprotonation248-250 and
nucleophilic addition or substitution if a suitable leaving group is
present (figure. 13, p.1 09).251,252

~R

(COlsCr~

223. R = H, alkyl, allyl.

2.7.1. Complex formation and benzylic temporary activation.
The ability of the Cr(CO)3 unit to affect the reactivity of the arene and
its substituents provides a synthetic means to useful carbanion
intermediates. The synthetic utility of benzylic temporary activation of
(ll6-arene) metal complexes has been investigated.253-255 Brocard 256 et
al. showed that complexation of the indane (224, p.110) activated the
benzylic position and that the t -BuOK generated carbanion (225) gave

complexed alcohol (226) when reacted with parafomaldehyde.
Independently, Jaouen257 et al. and Top258 et al. realised that this
unique activation technique might be of synthetic use as a route to 6functionalised estratrienes (229a-d, scheme 15, p.111). Both groups
investigated the effect of metal complexation on stereospecific
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Figure 13. Properties of (l]6-arene) Cr(CO)3 complexation.

2.

1.
Enhanced
Acidity

Enhanced
Nucleophilic
Addition

3.
Enhanced
Solvolysis

5.
Steric
Hindrance

4.
Enhanced
Acidity

1. Enhancement of the ease of deprotonation of aromatic hydrogens.
2. Activation of the aromatic ring towards nucleophilic attack.

3. Stabilisation of carbonium ions at the benzylic position.
4. Stabilisation of carbanions at the benzylic position.
5. Steric hindrance of the arene face co-ordinated to the metal.
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functionalisation at the 6-position of

17~-estradiol

(51 b, p.26). Jaouen

initially observed the reaction of the alicyclic complex of (227) with base
and para formaldehyde, and noticed that when two potential sites of
benzylic attack were present in the same complexed molecule e.g., the
meta and para positions with respect to the methoxy substituent in
(228), only products resulting from meta attack were produced, while
the para position remained unchanged. This example was particularly
demonstrative of the stereochemical scope of the reaction, since (228)
resulted from regiospecific and stereospecific addition of the carbonyl
compound in the exo position. The conformational effects of the
Cr(COh tripod 259 ,26o and differences in the acidity of the meta and para
positions seemed important factors to be taken into account to explain
the regioselectivity. Jaouen realised that the stereochemical features of
this reaction were sufficiently promising to extend its scope to natural
products and chose (51 b) as an example.
i, ii

224.R=H,

iii

225.

226. 52%,
228.95%.

227. R=OMe,

(i) Cr (CO)s ,

..

n - BU2 0; (ii) t -BuOK, DMSO; (iii) -(CH2 0) n- •

Protected (17~-estradiol)Cr(COh a- (74a) and ~- (74b, R1= CH2Ph,
R2= TBDMS, scheme 15, p.111) derivatives were prepared as follows.
17~-Estradiol (51 b) was complexed with chromium hexacarbonyl
[Cr(CO)6J in refluxing n -dibutyl ether (DBE).261 The mixture of (17~
estradiol)Cr(COh a- and ~- diastereomers (74) were rapidly treated
with sodium hydride and benzyl bromide. 262 The two (3benzyloxyestradiol)Cr(COh complexes were separated and each
diastereomer treated with sodium hydride and tertiary butyldimethylsilyl
chloride {TBDMSCI)263 to give the products (74a and b) in 45% yield
(ratio, 74a / b = 56 : 44 based on isolated complex). Silyl ethers (74a
and b) were separately treated with base and paraformaldehyde, to
yield the 6~-alcohol (229a) 62% and the 6a-form (229b, R1= CH2Ph,
R 2= TBDMS, R3= CH20H, 56%, p.111), after light and air
decomplexation respectively.264
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Scheme 15. Jaouen and Top Cr(COb Complexes 01 estratriene (74),
benzylic temporary activation and lunctionalisation at position 6.

51b.

74.

~-Cr(COb form

a-Cr(COb form

iii

R'O~)
Cr(CO)3

74a.

b.

R'=CH 2Ph, R2=TBDMS,

c.

d.

R' ,R2=TBDMS.

!

!

iv, v, vi

iv, v, vi

229a,

b,

c.

d,

R'=CH 2Ph, R2=TBDMS,
R3=CH 20H,
R', R2= H, R3= Me, CHMe2,
n,C'2 H25'

Jaouen et al. (i) Cr(CO) 6 ,n -BU20; (ii) NaH, PhCH2 Br; (iii) separation, NaH,
TBDMSCI; (iv) (Me3Si)2 NNa, DMSO, -(CH20ln-; (v) hv -02 •
Top etal. (i) NaH, TBDMSCI; (ii) Cr(CO)6, n-Bu20; (iii) separation,
NaH,TBDMSCI;. (iv) (Me3Si)2 NNa, THF, R3 X; (v) hV-02; (vi) n -BU4F.
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In an attempt to obtain 6-alkylated estradiols (229c and d, R1, R2= H,
R3= alkyl, p.lll) for receptor binding studies, Top similarly prepared a
series of 6-alkylated estradiols with completely controlled
stereochemistry.2s8 Using Jaouen's functionalisation procedure with
alkyl halides instead of paraformaldehyde, derivatives (229c, 9%) and
(229d, R3= CHMe2, 30%, p.lll), were prepared after decomplexation
and deprotection.
We recognised that a combination of stabilisation of carbanions at
the benzylic positions and steric hindrance of the arene face coordinated to the metal, might provide an alternative synthetic route to
the dimethylated amino estratriene (53b, R3, R4= Me, p.39). We
proposed to introduce regio- and stereospecifically electrophilic
dimethyl(methylene)iminium salts26s·267 directly to the activated 6position, or alternatively through paraformaldehyde, alcoholic
functionalities to be converted to an amine at a later stage (scheme 16,
p.113).
Protection of (51b) with TBDMSCI and imidazole in DMF gave after
recrystallisation 3, 17~-bis (t -butyldimethyl-silyl)estra-1 ,3,5(1 O)-triene
(55b) in 72% yield as white crystalline needles [mp.126.8-127.4 from
(ethanol/water)]. The lH nmr. spectrum showed the t -butyl singlets at
00.97 (3-0SiMe2t -Bu) and 0.89 (17-0SiMe2t -Bu)) and also methyl
singlets at 0.18 (3-0SiMe2t-Bu) and 0.018 (17-0SiMe2t-Bu) ppm. In
order to gain valuable practical experience in (T\6-arene)Cr(COh
complexation, the complexation of anisole267 (232) was recommended
(p.114). An excess of Cr(CO)6 and anisole in DBE and THF was
extensively evacuated and flushed with an inert atmosphere in order to
ensure the complete absence of. oxygen. The procedure used DBE
with sufficient THF to 'catalyse' the reaction and to wash back the
Cr(CO)6 that sublimed in the condenser, but not enough to lower the
bOiling point. Previously the choice of reaction solvent had proved
critical. 267 Inert solvents (e.g., decalin) gave a reaction that was
excessively slow. Whereas, donor solvents (D) lead to more rapid
reactions, probably by way of intermediates Cr(CO)6.nDn (where n=1-3).
However, if the donor was too good, it competed, especially with the
less reactive arenes (e.g., C6HSCN) leading to incomplete
complexation. Alkyl pyridines have also been recommended,268,269 but
ethers have been more widely used. THF, a good donor, allows
reaction to proceed cleanly270 but too slowly because of its low boiling
point. DBE also leads to rather slow reaction, probably because of its
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Scheme 16. Cr(CO)s Complexation 01 estratriene (55b), benzylic temporary
activation and lunctionalisation at position 6.

51b.

OTBDMS

55b.
TBDMSO

ii

OTBDMS

74e.
TBDMSO

iii

OTBDMS

OTBDMS

HO

TBDMSO
R3

230. R3 = CH2NMe2'

55c.

231. R3 = CH 20H

(i) TBDMSCI, imidazole, DMF; (ii) Cr(CO) 6, n -Bu 20, THF;
(iii) SBTMSA, THF, -(CH20)n-, or Me2 WCH2 X" .

- 113 -

weak electron donor properties, whereas diglyme, which is better in this
respect, is relatively difficult to remove.
Gentle refluxing for 24 hours in the dark produced a yellow green
solution which was filtered and the solvent removed to afford the crude
(lj6-anisole)Cr(COh Recrystallisation from diethyl ether and petroleum
ether (bp.40/60°C) gave pure (232) in 79% yield as canary yellow
needles (mp. 83.5-84.2°C). The 1H nmr. spectrum of (232), showed the
effect of electron withdrawing Cr(COb group on the aromatic protons.
Complexation resulted in an upfield shift of aromatic protons from
1'>6.87-7.31 in (231) to 4.85-5.57ppm. The ir. spectral data showed
carbon-oxygen triple bond stretching bands at Umax 1904 and 1856
(CO) cm- 1 .

e

A
V-'

.-Cr(COh

232.

231.

(i) Cr(CO) 6 , n-Bu;P, THF.

Repeating the 'anisole experimental' using disilylated estratriene
(55b) yielded a crude mixture of a- and (3- diastereomeric Cr(COb
complexes (74e, Rl, R2= TBDMS, p.113) in 79% overall yield, and trace
amounts of starting material (55b, p.114). Once formed the complex
was stable when solvent free. During attempts to flash chromatograph
the crude, the combined effect of oxygen and light prompted rapid
decomplexation. The 1H nmr. spectrum of the diastereomeric mixture,
showed the upfield shift of aromatic protons from the range 1'>6.50-7.09
in (55b) to 4.84-5.62 in the complexed estradiol (74e). The two methyl
singlets at 0.73 and 0.79ppm confirmed the presence of both a- and (3diastereomers. The ir. spectrum showed the Cr(COb complex
stretching bands at Umax 1904 and 1856 cm- 1.
Brocard originally functionalised estratriene at the 6-position using t
-BuOK as base. However, when using (74a-d, p.111), Jaouen found it
necessary to change this to SBTSA, to avoid the removal of the TBDMS
protecting groups.271 We found that attempts to repeat Jaouen's
reaction conditions257 and functionalise the 6-position of (74e), SBTSA
in THF and paraformaldehyde as electrophile were unsuccessful in
obtaining the alcohol (230). Similarly attempts to functionalise (74e)
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using dimethyl(methylene)ammonium (OM MA) chloride as the
electrophile did not yield (53a). Instead after decomplexation, both
reactions yielded the monosilylated estratriene (55c, p.113) as the only
identifiable product. The 1H nmr. spectrum showed the absence of '3TBoMS' signals at 60.97 (3-0SiMe2t -Bu) and 0.18 (3-0SiMe2t
-Bu)ppm. An explanation for the formation of the (55c) might be due to
the effect of the electron withdrawing Cr(CO)3 group on the silyl ether
bond at the 3-position. In light of the success reported when
functionalising similar estradiol systems,257,258 doubts were raised
regarding experimental technique. We decided a model system be
chosen in order to optimise the functionalisation. procedure.
Subsequently, Cr(COb complexes of 6-methoxy tetralin (233, figure 14,
p.11S) were prepared in good (70%) yield as intense yellow crystalline
solids Imp. 88.5-89.8°C (from diethyl ether I pentane)). The 1H nmr.
spectrum showed the upfield shift of aromatic protons, 66.71-7.09 in
(233), to 5.35-5.78ppm in (234). The ir. spectrum also gave carbonyl
stretching bands at Umax 1944, 1868 and 1838 (CO)cm- 1. The
complexed tetralin (234) was added to either SBTSA in dimethoxy
ethane (oME), or solid t -BuOK in oMSO. Methyl iodide was added
and after work-up, a lime green solution was obtained.
oecomplexation in light and air, filtering and solvent removal afforded a
clear oil. The 1H nmr. spectrum indicated that the oil was approximately
60% 6-methoxytetralin (233) and 40% 7-methoxy-1-methyltetralin
(235a), 1i1.27 (3H, d, J - 8.0Hz, 1-Me)ppm. Gill 272 had also
functionalised (233) in this way, however the reported yields of (235a)
were 60 and 100% using SBTSA in DME and t -BuOK in oMSO as
base respectively. Using the above functionalisation procedure and
both carbanion generating bases, attempts to generate the alcohol
(235b, p.11S) and more importantly, the substituted amino methyl
tetralin (235c), were made. To the complexed tetralin (234)
paraformaldehyde and both bases were added. Examination of 1H
nmr. of the oil produced showed no functionalisation had occurred,
infact starting material was the only identifiable product. Similarly
generation of (235c) using oMMA chloride and iodide, and both
carbanion generating bases was unsuccessful, yielding only starting
material.
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Figure 14. Anion generation and electrophilic attack of
Cr(COb(6-methoxytetralin).

--:~eO,y;o
Cr(COb

233.

235a. R= Me,
b. R=CH20H,

234.

C. R= CH2NMe:

(i) Cr(CO)., n-Bu20, THF;

Base

(ii) Base, solvent, RX;

Reagent, RX

(iii) hV-02'

Solvent

Yield %

(Me3SihN-Na+

Mel

DME

40

(Me3Si)2N-Na+

Me2WCH2Cr

DME

no reaction

(Me3Si)2N-Na+

Me2WCH21-

DME

no reaction

(Me3SihN-Na+

-(CH2O)n-

DME

no reaction

t-BuO-K+

Mel

DMSO

39

t-BuO-K+

Me2WCH2Cr

DMSO

no reaction

t-BuO-K+

-(CH 2Oln-

DMSO

no reaction
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2.7.2. Conclusion.
The disilylated estratriene complex (74e, p.113) was prepared only
after careful tricarbonylchromium complexation with thorough
elimination of light and air (p.113). However, the apparent lack of
reactivity of the benzylic activated model (233, p.114) and estratriene
(74e, p.113) system towards electrophilic attack by paraformaldehyde
was unexpected. However, the lack of reactivity of the benzylic anion of
(74e) towards dimethyl(methylene}iminium salts was not surprising.
The combination of light and air sensitive substrate with extremely
hygroscopic salt, made for difficult handling at the onset of reaction.
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2.8.

Concluding Remarks.

The target molecule 3·hydroxy-17a-aminoestra-1 ,3,5(1 O)-triene
(52a, p.97) and 3-acetoxy-17a-acetamido- derivative (52b, p.98) were
successfully prepared in seven steps from 3, 17~-dihydroxyestra1,3,5(10)-triene (51 b) by displacement of the mesylate ester group of
(78b) with azide anion and catalytic hydrogenation.
In contrast to nitrogen functionalisation at position 17, we were
unable to prepare the 6-aminomethyl target (53) and diamine (54).
However the immediate precursor to amine (53), the 6-azidomethyl
adduct (62a), was isolated in modest yield by a novel palladium(O)catalysed azidation of the allylic acetate (70, p.105).
A successful sulphur ylid methylene insertion was observed during
the preparation of the 6-spiro -epoxide (60, p.56). Regioselective
nucleophilic ring opening of (60) with azide anion gave an additional
nitrogen functionalised estratriene, the 6-hydroxy-6-azidomethyladduct (62, p.71).
An alternative amine precursor, 6-carbaldoxime (68a), was easily
prepared from carboxaldehyde (67a, p.81), but progression to the
amine was not achieved.
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3.0.
EXPERIMENTAL.

"For they are not given to idleness, nor go in a proud habit, or plush and velvet garments, often showing
their rings upon their fingers, or wearing swords with silver hilts by their sides, or fine and gay gloves
upon their hands, but diligently following their labours. sweating whole days and nights by their furnaces.
They do not spend their lime abroad for recreation, but take delight in their laboratory. They wear leather
garments with a pouch, and an apron where with they wipe their hands. They put their fingers 'mongst
coals, into clay, and filth not into gold rings. They are sooty and black, like smiths and colliers. and do
not pride themselves upon clean and beautiful faces. "
Paraeelsus. 1520.
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General Information
Reagents and Solvents : Commercially available reagents and solvents
were used throughout without further purification, except for the following
which were purified as described. Ethyl acetate, diethyl ether and
petroleum ether (bp.40/60°C) were distilled from calcium chloride.
Tetrahydrofuran was distilled from benzophenone ketyl (and in some
instances lithium aluminium hydride) under nitrogen prior to use.
Dimethyl formamide was dried over magnesium sulphate (12 hours), and
distilled under reduced pressure before storing over activated molecular
sieves (4A). Dimethyl sulphoxide was dried over calcium hydride (12
hours), and distilled under reduced pressure prior to use.

Melting points: Where possible melting points were recorded on a Kofler
hot stage and digital melting point apparatus for all crystalline solids and
remain uncorrected.

Spectroscopic techniques: Infra red (ir.) spectra were recorded in the
range 4000-6000cm-1 using a pye-Unicam PU 9516 linked to a Nicolet
FT-205 spectrometer with internal calibration. Spectra were recorded as
either thin films, Nujol mulls recorded between sodium chloride plates or
as chloroform solutions.
Proton nuclear magnetic resonance (1 H nmr.) spectra were
recorded using a Bruker AC-250 (250MHz) and ACP-400 (400MHz)
spectrometers. 1H nmr. spectra were referenced against tetramethylsilane at 0.0 ppm when using the continuous wave machine. In the case
of deuterochloroform, this is 7.260 ppm. Signals are described as
singlets (s), doublets (d), triplets (t), quintets (q), multiplets (m), double
doublets (dd), two overlapping doublets (2d) etc. Carbon-13 nuclear
magnetic resonance (13C nmr) spectra were recorded on a Bruker AC250 (62.9MHz) and ACP (100MHz).
Mass spectra (MS) were recorded on a V.G. analytical ZAB-E
instrument.

CAUTION
Most azides can usually be handled without incident; certain ones,
however, are known to detonate. Therefore, appropriate safety
precautions should always be taken when working with azides.
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3.1.

Functionalisation at position 6 ; intermediates prepared as part of
the general approach to target amines (53 and 54, schemes 1, 2, 3, 5,
and 4, p.32, 34, 35, 39 and 37 respectively).

AcO

3,17/3-diacetoxyestra-1,3,5(10)-triene (55a, p.41).

3,17f3-Estradiol, 51 b (4.6g; 16.8 mmol) was refluxed in anhydrous
pyridine (80ml) and acetic anhydride (17.8ml; 188.6mmol; 11.2eq) for 1
hour, The solution was cooled, poured onto crushed ice (93g), and the
solid filtered off. Recrystaliisation gave the diacetate, 55a (5.7g, 96%),
mp, 126.8-127.5 °c (from EtOH/H20) (1it.,96 mp. 126-129°C) as white
plate-like crystals, umax/cm·l (Nujol) 1762 (C=O, 3-0COMe), 1732
(C=O, 17-0COMe); <'>H (250MHz, CDCI3, Me4Si) 7.34 (1 H, d, J - 7.5Hz,
Hl), 7.26 (1 H, d, J - 2.5Hz, H4), 6.89 (1 H, dd, J - 7.5/2.5Hz, H2), 4.73
(1 H, t, J -7.5Hz, H17), 2.08 (3H, s, 17-0COMe), 2.30 (3H, s, 3-0COMe),
0.83 (3H, s, H1S)ppm; <'>c (62.9MHz) 171.15, 169.78 (C=O), 148.41,
138.11,137.82 (R4C), 123.39 (ArCH, Cl), 121.48 (ArCH, C4), 118.57
(ArCH, C2), 82.63 (R3CH, C17), 49.79, 43.95 (R3CH), 42.84 (R4C), 38.17
(R3CH), 36.83 (R2CH2), 29.47 (R2CH2, Cs), 27.54, 27.00, 26.00, 23.23
(R2CH2), 21.15 (Me, 17-0COMe), 21.09 (Me, 3-0COMe), 12.02 (Me,
C18)ppm; m/z [El, eV] C22H2804, M+ 356 (9%), 314 (94, MH+- COMe),
43 (100, COMe).

TBDMSO

3, 17/3-0-Bis(tert-butyldimethylsilyl)estra-1,3,5(10)-triene (55b, p.112).

Tertiary butyldimethylsilyl chloride (1.45g, 9.8mmol, 2.5eq) and
imidazole (0.67g, 9.8mmol, 2.5eq) were added to a solution of
estradiol, 51 b (1.07g, 3.9mmol) in dimethylformamide (50ml).

The

mixture was stirred overnight under nitrogen at ambient temperatures.
The reaction mixture was diluted with ethyl acetate (20ml), washed with
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water (2x10ml), dried (MgS0 4 ) and solvent removed in vacuo to yield,
after recrystallisation, white crystalline needles of 55b (1.42g, 72%),
mp. 126.8-127.4 °C (from EtOH/H20); [CXD]22 +4.95 (c 0.95 in CHCI 3);
(Found C, 71.97; H, 10.52. C30Hs202Si2 requires C 71.93, H 10.46%);
OH (250MHz, CDCI3, Me4Si) 7.11 (1 H, J - 8.0Hz, d, H1), 6.54 (1 H,
J2.5Hz, d, H4), 6.60 (1 H, J - 2.5/8.0Hz, dd, H2), 3.63 (1 H, t, H11l, 0.97
(9H, s, 3-0SiMe2 t -Bu), 0.89 (9H, s, 17-0SiMe2 t-Bu), 0.74 (3H, s, H 1s),
0.18 (6H, d, 3-0SiMe2 t-Bu), 0.02 (6H, d, 17-0SiMe2 t-Bu) ppm; oe
(62.9MHz) 153.23, 137.88 (R4C), 126.11 (ArH, C1) 119.92 (ArH, C4),
117.10 (ArH, C2), 81.80 (R3CH, C17), 49.75, 44.15 (R3CH), 43.61 (R4C) ,
38.87 (R3CH), 37.21, 31.01,29.69, 27.34, 26.38 (R2CH2), 25.88 (Me,
C1rOSiMe2t -Bu), 25.72 (Me, C3-0SiMe2t -Bu)23.30 (R2CH2), 18.17
and 18.11 (R4C), 11.39 (Me, C1S ), 0.00 (Me), -4.38 (Me, C3-0SiMe2

t

-Bu), -4.46 (Me), -4.78 (Me, C1rOSiMe2 t -Bu) ppm; m/z [El, eVj M+
500.3505 (43%) C30Hs202Si2, 443 (80, M+ - t-Bu), 367 (55), 73 (100).

oeOMe

56b.

o
3, 17f3-diacetoxyestra-1 ,3,5(1 O)-triene-6-one (56b, p.43).

To a suspension of chromium (VI) oxide (12.5g; 125mmol, 10.4eq) in
methylene chloride (200ml)

at _20°C,

under nitrogen,

3,5-

dimethylpyrazole (12.1 g, 125mmol, 10.4eq) was added and stirred for
15 minutes. To the dark red solution, diacetate 55a (4.25g; 12.0mmol)
was added quickly in one portion and the reaction stirred at -20°C for 4
hours. The reaction mixture was diluted with methylene chloride (50ml)
and filtered through a 'Florosil' (50g) plug. The filter was washed with
an additional amount of methylene chloride and methanol (10:1,
200ml). The methylene chloride extract was evaporated in vacuo and
the residue flash chromatographed eluting with petroleum ether (bp.
40/60°C) : ethyl acetate (4:1) affording starting material, 55a (0.79g,
18%) and reaction crude (1.79g, 40%). Recrystallisation from ethanol /
water gave the pure 6-ketone, 56b (1.50g; 34%), mp., 173.4-174.0°C
(EtOH / H20) [lit.,96 mp. 173-175°Cj as a white / pale cream crystalline
powder; '\)max/cm-1 1770.9 (C=O, 3-0COMe), 1730 (C=O, 17-0COMe),
1679.1 (6C=O); OH (250MHz, CDCI3, Me4Si) 7.74 (1 H, d, J - 2.5Hz, H4);
7.44 (1 H, d, J - 8.0Hz, H1); 7.25 (1 H, dd, J - 2.5/8.0Hz, H2); 4.72 ( 1H, t,
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J - 8.0Hz, H17); 2.30 (3H, s, 3-0COMe); 2.06 (3H, s, 17-0COMe); 0.84
(3H, s, H1S)ppm; lie (62.9MHz) 196.76 (C=O, C6), 171.07, 169.40 (C=O,

3&17-0COMe), 149.29, 144.26, 135.62 (R4C) 126.96 (ArCH, C2),
126.76 (ArCH, C1), 119.94 (ArCH, C4), 82.11 (R3CH, C17), 49.69
(R3CH), 43.79 (R2CH2), 42.95 (R3CH), 42.68 (R4C), 39.48 (R3CH),
36.39, 27.36, 25.29, 22.95 (R2CH2), 21.01 (Me, 17-0COMe), 20.98
(Me, 3-0COMe), 11.96 (Me, C1S)ppm; mlz. [El eVj M+ 370.178 (2%,
C22H260S), 328 (58, M+ - COMe), 286 (12),268 (13),227 (18), 173 (28),
160 (10), 43 (100, COMe), [Cl eVj MW 371 (30), MNH4+ 388 (100),
328 (10, MW - COMe).

56d.

PheH~

o
3-8enzyloxy-17{J-hydroxyestra-1,3,5(1 O)-trien-6-one (56d, p.51).
Benzyl bromide (5.94ml, 50.0mmol, 10.0eq), anhydrous potassium
carbonate (6.9g, 50.0mmol, 10.0eq) and 56a (1.85g, 5.0mmol). were
refluxed in anhydrous ethanol (190ml) for 28 hours. The reaction
mixture was cooled to room temperature, poured onto crushed ice
(190ml) and extracted into ethyl acetate (3x200ml). The combined
organic layers were washed with water (2x250ml), dried (MgS04) and
solvent removed in vacuo to give crude benzyl ether (5.18g). Flash
chromatography, eluting with petroleum ether (bp. 40/60°C) : ethyl
. (1.57g, 84%), mp., 174.2-175.6°C
acetate (2:1), afforded the 56d
(methanol) [lit.,112 mp. 173-175°Cj as a white crystalline powder; Umax
Icm- 1 (CHCI3) 3512 (17-0H), 1664 (6C=O), 1604 (Ar C=C); liH (250MHz,
COCI3, Me4Si) 7.64 ( 1H, J - 2.5Hz, d, H4), 7.46-7.32 (6H, m, 3-0CH2Ph
and H1), 7.17 (1 H, J - 2.5/8.0Hz, dd, H2), 5.10 (2H, s, 3-0CfuPh), 3.73
(1 H, J - 8.0Hz, t, H17), 2.46 (1 H, J - 3.0/16.0Hz, dd, H7), 0.79 (3H, s,
H1S)ppm; lie (62.9MHz) 197.93 (C=O, C6), 157.21 (ArCH, C3), 139.99,
136.64, 133.32 (R4C), 128.55, 128.0, 127.50 (ArCH, 3-0CH2Ph),
126.71 (ArCH, C1), 121.96 (ArCH, C2), 110.79 (ArCH, C4), 81.05 (R3CH,
C17), 70.06 (R2CH2, 3-0CH2Ph), 49.87 (R3CH), 44.05 (R2CH2, C7),
43.03, (R4C) 42.95, 40.13 (R3CH), 36.29, 30.17, 25.53, 22.82 (R2CH2),
11.0 (Me, C1s)ppm; mlz. [El eVj 91 (100%, CH2Ph), [Cl eVj MH+
377.2117 (100, C2SH290 3), 287 (19),108 (17),91 (61, CH2Ph); and·
trace amounts of incomplete hydrolysis product, '3-O-benzyloxy-17~-123-

acetoxy' (0.01 g); bH (400MHz, COCI3, Me4Si) 7.64 ( 1H, J = 2.9Hz, d,
H4), 7.44-7.31 (6H, m, 3-0CH2Ph and H1), 7.17 (1 H, J = 2.9/8.6Hz, dd,
H2), 5.10 (2H, s, 3-0ClliPh), 4.70 (1 H, J = 9.1 Hz, t, H17), 2.74 (1 H, J =
3.4/16.8Hz, dd, H7), 2.06 (3H, s, 17-0COMe), 0.83 (3H, s, H1slPpm; be
(100MHz), 197.70 (C=O, C6), 171.14 (C=O, 17-0COMe), 157.36 (ArCH,
C3), 139.71, 136.66, 133.34 (R4C), 128.61,128.06, 127.56 (ArCH, 3OCH2Ph), 126.70 (ArCH, C1), 122.19 (ArCH, C2), 110.79 (ArCH, C4),
82.22 (R3CH, C17), 70.15 (R2CH2, 3-0CH2Ph), 49.67 (R3CH), 43.98
(R2CH2, C7), 42.83, (R4C) 42.76,39.83 (R3CH), 36.48, 27.41, 25.43,
22.98 (R2CH2), 21.16 (RCH3, 17-0COMe), 11.0 (Me, C1S)ppm;

. 58a.

3, 17{3-Dihydroxy-6-methy/enestra-1 ,3, 5(10)-triene (58a, p.46).
Ory tertiary butanol (13.2ml) was stirred with potassium metal (400mg,
10.2mmol, 12.8eq). A solution of potassium tertiary butoxide in tertiary
butanol (4.9ml, 3.9mmol, 4.geq) was added dropwise to a stirred
suspension of methyltriphenylphosphonium bromide (1.18g, 3.3mmol,
4.1 eq) in dry ether (10ml). The mixture was stirred under gentle reflux
for 1 hour, and then cooled to ambient temperatures, under nitrogen. A
solution of diacetate 56 a (0.29g, 0.80mmol) in drv diethyl ether (10ml)
was added dropwise and stirred for 18 hours under gentle reflux and
nitrogen. The mixture was cooled to ambient temperatures poured onto
water (20ml) and extracted with ethyl acetate (4x60 ml). The extract
was washed with brine, dried (MgS04) and solvent removed in vacuo
to yield a crude brown oil (1.07g). Purification by flash chromatography
eluting with ethyl acetate: petroleum ether (bp. 40/60°C) (1 :1) gave
58 a (0.19g, 65%). Attempts to recrystallise (MeOH) gave very poor
yields of an amorphous crystalline solid (mp. inconclusive); Umax /cm- 1
3395 (br OH, 3 & 17-0H), 1624.5 (C=C, 6C=CH2); bH (250MHz,CDCI3,
Me4Si) 7.96 (1 H, s, 3-0H), 7.16 (1 H, J - 8.0Hz, d, H2), 5.47 (1 H, s,
6C=CH H cis to phenolic A-ring), 4.93 (1 H, 6C=CHH trans ), 3.76 (1 H,
m, H17) ppm; be (100MHz) 154.4 (R4C, C3), 153.1 (R4C, C6), 135.1,
134.5 (R4C), 128.0 (ArH, C1), 114.6 (ArH, C2), 113.1 (ArH, C4), 103.4
(R2CH2, 6C=CH2), 78.5 (R3CH, C17), 45.9 (R4C), 43.1 (R2CH2, C7), 41.4,
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38.4, 35.9 (R3CH), 29.7, 28.4, 26.6, 17.3 (R2CH2), 16.0 (RCH3, C1s)
ppm; mlz [El eV] M+ 284.1776 (100%, C19H2402), 225 (23), 171 (50),
157 (48).

GOa.

3-Benzyloxy-6~-spiroepoxy-17f3-hydroxyestra-1,3,5(1 O)-triene

(60a, p.56).

Freshly distilled dimethylsulphoxide (2.0ml) was added to sodium
hydride (60%, 0.11 g, 2.65mmol, 4.8eq) and the sodium salt prepared
by stirring and heating for 45 minutes at 73°C under nitrogen.
Anhydrous tetrahydrofuran (10ml) was added and the mixture cooled to
_5°C. A solution of trimethylsulphonium iodide (0.58g, 2.84mmol,
5.2eq), in dimethylsulphoxide (10ml) was added rapidly with vigorous
stirring. During the addition, the reaction mixture solidified and
additional tetrahydrofuran (10ml) was added. A solution of 6-ketone,
56d (0.21g, 0.55mmol) in dimethylsulphoxide (5ml) was added and
stirred for 2 hours at _5°C. The mixture was allowed to warm to room
temperature, poured onto water (200ml) and extracted with methylene
chloride (3x200ml). The combined organic layers were washed with
water (2x500ml) and dried (K2C03). The solvent was removed in vacuo
to yield a white / pale cream crystalline cake 60a (0.15g).
Crystallisation using ethyl acetate afforded the single 60.- isomer
(0.12g, 55%) as a white crystalline solid (attempts to record melting
points were hampered by the instability of 60a); Umax /cm-1 (CHCI3)
3536.0 (17-0H), 1604 (arom C=C), liH (250MHz, CDCI3, Me4Si) 7.397.30 (5H, m, 3-0CHzEb)., 7.22 (1 H, J - 8.0Hz, d, Hl), 6.86 (1 H, J 2.5/8.0Hz, dd, H2), 6.70 (1H, J - 2.5Hz, d, H4), 5.02 (2H, s, 3-0ClliPh),
3.75 and 3.73 (1 H, t, H17), 3.20-2.84 (2H, m, 6o.-spiroepoxy Clli), 0.82
(3H, s, H1s)ppm; lie (100MHz), 157.52 (R4C, C3), 137.11 and 137.02
(R4C, Cs and Cl0), 134.57 (R4C), 128.58, 127.94, 127.52 (ArCH, 3OCH2Ph), 126.47 (ArCH, Cl), 114.90 (ArCH, C2), 108.80 (ArCH, C4),
81.67 (R3CH, Cd, 70.0 (R2CH2, 3-0CH2Ph), 60.85 (R2CH2, 6o.-spiro
epoxy CH2)' 57.39 (R4C, C6), 49.39 (R3CH), 44.59 (R3CH, Cg), 43.31
(R4C, C13), 39.09 (R3CH, C14), 36.58 (R2CH2), 35.97 (R2CH2, C7), 30.46,
26.08, 23.04 (R2CH2), 11.11 (RCH3, C1S)ppm; mlz. [El eVl M+ 390.219
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(19%, C26H3003), 361 (10),91 (100, CH2Ph), [Cl eV] MW 391 (64), 408
(100), 373 (32), 108 (34), 91 (69, CH2Ph).

618.
GHO

3-8enzyloxy-6'(,-carboxaldehyde-17{3-hydroxyestra-1,3,5(1O)-triene
(61 a, p.50).

n -Butyl lithium

(3.8ml, 1.6M, 6.1 mmol) was added to diisopropylamine

(1.4ml, 9.8mmol) in tetrahydrofuran at O°C under nitrogen. The lithium
diisopropylamide (9.8mmol, 5.3eq) solution was added to dry
diphenyl(methoxymethyl)phosphine oxide (1.88g, 7.64mmol, 6.7eq) in
tetrahydrofuran (60ml) at O°C and stirred for 10 minutes under nitrogen.
The mixture was cooled to -78°C and the 6-ketone, 56d (0.43g,
1.14mmol) in tetrahydrofuran (20ml) was added. The reaction mixture
was allowed to warm to room temperature and stirred for 18 hours. The
mixture was poured into saturated ammonium chloride solution (60ml)
and extracted with diethyl ether (4x50ml). The combined ether extracts
were washed with water (100ml), dried (MgS04) and the solvent
removed in vacuo to yield a brown oily gum (1.69). Chromatographic
separation on flash silica, eluting with toluene: EtOAc (2:1), gave a
major fraction (224mg) containing 56d (29%) and a 45:55 mixture of
stereomers, 6a- and 6~-carboxaldehyde, 61 a (21 %); Vmax Icm- 1
(CHCI3) 3512 (17-0H), 1726 (6-CHO);
and 9.35 (2(1 H), 2(s), 6a-

16~-CHO),

()H

(250MHz, CDCI3, Me4Si) 9.66

6.97-6,89 (2(2H), J - 2.5/8.0Hz,

2(dd), H2), 6.79 and 6.59 (2(1 H), J - 2.5Hz, 2(d), H4), 4,99 (2(2H), 2(s),
3-0CJ:::hPh), 3.75 (2(1H), m, H17), 0.81 (2(3H), 2(s), H1S)ppm.

3-8enzyloxy-6'(, -hydroxy-6'(,-methyleneazido-17{3-hydroxyestra-1, 3, 5
(10)-triene (62a, p.71).
6-spiro -Epoxide, 60 a (0.12g, 0.32mmol) in anhydrous dimethylformamide (DMF) (2.0ml) was added to a solution of sodium azide
(0.10g, 1.54mmol, 4.5eq) and lithium chloride (0.06g, 1.44mmol, 4.5eq)
in DMF (3.0ml). The reaction mixture was stirred under nitrogen for 2
hours at 65°C. After cooling to room temperature, water (20ml) was
added and the reaction mixture extracted with ether (3x20ml). The
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62a.

combined ether extracts were washed with water (3x50ml), dried
(K2C03), solvent removed in vacuo yielding a crude (0.15g).
Chromatography, eluting with methylene chloride: ether (3:2), gave the
'6-hydroxy-6-methyleneazido' product, 62a (15mg, 11 %) as a
colourless gum; Umax Icm-1 (CHCI3) 3608.2, (m, OH, 17-0H and 6-0H),
2100.8, (s, N3, 6-CH2N3); IIH(400MHz, CDCI3, Me4Si) 7.44-7.32 (5H, m,
3-0CH2Ph), 7.21-7.19 (2H, m, H1 and H4), 6.89 (1H, J = 2.818.7Hz, dd,

=

H2), 5.06 (2H, J 11.7113.7Hz, d, 3-0CH2Ph), 3.73 (1H, m, H17), 3.52
(1H, J 1.4/13.0Hz, d, 6-CH HN3), 3.35 (1H, J 12.8Hz, d, 6-CHH N3),
0.78 (3H, s, H1S)ppm; lie (100MHz) 157.23 (R4C, C3), 140.07, 136.83,

=

=

132.28 (R4C), 128.49, 127.89 and 127.39 (ArCH, PhCH20-3), 126.32
(ArH, C1), 115.05 (ArH, C4), 112.80 (ArH, C2), 81.53 (R3CH, Cd, 74.20
(R 4C, C6), 69.97 (R2CH2, 3-0CH2Ph), 60.42 (R2CH2, 6-CH2N3), 49.20,
44.66 (R3CH), 43.14 (R4C), 38.33 (R2CH2), 37.31,36.38,30.41,25.76
and 22.83 (R2CH2), 11.02 (RCH3, C1S)ppm;

mlz. [El eV]

M+-CH2N3 377

(23%),91 (100, CH2Ph), [Cl eV] MW-H20 416.234 (10, C31H30N), 377
(100), 287 (18), 108 (23), 91 (53, CH2Ph); trace amounts of the '6~
hydroxy-6~-methylenehydroxy'

by-product, 140a (2.0mg) were isolated
as a colourless gum; umax/cm-1 (CHCI3" 3601.6 'OH, 17-0H, 6-0H and
6-CH20H); liH (250MHz, CDCI3, Me4Si) 7.44-7.28 (6H, m, H1 and 3OCH2Ph), 7.18 (1 H, J - 2.5Hz, d, H4), 6.92 (1 H, J - 2.5/8.0Hz, dd, H2),
5.06 (2H, s, 3-0CH2Ph), 3.77 (1H, J -12Hz, d, 6-CH HOH), 3.73 (1H, J
- 8.0Hz, t, H17), 3.62 (1H, J - 12Hz, d, 6-CHH OH), 0.78 (3H, s, H1S)
and 6-allylic alcohol, 66 a (1.0mg).

3-Benzyloxy-6-hydroxymethyl-17{3-hydroxyestra-1, 3, 5(1 O}6-tetraene
(66a, p.63).
Methyl lithium (8.1 ml, 1.4M, 11.3mmol, 2.5eq) and hexamethylphosphoramide (3.3ml, 18.0mmol, 4.0eq) were added to a solution of
freshly distilled diethylamine (1.2ml, 11.3mmol, 2.5eq) in anhydrous
diethyl ether (11 ml) at O°C, and stirred vigorously under nitrogen. After
15 minutes, a solution of 6-spiro -epoxide, 60 a (1.76g, 4.5mmol) in

-127 -

PhCH~

anhydrous diethyl ether (24ml) and methylene chloride (20ml) was
added and brought to gentle reflux for 2.5 hours. The reaction mixture
was cooled to room temperature and water (100ml) added. The
aqueous mixture was extracted with diethyl ether (3x80ml) and the
combined organic layers washed with hydrochloric acid (2M, 3x120ml),
saturated sodium bicarbonate solution (2x120ml), water (150ml), dried
(MgS0 4 ) and the solvent removed in vacuo to afford crude allylic
alcohol (1.43g).

Flash chromatography, eluting with methylene

chloride: ether (9:1), gave the 6-allylic alcohol, 66a (1.0g, 58%) as a
pale yellow gum (attempts to recrystallise this product were
unsuccessful); Umax fcm- l (CHCI3) 3608.2 (OH, 6CH20H and 17-0H),
1602.7 (Arom, C=C); bH (400MHz, CDCI3, Me4Si) 7.45-7.29 (5H, m, 3OCH2Ph), 7.19 (1 H, J = 8.5Hz, d, Hl), 7.026 (1 H, J = 2.7Hz, d, H4), 6.84
(1H, J = 2.718.4Hz, dd, H2), 6.04 (1H, s, H7), 5.09 (2H, s, 3-0C!:::!2Ph),
4.49 (2H, J = 12.8/38.9Hz, d, 6-C!:::!20H) , 3.75 (1H, J = 8.4Hz, t, H17l,
0.77 (3H, s, H1S)ppm; be (100MHz), 157.23 (R4C, C3), 136.94, 135.71,
134.33, 132.40 (R4C), 130.75 (R3CH, H7),128.42 127.78 and 127.38
(ArCH, 3-0CH2Ph), 124.36 (ArCH, Cl), 112.25 (ArCH, C2), 110.33
(ArCH, C4), 81.42 (R3CH, C17), 69.96 (R2CH2, 3-0CH2Ph, 63.76
(R2CH2, 6CH20H), 48.04 (R3CH), 43.57 (R4C), 41.70 ,38,19 (R3CH),
35.95,30.28,24.12,22.84 (R2CH2), 10.66 (RCH3, C1S)ppm; mlz. [El eV]
M+ 391.227 (4%, C26H3l03), 91 (100, CH2Ph), [Cl eVl MW 391 (63),
408 (17), 373 (42), 108 (18), 91 (100, CH2Ph).
3-Benzyloxy-6-carboxaldehyde-17{3-hydroxyestra-1, 3, 5(1 O)6-tetraene

(67a, p.76).
Dry manganese (IV) oxide (1.5g, 17,3mmol, 17.0eq) in methylene
chloride (20ml) was stirred vigorously under nitrogen. A solution of
allylic alcohol, 66 a (O.4g, 1.0mmol) in methylene chloride was added
and stirred for 24 hours at room temperature. The reaction mixture was
filtered through a 'Florosil' plug, washed thoroughly with additional
methylene chloride and solvent removed in vacuo to yield crude
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CHO

(0.44g). Flash chromatography, eluting with methylene chloride :
diethyl ether (9:1), afforded starting 6-allylic alcohol (0.07g) and 6allylic aldehyde, 67a (0.2g, 50%) as a colourless gum, Umax Icm- 1
(CHCI3) 3517.4 (OH, 17-0H), 1675.3 (C=O, 6-CHO); liH (400MHz,
COCI3, Me4Si), 9.65 (1 H, s, 6-CHO), 7.89 (1 H, J = 2.7Hz, d, H4), 7.447.29 (5H, m, 3-0CH2Ph), 7.20 (1 H, J = 8.5Hz, d, Hl), 6.91 (1 H, J =
2.8/8.5Hz, dd, H2), 6.89 (1H, s, H7), 5.08 (2H, J = 11.7/19.4Hz, d, 3OCfuPh), 3.79 (1 H, J = 8.3Hz, t, Hn), 0.80 (3H, s, H1S)ppm; lie
(100MHz), 192.35 (R3CH, 6-CHO), 155.90 (R3CH, Cl), 137.41, 131.65,
130.31 (R4C), 128.41, 127.77, 127.47 (ArCH, 3- 0CH 2.E..!:!), 124.42
(ArCH, Cl), 114.60 (ArCH, C2), 112.42 (ArCH, C4), 81.18 (R3CH, C17),
69.93 (R2CH2, 3-0CH2Ph), 47.2040.42, 39.83 (R3CH), 35.75 (R2CH2),
30.82 (R3CH), 30.15, 24.29, 22.79 (R2CH2), 10.63 (RCH3, Cl s)ppm; m/z.
[El eV] M+ 388.2038 (7%, C26H2S03), 91 (100, CH2Ph), [Cl eV] MW
389 (34), 406 (67), 377 (58), 297 (33), 108 (82), 58 (63), 54 (100).

PhCH~

3-Benzyloxy-6-carboxaldoxime-17{3-hydroxyestra-1, 3, 5(1 O)6-tetraene
(68a, p.81).
To a solution of allylic carboxaldehyde 67a (0.05g, 0.12mmol) in
absolute ethanol (5.0ml), freshly distilled pyridine (2.0ml) and
hydroxylamine hydrochloride (0.08g, 1.2mmol, 10.0eq) were added
and stirred at 85°C for 6 hours under nitrogen. The reaction mixture
was allowed to cool to room temperature, whereupon water (10ml) was.
added and the reaction mixture extracted with diethyl ether (3x15ml).
The combined organic layers were washed with copper sulphate
solution (10%, 2x15ml), water (15ml), dried (MgS04) and solvent
removed in vacuo to afford a crude product (0.05g). Chromatography,
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eluting with methylene chloride: diethyl ether (11 :1), gave the 6carbaldoxime, 68a (35mg, 67%) as a pale yellow gum; Vmax Icm- 1
(CHCI 3) 3581.6 (17-0H); bH (400MHz, CDCI3, Me4Si) 7.97 (1 H, br s, 6CHNOH), 7.56 (1 H, J = 2.7Hz, d, H4), 7.44-7.30 (6H, m, 6-CHNOH and
3-0CH2Ph), 7.19 (1 H, J = 8.4Hz, d, Hl), 6.87 (1 H, J = 2.6/8.4Hz, dd, H2),
6.27 (1 H, s, H7), 5.06 (2H, s, 3-0C!:!2Ph), 3.76 (1 H, J = 8.4Hz, t, H17),
0.77 (3H, s, H1S)ppm, be (100MHz), 156.99 (R 4C, C3), 139.42 (R3CH, 6CHNOH), 137.12, 132.48, 132.40, 130.76 (R4C), 128.41, 127.73,
127.42 (ArCH, 3-0CH2Eh), 124.26 (ArCH, Cl), 113.31, 113.23 (ArCH,
C2 and C4), 81.37 (R3CH, C17), 70.0 (R2CH2, 3-0CH2Ph), 47.06 (R3CH),
43.62 (R4C), 41.03, 38.89 (R3CH), 35.86, 30.23, 29.58, 24.26, 22.85
(R2CH2), 10.69 (RCH3, C1S)ppm; mlz. [El eVl M+ 403 (4%), 91 (100,
CH2Ph), [Cl eV] MNH4+- H20 403 (100, C26H31N202), 388 (64), 376
(44), 108 (28), 91 (30, CH2Ph).

3-Benzyloxy-6-acetoxymethyl-17{3-acetoxyestra-1, 3, 5(1 O)6-tetraene
(70, p.l05).
To a solution of 66 a (0.2g, 0.5mmol) in freshly distilled pyridine (6ml),
acetic anhydride (1.0ml, 10.3mmol, 20.0eq) was added and stirred at
room temperature for 48 hours. Anhydrous methanol (10ml) was
added and stirred for an additional 30 minutes, whereupon the
remaining pyridine was azeotroped with anhydrous benzene yielding a
crude product (0.23g). Chromatography, eluting with petroleum ether
(bp. 40/60°C) : diethyl ether (4:1) gave the diacetate, 70 as a pale
brown gum (0.18g, 73%); vmax/cm-1 (CHCI3) 1735.5 and 1722.3 (C=O,
6-CH20COMe and 17-0COMe); bH (400MHz, CDCI3, Me4Si), 7.44-7.31
(5H, m, 3-0CH2Ph), 7.18 (1 H, J = 8.0Hz, d, Hl), 6.91 (1 H, J = 2.6Hz, d,
H4), 6.85 (1 H, J = 2.618.4Hz, dd, H2), 6.09 (1 H, s, H7), 5.06 (2H, s, 3OC!:!2Ph),5.03 (1H, J = 12.6Hz, d, 6-CHH OCOMe), 4.89 (1H, J =
12.6Hz, d, 6-CH HOCOMe), 4.70 (1 H, J = 9.0Hz, t, H17), 2.06 (3H, s, 6CH20COMe), 2.04 (3H, s, 17-0COMe), 0.81 (3H, s, H1s)ppm; be
(100MHz), 171.05 (R4C, 6-CH2OCOMe and 17-0COMe), 157.32 (R4C,
C3), 137.0, 134.71 (R 4C), 134.0 (R3CH, C7), 132.1, 131.66 (R 4C),
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128.49, 127.83, 127.35 (ArCH, 3-0CH2Ph), 124.44 (ArCH, C1), 112.68
(ArCH, C4), 110.46 (ArCH, C2), 82 21 (R2CH2, 3-0CH2Ph), 70.03
(R3CH, C17), 64.83 (R3CH), 47.74 (R2CH2, 6-CH20COMe), 43.28 (R4C),
41.41 and 38.18 (R2CH2), 36.20 and 27.34 (R3CH), 24.05 (R2CH2),
22.98 (R4C), 21.06 and 20.99 (RCH3, 6-CH20COMe and 17-0COMe),
11.67 (RCH3, C1S)ppm; mlz. [El eVj M+ 474 (4%), 414 (65).91 (100,
CH2Ph), 43 (31), [Cl eVj MH+ 475 (28), MNH4+ 492.275 (55,
C30H3SNOS), 415 (100), 108 (12),91 (22, CH2Ph).
OCOMe

718.

3-Benzyloxy-6-azidomethyl-17fj-acetoxyestra-1,3,5(1 O)6-tetraene

(71 a, p.l0S).
Palladium bis(dibenzylideneacetone) (37mg, 0.07mmol, 0.17eq) and
triphenylphosphine (33mg, 0.13mmol, 0.33eq) were added to a
solution of the 6-allylic acetate, 70 (0.18g, 0.38mmol) in anhydrous
tetrahydrofuran (6.0ml) and stirred for 1 hour at room temperature. A
solution of sodium azide (32mg, 0.49mmol, 1.3eq) in water (1.0ml) was
added and the reaction mixture stirred at 50°C for 6 hours .. The
reaction mixture was cooled to room temperature and diluted with
diethyl ether (20ml), washed with saturated sodium chloride solution
(2x20ml), water (2x15ml) and the solvent removed in vacuo to yield
crude (0.25g).

Chromatography, eluting with petroleum ether (bp.

40f60°C) : methylene chloride (2:1), afforded starting material, 70

(70mg) and 6-allylic azide, 71 a (22mg, 13%) as a transparent yellow
gum; Umax fcm- 1 (CHCI3) 2107.4 (N3, 6-CH2N3), 1728.9 (C=O, 17OCOMe); DH (400MHz, CDCI3, Me4Si) 7.44-7.31 (5H, m, 3-0CH2Ph),

=

=

=

7.19 (1 H, J 8.5Hz, d, H1), 6.96 (1 H, J 2.6Hz, d, H4), 6.85 (1 H. J
2.618.4Hz, dd, H2), 6.04 (1H, s, H7), 5.23 (2H, s, 3-0C.!:::!.2Ph), 4.71 (1 H, J

=9.0Hz, t,

H17), 4.20 (1H, J

=13.7Hz, d, 6-CH HN3),

4.02 (1H, J

=

13.6Hz, d, 6-CHH N3), 2.06 (3H, s, 17-0COMe), 0.82 (3H, s, H1S)ppm;
DC (100.6MHz), 171.06 (R 4C, 17-0COMe), 157.37 (R4C, C3). 136.93
(R4C) , 133.95 (R3CH, C7), 132.20 (R4C), 130.95 (R4C), 128.48, 127.86
and 127.43 (ArH, 3-0CH2Ph), 124.52 (ArH, C1), 112.78 (ArH. C4), 110.6
(ArH, C2), 82.19 (R3CH, C17), 70.07 (R2CH2, 3-0CH2Ph), 53.24 (R2CH2,

-131-

6-CH2N3), 47.83, (R3CH), 43.29 (R 4C, C6), 41.60 and 38.20 (R3CH),
36.15, 29.60, 27.34, 24.03 and 23.0 (R2CH2). 21.06 (RCH3, 17OCOMe), 11.71 (RCH3, C1S)ppm;

mlz.

[El eVj M+-N2 429.2304 (1%,

C2sH3103N), 416 (1),294 (3),289 (1),157 (5),131 (6),103 (5), 91 (100,
CH2Ph), [Cl eVj MH+-N2 430 (100), 469 (10), 445 (23), 417 (30), 340
(25), 327 (15), 235 (37), 108 (64), 91 (47, CH2Ph).

71b.

3-Benzyloxy-6-aminomethyl-17{3-hydroxyestra-1, 3, 5(1 O)6-tetraene
(71 b, p.82).

To a solution of lithium aluminium hydride (0.16g; 4.21 mmol; 11.4eq) in
anhydrous diethyl ether (10ml), a solution of 6-carbaldoxime 68a
(0.15g; 0.37mmol) in diethyl ether (10ml) and tetrahydrofuran (5ml) was
added dropwise with stirring under nitrogen at room temperature. After
40 minutes, thin layer chromatography (eluting with petroleum ether
(bp. 40/60°C) : ethyl acetate 1 :1) suggested that the reaction had gone
to completion and the residual lithium aluminium hydride was
deactivated with ethyl acetate (5.0ml). The reaction mixture was filtered
through a 'Florosil' plug and the solvent removed in vacuo· to afford a
viscous brown coloured crude (0.9g); umax/cm-1 (CHCI3) 3614 (17~
OH), 1609 (C=C);

I)H

(250MHz; COCI3; Me4Si) 7.43-7.3 (m, 3-0CH2Ph

and H4), 7.02 (d, J - 8.0Hz, H1), 6.85-6.79 (m containing dd, J 2.5/8.0Hz, H2), 6.61, (s), 6.48 (d, J - 2.5Hz), 5.01(s, 3-0C.!::!2Ph), 3.74
(m containing t, J - 8.0Hz, H17) 0.85 and 0.81 (2(s), 18Me)ppm.
Preparative thin layer chromatography (eluting with petroleum ether
(bp. 40/60°C) : diethyl ether 1 :6) was unsuccessful in isolating an
identifiable product.

[TJ6-3, 17{J-Bis(tert-butyldimethylsilyl)estra-1 ,3,5(1 O)-trienej-tricarbonylchromium. (74e, p.114).
Hexacarbonylchromium (2.0g, 9.4mmol, 3.0eq) was added to a solution
of 55b (1.54g, 3.0mmol) in

n

-dibutyl ether (40ml) and anhydrous

tetrahydrofuran (10ml). The reaction mixture was repeatedly evacuated
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OTBDMS

(CObCr

TBDMSO

~~
h

74e.

and flushed with nitrogen, and left under gentle nitrogen stream. The
mixture was slowly heated to just under reflux in the absence of light.
After 72 hours the reaction was allowed to cool to ambient temperature,
filtered through anhydrous silica and washed with a little additional n
-dibutyl ether. The solvent was removed in vacuo using an oil pump to
afford a crude yellow crystalline solid, a (1 :1) mixture of a. and ~
Cr(CO)sisomers, 74e(1.52g, 79%);umax/cm-1 Nujo11952, 1938, 1892,
1852, 1838, 1820 (CrC0 3); ()H (250MHz; acetone-dB; Me4Si) 5.95 (1 H, J
- 8.0Hz, d, aH1), 5.85 (1H, J - 8.0Hz, d, ~H1), 5.30 (1H, J - 2.518.0Hz,
dd, ~H2), 3.66 (2H, m, overlapping a and ~ H17), 0.926 and 0.911 (9H,
s, a and ~ 3-0SiMe2 t -Bu), 0.863 and 0.855 (9H, s, a and ~ 17OSiMe2t-Bu), 0.752 (3H, s, ~ 18Me), 0.72 (3H, s, a 18Me),0.274 (6H, s,
a and ~ 3-0SiMe2t-Bu), 0.011 (6H, s, a. and ~ 17-0SiMe2t-Bu)ppm.

138a and b.

PhCH~

3-Benzyloxy-6l;-hydroxy-6l;-thiophenoxymethyl-17{J-hydroxyestra-1, 3, 5
(10)-triene (138a I b, p.67).

To a solution of 6-spiro -epoxide, 60a (0.04g, 0.1mmol) and freshly
distilled triethylamine (0.06ml, O.4mmol, 4.0eq) in anhydrous methanol
(2.0ml) and methylene chloride (1.0ml), freshly distilled thiophenol
(0.03ml, 0.3mmol, 3.0eq) was added and stirred under nitrogen at room
temperature for 3 hours. The reaction mixture was further diluted with
diethyl ether (10ml) and washed with sodium hydrogencarbonate
solution (5%, 3x15ml), dilute hydrochloric acid (2M, 3x15ml), water
(2x15ml), dried (K2C03) and the solvent removed in vacuo to yield a
crude product (0.25g). Chromatography, eluting with methylene
chloride: ethyl acetate (4:1), afforded a 2:1 mixture of isomers isolated
as a pare of transparent yellow coloured gums. 6a-Thiophenoxy
methyl 138a (0.02g, 39%); Umax Icm- 1 (CHCI3) 3614 (17~-OH), 3462.1
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(br, 6~-OH); OH (250MHz, COCI3, Me4Si) 7.45-7.18 (12H, m, 3-0CH 2 Ph,
6a-CH2S Ph, H4 and H1), 6.87 (1 H, J - 2.518.0Hz, dd, H2), 5.06 (2H, s,
3-0ClliPh), 3.67 (1 H, J - 8.0Hz, t, H17), 3.47 (1 H, J = 14.1 Hz, d, 6a-CH
HSPh), 3.31 (1 H, J

= 13.5Hz,

d, 6a-CHH SPh), 2.70 (1 H, s, 6~-OH),

0.67 (3H, s, H1S)ppm; mlz. [El eV] M+-H 20 482 (10%), 377 (16), 91
(100, CH2Ph), [Cl eV] MNH4+-H20 500.262 (1, C32H3SN02S), MWH20 483 (100), 373 MW-[H20 + SHPh] (33), 91 (18); and 6~
thiophenoxy methyl, 138b (O.01g, 20%); umax/cm-1 (CHCI3) 3614 (17~
OH), 3462.1 (br, 6~-OH); OH (250MHz, COCI 3, Me4Si) 7.44 -7.24 (11 H,
m, 3-0CH2Ph, 6a-CH2SPh and H1), 6.96 (1 H, J - 2.5Hz, d, H4), 6.83
(1 H, J - 2.5/8.0Hz, dd, H2), 5.06 (2H, s, 3-0ClliPh), 4.10 (1 H, J - 8.0Hz,
d, 6~-CH HSPh), 3.69 (1 H, J - 8.0Hz, t, H11l, 3.62 (1 H, J - 8.0Hz, d, 6~

CHH SPh), 0.81 (3H, s, H1S)ppm; mlz. [El eV] M+-H20 482 (1 %), M+CH2Ph 391 (5),91 (100, CH2Ph).
OCOMe

13Bc.

PhCHzO

3-Benzyloxy-6{3-hydroxy-6a-thiophenoxymethyl-17{3-acetoxy-estra-1,3,
5(10)-triene (138c, p.69).

To a solution of 138a (20mg, 0.04mmol) in freshly distilled pyridine
(3.0ml), acetic anhydride (0.2ml, 2.1111mol, 53.0eq) was added and
','

'.-'

stirred at room temperature for 40 hours. Anhydrous methanol (4.0ml)
was added and stirred for an additional 30 minutes, whereupon the
remaining pyridine was azeotroped with anhydrous benzene yielding a

.',

crude product (20mg). Chromatography, eluting with methylene
chloride: ethyl acetate (5:1), gave 6a-thiophenoxymethyl-17~-acetate,

138c (14mg, 65%) as a pale yellow transparent gum;

oH

(400MHz,

COCI3, Me4Si) 7.43-7.17 (10H, m, 3-0CH2Ph and 6a-CH2SPh), 7.23
(1 H, J

= 2.8Hz,

d, H4), 7.18 (1 H, J

=
=

= 8.5Hz,

d, H1), 6.86 (1 H, J

=

2.818.7Hz, dd, H2), 5.05 (2H, J 10.3/12.9Hz, dd, 3-0ClliPh), 4.61 (1 H,
J = 8.2Hz, t, H17), 3.46 (1 H, J 14.1 Hz, d, 6a-CH HSPh), 3.31 (1 H, J

=

14.4Hz, d, 6a-CHH SPh), 2.65 (1H, s, 6~-OH), 2.03 (3H, s, 17~
OCOMe), 0.71 (3H, s, H1S)ppm; Oc (100MHz) 170.98 (R4C, 17~
OCOMe), 157.31 (R4C, C3), 142.0, 136.95 (R4C, 3-0CH2Ph), 136.76
(R4C, 6a-CH2SPhl, 131.84 (R4C), 129.82, 129.05, 128.45, 127.82,
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127.41, 126.28, (ArCH, 3-0CH2Ph and 6a-CH2SPh), 126.21 (ArCH,
C1), 114.78 (ArCH, C4), 112.53 (ArCH, C2), 82.89 (R3CH, H17), 73.61
(R 4C, C6), 69.96 (R2CH2, 3-0CH2Ph), 48.93 (R3CH), 48.21 (R2CH2, 6aCH2SPh), 44.63 (R3CH), 42.81 (R4C), 39.06 (R2CH2), 36.80 (R4C),
36.64,29.58,27.25,25.70,22.24 (R2CH2), 21.04 (RCH3, 17~-OCOMe),
11.99 (RCH3, C1s)ppm; mlz. [El eVl M+ - H20 524 (6%), 109 (11,
PhSH), 91 (100, CH2Ph), 65 (17), 43 (48, COMe), 20 (23).
OCOMe

140b

PhCH~

OCOMe
I',

.1
.' !

3-Benzyloxy-61;-acetoxymethyl-61;-hydroxy-17(J-acetoxyestra-1 ,3,5(10)
-triene (140b, p.73).
To a solution of 140a (10mg, 0.025mmol) in freshly distilled pyridine
(2.0ml), acetic anhydride (0.28ml, 2.9mmol, 116eq) was added and
stirred at room temperature for 48 hours. Anhydrous methanol (5.0ml)
was added and stirred for an additional 30 minutes, whereupon the
remaining pyridine was azeotroped with anhydrous benzene yielding a
crude product (0.03g). Chromatography, eluting with methylene
. chloride: ethyl acetate (3:2), gave the diacetate, 140b (0.01g, 83%);
Umax /cm- 1 (CHCI3) 3601.6 (OH, 6-0H), 1722.3 (C=O, 6-CH20COMe
and 17~-OCOMe), 1609.4 (arom, C=C); iiH (250MHz, CDCI3, Me4Si)
7.45-7.32 (6H, m, Hl and 3-0CH2Ph), 7.14 (1 H, J - 2.5Hz, d, H4), 6.91
(1 H, J - 2.5/8.0Hz, dd, H2), 5.06 (2H, s, 3-0CH2Ph), 4.69 (1 H, J - 8.0Hz,
t, H17l, 4.374 (1 H, J - 12Hz, d, 6-CH HOCOMe), 4.209 (1 H, J - 12Hz, d,
6-CHH OCOMe), 2.08 and 2.06 (6H, 2(s), 17~-OCOMe and 6CH20COMe), 0.83 (3H, s, H1S)ppm.

3-Benzyloxy-6-chloromethyl-17(J-tosyloxyestra-1 ,3,5(10)6-tetraene
(199d, p.91). '
To a solution of 6-allylic alcohol, 66a (97mg, 0.25mmol) in freshly
distilled pyridine (0.07ml, 0.50mmol, 2.0eq) and chloroform (5ml) at
_10°C, p -toluenesulphonyl chloride (0.24g, 1.25mmol, 5.0eq) was
added in small portions, allowed to warm to room temperature and
stirred for 5 hours. Water (15ml) and diethyl ether (10ml) were added
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and the reaction mix extracted with diethyl ether (3x30ml).

The

combined ether layers were washed with hydrochloric acid (2M,
3x40ml), saturated sodium bicarbonate (3x30ml), brine (2x30ml), dried
'(MgS04) and solvent removed in vacuo to afford crude product (0.09g).
Chromatography, eluting with methylene chloride: diethyl ether (9:1),
gave the '6-chloromethyl-17~-tosylate' (20mg, 15%); OH (250MHz,
COCI3, Me4Si) 7.B7 (2H, J - BHz, d, 17-0S02C6!:l.4.Me), 7.47-7.32 (7H,
m, 3-0CH2Ph and 17-0S02C6!:l.4.Me), 7.15 (1H, J - BHz, d, Hl), 7.06
(1 H, J - 2.5Hz, d, H4), 6.B5 (1 H, J - 2.5/BHz, dd, H2), 6.07 (1 H, s, H7),
5.07 (2H, s, 3-0CH2Ph), 4.46 (1H, J - BHz, d, 6-CH HCI), 4.3B (1H, JBHz, H17), 4.29 (1 H, J - BHz, d, 6-CHH Cl), 2.46 (3H, s, 17OS02CSH4·Me), 0.B2 {3H, s, H1S)ppm; mlz. [El eV] M+-HCI526 «2%) ,
91 (100, CH2Ph), [Cl eV] M+-CI 527.2256 (10, C33H3S04S1), 445 (B),
391 (1B), 355 (73), 269 (50), 190 (100), 10B (BB), 91 (25, CH2Ph), and
hydrolysed 6-allylic chloride, 199c (7mg, 5%); umax/cm-1 (CHCI3)
3614.B (OH, 17-0H), 1602.7 (C=C); 735 (C-CI); OH (250MHz, COCI3,
Me4Si) 7.47-7.32 (5H, m, 3-0CH2Ph), 7.20 (1 H, J - BHz, d, Hl), 7.0B
(1 H, J - 2.5Hz, d, H4), 6.B7 (1 H, J - 2.518Hz, dd, H2), 6.15 (1 H, s, H7),
5.09 (2H, s, 3-0CH2Ph), 4.49 (1 H, J - 9Hz, d, 6-CH HCI), 4.32 (1 H, J 9Hz, d, 6-CHH Cl), 3.76 (1H, m, H17), 0.7B (3H, s, H1S)ppm; mlz. [El eV]
91 (100%, CH2Ph), [Cl eV] MH+ 409 «2%), 375 (74), 106 (23), 91
(100, CH2Ph).

3-Benzyloxy-6-chloromethyl-17{3-mesyloxyestra-1, 3, 5(1 O)-6-tetraene
(19ge, p.94).
To a solution of 6-allylic alcohol, 66a (0.10g, 0.26mmol) freshly distilled
triethylamine (0.07ml, 0.51 mmol, 2.0eq) at _10°C, methanesulphonyl
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chloride (1.0ml, 2% soln. in CHCI3, 0.26mmol, 1.0eq) was added
dropwise, allowed to warm to room temperature and stirred for 35
hours.

Water (15ml) and diethyl ether (10ml) were added and the

reaction mix extracted with diethyl ether (3x40ml). The combined ether
layers were washed with hydrochloric acid (2M, 3x50ml), saturated
sodium bicarbonate (3x40ml), brine (2x50ml), dried (MgS04) and
solvent removed in vacuo to afford crude product (0.09g).
Chromatography, eluting with methylene chloride: diethyl ether (9:1),
gave the 6-chloromethyl-17~-mesylate, 19ge (49mg, 40%); IiH
(250MHz, COCI3, Me4Si) 7.43-7.25 (5H, m, 3-0CH2Ph), 7.18 (1 H, J 8.0Hz, d, H1), 7.08 (1 H, J - 2.5Hz, d, H4), 6.86 (1 H, J - 2.5f8.0Hz, dd,
H2), 6.11 (1 H, s, H7), 5.08 (2H, s, 3-0CH2Ph), 4.59 (1 H, J - 8.0Hz, t,
H17), 4.53 (1 H, J - 14Hz, d, 6-CH HCI), 4.31 (1 H, J - 14Hz, d, 6-CHH
Cl), 3.01 (3H, s, 17p-OS02Me), 0.86 (3H, s, H1S)ppm; mlz. [El eVI M+
486 (1%), 450, (5),354 (7), 261 (8), 171 (7), 91 (100, CH2Ph), [Cl eV]
MW 487.1710 (22, C27H3204SCI), 504 (16), 451 (68), 391 (32), 357
(80),265 (32), 204 (18), 108 (100), 91 (38, CH2Ph); and the hydrolysed
6-chloromethyl-17~-hydroxy by-product, 199c (17mg, 16%); Vmax fcm- 1
(CHCI3) 3614.6 (OH, 17~-OH); IiH (250 MHz, COCI3, Me4Si) 7.44-7.34
(5H, m, 3-0CH2Ph), 7.20 (1H, J - 8.0Hz, d, H1), 7.08 (1H, J - 2.5Hz, d,
H4), 6.85 (1 H, J - 2.518.0Hz, dd, H2), 6.11 (1 H, s, H7), 5.09 (2H, s, 3OCli2Ph), 4.49 (1 H, J - 10Hz, d, 6-CH HCI), 4.31 (1 H, J - 10Hz, d, 6CHHCI), 3.76 (1 H, .J - 8.0Hz, t, H17), 0.77 (3H, s, H1S)ppm; mlz. [El eV]
91 (100%, CH2Ph), [Cl eV] MH+ 409 (4), 375 (75), 285 (16), 106 (22),
91 (100, CH2Ph).
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3.2.

Functionalisation at position 17 ; intermediates prepared as part
of an approach to target amine (52. scheme 6. p.40).

77.

PhCH~

3-Benzyloxy-17(3-hydroxyestra-1,3,5(10)-triene (77, p.92)
To a solution of 17~-estradiol. 51 b (2.02g, 7.4mmol) in anhydrous
tetrahydrofuran (20ml) and dimethylsulphoxide (2.0ml), sodium hydride
(60% dispersion in oil. 0.36g. 8.93mmol. 1.2eq) was added.

After

stirring for 30 minutes at room temperature, freshly distilled benzyl
bromide (0.87ml, 7.34mmol. 1.Oeq) was added and stirred for 45
minutes. Water (50ml) was added and the reaction mixture extracted
with ethyl acetate (4x70ml). The combined organic layers were washed
with water (3x100ml), dried (MgS04) and the solvent removed in vacuo
to afford crude product (2.89g). Flash chromatography, eluting with
petroleum ether (bp. 40/60°C) : ethyl acetate (7:2) afforded the benzyl
ether, 77 (2.49g, 93%) as a white I cream coloured crystalline solid;
mp. 104.5-105.3°C (from acetone [lit.274 mp. 106-108°C]); oH (400MHz,
COCI3, Me4Si) 7.44-7.30 (5H, m, 3-0CH2Ph), 7.19 (lH, J - 8.0Hz, d,
H1), 6.78 (1 H, J - 2.5/8.0Hz, dd. H2), 6.71 (1 H, J - 2.5Hz, d, H4), 5.02
(2H. s. 3-0Cl::!.2Ph), 3.72 (1 H, J - 8.0Hz, t, H17), 2.83 (2H, m, He), 0.77
(3H, s, H1S); Oc (100MHz) 156.66 (R4C, C3), 137.95, 137.28, 132.89
(R4C), 128.48, 127.78, 127.39 (ArCH, 3-0CH2Ph), 126.29 (ArCH, Cl)
114.79 (ArCH, C4) 112.21 (ArCH. C2), 81.77 (R3CH, C17), 69.87
(R2CH2, 3-0CH2Ph), 49.97, 43.91 (R3CH), 43.19 (R4C), 38.77 (R3CH),
36.67,30.49 (R2CH2), 29.76 (R2CH2, Ce), 27.21, 26.274, 23.08 (R2CH2).
11.04 (RCH3, C1s)ppm; m/z [El, eV] M+ 362.2246 (20%, C25H300 2), 91
(100, CH2Ph), [Cl eV] MH+.363 (100), 108 (15),91 (88, CH2Ph).

3-Benzyloxy-17(3-mesyloxyestra 1,3,5(10)-triene (78b, p.94).
Benzyl ether, 77 (2.909, 8.06mmol) was dissolved in methylene
chloride (100ml) and cooled to -10°C. Freshly distilled triethylamine
(2.30ml, 16.5mmol, 2.0eq) was added, followed by mesyl chloride
(0.69ml, 8.90mmol, 1.leq) dropwise over 10 minutes with constant

-138-

stirring. The reaction mix was stirred for a further 30 minutes at -5°C,
whereupon, ice/water (150ml) was added. The organic layer was
separated and washed with hydrochloric acid (2M, 3x50ml), saturated
sodium carbonate (3x50ml), water (50ml), dried (MgS04) and solvent
removed in vacuo to afford crude mesylate (3.63g). Purification with
flash chromatography, eluting with petroleum ether (bp. 40/60°C) : ethyl
acetate (3:1) gave the mesylate, 78b (3.14g; 89%) as a cream
coloured. crystalline solid, mp. 137.0-138.0°C (from ethanol); bH
(400MHz, CDCI3, Me4Si) 7.43-7.30 (5H, m, 3-0CH2Ph),7.19 (1H, J 8.0Hz, d, Hl), 6.78 (1H, J - 2.5/8.0Hz, dd, H2), 6.72 (1H, J - 2.5Hz, d,
H4), 5.03 (2H, s, 3-0ClliPh), 4.57 (1 H, J - 8.0Hz, t, Hd, 3.01 (3H, s,
17-0S02Me), 2.84 (2H, m, Hs), 0.87 (3H, s, H1S)ppm; be (100MHz) 156
82 (R4C, C3), 137.77, 137.29, 132.40 (R4C) , 128.50, 127.81, 127.4
(ArCH,3-0CH2Ph), 126.32 (ArCH, Cl), 114.87 (ArCH, C4), 112.35
(ArCH, C2), 89.44 (R3CH, C17), 69.92 (R2CH2, 3-0CH2Ph), 49.05, 43.67
(R3CH), 43.29 (R4C), 38.52 (R3CH), 38.17 (RCH3, 17-0S02Me), 36.37
(R2CH2), 29.64 (R2CH2, Cs), 27.95, 27.05, 25.98, 23.04 (R2CH2), 11.72
(RCH3, C1S)ppm; mlz [El, eV] M+ 440.2021 (28%) C2sH3204S, 344 (25,
M+- CH2Ph), 91 (100, CH2Ph), [Cl eV] MH+.441 (10),364 (8), 345 (70,
MH+ - CH2Ph), 255 (100), 91 (32, CH2Ph).

79.

3-Benzyloxy-17a-azidoestra-1,3,5(10)-triene (79, p.95).

A solution of

17~-mesylate,

78b (0.24g, 0.54mmol), sodium azide

(0.2g, 3.0mmol, 5.0eq), anhydrous lithium chloride (0.1g, 2.7mmol,
5.0eq) in freshly distilled N-methyl-2-pyrrolidinone (140ml) was
prepared and stirred for 30 minutes. The reaction mixture was heated
to 160°C under nitrogen and after 5.75 hours, allowed to cool to room
temperature, whereupon water (30ml) was added. The reaction
mixture was extracted with diethyl ether (4x40ml) and the combined
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organic layers washed with water (4x80ml), dried (MgS04) and solvent
removed in vacuo to afford a dark brown gum (0. 17g).

Flash

chromatography eluting with petroleum ether (bp. 40/60°C) : diethyl
ether (10: 1) gave three products, the desired' 17a-azido' compound,
79 (O.08g, 39%) as a colourless gum (attempts to crystallise 79 were
unsuccessful); Umax 1 cm- 1 2100.8 (N3), 1607.1 (C-O, 3-0CH2Ph); bH
(400MHz, CDCI3, Me4Si), 7.44-7.30 (5H, m, 3-0CH2Ph), 7.21 (1 H, J 8.0Hz, d, H1), 6.78 (1 H, J - 2.518.0Hz, dd, H2), 6.71 (1 H, J - 2.5Hz, d,
H4), 5.03 (2H, s, 3-0ClliPh), 3.58 (1 H, J - 6.6Hz, d, H17), 2.84 (2H, m,
H6),0.78 (3H, s, H1S)ppm; be (100MHz) 156.62 (R4C, C3), 137.85,
137.19, 132.68 (R4C) , 128.42, 127.73, 127.33, (ArCH, 3-0CH2Ph),
126.27 (ArCH, C1), 114.69 (ArCH, C4), 112.16 (ArCH, C2), 71.47 (R3CH,
Cd, 69.82 (R2CH2, 3-0CH2Ph), 48.43 (R3CH), 45.96 (R4C), 43.33,
38.95 (R4CH), 32.47, 29.73, 29.58, 28.56, 27.86, 26.09, 24.18 (R2CH2),
17.56 (RCH3, C1S)ppm; m/z [El eV] M+ 387.2311 (8%) C2SH29N30, 359
(6, M+ - N2), 91 (100, CH2Ph), [Cl, eV] MW 388 (46), 360 (55, MH+ N2), 108 (28),91 (100, CH2Ph); the '16,17-dehydro' compound, 201 d
(0.03g,17%) as a transparent yellow coloured gum; bH (400MHz;
CDCI3; Me4Si), 7.43-7.30 (5H, m, 3-0CH2Ph), 7.19 (1H, J = 8.5Hz, H1),
6.77 (1H, J = 2.718.4Hz, dd, H2), 6.72 (1H, J = 2.8Hz, d, H4), 5.91 (1H, J

= 1.7/5.7Hz,dd, H17), 5.74 (1 H, ddd, J = 4.49/5.68/5.71 Hz, H16), 5.03
(2H, s, 3-0ClliPh), 0.78 (3H, s, H1s)ppm; m/z [El eVl M+ 344.214
(15%) C25H2S0, 91 (100, CH2Ph), [Cl eV] MNH4+ 362 (8), MW 345
(100), 108 (20), 91 (13, CH2Ph) and the '17a-chlora' adduct, 201 a
(0.04g, 20%) as a colourless gum;

bH

(400MHz, CDCI3, Me4Si), 7.43-

7.30 (5H, m, 3-0CH2Ph), 7.21 (1 H, J = 8.5, Iz, d, Hl), 6.78 (1 H, J =

=

2.918.5Hz, dd, H2), 6.71 (1H, J 2.7Hz, d, H4), 5.02 (2H, s, 3-0ClliPh),
4.11 (1 H, J 6.2Hz, d, H17), 2.84 (2H, m, H6), 0.82 (3H, s, H1S)ppm; be

=

(100MHz) 156.64 (R4C, C3), 137.88, 137.21, 132.72(R4C), 128.43,
127.73,127.34, (ArCH, 3-0CH2Ph), 126.31 (ArCH, C1), 114.71 (ArCH,
C4), 112.19 (ArCH, C2), 71.19 (R3CH, Cd, 69.85 (R2CH2, 3-0ClliPh),
47_25 (R3CH), 46.40 (R4C), 43.26, 39.14 (R3CH), 34.22, 33.69, 29.78,
29.6, 27.89, 26.38, 24.15 (R2CH2), 17.99 (RCH3, C1s)ppm; m/z [El eV]
M+ 380.1907 (5%) C25H290CI, 91 (100, CH2Ph), [Cl eVl MW 381
(100),345 (23, MW -HCI), 108 (95), 91 (42, CH2Ph).

3-Hydroxy-17a-aminoestra-1,3,5(10)-triene (52a, p.97).
To a solution of 17a-azide, 79 (0.12g, 0.32mmol) in ethyl acetate
(10ml), palladium charcoal (10%, 0.05g, 0.53mmol, 1.6eq) was added
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HO

and stirred slowly under nitrogen. The apparatus was connected to an
atmospheric pressure hydrogenator, and evacuated I flushed with
hydrogen until saturation of the reaction mixture. Hydrogenation was
allowed to proceed with rapid stirring overnight. The reaction mixture
was filtered and washed thoroughly with ethanol and ethyl acetate.
The reaction solvent was removed in vacuo to afford a brown crude
product (0.07g). Chromatograpy, eluting with petroleum ether (bp.
40/60°C) : ethyl acetate (1: 1) afforded 3-hydroxy-17a-amine, 52 a
(0.02g, 24%) as an opaque brown coloured gum (attempts to crystallise
were unsuccessful); OH (400MHz, CDCI3/CD30D, Me4Si), 6.98 (1H, J =
8.5Hz, d, Hl), 6.49 (1H, J = 2.718.4Hz, dd, H2), 6.42 (1H, J = 2.6Hz, d,
H4), 3.01 (1H, m, H17), 2.68 (2H, m, 17-NH2), 0.69 (3H, s, H1S)ppm; Oc
(100MHz) 154.66 (R4C, C3), 137.96 (R4C, Cs), 131.16 (R4C, C1Q),
126.45 (ArCH, Cl), 115.43 (ArCH, C4), 112.98 (ArCH, C2), 60.01 (R3CH,
C17),48.47, 43.51, 39.15 (R3CH), 32.30, 29.76, 29.28, 28.20, 26.21,
24.73 (R2CH2), 18.37 (RCH3, C1S)ppm; mlz [El eV] M+ 271 (18%),254
(20),213 (18), 56(100), [Cl eVl MH+ 272.2014 (100) ClsH29NO, 312
(38),255 (15, MH+ - NH2H+).

AcO
3-Acetoxy-17a-acetamidestra-1,3,5(10)-triene (52b, p.98).

To a solution of 17a-amine, 52a (0.3g, 1.1mmol) in freshly distilled
pyridine (10ml), acetic anhydride (O.Sml, 5.45mmol, 5.0eq) was added
and stirred at room temperature for 20 hours. Anhydrous methanol
(10ml) was added and stirred for an additional 30 minutes, whereupon
the remaining pyridine was azeotroped with anhydrous benzene to
give a crude product (0.37g). Chromatography, eluting with chloroform
: ethanol (30:1) gave the 17a-acetamide, 52b (0.14g, 37%) as a
transparent yellow gum (attempts to crystallise were unsuccessful);
umax/cm-l 3442 ( 17a-NH), 1748, 1662 (C=O, 3 & 17-COMe); OH
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(400MHz, CDCI3, Me4Si), 7.28 (1 H, J = 8.3Hz, d, Hl), 6.83 (1 H, J =

2.4/8. 4Hz, dd, H2), 6.79 (1H, J = 2.4Hz, d, H4), 5.71 (1H, J = 8.8Hz, d,
17-NHCOMe), 4.05 (1H, J = 7.7Hz, t, H17), 2.27 (3H, s, 17-NHCOMe),
1.99 (3H, s, 3-0COMe), 0.83 (3H, s, H1S)ppm; Oc (100MHz) 169.89,
169.34 (R4C, 3-0COMe and 17-NHCOMe), 148.43, 138.08 (R4C),
126.48 (ArCH, Cl), 121.49 (ArCH, C4), 118.63 (ArCH, C2), 58.08 (R3CH,
Cn), 49.88 (R3CH), 45.08 (R4C, Cd, 43.84, 38.73, 32.68 (R2CH2),
30.29 (R2CH2, CB), 29.58, 27.91, 26.03, 24.40 (R2CH2), 23.46 (RCH3, 3OCOMe), 21.13 (RCH3, 17-NHCOMe), 18.09 (RCH3, C1S)ppm; mlz [El
eV] M+ 355.2147 (33%) C22H29N03, 313 (100, M+ - HCOMe), 254 (28,
M+ -[HCOMe + MeCOO]) , 213 (85), 160 (48), 56 (34), [Cl eV] MW 356
(100), 314 (7).

Me

,NHP(O)(OEt)2

-

201b.

3-Benzyloxy-17a-(diethylphosphoramido)estra-1 ,3,5(1 O)-triene

(201 b, p.98).
To a solution of 17a-azido estratriene, 79 (0.63g, 1.63mmol) in
anhydrous benzene (20ml), freshly distilled triethylphosphite (2.8ml,
16.3mmol, 10.0eq) was added dropwise to the stirring reaction mixture.
The temperature of the slightly exothermic reaction was kept below
30°C using an ice I water bath. The solution was left stirring for 20
hours at room temperature whereupon anhydrous hydrogen chloride
was bubbled through the solution for 2.5 hours until saturation. After
standing overnight, the reaction solvent was removed in vacuo to give
a clear yellow oil (0.67g). Chromatography, eluting with petroleum
ether (b.p., 40/60°C) : diethyl ether (10:1) gave the '3-benzyloxy-17adiethyl-phosphoramido' adduct (201 b, 52%) as a transparent yellow
gum; vmax/cm-l 3681, 3601 (w,17a-NH), 1240 (s, P=O); OH (250MHz,
CDCI3, Me4Si), 7.44-7.31 (5H, m, 3-0CH2Ph), 7.27 (1 H, J - 8.0Hz, d,
Hl), 6.78 (1H, J - 2.5/8.0Hz, dd, H2), 6.71 (1H, J - 2.5Hz, d, H4), 5.03
(2H, s, 3-0ClliPh), 4.17-4.02 (4H, m, 17-NHP(O)(OC.!:i2Mel2l, 3.65
(1 H, m Hn), 2.84 (2H, m, HB), 1.33 (6H, m, 17-NHP(O)(OCH2 Mel2l,
0.78 (3H, s, H1S)ppm; and the '3-hydroxy-17a-diethylphosphoramido'
derivative (201c, 3.3%) as a transparent yellow gum; OH (250MHz,
CDCI3, Me4Si), 7.11 (1 H, J - 8.0Hz, d, H1), 6.67 (1 H, J - 2.5/8.0Hz, dd,
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H2), 6.57 (1 H, J - 2.5Hz, d, H4), 4.10-4.04 (4H, m, 17-NHP(O)
(OCH 2 Meh), 3.12 (1 H, m H17), 2.80 (2H, m, He), 1.34 (6H, m, 17NHP(O)(OCH 2Me)2), 0.74 (3H, S, H1S)ppm.
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3.3. Model systems.

rYl

MeO~

108.

CHO
7-Methoxy-1, 2,3, 4-tetrahydrobenzocyclohexen-1-carboxaldehyde

(108, p.51).
Trimethylsulphonium iodide (1.75g, 8.49mmol, 3.0eq), dissolved in dry
dimethylsulphoxide (7.6ml), was added dropwise to stirred solution of
sodium hydride (60%, 0.34g, 8.49mmol, 3.0eq) and methoxy-1tetralone 106 (0.52g, 2.83mmol) in dry dimethylsulphoxide (7.6ml).
The reaction mixture was then stirred for 30 minutes at room
temperature in the absence of light under nitrogen. The pink solution
was poured onto ice / water (57ml) and extracted with ethyl acetate
(3x60ml). The combined organic layer was washed once with water
(100ml) and then dried (MgS04). The reaction solvent was removed in
vacuo giving a brown viscous oil (0.55g). Purification with flash
chromatography afforded the aldehyde as a brown coloured gum
(0.45g, 24%), lJmax/cm·1 (Nujol) 1726.4 (CO, 1-CHO); I'lH (250MHz,
CDCI3, Me4Si) 9.64 (1 H, J - 2.0Hz, d, 1-CHO), 6.73 (1 H, J - 8.0/2.5Hz,
dd, Hs), 6.66 (1 H, J - 2.5Hz, d, Ha), 3.77 (3H, S, 7-0CH3), 7.07 (1 H, J 8.0Hz, d, Hs), 2.70 (2H, J - 8.0Hz, t, H4), 2.10 (2H, m, H3)ppm.

232.

(T/6-Anisole)tricarbonylchromium. (232, p.113).

Hexacarbonylchromium (1.11 g, 5.0mmol, 0.08eq), anisole, 231
(6.90ml, 63.0mmol), n -dibutyl ether (40ml) and anhydrous
tetrahydrofuran (4.0ml) were mixed under nitrogen. The reaction
mixture was repeatedly evacuated and flushed with nitrogen, and left
under gentle nitrogen stream. Light was excluded, and the reaction
mixture heated to just under reflux. After 24 hours, the mixture was
allowed to cool to ambient temperature, filtered through anhydrous
silica and washed with additional n -dibutyl ether. The solvent was
removed in vacuo
(avoiding water aspiration), to yield after
recrystallisation, canary yellow needle shaped crystals (0.90g, 55%),
-144-

mp 83.5-84.2°C [from diethyl ether / petroleum ether (bp. 40/60°C),
1it.,267 mp. 84-85°C]; l'max/cm-1 (Nujol) 3100 (ArH), 2920 (CH, Me),
2852 (OMe), 1944 and 1856 (CO), 1530 (Ar C=C)cm- l ; OH (250MHz,
CDCI3 / Me4Si), 5.55 (2H, J - 8Hz, t, HI and H4), 5.12 (2H, J - 8Hz, d,
HI and H4), 4.88 (1 H, J - 8Hz, t, H3), 3.71 (3H, s, OMe)ppm.

234.

(TJ6-6-methoxy-1 ,2,3, 4-tetrahydronaphthalene) tricarbonylchromium.

(234, p.11S).
6-Methoxytetralin 233 (85%, 1.20ml, 7.0mmol), hexacarbonylchromium
(2.29g, 10.4mmol, 1.5eq), anhydrous tetrahydrofuran (11 ml) and n
-dibutyl ether (40ml) were mixed under nitrogen. The reaction mixture
was repeatedly evacuated and flushed with nitrogen, and left under
gentle nitrogen stream. The mixture was slowly heated to just under
reflux in the absence of light. After 72 hours the reaction mixture was
allowed to cool to ambient temperature, filtered through anhydrous
silica and washed with additional n -dibutyl ether. The solvent was
removed in vacuo

to afford an intense yellow crystalline solid.

Purification with flash chromatography eluting with ethyl acetate :
petroleum ether (bp. 40/60°C) afforded (6-methoxytetralin)tricarbonylchromium 234 (1.51g, 61%), mp 88.5-89.8°C (from diethyl
ether / pentane) (lit.,272 mp. 90-91°C), l'max/cm-1 (Nujol) 1944, 1868
and 1840 (CrC0 3); OH (250MHz, acetone-ds / Me4Si) 5.77 (1 H, J 8.0Hz, d, Ha), 5.40 (1 H, J - 2.5Hz, d, Hs), 5.36 (1 H, J - 8.012.5Hz, dd,
H7), 3.72 (3H, s, OCH3), 2.81-2.42 (4H, m, HI and H4), 1.74 (4H, m, H2
and H3)ppm.

(Yl

MeO~

235a.

Me
7-Methoxy-1-methyl-1,2,3, 4-tetrahydronaphthalene. (235a, p.11S).

(6-Methoxy-tetralin) tricarbonylchromium (0.22g, 0.74mmol) in
dimethoxy ethane (20ml) and sodium bis(trimethylsilyl)amide (3.70ml,
1.0M in THF, 3.70mmol, 5.0eq) were added at room temperature and
stirred for 2 hours under nitrogen. Methyl iodide (1.0ml, 15.98mmol,
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22.0eq) was added and stirred for a further 60 minutes, whereupon the
mixture was acidified with hydrochloric acid (10ml, 2.0M) and extracted
into diethyl ether (3x). The combined ether extracts were washed with
sodium bicarbonate solution (8%), water, dried (MgS04) and
decomplexed in air and sunlight.

The reaction mixture was filtered

through anhydrous silica and washed with additional diethyl ether. The
solvent was removed

in vacuo to afford a 1:1 mixture of starting

material and methylated product (235a, 0.17g) as a dark brown gum;
OH (60MHz, acetone-d6 / Me4Si) 7.20-6.59 (3H, m, ArCH's), 3.73 (3H, s,
OCH3), 3.0-2.69 (m, benzylicCH2's), 2.10-1.57 (4H, m, H2 and H3), 1.27
(3H, J - 7.0Hz, d, 1-Me)ppm.
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APPENDIX.
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Karplus equation.

The relationship between the dihedral angle tP • and the vicinal coupling
constant J v. is given theoretically by the Karplus equations:

Jv

=J

Jv = J

where J 0 and J

cos2 tP - 0.28

0

180 COS2tP

180

-

(0° S tP

0.28

S

90°)

(90° s tP s 180°)

are constants which depend on the substituents on
the carbon atom.
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