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ABSTRACT

The more recent developments in the
fields of prostaglandin and thromboxane chemistry,
and biochemistry, are briefly discussed. The
existing syntheses of thromboxane-B2 and analogues
of thromboxane-A2 are comprehensively reviewed.

Various synthetic approaches to, and
the successful synthesis of, a key thromboxane-B2
synthon from a sugar precursor are presented.

Some synthetic approaches to a novel thromboxane-A2

analogue are also discussed.



TABLE OF CONTENTS

INTRODUCTION

@

A brief survey of the history and development
of the prostaglandins

(2) The biochemistry of prostaglandins and
thromboxanes

() Syntheses of Thromboxane B2

(@) Syntheses and biochemistry of analogues of
Thromboxane A2

(5) Pharmacological development
References

DISCUSSION

(1) General introduction

(2) Synthesis and reactions of 1,6-anhydro-2,4-
dideoxy-R-D-glycero-hexopyranos-3-ulose

(3 Synthesis and reactions of 1,6-anhydro-2,4-
dideoxy-4-phenylthio-8-D-erythro-hexopyranos-
3-ulose

(4) Synthesis of the Thromboxane B2 synthon,
methyl 2 ,4-dideoxy-4-C-carboxymethylene-a-
D-xylo-hexopyranoside-y-lactone

(5) Synthetic approaches to an analogue of

Thromboxane A2

References

EXPERIMENTAL

Page No

29

49
75

a4

85

96

120

137

156

178

186



A BRIEF SURVEY OF THE HISTORY AND DEVELOPMENT OF PROSTAGLANDINS

The biological activity of what were to become known
1.2

as prostaglandins was first reported m the 1930°s, but it

was not until thirty years later that Bergstrom,s’4

at the
Karolinski Institute succeeded in isolating and characterising
several of the primary prostaglandins. Synthetic and biological
investigations rapidly followed on. In 1964 Bergstrom'” and
van Dorpg demonstrated that the prostaglandins were derived
from arachidonic acid, and soon after, Samuelsson provided
experimental evidence for the intermediacy of the endoperoxi'des7
and proposed a radical mechanism for their formation.8 Meanwhile
several total syntheses of the primary prostaglandins had been
published. Numerous reviews of this area exist.9

The endoperoxides, being unstable compounds with
half-lives of about 5 minutes in aqueous solution at room
temperature were somewhat difficult to work with, and it was
not until 1973 that Samuelsson succeeded in isolating PGH2 (3),
and shortly afterwards PGGj™ ~ (4). The structures he
proposed were eventually confirmed with the total synthesis of
the compounds. PGH2 methyl ester was prepared in 1977 by
Johnson et al.13 and Porter et al.,l4 and the less stable parent
acid by Porter**""” the following year. The common iIntermediate
in these syntheses was the dibromide (1) derived from the
disulphonate ester of FCF2a react-on with lithium bromide
(Scheme 1). Treatment of this by commercial lipase enzyme
produced the free acid in good yield, which on reaction with a
large excess of silver trifluoroacetate and hydrogen peroxide

gave PGH2 (3).



Porter16 succeeded in synthesising PGG2 shortly
afterwards. PGG2 can be formed from the tri-halide (+), in
one step, by reaction with an excess of silver trifluoroacetate
and hydrogen peroxide (Scheme 2).

The endoperoxides were found to be much more biologically
active than the primary prostaglandins and soon became the focus
of a considerable biological research effort.

In 1975, Samuelsson17 isolated a new prostanoid,
thromboxane-B2 (TXB2>, from the incubation of human platelets
with arachidonic acid. Accompanying its formation were 12-
hydroxy-5,8,10-heptadecatrienoic acid (HHT) and malondialdehyde.
Performing the incubation under labelled oxygen led to formation
of TXB2 labelled in the three positions shown (Scheme 3). An
unstable intermediate in the formation of TXB2 was detected by
trapping experiments using several nucleophiles. Methanol,
ethanol and sodium azide led to derivatives of TXB2 with the
hemiacetal hydroxyl group substituted by methoxy, ethoxy or
azide. This indicated the strained oxetane structure (6)
(Figure t+), which should be very susceptible to nucleophilic
attack. Addition of deutero-methanol to the incubated plarelets
did not lead to incorporation of deuterium attached to carbon in
the TXB2 formed, thus ruling out the dihydropyran structure (7).
The carbonium ion structure (8) could be excluded because of its
extreme instability in aqueous medium.

TXB2 has been synthesised by several different routes,
the fFirst total syntheses utilising non-prostanoid precursors
coming from Corey et al. and Hanessian et al. TXA2 is a
very unstable molecule with a half-life of only 37 seconds in

agueous medium, and to date has not been synthesised, so its
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structure has not yet been finally confirmed. Several
analogues have however been made,20 with activities which
suggest the proposed structure is correct.

TXB2 is not very active physiologically, but its
precursor, TXA2 is one of the most potent plateletaggregating
and muscle constricting agents known.

Alother unstable metabolite of the endoperoxides

was isolated m 197621 and characterised soon after by Vane

et al.22 A synthesis by Corey23 soon followed and confirmed
the proposed structure. The starting material was the 11,15-bis-
(tetrahydropyranyl)ether of PGF2a (9) (Scheme 5). Bromo-
etherification with N-bromosuccinimide iIn tetrahydrofuran
produced a mixture of bromo-ethers (10) and (11). Removal of
the tetrahydropyranyl protecting group followed by dehydro-
bromination with potassium tert-butoxide gave PGI12 (12),
prostacyclin.

This compound is formed in the cell walls and has
an almost opposite activity profile to that of TXA2, being a
potent anti-aggregating agent and a vasco-dilator.

The balance of TXA2 and PGI2 may control many
biological systems e.g. the maintenance of the vascular tone.

Recently yet another biologically active family of
compounds derived from arachidonic acid has been identified.
These have been named the leukotrienes (LT), Figure 6. The
active member has been known since 1940, when the so-called
slow reacting substance (SRS) was isolated from lung tissue.25
However only in the past year has the structure been determined
by Samuelsson et al., who i1dentified three members of the

family i1.e. leukotrienes "A", *B*", and "C”. Leukotriene-C (LTC)
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appears to be 5-hydroxy, 6-glutathionyl arachidonic acid, and
has recently been synthesised by Corey et al.27 Different
tissues appear to produce leukotrienes with different amino-acid
residues i.e. Piper and Samuelsson have isolated and
identified a fourth member, named leukotriene-D, which contains
a glycyl-cysteinyl residue. The leukotrienes are mediators of

anaphylaxis and appear to be the major cause of the bronchospasm

occurring during asthma attacks.



LT-D
Scheme 6



BIOCHEMISTRY OF PROSTAGLANDINS

©O) Biosynthesis of Prostaglandins
The majority of prostaglandins are local hormones
which do not exist as preformed stores, but are formed in situ
as needed.30 Almost every type of mammalian tissue examined
has the capacity to synthesise prostaglandins, although the
amount and type vary considerably between different tissues.
They are formed from the essential fatty acids,31
the *1* series from dihomo-y-linolenic acid (13), the "2 series

from arachidonic acid (14), and the "3 series from 5,8,11,14,17

eicosapentaenoic acid (15).

The "2° series is the most important biologically.
The major source of arachidonic acid is membrane

phospholipid, principally lecithin (16).
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The enzyme responsible for cleaving the arachidonic
acid from the 2-position of lecithin is phospholipase A2- To
liberate arachidonic acid from the membrane, various co-factors
are needed by the phospholipase A2. This dependence provides
for a complicated biological control mechanism on the
availabflfty of arachidonic acid.32

The released arachidonic acid is then acted upon by
a microsomal enzyme called prostaglandin endoperoxide synthetase,
or cyclo-oxygenase which, in the presence of heme, converts it
into the endoperoxide PGG2 (Figure 7). IT tryptophan (a hydrogen
donor) 1is also present, the PGG2 is converted into PGHj.

The enzyme has been isolated from sheep and bovine
vesicular glands,33 and appears to consist of two subunits each
of 70,000 daltons weight. One mole of hemin per sub-unit 1is
needed for full activity.

Studies have shown that the oxygen functions at C-9
and C-11 arise from one molecule of oxygen35 possibly via a

radical mechanism 36 (Scheme 8).



Scheme 7
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However recent evidence37 suggests that singlet
oxygen (as a metal complex) may be the initiator of the
synthetase i.e. bilirubin, a singlet oxygen scavenger inhibits
synthetase activity, and chemiluminescence characteristic of
singlet oxygen has been observed.

Conversion to PGGj is not the only metabolic pathway
which can be followed by arachidonic acid. In blood platelets
a large proportion is converted, by lipoxygenase enzymes into
12-hydroperoxyeicosatetraenoic acid (12-HPETE), 15-hydroperoxy-
arachidonic acid (15-HPAA), and 5-hydroperoxyeicosatetraenoic
acid (6-HPETE) (Scheme 9).

The conversion into 15-HPAA, which is a potent
inhibitor of the formation of prostacyclin may be of great
importance iIn the vasculature.

5-HPETE 1is the precursor of the recently elucidated
leuc otriene (LT) family of compounds.gﬁ’no

From PGGj to the primary prostaglandins i.e. PGE2,
PGF2a and PGD2, there are two necessary transformations, namely
conversion of the endoperoxide bridge, by the endoperoxide
isomerase enzyme, to a 5-hydroxyketone etc., and reduction of
the 15-hydroperoxy function to a hydroxyl function. There are
therefore two possible pathways. Samuelsson39 has examined the
supernatent liquid from sheep seminal vesicles and identified
the major prostaglandin metabolites (in the absence of excess
glutathione) as 15-hydroperoxy-PGE2 and 15-keto-PGE2 (a meta-
bolite of PGE2). From this he inferred that the action of

isomerase, followed by peroxidase, was the major pathway.

However conflicting evidence comes from Ogino who has partially
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purified prostaglandin endoperoxide E isomerase, the enzyme

which converts PGH2 to PGE2. He found that in the presence of
glutathione PGG2 was converted to 15-hydroperoxy-PGE2. This
compound was not converted to PGE2 by prostaglandin endo-
peroxidase synthase, which converts PGG2 to PGH2. This indicated

that the order of transformation is AA -PGGQ-t PGH ., w» PGEQ.

2
Thromboxane A2 is obtained from arachidonic acid
via the endoperoxides. It can be made by platelet, lung,
leucocytes, umbilical artery, spleen, brain, Kkidney, and
seminal vesicles, and in some of these tissues is the major
pathway of arachidonic metabolism.”~ The enzyme which converts
PGH2 to TXA2 has been detected in platelet from several
species.42_44
The mechanism for the conversion of PGH2 to TXA2
could involve an initial polarisation of the endoperoxide bridge
(Scheme 10). On the basis of a summation of bond energies, the
transformation is energetically favourable AH = -38 kcal mol *,
but ring strain in TXA2 will tend to destabilise the molecule.
Investigations in the 1" and "3" series, have shown
that PGH2 but not PGH” is converted into thromboxane.45
Conflicting evidence has been reported for the conversion of
PGH-" to TXAN in platelets 6
Incubation of endoperoxide with aortic microsomes

47,48 Most arterial tissues, and also

produces prostacyclin.
stomach, lung, uterus, seminal vesicles and inflammatory
granuloma can produce PGI2, although platelets cannot.

The conversion of PGG2 to PGI2 is brought about by the

enzyme prostacyclin synthetase, which has so far not been



Scheme 10

investigated. Mechanistically, one can see that polarisation

of the endoperoxide bridge

occurring with TXA2 could

in the opposite direction to that

lead to PGI2 (Scheme 11).

15.
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Prostaglandin Metabolism

PGEj can be enzymatically converted to PGE” and
PGC2s which can also be obtained from PGA2. Deactivation of
prostaglandins in the body is rapid and involves a sequence of
several degradative steps. The main one is oxidation of the
15-hydroxyl function to a ketone. This occurs rapidly in the
lungs e.g. 95% of PGF2a present in the blood stream is deactiva-
ted by one passage through the Iungs.51 Reduction of the A13
double bond, two sequences of g-oxidation to the acid side
chain, and w-oxidation to the lower side chain are the other

degradative steps. This produces (17) which is the major human

urinary metabolite of PGF2a.

17 18

TXBj appears to be resistant to the 15-keto oxidase
enzyme. The major metabolite in monkeys 1is reported to be the
result of one sequence of g—oxidation52’53 i.e. (18). This
surprising result may be due to the rather unusual conformation

which TXB2 adopts. In the primary prostaglandin series, a

"hairpin® conformation is normal, whereas with TXA2 a "scorpion”



conformation seems to exist (see Figure 12). Presumably
this makes TXB2 a poorer substrate for the 15 hydroxy dehydro-

genase enzyme than the other prostaglandins.
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(ii) Biological Properties of Natural Prostaglandins
Since the early observations that prostaglandins

were biologically very active, a large number of diverse
effects have been discovered ,54 °55 for instance - stimulation
of j.hre pregnant uterus, and termination of the lifespan of
the corpus luteum
- control of gastric acid secretion in the stomach
- dilation and contraction of arteries
- control of the excretion of water and sodium ions

from the kidneys
- dilation and contraction of the smooth muscle of

the bronchial tract
- control of the aggregation of platelets and

formation of thrombii
- involvement in various types of inflammation with

effects on pain receptors, iImmune response and

temperature control.
Many other diverse physiological effects are known or
suspected, including those associated with defects 1in
prostaglandin metabolism e.g. schizophrenia is thought
to be due to a deficiency of PGE’\.Cr

These effects have been discovered for the primary

prostaglandins over the past 15 years or so, and up until a
few years ago, these compounds were considered to be the main
cause of the effects. However the discovery of the “unstable®
prostanoids, i.e. the endoperoxides, thromboxanes, and
prostacyclins, which have much greater potency and specificity
than the primary prostaglandins has led to a different inter-

pretation of the situation. It now seems that the “unstable-
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prostanoids may be the biologically important ones, and
that the primary prostaglandins may simply be the end
products of degradative endoperoxidase metabolism. Perhaps
this is why, pharmacologically speaking, the primary
prostaglandins with their poor specificity, have proven
disappointing.

The mode of action of the prostaglandins seems,
in many cases, to be based upon their effect on the cyclic
nucleotides, 37,5"-adenosine monophosphate (c-AMP), and
3" ,5"-guanosine monophosphate (c-GMP). These are known as
"second messengers”™ 1.e. epinephrine induces lipolysis in
adipose tissue, not by direct activation of lipase, but by
acting on the enzyme adenyl cyclase which catalyses the
formation of c-AMP, which in turn activates lipase.
c-AMP has been shown to have this rOle in a wide variety
of stimulus-response systems. c-GMP has in many cases, an
opposite effect to that of c-AMP.

PGE-~ and PGF2a, which often have opposite effects,
have been proposed as two arms of a bidirectional intracellular
control system.57 PGE”N stimulates c-AMP production whereas
PGF2a stimulates c-GMP. However this is almost certainly a
simplification, as the other prostaglandins have strong effects
on c-AMP e.g. PGD2 and PGI25 8 59increase c-AMP levels whereas
PGG2 and TXA” 11 reduce them. The effect on c-AMP levels fits
with the other properties of prostaglandins e.g. smooth muscle
contraction or platelet aggregation.

The interaction of prostaglandins with c-AMP seems

to be at the cellular level. Special receptors have been found,

localised iIn the cellular membrane. This i1s also where control
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of c-AMP resides. Receptor binding data and structure activity
relationships have led to the proposal of a hairpin conformation
for primary prostaglandins. In this form, both side chains are
parallel and separated by a van der Waals contact distance for
their full length. Molecular models indicate that the structure
of TXB2 should be a good approximation to that of TXA2> An
x-ray diffraction study of TXBZ,il has shown that it does not
have this conformation, but exists as two distinct “scorpion®
conformers with the upper carboxylic acid side chain either « or
B to the ring (Figure 12). The hairpin conformation of TXB2
seems to be unfavourable because of steric crowding of the side
chains. This scorpion conformation may be necessary for receptor
binding as TXA-* which does not possess the double bond and
cannot therefore take up the scorpion conformation is
biologically inactive.

In some cases the “unstable® prostanoids are hundreds
of times more active than the primary prostaglandins, and as
previously suggested, may be the active members of the prosta-
glandin family.

Observations that non-steroidal anti-inflammatory
agents (aspirin, indomethacin) are potent inhibitors of
prostaglandin synthetase6 2_64Ied to the suggestion that the
primary prostaglandins were the mediators of the inflammatory
process. However recent results from the use of other anti-
inflammatory agents has shown that they can inhibit or stimulate
primary prostaglandin production. The common factor has been
traced back to PGG2. PGG2 may not itself trigger the inflamma-
tion process, but may be the precursor of the unstable triggering
agent, which could be TXA2, 15-hydroperoxy-TXA2 or the hydroxy

radical postulated in the metabolism of PGG2. TXB2 is reported
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Figure 12a

Stereograms of the $-tail (top) and a-tail
conformers of the 3-anomer of TXB2

(bottom)
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Computor plots of the 8-tail (top) and a-tail
conformers of the 8-anomer of TXB2

(bottom)

22.
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cC c7

to promote chemotoxis of polymorphonuclear leucocytes,
important mediators gf inflammation.

TXA2 and PGlj, the unstable metabolic products of
the endoperoxides have profound and opposite effects on smooth
muscle and platelet aggregation. PGI2 is a vasco-dilator and
inhibitor of platelet aggregation, and can in fact disperse
preformed clumps of platelets whereas TXA2 is a vasco-constrictor
and potent aggregating agent.

In blood vessels, there is a careful balance between
TXA2 and PGI12- The vessel walls can rather inefficiently
convert arachidonic acid to the endoperoxides, but can then
convert these almost quantitatively to PGI2. This prostacyclin
synthetase activity is localised in the inner 5% of the vessel
wall, the endothelium,6 8but also exists in the sub-endothelial
layers. Blood platelets however can efficiently convert arachi-
donate ester to endoperoxide and on to TXA2.

When a vessel wall is damaged, repair is effected by
first forming a plug of aggregated platelets followed by a more
substantial plug of fibrogen (Figure 13). Normally, platelets
circulate in the blood quite freely, aggregation only taking
place at the site of an iInjury.

The mechanism of aggregation is quite complicated
and only partially understood. Several parallel events occur,
the relative importance of which have not yet been determined.
It is known that when blood contacts a damaged vessel wall,
two main events occur. (1) The release of thrombin from the
platelets is stimulated. This causes conversion of fibrogen
into fibrin, and also causes a slow initial aggregation of

platelets. (2) Thrombin, and collagen present in the wall, then
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cause the release of arachidonic acid from the platelet membrane.
The arachidonic acid is metabolised to TXA2 which induces a
rapid secretion of adenosine diphosphate (ADP) and serotonin.
Simultaneously a second vigorous phase of aggregation occurs.
The uncertainty lies in whether TXA2 or ADP are essential for,
or are the main cause of this secondary aggregation (Scheme 14).
One view is that the rdle of TXA2 is simply that of a
stimulus for ADP release.69 However it now seems likely that
TXA2 is a potent aggregatory agent in its own right, i.e. ara-
chidonic acid caused aggregation of platelets deficient in cyclic

0

nucleotides (including ADP).7 It thus seems that TXA2 may play

the dominant rdle iIn secondary aggregation.

COLLAGEN THROMBIN } FIBROGEN to FIBRIN
Release of AA Primary aggregation
D@Q

Secondary aggregation

IRelease of ADP

Formation of fibrin
reinforced plug

Scheme 14



ROLEOF PLATELETS IN HEMOSTASIS, or the stoppage of bleed-
ing, is diagrammed. As blood begins to flow out through a cut in the
vessel wall, platelets adhere to collagen in the wall (a). The platelets
arc thereby stimulated to secrete the contents of their granules, in-
cluding ADP, and other passing platelets adhere to the first layer,

25.

building up a loose plug in the wound channel (6). Changes in the
platelets and contact of blood with damaged cells convert the plasma
protein prothrombin Into the enzyme thrombin. The thrombin in turn
converts fibrinogen into fibrin strands, which reinforce the platelet
plug, and it also causes platelets to pack together more closely (r).
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PGIN is a very potent inhibitor ofplatelet63
and fibrogen aggregation. It has been suggested that the
balance of TXA2 and PGI2 could be responsible for maintaining
vascular tone.71 PG12 formed by the endothelium would normally
stop platelets adhering to its surface. Only where the endo-
thelium had been damaged, with a resultant local decrease in
PGI12 production would TXA2 synthesis begin and cause platelet
aggregation. Thus the interaction of these compounds would
maintain the integrity of the vessel walls.

The attractive idea that endoperoxides formed by
the platelets, could be the substrate for both PGI2 production
in the endothelium, and TXA2 production in the platelets them-

7273 No exchange

selves, has now been shown not to be the case.
of endoperoxides occurs.

Defects in the PGI2-TXA2 balance can have serious
consequences. The bleeding defect in Greenland eskimos seems
to be due to this cause.74 It originates from the predominantly
fish diet, which contains large amounts of eicosapentaenoic acid,
the precursor of the <"3" series of prostaglandins. Vane has
suggested that synthesis of TXA3 and PGI3 is responsible. TXA3,
in contrast to TXA2, has only a weak aggregatory effect whereas
PGI13 is as potent as PGI2. Needleman has suggested another
explanation based on the fact that eilcosopentaenoic acid behaves
analogously to arachidonic acid apart from not cyclising well
when bound to cyclo-oxygenase. Thus high levels of eicosopen-
taenoic acid would tie up the cyclo-oxygenase, preventing
arachidonic acid being metabolised through to TXA2.

TXA2 has been implicated in the progressive dermal

ischemia occurring around the immediate area of a burn, i.e. the



death of cells over a 24 hour* period following a burn
injury, mainly caused by coagulation of platelets. Jonsson75
has shown that TXB2 levels in the lymph of burn injured areas
are much higher than in uninjured areas, reaching a maximum
value after 2—*% hours. Delbeccaro,7” using thromboxane
synthetase inhibitors, found that damage around the burn was
considerably decreased, and healing accelerated. Previously,
inhibitors which took effect further back along the arachidonic
acid metabolic chain had been used to achieve the same effects.
Use of a specific TXA2 synthetase inhibitor has now fixed on
TXA2 as the agent responsible.

The logical connection between TXA2 and diseases due
to thrombotic disorders e.g. heart disease, has been further
elaborated. Apparently cholesterol7 -aich platelets are
exceptionally efficient at releasing arachidonic acid (an
increase of 30% over normal) and converting this to TXA2 (an
increase of 60%), when stimulated by thrombin. Patients who
have suffered heart attacks have been found to require less
arachidonic acid to cause platelet aggregation78 and also to
have an augmented rate of conversion of arachidonic acid to
TXA2. This data suggests that body fac levels and TXA2 are
closely connected with heart disease.

The thromboxane Ffield is rapidly developing at the
present time, and we may soon be seeing a lot of useful new
drugs for treatment of vascular disorders, inflammation, gastric
conditions, burn injuries etc., appearing, the action of which
will be based on their effect on TXA2< To be suitable in this
respect, the compound must either selectively inhibit TXA2

synthetase i.e. stop the metabolic chain after formation of



the endoperoxides, so that the other prostaglandins are formed
as normal, or, antagonise the TXA2 receptor site. Excluding
analogues of TXA2 for the moment, the many selective inhibitors
of TXA2 synthetase known encompass a wide variety of chemical
types e.g. imidazole, 5 dipyridamole and methimazole,

sodium p-benzyl-4[ I-oxo0-2-(3-chlorobenzyl)-3-phenylpropyl] -

8283 nordihydroguaioretic acid84 and

phenylphosphonate,
2-isopropyl-3-nicotinyl indole.8 5Active prostaglandin
analogues are 9,ll-azaprosta-3,13-enoic acid,69 9,11-epoxy-
methanoprostanoic acid and 9,ll-epoxymethano-15-hydroxyprosta-
5,13-dienoic a.cid.86 9,11-Epoxyiminoprosta-5,13-dienoic acid87
appears to be a receptor site antagonist as it suppresses TXA2

induced aggregation of platelets without inhibiting the formation
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SYNTHESES OF THROMBOXANE-

TXB2 is structurally very similar to the primary
prostaglandins, containing the several functionalities and
chiral centres which have made these compounds troublesome
synthetic targets. The primary prostaglandins have four
asymmetric centres in a cyclopentyl ring, but in TXB2 the C-I1
hydroxyl group is part of a hemi-acetal and can readily isomerise
in aqueous acid or neutral medium. Thus, control of this centre
is not necessary in a synthesis. The equilibrium mixture of C-11
isomers contains a preponderance of the axial (&) isomer, due to
the stabilising influence of the anomeric effect, in common
with the majority of sugars having a polar substituent at this
position. The relative stereochemistry of the other substituents
on the ring is analogous to that in the primary prostaglandins
with the C-8 and C-12 substituents trans and the C-8 and C-9 cis.
This numbering refers to the thromboxane molecule numbered as

shown with the ring oxygen considered as 11a.8 8

QH

The C-15 asymmetric centre on the lower side chain
has the £ configuration as in the primary prostaglandins.

As the side chains are identical to those in the
primary prostaglandins, one approach to a synthesis would be

that already used for these compounds89 i.e. development of a

ring system with the necessary stereochemistry and functionality
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to allow addition of the side chains by Wittig type reactions.
This would involve the synthesis of a compound of type (19)

analogous to the Corey lactone (20)90

In fact six of the eight published syntheses use
this compound as an intermediate. It was made from a derivative
of the lactone (20) in two of the earlier works, whilst the
remaining four syntheses have used carbohydrate precursors. The
resemblance of (19) to a pyranoid sugar is obvious, the pyranoid
ring should be available intact by choosing a sugar of suitable
stereochemistry.

Two alternative strategies have been used in the
remaining two syntheses. The Upjohn group have used a derivative
of PGF2a as a starting material in a short efficient route of
TXBj, whilst Corey et al. has reduced the problem down to basics
and has developed a total synthesis building up the molecule
through a series of alkylations, from simple starting materials.
As carbohydrates have played such an important rble in this area,
the reported syntheses, in the following discussion have been

divided up into non-carbohydrate and carbohydrate based.
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(i) Non-Carbohydrate based Syntheses

Schneider and Morge have developed the shortest
route of the three published by the Upjohn Company, using
9,15-diacetoxy-PGF2a methyl ester as the starting point. The
key step was the cleavage of the 11-12 bond of the cyclopentane
ring, utilising the homo-allylic alcohol moiety for the
necessary activation. Cleavages of this type, induced by lead
tetra-acetate are known in the steroid Tfield.

The reaction of (21) (Scheme 15) with lead tetra-
acetate thus led to the rather unstable acetoxy-aldehyde (22)
which was converted directly to its dimethyl acetal (23).
Removal of the acetoxy groups with methanolic sodium methoxide
gave the ester (24b) whilst use of aqueous base yielded the acid
(24a). Transacetalisation was then carried out using aqueous
acetic acid, for the ester (24b). This resulted in the
production of a mixture of TXB2 methyl ester (26) with the
corresponding methyl acetal (25b), itself a mixture of the
a and 3 isomers in the ratio 1:2. The acid (24a) on treatment
with tetrahydrofuran, water, 85% phosphoric acid gave largely
TXB2 (27) with a small amount of its methyl acetal (25a).

The remaining two syntheses from the Upjohn Company
utilise Corey"s bicyclic lactone, as a starting material, and
involve different methods for cleaving the C-~-C-~ bond of
this compound. Nelson and Jackson9 2developed a diol at circi?
by treatment of (28) with florisil to give the a,6-unsaturated
aldehyde (29), which, after reduction of the aldehyde moiety and
protection of the resultant primary alcohol as the p-phenylbenzoate,

was hydroxylated to the required compound (30) using osmium



OAc
26 R=Me 25aR=H
27 R=H 25bR=Me
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tetroxide. Cleavage of the C11 _C12 bond was then possible with
paraperiodic acid to the rather unstable aldehyde-ketone (31)
which was directly reduced to the diol (32). Selective oxidation
of the primary alcohol of (32) was achieved indirectly by first
preparing the bis- (trimethylsilyl ether) derivative (33) then
subjecting this to Collins oxidation. The aldehyde (34) thus
obtained, on treatment with methanolic acetic acid, cyclised to
the hemi-acetal (35). Use of methanolic HC1l caused the
conversion of (34) or (35) into the methyl acetal (36),
isolated as a mixture of the a and 6 isomers. This compound

is the thromboxane equivalent of Corey®"s cydopentyl bicyclic
lactone intermediate, and by its synthesis the main chemical
problem of formation of the ring acetal group had been solved,
therefore allowing the completion of the synthesis of TXB2 to
be performed using well-known methodology.

Thus Nelson and Jackson continued the synthesis by
cleaving the ester protecting group of the ~ isomer with base,
and oxidising the resultant primary alcohol to the aldehyde (38).
Alkylation of this with the ylide derived from dimethyl-2-oxo-
heptylphosphonate and potassium tert-butoxide afforded (39) with
the desired trans—A13 double bond. Reduction of the enone
carbonyl function resulted in the epimeric C-15 alcohols (40).
Reduction to the lactol (41) with di-isobutyl aluminium hydride
allowed addition of the upper side chain using the ylide prepared
from 4-carboxybutyltriphenylphosphonium bromide and dimsyl sodium,
to produce (25a) and (25b), with the required cis—A5 double bond.
The g isomer of (36) was similarly treated to produce a mixture
of (25¢) and (25d). Hydrolysis of (25b) and (25d) with aqueous

acid yielded TXB2 (27a) as a crystalline solid.
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Kelly, Schletter and Stein93 developed another
synthesis from the bicyclic lactone derivative (42) (Scheme 17).
Jones oxidation to the ketone (43) allowed introduction of the
1la ring oxygen by a Baeyer-Villiger reaction with m-chloro-
peroxybenzoic acid, to give the crystalline dilactone (44).

A rather involved scheme was then necessary to reduce the
C-11 carbonyl group to an alcohol. Thus treatment of (44)
with 1,5-diazabicyclo[ 5,4,0] undec-5-ene resulted in the
elimination product (45).

Reduction to the hemi-acetal with DiBAL was then
possible giving (46), which after esterification with diazo-
methane was converted to the isomeric methyl acetals (48) and
(49). Protection of the hemi-acetal was necessary as the
a, 8-cis-unsaturated aldehyde (46) was liable to isomerisation
to the trans form, and indeed some material resulting from this
(47), was isolated along with (48) and (49).

The _a isomer (48), was subjected to iodo-cyclisation
to yield (50), which after de-iodination and removal of the
benzyl protecting group gave the desired product (37).

The total synthesis by Corey et al.?4 does not
involve a prostanoid precursor, the molecule being built up
by a series of alkylation reactions. The enone (563) (Scheme 18)
was the starting material. Alkylation with allyl bromide gave
(54), the lithio derivative of which underwent an aldol reaction
with the aldehyde (565) to produce an inseparable mixture of
ethyro and threo isomers (66) the desired isomer, which would
have the side chains in the trans configuration after cyclisation,

predominating. Thus after depyranylation to (567), the pyran ring
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was formed by an acid-catalysed intramolecular Michael reaction
to yield (568) as a mixture of the C-8, 012 cis and trans
isomers, each of which was also a mixture of the 015 diastereo-
mers. No cis to trans isomerisation was observed during this
reaction. Reduction of the ketone function to the alcohol with
sodium borohydride yielded an easily separable mixture of
diastereomers. (60) having the correct stereochemistry was
elaborated into TXB2 by removal of the dithioacetal protecting
group to give the hydroxy lactone (61), which was reduced with
DiBAL and converted to the methyl acetal (62) by transacetalisation
with methanol and boron trifluoride etherate. The remaining steps
were straightforward and involved hydroxylation of (62) with
osmium tetroxide, followed by cleavage of the resultant diol
using sodium meta-periodate, to yield the lactol (41). Addition
of the upper side chain was accomplished with the ylide derived
from 4-carboxybutylphosphonium bromide and dimsyl sodium, leaving
acid hydrolysis to produce TXB2 (27a) and its C-15 epimer (27b).
The C-15 epimer thus produced was convertible to
TXB2 by superoxide displacement of the protected mesyl derivative,

followed by deprotection.

(ii) Carbohydrate based Syntheses
The preceding syntheses produced racemic products
and it was obviously desirable to perfect a chiral synthesis.
Carbohydrates have in the past few years received increasing
attention as sources of chirality useful in the synthesis of
optically-active materials. Their many advantages include:-
13

low cost, ease of structure determination by 1H and C NMR,

regio- and stereo-selectivity in their reactions and the
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potential for the development of latent functionalities in
the molecule.

The following four syntheses of TXB2 or its synthons
all utilise D-glucose as starting material.

Thromboxane B2 can be regarded as a 2,4,6 trideoxy-
D-ribo-hexopyranose with chain branching occurring at C-4 and
chain extension at C-6. The chain extension can be accomplished
by utilising the C-6 primary hydroxyl group of a pyranose. This
can be oxidised to the aldehyde and subjected to the conventional
Wittig sequence. This leaves chain branching at C-4, and
assuming the starting material is a normal sugar, deoxygenation
at C-2, to be accomplished.

There are four main methods of obtaining chain-branched
deoxy sugars (i.e. those in which a hydroxyl group has been
replaced by a carbon residue). These are:- reaction of sugar
epoxides with suitable nucleophiles, for example in Hanession®"s

synthesis of 1ll-oxa PGF2g 116 ; the ~”

oxXxo" reaction, and other
additions to unsaturated sugars, e.g- Michael addition to
enones (the oxo reaction tends to be non-regio or stereo-
selective and is therefore of limited value); Wittig reaction
with ulose derivatives, as exemplified by the Lourens synthesis
of 1ll-oxa PGF2a 117; and Claisen rearrangement of unsaturated
sugars. As applied to the synthesis of TXB2, the first method
has been used in the synthesis presented in this thesis, whilst
the latter two methods have been used in previous syntheses.
Hanession et al .~ and Ohrui et al.”™ wused the

Wittig reaction of an ulose to achieve the desired chain

branching. The two syntheses are very similar, both starting



with the 2-deoxy ribo sugar (67), available from D-glucose by
regio-selective reduction of the oxirane (66) (Scheme 19).
Scheme 20 shows the route to the key bicyclic lactone (76)
shared by both syntheses.

Hanession achieved cleavage of the benzylidene
group of the 3-benzoate derivative (68) by hydrogenolysis.
Selective protection of the primary hydroxyl group of (69) was
performed with tert-butyldiphenylsilyl chloride, a reagent
developed for this purpose iIn Hanession®s laboratory. Oxidation
of the free 4-hydroxyl group gave the crystalline 4-ulose (71)
which was alkylated with trimethylphosphonoacetate in the presence
of potassium tert-butoxide. This resulted in a mixture of the
two isomeric unsaturated esters (72) and (73). Hydrogenation
of this mixture with palladium hydroxide on charcoal gave only
the more stable 4-equatorial product (74), which on treatment
with base, cyclised to the crystalline lactone (76a).

Ohrui et al. protected the 3-hydroxy group as a
benzyl ether. The benzylidene group was removed using aqueous
acetic acid, and the resulting free primary hydroxyl group protected
as the benzoate ester. This reaction with benzoyl chloride was
not quite as selective as Hanession"s use of t-butyldiphenylsilyl
chloride, with 12% of the 5-0-benzoate being formed also.
Oxidation and alkylation as above gave the unsaturated esters
(72) and (73). Ohrui found that hydrogenolysis of the E. isomer
(73) using palladium on charcoal gave the expected equatorial
isomer (74). However the _Z isomer (72) produced a 1:1 mixture
of this equatorial isomer with the less stable axial D-xylo
isomer (75). This 3,4-trans compound would not cyclise on

subsequent treatment with silica in refluxing toluene, whereas



@
©

67

PhCHO, H+,

NaOMe, MeOH,

@) TscCl,

66

pyridine

(d) LiAIH4, THF

Scheme 19

ul.
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Scheme 20
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the 3,4 cis isomer did, affording the desired lactone (76b),
isolated as a syrup.

Hanession used this lactone to complete the
synthesis of chiral TXB2 by standard prostaglandin methodology
as outlined in Scheme 21.

A Claisen rearrangement was utilised by Corey et ar .}
and Hernandez98 as the key step in the synthesis of the bicyclic
lactone. This type of reaction was Ffirst applied to the carbo-
hydrate field by Ferrier and Vethaviyasor who demonstrated
that it was possible to transfer stereochemistry across the ring

Somewhat milder versions of this reaction were used
by Corey and Hernandez.

The key intermediate was the unsaturated sugar (77).
Corey synthesised this by the route developed by Holder and Fraser-
Reid, as shown in Scheme 23. The crucial step was the
dibenzoylation of (78) to produce (79) which went in moderate
yield. This succeeds because the primary and C-2 hydroxyl groups
are more acidic than the others. Subsequent mesylation to (80)
followed by reductive elimination by the method of Tipson and
Cohen,and deesterification gave the desired allylic alcohol
(77a).

A slight variation on this route was developed by
Hernandez who began by protecting the primary hydroxyl group of
(78) as the trityl ether. The selectivity in the benzoylation
of (81) was increased by first forming the di-n-butylstannylene
derivative which was subsequently transformed into the benzoate

(82) in 85% yield. Mesylation and reductive elimination as above,
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then gave (77b).

The allylic alcohol moiety of the sugar (77) was now
available for conversion into a suitable precursor for a Claisen
rearrangement which would attach a two-carbon unit equatorially
at 04.

To accomplish this Corey used the Eschenmoser
variation102 on the basic reaction which involved heating the
alcohol in diglyme with I-dimethylamino-1,l1-dimethoxyethane.
Apparently the mechanism of this reaction involves trans-
acétalisation to give (83) (Scheme 24), which loses methanol to
give the 1,5 diene (84) the rearrangement of which occurs in a
stereoselective manner furnishing the desired product (85) in
good yield. lodo-cyclisation of (85) afforded the bicyclic
lactone (86) which was de-iodinated using tributyltin hydride to
the nicely crystalline lactone (37).

The conditions used by Hernandez where those developed
by Johnson et al.,l03 and involved the use of trimethylortho-
acetate with a catalytic amount of propionic acid in refluxing
xylene. This method leads to lower yields of rearranged ester
(87) due to the sensitivity of hex-2-enopyranosides such as
(87) to acid conditions. The mechanism of the reaction is
similar to that of the Eschenmoser reaction, involving formation
of a mixed orthoester which loses methanol forming a 1,5 diene
capable of rearrangement. De-esterification of (87) yielded the
free acid (88) which was subjected to iodo-cyclisation and
de-iodination as above to yield the trityl derivative of (37).

Thus detritylation yielded free (37) identical to the material

obtained by Corey.
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SYNTHESIS OF ANALOGUES OF THROMBOXANE A,

COjH

OH

Tx-Ao

QH

Tx-B2

Thromboxane A2 contains the very unusual 2,7-dioxa-
bicyclo[ 3,1 ,1]heptane skeleton, previously unknown in biological
systems. This system is naturally very labile, due to high ring
strain and to the electrophilicity of the acetal carbon. In
fact its half life is only 32 seconds in neutral aqueous solution
at 37°C. TXA2 is thus a very difficult synthetic target, and has
not, in fact, been synthesised at the present time. Several

stable analogues have however been made.
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Different strategies are apparent for producing
stable, closely related analogues of TXA2. One could replace
one, or both oxygen atoms by less electronegative atoms which
would have a stabilising effect by reducing the electrophilicity
of C5 of the bicyclic system. This is the method adopted by
most of the syntheses to date, with replacement of one or both
oxygens by carbon. A closer analogue would require the use of
an electronegative element such as sulphur or nitrogen, and Iin
fact the di-thia or di-aza analogues should be appreciably more
stable than TXA2, but no syntheses involving these heteroatoms
has been reported.

An alternative strategy involves expansion of the
oxetane ring to decrease the ring strain in the system. This
was the strategy of a synthetic investigation reported in this
thesis whose object was the synthesis of the 2 ,8-dioxabicyclo-
[3.2,1] octane system (87), which contains approximately the same
spacial arrangement of the two ring oxygens as that found in

txa2.

87 88

The bicyclof2,2,1]carbocyclic skeleton (88) was the
object of a recent synthesis of a TXA2 analogue by Barraclough.
The remaining stereochemistry of the molecule is

identical to that in TXB2 and the primary prostaglandins and



its formation is therefore susceptible to the same techniques.
Therefore the major problem in producing a TXA2 analogue is
that of creating the bicyclicsystem. This problem has been
approached in two ways. The more commonly used sequence is
the development of a bicyclicsystem as the initial phase of
the synthesis, then functionalisation of the system to enable
addition of the prostanoid side chains, commonly by Wittig type

reactions.

90 91 92

Thus a molecule of type (89) is the key compound,
whose elaboration into a TXA2 analogue would be relatively
straightforward. The precursor of this would be a functionalised
bicyclic system such as (90), (91) and (92).

Another way of approaching the problem is to utilise
an existing prostanoid, which, as it will contain the side-chains
already, will require only elaboration of the ring into a

suitable bicyclicsystem. This is the approach used in the Upjohn
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synthesis of lla-carbathromboxane A2 from a derivative of
pga2.

For convenience in the following discussion, the
syntheses have been divided up into those in which both oxygen
atoms have been replaced by carbon, and those in which only one

oxygen atom has been replaced by carbon.

1. Carbocyclic Analogues of TXAp

(i) Pinane-TXA2 (PTA2)

Once the structure of TXA2 became known, several
groups were quick to realise the potential of the pinene family
of compounds to provide a readily available source of the
optically active bicyclo[ 3,1,1]heptane skeleton. Three
syntheses exist utilising (-)-myrtenol C93), the alcohol (94),

and (-)-pinene (95).

93 94 95
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These precursors of rra~r contain sufficient
functionality to enable the side chains of the prostanoid
nucleus to be elaborated with relative ease.

- 104
Nicolaou et al. developed a rather compact route

utilising a conjugate addition to place the lower chain and a

Wittig reaction to place the upper one.

6 h

(-)-Myrtenol (93) (Scheme 26) was oxidised to the
a ,6-unsaturated aldehyde (94) which, on treatment with the
mixed cuprate derived from (+)-trans-lithio-I-octen-3-o0l
tert-butyldimethylsilyl ether and 1l-pentynylcopper hexamethyl-
phosphorous triamide complex, afforded the 2,3 trans adduct (95)
in high yield. Attack, as expected, occurs from the less hindered
exo side. One carbon homologation of the aldehyde (95) was then
accomplished by a Wittig reaction with methoxymethylenetriphenyl-
phosphorane to give the enol ether (96) followed by mild
hydrolysis with mercuric acetate and potassium iodide in aqueous
tetrahydrofuran. The liberated aldehyde (97) was then exposed
to the usual Wittig reaction to place the upper side chain, and
after esterification, gave a mixture of the 15R and 15S PTAj
silyl ether methyl esters (98). A sequence of acid hydrolysis,
separation of the C-15 epimers, and base hydrolysis of the ester
group then produced pure (+)-PTA2 (99a).

The sequence developed by Ansell et al. aims for



@

©
O
®

®™

98 Z=CH3 X= Si-f*
99a Z=H X=H |
b z =H X=H
A - Li(I-octen-3-ol t-butyldimethyl silyl
MnC> CHX12§ © ether) and 1-pentynylcopper HMPA conplex,
PhgPCHOMe, @
Ph3PCH(CH2)3C02Na 9

CHiNj ,
ACOH, ag. THF,

Sepn., Q)

Scheme 26



55.

the classic prostanoid synthon which will enable both side
chains to be placed by Wittig reactions. The formyl precursor
of the lower side chain is elaborated by a hydroboration

process.

Thus the alcohol (94) is pyranylated and the
protected derivative (100) subjected to a sequence of
1) 9-borabicyclo[ 3,3,1]nonane, 2) carbon monoxide, 3) lithium
tri-tert-butoxy-aluminium hydride and finally neutral hydrogen
peroxide. This produced (101) as the only product. The
stereospecificity of the hydroboration has a precedent in the
reaction of (-)-a-pinene with 9-BBN, with the borane approaching
from the less hindered exo side, and the subsequent carbonylation
proceeding with retention of configuration. A Wittig-Horner
reaction with dimethyl(-2-oxaheptyl)phosphate placed the lower
side chain. The reduction of this enone (102) required a
somewhat lengthy series of protection and deprotection steps.
First (102) was depyranylated and the resultant alcohol
oxidised to the acid (103). This was followed by reduction of
the enone carbonyl with L-selectride to produce a mixture of
the C-15 epimers (104a) and (104b) which were separated.
Finally, esterification with diazomethane, pyranylation of the
C-15 alcohol and reduction of the ester group with lithium
aluminium hydride gave the pyranyl alcohol (105). A sequence

of oxidation to the aldehyde (106), Wittig reaction, and
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depyranylation then gave the desired PTA2 (107).
A third synthesis of a pinane-type analogue of TXA2
has been achieved by Fried et al.106 Utilising (+) and

(-)-pinene as starting materials, compounds of type (108)

were produced.

(ii) Carbocyclic-TXAp (CTA2)

cozh

This somewhat closer analogue of TXA2 has been the
subject of two separate syntheses. No readily available bicyclo
starting material existed commercially, so a suitable method of
construction of the bicyclo[3,1,1] system was a major
consideration. The ketone (115) was the common starting material

) J } . 107.108
for both syntheses. This compound had been made previously,



but these syntheses were relatively long and inefficient. This
situation led Nicolaou in his synthesis of carbocyclic TXA2109
to attempt to develop a better route to it. He produced two,
the first of which is rather short and involves ring expansion
of the available bicyclo[ 2,1,1]hexanone (111) (Scheme 28). This
was achieved by reaction of (111) with lithio dibromomethane at
-78°C to give the adduct (112) which on treatment with n-butyl
lithium lost bromine to form the carbene intermediate (113).
Rearrangement of this yielded the two-isomeric ketones (11*+) and
(115) in the ratio 1:6. A somewhat longer but more selective
route developed by Nicolaou starts with 1,4-cyclohexanedione
(116) (Scheme 29). Mono-protection of the dione was achieved
by formation of the di-acetal followed by carefully controlled
acid hydrolysis to yield keto-acetal (117) in 65% yield.
Reaction of (117) with methylenetriphenylphosphorane gave (118)
which was hydroborated to the alcohol (119).

Tosylation and removal of the acetal protecting group
produced the keto-tosylate (120), which, by intra-molecular

displacement of tosylate by the enolate anion, produced by

dimsyl potassium gave the desired ketone (115).

¢H
il 122
The strategy devised by Nicolaou involved trans-

formation of ketone (115) into the jj ,£-unsaturated aldehyde (122)
which by analogous reactions to those employed in the synthesis

of PTA2 could be elaborated into CTA2* Thus ketone (115)
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(Scheme 30) was homologated to the enol ether (123) using
methoxymethylenetriphenylphosphorane. Utilisation of some
recently developed selenium chemistry then led to the desired

a ,¢-unsaturated aldehyde (122). Phenylselenyl chloride reacted
with (123) to produce the selenide (124) which on oxidation to
the selenoxide with m-chloroperoxybenzoic acid and treatment
with di-isopropylamine underwent elimination to give (122).

As expected, this reacted in an analogous manner to the inter-
mediate (94) in the synthesis of PTA2, and thus led by the same
sequence of reactions to the epimeric C-15 alcohols of CTA2 which
were separable by chromatography. Preparation of optically
active (+)-CTA2 and (-)-CTA2 was possible in the above sequence
by using (+)-trans-l1-iodo-l-octen-3-ol-tert-butyldimethylsilyl
ether which served as a resolving agent as well as a carrier

of the lower side chain.

The synthesis by Ouchida et al_110 used the same
starting material 1i.e. bicyclo[ 3,1,1]hexan-2-one, which they
prepared from ethyl p-hydroxybenzoate by the method of Musso.lo7
A somewhat different strategy to that of Nicolaou was used, with
the two alkyl branches being introduced by an alkylation of ketone
(115), and an internal aldol condensation of (125) giving the key

intermediate (126) which after cleavage of the double bond could

readily be elaborated to CTA2.

127 126
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Thus, treatment of ketone (115) (Scheme 31)
with lithium di-isopropylamide followed by (E_)-trimethyl-
(3-i1odo-1-propenyl)silane led to (128).

The vinyl silane moiety was then converted to
a ketone by epoxidation followed by acid induced rearrangement
to yield (125). This diketone, on treatment with aqueous base,
underwent an internal aldol condensation to the enone (129).
Reduction of this with lithium in liquid ammonia followed by
Jones oxidation led to the more stable trans tricyclicketone
(130). The target enone (126) was achieved by a selective
bromination of (130) with 2-carboxyethyltriphenylphosphonium
perbromide followed by dehydrobromination with LiBr and Li2C03
in dimethylformamide. Presumably the selectivity in this
bromination is due to steric effects. The methylene group at
C3 of the bicyclicsystem would be hindered due to its cis
relationship with the a methylene group of the cyclobutane
ring. This group would also disfavour attack on the a face,
thus the more accessible C5 position reacts preferentially.

Cleavage of the double bond of (126) was accomplished
with 0sO” and NalOu to yield the CTA2 synthon (127). With the
synthesis of this key compound, the remainder of the synthesis
was straightforward, and yielded finally the separable C-15

epimers of CTA2 (109a) and (109b) (Scheme 32).
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(iii) Norbornane-TXA™ (NTA2)

131

A somewhat distantly related analogue is this compound
made by Barraclough®”"*” containing the norbornane skeleton. Here
again, the synthesis has been built around the availability of a
suitable bicyclic starting material, in this case norbornan-2-one.
Barraclough has applied the methodology he has developed for this
synthesis, to the synthesis of other analogues from various
bicyclic ketones.

Norbornan-2-one (132) (Scheme 33) was alkylated with
allyl bromide from the more accessible exo side to yield the exo
substituted ketone (133). Homologation of the carbonyl carbon
was achieved by reaction with methoxymethyl magnesium bromide
to yield the adduct (134).

Osmium tetroxide/sodium metaperiodate cleavage of the
double bond to an aldehyde (135) followed by the usual Wittig
reaction with the ylide derived from PHji”~iCHjJ”CCMH and subsequent
esterification produced (136). The masked aldehyde function was
now liberated with formic acid to give the trans compound with an
endo formyl group. This, on reaction with the sodio derivative
of diethyl 2-oxoheptylphosphonate and reduction of the enone with
N,BHU, yielded the C-15 epimeric alcohols (138a) and (138b).
Finally ester hydrolysis and separation of the epimers produced

NTA2 (139b).



@
©
@®
@®
®

CQLCHj

NaBH4 ,

132
137
139b z =H 15§

Li(i-Pr)2\, (b) CH2=CHCHZBr,
MeOCHjMgBr, (d 0OsOu,
PhgPCHC CH2)gCOpNa., (9) ch2n2,
(Et0)2P(ONa)CHC(O)CHn @
KOH, aq-MeOH, @ Sepn.

Scheme 33

ijkl

(e NalOu,

Q)

HCOA,

65.



66.

2. Oxa-analogues of TXAN
@
140
- , 112 ,
This synthesis by Corey et al. is of a
compound rather more closely related to TXA2. It contains

a 2-oxabicyclo[ 3,1 ,1]heptane skeleton, and as this system was
previously unknown, 1its creation and elaboration into a TXA2
analogue are correspondingly more involved than in the previous
syntheses of carbocyclic analogues. In fact the strategy
adopted by Corey is that of forming the bicyclicsystem with
precursors of the side chains already in place, and this, not
surprisingly, turns out to be quite difficult to achieve. The
synthesis is outlined in Scheme 34. trans-2 ,4-Pentadien-1-ol
(141) was protected as the _t-butyldimethylsilyl ether (142) and
then subjected to a [2 + 2] cycloaddition with dichloroketene
derived from trichloroacetyl chloride and zinc. The addition
occurred in a regio-selective manner to give (143), which on
dechlorination produced (144).

Addition of the two carbon unit precursor of the
upper side chain was achieved by removal of the silyl protecting
group of (144) exposing the allylic alcohol moiety which then

underwent a Claisen orthoester rearrangement using the method
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of Johnson103 to yield the ester (146). Stereoselective reduc-
tion with sodium borohydride then gave the cis alcohol (147),
needed for cyclisation to the oxa-bicyclo[3,1,1] system. This
cyclisation however proved difficult to achieve, the normal
methods for iodo-cyclisation and oxymercuration failing to work.
Suitable conditions were eventually found to be treatment with
mercuric trifluoroacetate in benzene followed by addition of
excess 1iodine. This gave stereospecifically only the iodo ether
(148) with the two carbon side chains trans to one another.
Attempts to form a 6-lactone from (148) by intra-
molecular displacement of iodide by the acid anion failed, so
a rather roundabout method was used to convert the iodo-ether
into the desired synthon (150). This involved displacement of
iodide by azide, and the subsequent conversion of this directly
to the aldehyde by the novel use of methyl fluorosulphonate.
With the synthesis of this important intermediate, the main
synthetic problems had been solved, and there remained only the
relatively straightforward elaboration of (150) to a TXAj
analogue by known methodology, as outlined in the scheme.
After separation of the two C-15 epimers, the thromboxane
analogue (152b) was isolated.

(i) lla-Carbathromboxane A"

153

This complimentary analogue to that produced by

113
Corey, is the result of work by Maxy and Bundy of the Upjohn
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Company . In contrast to all the previous syntheses, this work
uses a prostanoid starting material i.e. PGA2 methyl ester
15-_t-butydimethylsilyl ether (154) which requires only the
development of the cyclopentenone ring into the required bicyclic
system. This was achieved by a rather short, if inefficient,

route.

QH

17 A'QSSC
x

The oxetane system was to be formed by an intra-
molecular nucleophilic displacement which required the synthesis
of the trans diol (155). This was carried out as shown in
Scheme 35. Ring expansion of the PGA2 derivative (154) was
achieved by formation of the cyanohydrin (155) using the recently
developed trimethylsilyl cyanide. This was reduced with lithium
aluminium hydride to (156) which on diazotisation with nitrous
acid, rearranged to the desired ,Jf-unsaturated ketone (157).
The alternative ring expansion regioisomer was hot detected.
Conversion of (157) to the conjugated ketone (158) was achieved
by treatment with basic alumina, followed by Jones oxidation
and esterification with diazomethane. Conversion of this to the

desired diol (160) presented a few problems as epoxidation with
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alkaline peroxide gave both isomers, the desired j3-epoxyketone
(159) being the minor component. However reduction of this

with sodium amalgam gave the B orientated hydroxy ketone, which
on reduction with L-Selectride yielded stereospecifically the
desired trans diol. The planned cyclisation to the oxetane
system was somewhat difficult to achieve. Attempts to convert
the more accessible 1113 alcohol group into a leaving group
followed by internal displacement were unsuccessful under normal
conditions, however it was found that treatment of the diol with
trifluoromethylsulfonic anhydride at -78°C gave, on careful
isolation, a 25% yield of the desired 9a, 1la oxetane (161)
accompanied by 25% of the dehydration product, the diene (163).
Ester hydrolysis under standard conditions then afforded the

target thromboxane analogue (162).
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BIOLOGICAL PROPERTIES OF TXA? ANALOGUES

Most of the TXA2 analogues so far synthesised appear
to be primarily antagonists of coronary artery constriction,
plateletaggregation, and thromboxane synthetase. Comprehensive
biological data has been reported only by Nicolaou et al. for
carbocyclic-TXAj (CTAZ)Tiu and pinane-TXAj (PTAj).mu The
following information is available on other analogues
IIa—carba—TXAj113 is an inhibitor of PGHj induced aggregation
of human platelets™ norbornane-TXAj has a pronounced
hypotensive effect, but is only a weak inhibitor of ADP-induced
plateletaggregation and TXAj synthetase; (9a—||a)—carba—TXA2112
is reported as having "biological activity which could not have
been predicted”™, but this activity iIs not specified.

PTAJ has the properties listed in Table 1:-
TABLE 1 Properties of PTAg
(1) Inhibits coronary artery contraction by prostaglandin

endoperoxide analogs, ID”q 0.1 yM
(2) Stabilises lysosomes at 1 yM
(3 Inhibits aggregation by prostaglandin endoperoxide
analogs, I1D™q 2.0 yM

(4) Inhibits thromboxane synthetase, ID5Q 50 yM
(5) Has no effect on PGI2 synthetase at 100 yM

(6) Has no effect on the inhibition of platelet

aggregation by PGD2 or PGlj«
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The inhibition of coronary artery contraction and
plateletaggregation at low concentrations must be a direct
antagonistic effect and not inhibition of enzyme activity, as
the endoperoxide analogs cannot be converted to TXA2. PTA2 did
not inhibit primary aggregation induced by ADP of epinephrine,
but did inhibit secondary aggregation, induced by these agents,
or arachidonic acid. This indicates that at these low
concentrations, PTA2 can antagonise the effects of endogenously
formed TXA2. At higher concentrations PTA2 did inhibit TXA2
synthetase. A significant finding was that no effect on the
synthesis or actions of prostacyclin was observed. These
properties make PTA2 attractive as a therapeutic agent for
thrombotic and other disorders. A recent investigation has
shown that PTA2 is beneficial in cases of circulatory shock.115

CTA2 has similar properties to PTA2 with respect to
inhibition of TXA2 synthetase, inhibition of plateletaggregation
by endoperoxide analogues and ADP and lack of effect on prosta-
cyclin synthetase. However a very surprising difference exists
in their effects on vascular smooth muscle. PTA2 has no direct
effect, whereas CTA2 appears to be the most potent vasco-constric-
tor among the known prostanoids. It produced constriction at a
concentration of only 29 pM, was four times more potent than
9,11-azo-PGH2 and forty times more potent that PGH2. PTXA2
antagonised the effects of CTXA2 on arterial muscle, indicating
that CTXA2 is a pure TXA2 agonist for vasco-constriction.
CTA2 is also an agonist of TXA2 in its effect on lysosomes,
being a potent lysosomal labilising agent.

This dissociation of vasco-constrictor and platelet



aggregatory activities adds some weight to the proposal of
Needleman u2 that the primary rOle of TXA2 is as a vasco-
constrictor and that any effects on platlets may be secondary
to its effect on vascular tone. TXA2 has been shown to have
a primary but perhaps not essential rOle in secondary
aggregation, and, in fact, no unequivocal evidence that TXA2

is essential for induction of aggregation has been reported.
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PHARMACOLOGICAL DEVELOPMENT

The development of medically cherapeutic reagents
from the prostaglandins has not been as rapid as was first
envisaged. This is mainly because of their lability in
biological systems and the many side effects associated
with their use.

The TFfirst prostaglandins to be marketed commercially

were Equimate (164) and Estrumate (165)

These compounds are several hundred times more
potent than PGF2a as luteolytic agents, but do not produce
the gastro-intestinal side effects associated with the use
of the latter.

Adding an alkyl group at the 15 or 16 position
renders the molecule less susceptible to the main prosta-
glandin metabolising enzyme, 15-dehydro-oxygenase. 15-Methyl -
PGF2a methyl ester has been used extensively for the induction
of abortion in women. Some newer compounds which produce fewer
gastro-intestinal side effects are 16-phenoxy-tetranor-PGE2
methylsulphonylamide ; 16:16-dimethyl trans A2 PGE, methyl

ester and 9-deoxo-16 ,16-dimethyl 9-methylene PGEj. Apart from



from 15- and 16-alkylated prostaglandins, the primary
prostaglandins have seen little useful application in man.

The discovery of the more recent unstable prostanoids
has presented new opportunities for medical research. Selective
inhibitors of thromboxanes, leukotrienes etc. could be very
powerful, selective therapeutic agents in such fields as
thrombosis inflammation, shock, gastric disorders, etc. TXA2
analogues have been shown to be useful in shock treatment,
whilst other thromboxane synthetase iInhibitors have been used
in treating thrombosis and scalds. Prostacyclin has been
tested as a treatment for heart disease and has been used
during haemoperfusion, haemodialysis and heart-valve replacement.

The prostaglandin field is almost twenty years old
now and still seems to be expanding rapidly, as new inroads are
made into the arachidonate metabolic pathway. The coming years
should see a great advance on the biological side and also the
practical application of this knowledge in the form of some

valuable and exciting new drugs.
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1. INTRODUCT ION

The aim of this research project was to develop a
total synthesis of chiral thromboxane B2 utilising a carbo-
hydrate precursor to provide both the basic tetrahydropyranyl
ring, and the appropriate asymmetric centres. At the inception
of the work no carbohydrate-based syntheses of TXB2 or suitable
synthons had been published. In the following year however,
four such routes were revealed, by the groups of Hanessian,™**
Corey,2 Hernandez,3 and Ohrui,4 all using D-glucose as
starting material.

Sugars had, of course, been previously exploited in0
the synthesis of other optically-active compounds, and indeed,
their involvement in the prostaglandin field dates back to
1974 when D-glucose was used as a precursor of the 11-oxa
series of primary prostaglandins. Much of the subsequent work
on carbohydrate-based prostaglandin syntheses was carried out
by the groups of Stork and Hanessian. Two general strategies
are available for using carbohydrates. In the first, the sugar
moiety acts as a template to build stereochemical features into
the product, with the sugar eventually being destroyed so it
does not serve as a discrete entity in the final product. In
the second, the sugar furanoid or pyranoid ring is transferred
to the product intact.

In prostaglandin work, one of the first examples of
the template method was the synthesis of chiral PGA2 (3) from
rhamnose (1), by Stork,” Scheme 1. The chirality of C-15 is
transferred from the sugar directly, and that at C-12 by a

Claisen rearrangement involving C-14. Stork subsequently



developed a synthesis of PGE”~ utilising D-glyceraldehyde for
control of the configuration at C-1l, Scheme 2. A crucial
intermediate was the chiral enone (56), the stereochemistry of
conjugate addition to which was kinetically controlled by the
asymmetry at C-11, to give the correct configurations at C-8

and C-12.

A recent synthesis by Stork7 of PGE2 and PGF2a
involved transferring two of the chiral centres from a sugar
into the prostaglandin molecule, i.e. those at C-11 and C-15,
Scheme 3. The configuration at C-12 was transferred from C-IH
via a Claisen rearrangement. Subsequent alkylation of the
ketone was controlled by C-12 to give the required trans
configuration. In this, and the previous syntheses, one can
see how the asymmetric sugar fragments have been cleverly used
to control most of the stereochemistry of the molecule.

The furanoid ring of sugars has been used to build
1l1-oxa prostaglandin analogues by Hanessian, and by Lourens
and Koekemoer. Hanessian et al9 used the 1,4-anhydride (7)
obtainable from glucose by reduction and acid-induced
cyclisation, Scheme ~ . This led to the 2,3-epoxide (8) which
was used to introduce the required chain-branching by reaction
with sodio diethyl malonate. Standard prostaglandin methodology
then converted this to 1ll-oxa PGF2g (9).

Lourens and KoekemoerlO adopted a slightly different
approach. Utilising glucose again, the 3-ulose (10) was
synthesised. Scheme 5. This was then used to introduce chain
branching via a Wittig reaction. Deoxygenation at the 1 position
was accomplished by formation of a thio-glycoside (11) and
subsequent reduction. A 10-substituted 1ll-oxa PGF2q has also

been made by analogous methods.1l
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TXBj 1is an obvious candidate for cyclic transfer from
a suitable pyranose sugar. This type of strategy has not been
widely applied, although several syntheses of natural products
do exist where transfer of a pyranoid ring has occurred. The
antibiotic asperlin (16) was recently synthesised from
D—galactose.12 Reaction of the tetraacetate derived from
(14) with hydrobromic acid resulted in the key 1-bromo sugar (15)
which was subsequently converted to the glycal and thus to
asperlin, Scheme 6.

_a-Multistriatin (19), an insect pheromone has been
prepared from D-glucose via the enone13 (17). Scheme 7.
Conjugate addition of dimethylcopperlithium followed by a
Wittig reaction gave the doubly branched sugar (18). Further
branching, at C-5, was introduced via a Grignard reaction at
the aldehydic moiety of (18).

Pyranoid ring transfer was also used in a recent
synthesis of (-)-cis-rose oxideJt- , Scheme 8. The epoxide (20),
readily available from D-glucose, was opened in a regiospecific
manner with lithium dimethylcuprate to give the trans product
(21). Conversion of this to the thio-glycoside and reduction
with Raney nickel produced the glucitol (22). The unsaturated
side chain was then introduced by a Wittig process to give
pure (-)-cis-rose oxide (23). The approach adopted by us has
in fact, many similarities to the synthesis of cis-rose oxide
outlined above.

As was pointed out in the discussion of existing
syntheses of TXE”, the bicyclic lactone (24) is an ideal

synthon, and thus was our initial target compound. In contrast



CHO

Scheme 5

Scheme 6



Scheme 8
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to the other carbohydrate-based syntheses of TXB2, we did

not use D-glucose methyl pyranoside (25) but the 1,6-anhydro-

pyranoside form, (26). The reasons were that sugar (25) exists
4

primarily in the conformation with the three secondary

hydroxyl groups equatorially orientated. This produces both

a lack of differentiation in the reactivities of these groups,
and a lack of conformational rigidity as twisting and ring-flip
can readily occur. These factors mean that relatively little
regio or stereoselectivity will be observed in the reactions

of (25)

(24) 25) (26)

The anhydro form (26) on the other hand is
conformationally rigid, locked in a 1CH% conformation with
all the hydroxyl groups axially orientated. Extensive
investigations by Cerny et al. have revealed that
considerable selectivity is a property of this system, caused
by the trans-axial arrangement of the hydroxyl groups, and
the steric and electrostatic effects of the 1,6-anhydro bridge.
The results obtained by Cerriy indicated that (26) could be a
very suitable starting material for the synthesis of chiral

compounds in general, and TXB2 in particular.



The epoxide (20) derived from (26) was the key compound
in the previously described synthesis of cis-rose oxide by
Ogawa et al.14 A further advantage of using this derivative,
is that the 1 ,6-anhydro function is effectively acting as a
protecting group for both the C-1 and C-6 hydroxyl functions.
Its removal can be accomplished at a suitable point in the
synthesis, simply by acid-catalysed cleavage with methanol.

The functionalised derivatives of (26) used by us,

(27) and (28), were the result of the initial basic research

v .
on this bicyclo system carried out by Cerny et al. in the

7)) (28)

Differentiation between the hydroxyl groups was possible as
(26) undergoes selective di-esterification to produce (27).
This well known reaction is thought to be possible because of
unfavourable steric interaction between the 3-axial hydroxyl
group and the anhydro bridge, slowing its rate of reaction

with bulky reagents. £-Toluenesulphonyl chloride and anhydride
benzyloxycarbonyl chloride, benzoyl chloride and anhydride all
yield the 2,4-diesters as the major products. Smaller reagents
however, such as acetyl chloride react unselectively to give
mixtures of the three possible diesters.” A contributory

factor seems to be the strong hydrogen bonding present between
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the two hydroxyl groups at C-2 and C-4, even when one 1is
esterified, causing an increase iIn their acidity.16 Further
functionalisation is possible by treating (27) with base where-
upon a remarkably selective internal displacement of tosylate
anion occurs yielding (28). The relative reactivity of the
2 and 4-0-tosyl groups in this reaction has been estimated to
be 1:24,°L» so only about 5% of the isomeric 2,3-epoxy
tosylate is formed. These values have been confirmed by us
(see page 105). The rate difference is thought to be due to
an unfavourable electrostatic interaction between the alkoxide
anion on C-3 and the oxygen of the anhydro bridge, preventing
movement towards C-2.

The Ffirst approach to the TXBj synthon (24) based on

these sugars is outlined retrosynthetically in Scheme 9

Scheme 9



We envisaged alkylation of the ketone (29) proceeding
in a stereoselective, but perhaps not regioselective manner.
IT one considers the enolates (30) and (31), attack of an
alkylating agent from the endo side will be considerably
hindered by the 1,6-anhydro bridge, so alkylation should give
those products resulting from exo attack i.e. (32) and (33).
The position of attack is more difficult to predict as the
asymmetry in the molecule is quite small. The initial aim
therefore was to try and find conditions which would lead to
the enolate (31) as the major product. The complications
associated with attempting to alkylate these enolates were
initially avoided by trapping them as their silyl enol ether
derivatives. This was also advantageous in simplifying the

identification of the products.

(30) G

(32) @33)

95.
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2. SYNTHESIS AND REACTIONS OF 1,6-ANHYDRO-2,4-
DTDEOIiY2T-IML Yy CERQAHEXOWMNOSN-ULOSE  (T9)

2(i) Synthesis of (29)

The ketone of (29) has been synthesised by Cerny by
the route shown m Scheme 10.17 The key step is hydrogenolysis
of the tosyl groups. This usually results in cleavage of the
sulphur-oxygen bond to produce the parent alcohol. When the
tosyl group is adjacent to a ketone however, it is activated
for carbon-oxygen bond cleavage. The type of Raney nickel used
by Cerriy as catalyst for this hydrogenolysis is designated 'TI',18
and is especially active at ambient temperature and pressure.
Raney nickel normally requires a high partial pressure of
hydrogen, and indeed the original paper describing the Tl catalyst
specifies an atmosphere of hydrogen for its use. The conditions
described by Cerfiy however, do not mention the addition of
hydrogen. When these conditions were used, no reaction occurred.
Using one atmosphere of hydrogen, reduction did occur to produce
several products. These included starting material, partially
reduced mono-tosyl compounds (34) and (35) in the ratio 6:1,
the desired ketone (29), and a small amount of the alcohol (36).
Prolonged reaction with excess catalyst did not significantly
change this product distribution, so it appears that the Raney
nickel is being de-activated possibly by poisoning with the
tosylate anion produced during the reduction, or because of a
decrease in the pH of the mixture caused by p-toluenesulphonic
acid. No products resulting from removal of only the 2-0-tosyl
group were detected, so presumably removal of the 4-0-tosyl group
must be the Ffirst step in the reaction. This selectivity may be

a result of the orientation which the molecule adopts when
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coordinated to the catalyst surface allowing more facile approach
of hydrogen to C-4 than to C-2. The mechanism of Raney nickel

reduction depends on several factors e.g. the solvent, pH of

the solution, the leaving group involved, etc., and can proceed
with either inversion or retention of configuration. Inversion
tends to occur with good leaving groups e.g. tosylate. If an

SN2 type process is operating in this case, then another
explanation of the observed selectivity suggests itself.

The 2-Q-tosyl group isomerises to the equatorial
position more rapidly than the k-Q-tosyl group. If an SN2
process 1is operating, then one might expect axial groups to
react faster than equatorial ones, as the approach of hydrogen
would be less sterically crowded. Therefore, if isomerisation is
faster than reduction of the axial tosyl groups, one would expect
the D-threo compound ((4) to be preferentially formed, and its
reduction to be the rate determining step.

To try and prevent isomerisation occurring, the
reduction was performed with a buffer present, but this had
little effect. With added base, triethylamine or sodium
hydroxide, complete reaction of (38) did occur, but produced
very polar products, from which the ketone (29) could not be
isolated.

The best yield of the ketone (29) obtained iIn this
reduction was only 29%. As this was not very satisfactory
alternative methods were investigated i.e. using an electron
transfer process. Cerny had reduced (35) using zinc and acetic
anhydride, but had obtained only a very poor yield of (29).19
It was found that both a Birch reduction with calcium in liquid

N
ammonia, and reduction using dimethylcopperlithium, 20 caused



removal of the tosyl groups, but produced complicated mixtures
with no ketone (29) detectable. As none of these methods were
very successful an alternative approach was investigated. An
obvious method of producing (29) from available compounds was
direct reduction of the ditosyl alcohol (27) with hydride to

produce the alcohol (36) which could then be oxidised.

(36)

Tosylates on reaction with hydride usually undergo
one of three types of reaction:-
(i) C-0 bond fission
(ii) S-0 bond fission
(iii) elimination of £-toluenesulphonic acid.

Which reaction occurs depends mainly on the structure

99.

of the tosylate and on the source of hydride. Primary tosylates

tend to undergo C-0 bond fission to produce hydrocarbons, whereas

secondary and hindered tosylates undergo S-0 bond fission and
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elimination reactions. The reaction of secondary tosylates
is greatly affected by their steric environment as lithium
aluminium hydride 1is a bulky reagent. The orientation of sugar
tosylate groups therefore influences their reactions. Considering
nucleophilic substitution in general, equatorial tosylates tend to
be unreactive as the nucleophile has a sterically crowded axial
approach path e.g. in the rigid 1,6-anhydropyranose skeleton,
the only equatorial group displaceable is the 4-0-tosyl group.
The most easily displaceable is the axial 3-0-tosyl group, but
if axial substituents are present at the 2 and/or 4 positions,
the approach path of the nucleophile becomes so hindered that no
reaction occurs. Inductive effects also influence reactivity,
the main effect being that of the "-1" acetal group on C-2.
This so reduces electron density at this position that nucleo-
philic substitution becomes almost impossible.

The reaction of secondary sugar tosylates with hydride
has been found to give normally the alcohol. For instance,
Cerriy has found that reduction of (39) with LiAIHM produces
the two alcohols (36) and (37) in high yield in the ratio 4:1,

Scheme 11.7°

Scheme 11
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The 3,4-dideoxy threo alcohol (37) 1is formed via the
epoxide (40). This tendency for 1,2-hydroxy-tosylate deriva-
tives of levoglucosan to undergo internal displacement of
tosylate is well known, and results from the conformationally
rigid skeleton maintaining the neighbouring groups iIn a suitable
trans-diaxial arrangement. The levoglucosan molecule reacts in
most cases in the 1CHk conformation (26). The alternative BQ 3
conformation (41) is less favourable by about 3-6 kJ mol-1,15
even though it does allow reorientation of the axial hydroxyl

groups to an equatorial configuration.

(41) (26)

If one considers a 1,6-anhydropyranose having
equatorially-orientated groups e.g. (42), then it must assume
an unstable skew form Sq to enable displacement of tosylate to
occur, Scheme 12. In fact this compound requires prolonged
reflux for reaction to occur, whilst levoglucosan derivatives

readily react at room temperature.

Scheme 12
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This 1is fortuitous in allowing the indirect removal
of tosyl groups as found by Cerrty in the reduction of (39).
With this as the major reaction pathway, the products obtained
for a given epoxide will depend on the direction of epoxide
ring opening. In the steroid field the Fttrst-Plattner rule
has been formulated to predict this. It considers the transition
state of the ring opening and predicts that in the absence of
other major steric or inductive effects, trans diaxial products
are favoured. In the tetrahydropyranyl ring of sugars, polar
effects due to the ring oxygens affect this reaction. Cerfiy
has investigated the four epoxides (43-45) and (40) and found
that hard bases cause normal diaxial ring opening, but soft
bases being more influenced by polar effects give more of the

abnormal diequatorial product. Scheme 13.

steric control

polar control

Scheme 13

Lithium aluminium hydride is a bulky reagent and tends
to produce the normal diaxial products. Thus epoxide (40) is
reduced to give the alcohols (36) and (37) in the ratio 1.7:1.0.22

On comparison of this result with that for the reduction of (39)
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i.e. the two alcohols are obtained In a ratio of 4:1, it 1is
apparent that some direct displacement of tosylate anion by
hydride must be occurring in the latter case. This 1is somewhat
surprising as the 2-0-tosyl group is known to be particularly
unreactive towards nucleophiles.

On the basis of the above evidence, the reduction
of the readily available (27) and (28) seem to offer a good
opportunity of obtaining reasonable yields of the alcohol (36).
These reactions were therefore investigated.

On reduction of the ditosylate (27) with lithium
aluminium hydride at room temperature, the monotosylate (39)
was obtained as the predominant product. On reduction in
refluxing tetrahydrofuran, the reduction went to completion and
a mixture of isomeric dideoxy alcohols were isolated in 70% yield
Analysis by NMR and GC demonstrated that these were the alcohols

(36), (37) and (46) iIn the percentage ratio 68.5:30:1.5.

Mono-deoxy sugars resulting from S-0 bond cleavage were isolated
in a yield of about 20%.

On stopping the reduction after partial completion and
isolating the intermediates present, the compounds (28), (39),

(40), (36) were obtained. It is thus obvious that this reduction
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follows the path shown in Scheme 14.

* 36+37

Scheme 14

Formation of (28) from (27) occurs readily on
treatment with most bases. The cleavage of the tosyl epoxide
(28) is completely regiospecific as the axial tosyl group at C-2
serves to hinder nucleophilic attack at C-3. Formation of the
epoxide (40) is much less facile than that of (28) as shown by
the selectivity in the formation of (28), and the fact that
reduction of (27) at room temperature stops at (39). There
does however seem to be some of the isomeric tosyl-epoxide 47)
formed, leading as shown in Scheme 15 to the small amount of

the 4-threo alcohol (46) found in the product mixture.

*36+46

Scheme 15
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Only about 5% of the reaction should go through (47),
and as reduction of (43) has been found to give (36) and (46)
in the ratio of 3:1," then only about 1.5% of alcohol (46)
should be produced, which is in fact what was found.

In order to confirm that this alcohol was indeed
being formed from (27), some of the pure epoxide (28) was
subjected to direct reduction. As no (47) should be present,
no (46) should form, and indeed on analysis of the product
mixture the alcohols (36) and (37) were present in the percentage
ratio 65:35 with no trace of (46) detectable.

The question of whether direct displacement of tosylate
anion by hydride is occurring in these reductions 1is again raised
by the variation in the ratio of (36) and (37) obtained above,
i.e. 2.2:1.0 and that obtained by Cerny for reduction of (40)
i,e. 1.7:1.0. IT this direct displacement is occurring then it
can only be due to the formation of an alumino-complex between

the 3-alcohol and lithium aluminium hydride which is assisting

attack of hydride at the C-2 and C-4 positions of (27) and (39).

Scheme 16

This type of neighbouring group participation has been
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invoked before iIn sugar chemistry. The furanose (48) on
reduction with lithium aluminium hydride gives (49) and (560).
In the case of (49) a 5,6-epoxide is implicated in its
formation, whereas (50) is thought to result from direct
hydride displacement of the tosyl group by a 3-0-alumino
complex, Scheme 16.2

To examine these ideas further, a derivative of (27)
was made with the 3-hydroxy group protected as the methoxy-
ethoxymethyl ether (51). Reduction of this under the usual
conditions gave as the only product, the diol (52), which was
fully characterised as its di-acetate (.53). Thus in the absence
of a free 3-hydroxyl group hydride displacement of tosylate does
not occur and the usual reaction of secondary tosylates,

i.e. by S-0 bond fission, predominates. These findings
demonstrate that the “epoxide route®™ 1is the major pathway

for tosylate removal, and are strong evidence for the existence
of a 3-0O-alumino-complex causing the direct displacement of
tosylate by hydride which the various ratios of (36) and (37)
obtained in the above reductions suggest is occurring.

The limiting factor in achieving high yields of the
3-alcohol (36) from reduction of (27) is the poor regioselectivity
in the reduction of the epoxide (40). Theoretically, one could
increase the amount of diaxial opening by the use of a more
sterically demanding reagent. The trialkylborohydrides are
a recently introduced class of hydride reducing agents,24
which have shown considerable selectivity in epoxide reductions
and reduction of carbonyl compounds. By the variation of the
alkyl substituents present, some very hindered reducing agents

have been produced. An additional advantage which may result
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from their use is a decreased amount of S-0 bond fission.
In contrast to lithium aluminium hydride it has been found
that for the reaction of lithium triethylborohydride with
cyclic secondary tosylates, S-0 bond fission does not normally
occur. As this class of reagent had not previously been
applied to the carbohydrate field, an iInvestigation into the
reduction of sugar tosylates would provide general as well as
specific information on its usefulness.

Reduction of 2,4-di-0-tosyl-levoglucosan (27) with
lithium triethylborohydride went readily at room temperature.
A high yield of the dideoxy alcohols (36), (37) and (46) was
obtained, with no appreciable amounts of mono-deoxy products
resulting from S-0 bond fission being apparent. The percentage
ratio of the three alcohols was 91.5:7.5:1.0, so the expected
increase in regioselectivity of reduction of (40) is occurring.
This encouraging result suggested that the larger reagent,
lithium tri-sec-butylborohydride, might be even more selective.
On reducing (27) with this reagent no significant change in the
alcohol ratio was produced i.e. observed percentage ratio of
(36), (37) and (46) was 85:14:1.

One complicating factor associated with the use of
these reagents is the formation of the olefins (54) and (55)
and the saturated compound (56). These were detected by GC
analysis, and their identities confirmed by co-injections with
authentic samples. 25 The amount of these compounds formed
varies from about 5% for lithium triethylborohydride to about
15-20% for lithium tri-sec-butylborohydride, and depends on the
length of the reaction period, prolonged reactions producing

large amounts. Their most likely precursor is the 3-alcohol (36).
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This would exist in the reaction mixture as a weak trialkyborane
complex of the corresponding lithium alkoxide and might well be

susceptible to elimination of HOBEt” by excess hydride

o o) (0]

(54) (55) (56 )

The reduction of cyclohexyl tosylates by various trialkyl-
borohydrides, has been examined by Brown and Krishnamurthy

who found that elimination was an important side reaction.
Typically, a 15-20% yield of the olefin resulting from elimina-
tion was obtained with lithium triethylborohydride, but this
rose to 48% with lithium tri-sec-butylborohydride. These
findings demonstrate that trialkylborohydrides are relatively
basic and confirm the tendency for elimination shown by lithium
tri-sec-butylborohydride in the reduction of (27).

Cerny has treated the 2 ,4-dideoxy-3-0-tosylate
derivative of (36) with potassium tert-butoxide and obtained
(54) and (55) in the ratio 2:1, apparently determined by
kinetically controlled proton abstraction. The equilibrium
mixture of the two olefins could be obtained by prolonged reflux
with tert-butoxide and consisted of (64) and (55) in the ratio
1:5.5. The Aq olefin (565) is the thermodynamically more stable.
The ratio of (64) and (65) obtained in reactions using lithium
triethylborohydride was 2:1 indicating that kinetic control is

operating. With lithium tri-sec-butylborohydride this ratio
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changed to 5:1. It seems unlikely that the controlling factor
in proton abstraction from (36) is steric iIn nature as the
molecule is almost symmetrical. Control must be due to the
enhanced acidity of the C-2 protons, caused by the inductive
effect of the adjacent acetal group. The small amount of (56)
formed must be due to direct displacement of oxytrialkylborane
anion by excess hydride. As these side-reactions are obviously
undesirable, the conditions for reduction with lithium triethyl-
borohydride were adjusted to minimise them. Use of just over
one equivalent of hydride, at 0°C, led to repeatable yields of
90%-

An interesting aspect of these reductions is whether
the extremely powerful nucleophilic borohydrides are capable of
directly displacing the tosyl groups of 2,4-di-O-tosyl levo-
glucosan (27). The known Tfacility of reactions of cyclohexyl
tosylates suggested that they might be. Accordingly the MEM
derivative (561) was subjected to the usual reduction conditions,
but no reaction occurred and (51) was recovered unchanged.
This demonstrated that in the conversion (27) to (39) no direct
displacement was occurring although it was still possible in the
conversion of (39) to (36). To test this point, the epoxide (40)
was synthesised by an alternative method and directly reduced
with Super-Hydride. The ratio of alcohols (36) and (37) obtained
was 4.56:1.0 which is little different from that obtained by
reduction of (39) 1i1.e. 5.2:1.0. This indicates that little or
no direct displacement of tosylate by hydride occurs at any

stage iIn the reaction. This result complements the evidence
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obtained for anchimeric assistance in reductions using

lithium aluminium hydride. The 3-0-borane complex once
formed cannot further react having no available hydride,
whereas the 3-0-alumino complex has three hydride atoms

capable of delivery.

2(ii) Selectivity in the reactions of 1,6-anhydro-2,4-
dideoxy-B-D-threo hexopyranose (.36) and 1,6-anhydro-
3,4-dideoxy-B-D-threo-hexopyranose (37)

Having obtained a good yield of the mixture of alcohols
(36) and (37), a method was required to separate them. Chroma-
tographic separation was tried using silica gel, but without
success. Although preparative GC or HPLC would probably have
worked, a more convenient chemical method was sought first of
all. The idea was to exploit the steric differences between
(36) and (37) to allow selective reaction of one. The alcohol
(36) has an axial hydroxyl group hindered by the 1,6-anhydro
bridge, whereas (37) possesses a relatively unhindered equatorial
hydroxyl group.

The initial approach was to derivatise (37) by reaction
with a bulky reagent, and then chromatographically separate (36).
Toluene-£-sulphonyl chloride would have given some selectivity,
but not sufficient for our needs e.g. the 1,6-anhydropyranose

(57) could be selectively sulphonylated to (58), but only in

(57 ) (58 )
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Weiz et al. had shown that in the steroid Tfield,
N,N-diethyltrimethylsilylamine is capable of selectively
silylating equatorial cyclohexyl alcohols in the presence of
axial ones. Application of this reagent to the mixture of (36)
and (37) showed that at room temperature, reaction was very
rapid but not very selective. At 0°C, however, reaction of
the mixture for minutes allowed quantitative reaction of
(37) with minimal reaction of (36). Chromatographic separation
of (36) and the trimethylsilyl ether of (37) was not possible as
rapid hydrolysis of the silyl ether occurred on silica gel, but
a simpler method of separation based on relative solubilities was
developed. This involved quenching the reaction mixture with
water, and extracting the silyl ether with a small portion of
dichloromethane. Any of the 3-alcohol (36) co-extracted in this
process was recovered by extracting the dichloromethane with
several portions of water. The combined aqueous extracts were
then continuously extracted with dichloromethane for one day,
to give the 3-alcohol, in about 80% yield contaminated with
only 2-3% of (37).

Having now available a high-yielding method for the
production of (36), all that remained was its oxidation to the
target ketone (29). The reagent chosen for this transformation
was pyridinium chlorochromate, a mild and convenient oxidising
agent developed by Corey and Suggs-29 This reagent had not
been previously applied to sugars. In the course of oxidising
(36), a considerable rate difference was discovered for the
oxidation of (36) and its isomer (37). Investigation revealed

this to be of the order of 30:1 with (36) reacting faster.
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Treatment of a mixture (36) and (.37) with excess pyridinium
chlorochromate resulted in quantitative oxidation of (36)
within one hour whereas (37) required 24 hours for complete
reaction. This in fact formed the basis for another method for
separating (36) and (37). The crude mixtures of the alcohols
were oxidised for one hour, and the resultant ketone (29) could
be readily separated by chromatography. This procedure made the
selective silylation method redundant.

The rate difference is understandable when one
considers the known reactions of chromic acid with secondary
alcohols. With unhindered alcohols the initial equilibrium to
form a chromate ester is fast, and the subsequent decomposition
of the ester is the rate-limiting step. However if the formation
of the chromate ester results iIn severe steric interaction, then
its decomposition rate is accelerated, as steric strain Is being
relieved. Thus, in the absence of competing side reactions, the
most hindered alcohol is oxidised fastest. Baner_ji30 has found
the mechanism of reaction of pyridinium chlorochromate to be very
similar to that of chromic acid, with the rate limiting step

involving a hydride transfer from the chromate ester

H
(R - C =*5"— CR+ - 0" ) PyH+ @RCHO + HOCDCTO_PyH+

I
H- ~0 CL

In the case of the alcohols (36) and (37), the
rate of reaction of (36.) will be accelerated as it is hindered

by the 1,6-anhydro bridge. In the carbohydrate field, few
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selective oxidising agents are known. Platinum/oxygen is
known to preferentially oxidise axial hydroxyl groups in the
order 3a > Ua > 2a > Ue > 2e > 3e.31 Bromine will also
selectively oxidise axial groups at C-3. Chromic acid
reagents, when applied to sugars usually result In maximum
yields of only about 10%. Pyridinium chlorochromate is

therefore potentially a very useful reagent for selective

oxidations in this field.

2(iii) Formation of the silyl enol ether derivatives of
1,6-anhydro-2,4-dideoxy-B-D-glycero-hexopyranos-
3-ulose (29)

The aim of this investigation was to discover the
relative amounts of the two possible regioisomeric enol ethers
formed under various conditions and attempt to optimise
production of the A isomer. A useful discussion on the
formation of the enolate ions of unsymmetrical ketones 1is
given by House. 37

For an unsymmetrical ketone, the regioisomeric enolate
predominating under any given conditions will depend on the
nature of the asymmetry, 1.e. presence of adjacent alkyl, or
unsaturated groups, and also whether the conditions allow
equilibration between the two regio-isomers to occur.

The presence of a proton source of pK near or below
20 e.g. unreacted ketone, or a protic solvent like tert-butanol
will allow equilibration, as will the use of potassium or sodium
as the counter-ion. These counter-ions produce an enolate ion
pair which is sufficiently covalent to undergo equilibration.

Thus addition of a base like potassium tert-butoxide to a
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solution of the ketone in tert-butanol should produce the
enolates under equilibrating conditions, with the thermo-
dynamically more stable one predominating. This 1is usually

the more conjugated or the more substituted one. Use of non-
equilibrating conditions allows control to be exercised in the
initial hydrogen abstraction step, so using a hindered base like
lithium di-isopropylamide will produce the kinetically favoured
enolate, this usually being the less substituted one. To avoid
equilibration occurring, a lithium counter-ion must be used

with a non-protic, non-polar solvent, and the presence of
unreacted ketone must be avoided. Trapping of the enolates as
their enol ethers does not appear to alter the distribution of
the regioisomers. The enolates can be regenerated by the addition
of one equivalent of methyl lithium. A major synthetic advantage
of this method is that it avoids the use of excess base and the
resultant problems of dialkylation.

Formation of the kinetically favoured enolate of (29)
was attempted using lithium di-isopropylamide (LDA) 1in diethyl
ether at -70°C. Quenching with chlorotrimethylsilane solution
resulted in a product mixture which GC analysis showed to consist
of two main components, with some ketone (29) in percentage ratio
6*+:20:5. The assignment of the structure of the major component
was based on NMR, by analogy with the two isomeric olefins
(5*H)33 and (55)33 and the enol acetate (59). 21

These examples showed that for a double bond in the A2 posfffbn

Jl 2~ 3-6 Hz and H the Posit;*on J# 5 ~ *5 Hz. The product
of the above reaction was shown to have 2™ 6.1 Hz by
decoupling experiments and must therefore be the A2 isomer (60).
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solution of the ketone in tert-butanol should produce the
enolates under equilibrating conditions, with the thermo-
dynamically more stable one predominating. This 1is usually

the more conjugated or the more substituted one. Use of non-
equilibrating conditions allows control to be exercised in the
initial hydrogen abstraction step, so using a hindered base like
lithium di-isopropylamide will produce the kinetically favoured
enolate, this usually being the less substituted one. To avoid
equilibration occurring, a lithium counter-ion must be used

with a non-protic, non-polar solvent, and the presence of
unreacted ketone must be avoided. Trapping of the enolates as
their enol ethers does not appear to alter the distribution of
the regioisomers. The enolates can be regenerated by the addition
of one equivalent of methyl lithium. A major synthetic advantage
of this method is that it avoids the use of excess base and the
resultant problems of dialkylation.

Formation of the kinetically favoured enolate of (29)
was attempted using lithium di-isopropylamide (LDA) in diethyl
ether at -70°C. Quenching with chlorotrimethylsilane solution
resulted in a product mixture which GC analysis showed to consist
of two main components, with some ketone (29) in percentage ratio
64:20:5. The assignment of the structure of the major component
was based on NMR, by analogy with the two isomeric olefins
G4 3n and (55)33 and the enol acetate (59).

These examples showed that for a double bond in the A2 posfifon

0]
Jl 2 ~ 3-6 Hz and dn the A position 5% 4.5 Hz. The product

of the above reaction was shown to have N 6.1 Hz by

2
decoupling experiments and must therefore be the A isomer (60).
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(60) R = Me3

(63) R = tBuMe2 (64)

NMR did not reveal the identity of the minor component.
Attempted purification of (60) on silica gel led

to hydrolysis of the enol ether to the parent ketone. In

fact, 1t was found that the enol ether reverted to the ketone

even in a dry solution of dichloromethane at 0°C.

(G
Further evidence confirming the identity of (60) was obtained
by GC-mass spectrometric analysis of the product mixture. On
an Apiezon column the ketone (29) was eluted first (M+ 128)
followed by the silyl enol ether (M+ 200, with characteristic
fragment ions at 73, +Si(CH3)3, and 75, H$Si(CH3)3.)
As these trimethylsilyl derivatives seem very labile,

a more stable protecting group was sought. Corey et al . have
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0 3
shown the tert-butyldimethylsilyl group to be about 10

times more stable than the trimethylsilyl group, so this was
used in the form of an imidazole-silane complex formed by
addition of two equivalents of imidazole to a solution of
tert-butyldimethylsilyl chloride, followed by removal of the
precipitated imidazolinium hydrochloride by Tfiltration. This
avoided the possibility of this salt acting as a proton donor
and allowing equilibration to occur.

Formation of the enolates as above, followed by
quenching led to the isolation of one major product identified
by NMR as the regio-isomer (63). No trace of the other isomer
was detected. The enol ether (63) was quite stable and could be
purified by chromatography, and distilled.

The above experiments indicate that the A2 isomer 1is
the predominant product of kinetically controlled enolisation.
There should be little steric differentiation between the 2 and
4 positions, so the observed selectivity must result from the
inductive effect of the acetal group on C-2 increasing the
acidity of protons attached to this position. This same effect
should destabilise a double bond in the A2 position and indeed
ierny has found that at equilibrium induced by base, the relative
amounts of the unsaturated compounds (54) and (55) are 15.5% and
84.5% respectively, demonstrating that the A3 isomer is thermo-
dynamically favoured. One would expect a mixture of equilibrated
enolates to mirror this distribution.

Three sets of conditions were used in an attempt to
form equilibrated mixtures of (63) and (64). The first involved
using potassium tert-butoxide in tert-butanol but this was

unsuccessful due to the difficulty of isolating the products
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from the tert-butanol solution. Potassium hydride in tetra-
hydrofuran was tried next. This base was developed by Brown35
and is very reactive, metallating most ketones in quantitative
yield, to give the equilibrium mixture of isomers directly.
As potassium hydride is insoluble iIn non-reactive organic
solvents, reaction proceeds at the crystal surface and is
therefore susceptible to surface effects. This may explain
why, in initial attempts to enolise (29) with potassium hydride
the base seemed to be inactive. Reaction of the ketone with
excess potassium hydride for two hours at room temperature
caused only about 20% of it to enolise. When the reaction was
allowed to proceed after the addition of the silylating agent,
enolisation continued and the ketone was gradually, over 3 days,
converted to the silyl enol ether. This was identified once
agafh as the A2 isomer wrth none of the A3 isomer detectable.
Chlorotrimethiisilane has been found to substantially
slow down the rate of reaction of KH to the extent that even
in THF at reflux KH will not enolise cyclohexanone. This
poisoning effect may be due to formation of a surface coating
of potassium chloride, derived by breakage of the Si-Cl bond.
In the above reactions this effect was not apparent, perhaps
because the use of an imidazole-silane complex means that very
few chloride ions will be present. The same paper shows that
this mixture of potassium hydride and trimethylchlorosilane
when used in dioxane, does not give a truly equilibrated
mixture of regioisomers, but one partway between the two
extremes. This may mean that silylation of the enolate once
formed, 1is more rapid than equilibration processes. I this

is so, the formation of the A2 regio-isomer in the above



118.

experiment is not a valid indication that this is the more
thermodynamically stable.
A third attempt at forming the thermodynamically

Q7 with

more stable isomer used the classic method of House
chlorotrimethylsilane and triethylamine in dimethylformamide.
The triethylamine hydrochloride formed in this reaction Iis
sufficiently acidic to cause equilibration of the silyl enol
ethers. On performing the reaction, only a complex tarry
mixture of products was produced, none of which could be
identified.

A different approach was to use the available A2

isomer (63) and attempt to isomerise it directly. Accordingly

(63) was subjected to £-toluenesulphonic acid in refluxing

carbon tetrachloride, conditions which Stork has found
sufficient to isomerise trimethylsilyl enol ethers. However,
no reaction occurred. More vigorous conditions were applied

in the form of an NMR scale experiment using boron trifluoride-
acetic acid complex. This simply polymerised the material to
a black tar, without revealing if isomerisation had occurred.
These experiments have definitely established that
the A 1isomer (30) is the predominant product of kmetically
controlled enolisation, but have failed to find conditions
which would produce the A3 isomers. By analogy with the
olefins (5U) and (65), it seems that the A3 enol ether isomer
should be thermodynamically more stable. The above experiments
have not confirmed this. Reaction with potassium hydride should
have produced a mixture containing at least perhaps 20-30% (64)
as should the attempted isomerisation of (63) with acid, but

their failure to do so although casting doubt on the idea that



the A% isomer is thermodynamically more stable do not disprove
it. From the synthetic viewpoint, alkylation of (29) does not
seem a suitable method for introduction of an alkyl unit at
C-U.

The application of the above work to the synthesis

of 1,6-anhydro-2,M-dideoxy-g-D-threo-hexopyranose has been

reported.39



120.

3. SYNTHESIS AND REACTIONS OF 1,6-ANHYDRO-2-DEOXY-4-S-
PHENYL-4-THI0-8-D-ERYTHRO-PYRANOS-3-ULOSE AND
1,6-ANHYDRO-2-DEOXY-4-S-PHENYL-4-THI0-g-D-THREO-
PYRANOS-3-ULOSE

In the previous chapter, enolisation of the 2,n-
dideoxy ketone (29) was found to give the A0 regio-isomer
under all conditions examined. To permit alkylation at the
4 position, it is necessary to direct enolisation to the A}
isomer. This could be done by blocking the 2 position or by
placing a carbanion stabilising substituent in the 4 position.
The latter strategy promises a greater chance of success, and
so was adopted. Introduction of such a substituent at C-4 of
the ketone (29) is just as difficult as alkylating at this
position, so the substituent must be introduced at an earlier
stage. Nucleophilic opening of the epoxide (28) has been
shown to be stereo- and regio-specific, giving a 4-substituted
gluco sugar as the product. Substituents such as H, OH, OMe,
PhO, PhC~S, NHj, N3, F and 1 have been introduced in this
manner.15 There are no reports of carbon nucleophiles being
used.

Of the above mentioned nucleophiles, sulphur would
serve as a useful directing substituent. The presence of a
phenylthio group alpha to a ketone enhances the thermodynamic
acidity of the adjacent proton by about 103 40 . As the
thiophenoxide anion is also the most powerful sulphur nucleo-
phile, 1its introduction via the epoxide (28) should be straight-
forward. The subsequent steps to the desired a-thio-ketone then
involve simply removal of the tosyl group using the previously

developed trialkylborohydride methodology, and oxidation to the
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ketone with pyridinium chlorochromate as shown iIn Scheme 17.

(65) (66) 7

Scheme 17

The formation of (65) from (28) can be performed
under acid or base catalysis. The reaction using acid catalysis
was iInvestigated first, as literature examples suggested it may
nge a cleaner product. For example, Bochov and Yoznyi'41

had found that sulphuric acid catalysed reaction of (28) with

methanol led to a high yield of (68).

(68)

Accordingly, these conditions were used for the
reaction of (28) with thiophenol. Two products were formed
concurrently, these being identified as the expected product

(65) and the di-thio-compound (69) in the ratio 2:1 in 50%

yield.
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SPh

T0i .SPh

(28) (65)

-h 20

(70)

The configuration of (69) was confirmed by NMR
decoupling experiments (J3 ~ = 1j Hz,~ ~ = 1j Hz). At this
point it is perhaps worth pointing out the considerable value
of proton NMR for structure elucidation in this system.

Owing to the rigid conformation, the couplings shown by

the ring protons are very characteristic of their relative

configuration. The antiperiplanar axial-axial orientation
of hydrogen atoms results in JO ~ or J- . in the range 9.0
to 9.9 Hz. The synclinal arrangements of axial-equatorial and

equatorial-equatorial hydrogens atoms are readily assignable,
with axial-equatorial couplings typically 3.5-5.0 Hz and
equatorial-equatorial less than 2.5 Hz. For 2 "the -1 effect
lowers both J, 0, and 9 to the range 1.5 - 2.5 Hz. The
assignment of the proton signals is usually possible as they
tend to be spread over several ppm. The H-1 resonance is always
obvious as it resonates at lowest field due to the -1 effect

of the neighbouring acetal group. In compound (69) the
couplings J3 ~ and 5 are typical of an equatorial-equatorial
arrangement of hydrogen atoms indicating the D-gluco conforma-
tion shown. As the 3-S-phenylthio group is axially orientated
it has not been introduced by a simple S"2 mechanism. A
carbonium ion intermediate is unlikely, as this would probably

suffer exo attack to yield an equatorial 3-S-phenylthio group.
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The intermediacy of the episulfonium i1on (70) seems more likely.

In an attempt to minimise the extent of formation of
(69), a variety of other acid catalysts were examined. Amberlite
IR 120 acid ion exchange resin in refluxing benzene led to a
very slow reaction with concomitant cleavage of the 1,6-anhydro
bridge. Several carboxylic acids were examined. Acetic and
trichloro-acetic acids caused darkening of the solution and a
low yield of (65), but trifluoroacetic acid was found to work
well, giving a good yield of (65) accompanied by about 10% of
the di-thio compound (69). Attempts were made to optimise this
trifluoroacetic acid-catalysed reaction by varying the solvent,
time, and temperature of reaction, but conditions could not be
found which precluded formation of (69).

Recently a convenient method for cleavage of epoxides
using the Lewis acid, alumina, has been developed by Posner and
Rodgers . This involves treating the epoxide with neutral
alumina which has been doped with about 4% of the nucleophilic
reagent, and normally results in stereospecific ring-opening.
Cyclohexene oxide has been successfully cleaved by thiophenol
using this method. Application to the epoxide (28) led to
isolation of three products, namely (65), (72) and (73) in

yields of 20%, 5%, and 20% respectively.

72) 73)
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The configuration of these compounds was conclusively
proven by NMR decoupling experiments.

The products obtained are iIn fact those expected
from a base-catalysed reaction, in which the alkoxide ion of
(65) can lead to (72) by internal displacement of tosylate.
Posner has postulated that adsorption of compounds of the type
R-X-H onto alumina will cause heterolytic cleavage of the
heteroatom-hydrogen bond (RX + H+), thus enhancing the nucleo-
philicity and basicity of the heteroatom. This i1dea seems to
be confirmed by the products obtained from (28) detailed above.

Under base-catalysed nucleophilic attack the epoxide
(28) normally reacts by the previously mentioned sequence to
eventually produce the 2,4-disubstituted gluco pyranose. This
holds true for sulphur nucleophiles, as Vegh and Hardeggar
have isolated compounds (@+) to (76) from reaction of the

epoxide (28) with the sodio derivative of benzyl mercaptan.

On reaction of (28) with sodium thiophenoxide, the
expected analogous products (65), (72) and (73) were obtained.
The formation of the epoxide (72) appeared to be the rate
limiting step, but attempts to utilise this fact, and halt

the reaction at this point proved unsuccessful.
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IT one could trap the alkoxide anion of (65) on its
formation, then reaction should halt here. The recent success
of trimethylsilane-based reagents e.g. iodotrimethylsilane and
cyanotrimethylsilane suggested the possible use of phenylthio-
trimethylsilane to cleave the epoxide to the 6-0-trimethylsilyl-

hydroxy sulphide (77).-
TsO. SPh

Phenylthiotrimethylsilane is known, and by
analogy with other silicon-sulphur compounds should be an
active silylating agent for alcohols. 45 It was found possible
to form phenylthiotrimethylsilane iIn situ by mixing chloro-
trimethylsilane and sodium thiophenoxide iIn tetrahydrofuran.

A white precipitate, presumably of sodium chloride, formed,
leaving a clear solution of the thio-silane. Unfortunately
this was found to be an insufficiently strong nucleophile to
effect cleavage of the epoxide (28). However, if excess thio-
phenoxide anion was present, this did cleave the epoxide whilst
the phenylthiotrimethylsilane acted as the silylating agent.

In this way a 95% yield of (65) was realised, the product being
uncontaminated with (72) or (73). Although in this case, with
the hindered epoxide (28), reaction with phenylthiotrimethyl-
silane is very slow, the reagent may prove useful for the

cleavage of unhindered epoxides to 6-hydroxy sulphides under

mild neutral conditions.
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Reduction of the 4-thio compound (65) with lithium
triethylborohydride was straightforward and proceeded to give
a good yield of (66), isolated as a crystalline solid. TLC
indicated that this reduction went via the 2,3-epoxide (72) as
expected. The identity of this compound was confirmed by
isolation and characterisation, from a partially completed
reaction. In contrast to the unsubstituted 2,3-epoxide (204),
the reduction of (72) is completely regiospecific. Presumably
this is due to steric hindrance to attack at the 3-position by
the axial 4-substituent.

Sulphides are readily oxidised, so before attempting
conversion of (66) to (67), a model experiment was done to
determine if thioanisole was oxidisable by pyridinium chloro-
chromate. It was found that over three hours, 25% of the
thioanisole was oxidised as shown by NMR analysis of the product
As oxidation of (66) should require only about 45 minutes,
secondary oxidation of the sulfide should occur to a minor
extent only. In fact, oxidation of (66) proceeded to give a
good yield of the ketone. It was found that the slightly acidic
nature of the oxidation conditions caused isomerisation of the
thiophenyl group to the equatorial orientation, so that the
isomeric ketones (67) and (78) were isolated in the ratio
0.8 : 1.0. Attempts to isomerise the remaining axially
substituted ketone (67) iIn the mixture with both acid and base
proved unsuccessful, so presumably this is the equilibrium
distribution. It is unusual that such a large amount of the
apparently thermodynamically less stable isomer (67) should be
present at equilibrium. Trost and Bridges have found that in

the absence of severe steric interactions, a phenylthio group
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situated alpha to a ketone in a cyclohexane ring prefers to be
axial.46 On sulfenylating ketone enolates this phenomenon
was also apparent, a7 e.g- both 4-tert-butyl cyclohexanone
and 2-methyl cyclohexanone produced equilibrium mixture

containing the compounds having an axially or equatorially

orientated thiophenyl group in the ratio 2:1 respectively.

The phenomenon is probably related to the a-halo
effect known for a-halo ketones. 48 In these compounds the
halo substituent prefers to be axially orientated, as this
relieves an unfavourable electrostatic interaction between the

carbonyl and C-X dipoles.

©7) (78)

Separation of the two ketone isomers was not strictly
necessary as the asymmetry of C-4 is lost on énolisation,
however it was possible to effect a separation by multiple
crystallisation. The threo 1isomer (78) remained in the mother

liquors.



The isomerisation of (67) could be prevented by
buffering the pyridinium chlorochromate with sodium acetate,
and avoiding its exposure to silica or alumina during

purification.

Alkylation of either ketone isomer should result
in exo attack to yield the compound with an axially orientated
alkyl substituent, required for elaboration into TXB2. Two
approaches to TXB2 utilising these ketones are possible.
Alkylation can be used to introduce either, a convenient
carbon unit suitable for elaboration into the full carboxylic

acid side-chain, or the intact side chain i1tself, Scheme 18.

9H

SPh

SPh *

Scheme 13



Both approaches present the problem of controlling the
stereochemistry at C-3, on reduction of the ketone function.
Reduction of the analogous ketone group at C-9 of the primary
prostaglandins with hindered trialkylborohydrides, has shown
that the major directing influence comes from the adjacent
alkyl substituent on C—8.49 This directs attack from above
to give the a-orientated alcohol. In the bicyclic system the
analogous substituent on C-4 will again direct attack from above
to give the ct-alcohol. In this case, however, the 1,6-anhydro
bridge may exert an equal or greater influence in the opposite
direction causing exo attack and giving the O-alcohol, e.g. in
bicyclo[ 3,2,1]Joctan-3-one (79), it is known that attack on the

ketone group by large reagents is exclusively exo.50

IT one cleaves the anhydro bridge, the tetrahydro-
pyranyl rrng immediately flips #into the 4Gﬁ conformation with
the side chains equatorial (80). This compound has a conforma-
tion analogous to that of the primary prostaglandins and will
probably be reduced stereoselectively in the same manner. In
the synthetic scheme it therefore becomes necessary to open the
bicyclic system before reduction of the ketone. This means the
development of two hydroxy groups, at C-9 and C-13 (thromboxane

numbering), with the resultant necessity for several extra

protection and de-protection steps.



Alkylation of (67) with the intact carboxylic acid
side chain offered a short route to (8l) so this route was
investigated. The alkylating agent chosen was methyl 7-bromo-
cis-5-heptenoate. This was synthesised from propargyl alcohol
in an overall yield of 28% as shown in Scheme 19. This route
was based on a synthesis of methyl 7-iodo-5-heptynoate by
Corey et al _»

Complications arising from the presence of an ester
moiety were not anticipated, as the enhanced acidity of the o-
thio-ketone should lead to its reaction preferentially over
proton abstraction from the ester moiety.

On reaction of the bromide with the enolate derived
from (67) by treatment with sodium hydride, for twenty hours
at room temperature (82) was obtained iIn 42% yield. Only this

compound, the result of exo, monoalkylation at C-4 was present.

The configuration at C-4 could not be established by
NMR decoupling experiments as it is a quaternary centre. The
configuration assigned was indicated by analogy with the isomeric
ketones (67) and (78). These show chemical shifts in their proton
NMR spectrum, arising from deshielding of the C-2 and C-6
methylene protons by the thiophenyl group. This deshielding

effect has been noted in analogous a-thio cyclohexanones.



| >4

e AN

othp

Scheme 19

OTHP

131.

ANAOTHP



132.

®©n @8) (82)
6 A6 6 A6 6 A6

H 2 ENDO 2.49 2.70 2.60
0.6 0.0 0.0

h—2ex0 3.10 2.70 2.60

h Bendo 3.86 4.26 4.15
0.0 0.5 0.5

h Bexo 3.86 3.75 3.65

In compound (67), with the thiophenyl group axial,
H-2~xo0 experiences deshielding and moves downfield, whilst
H-6ENDO unaffec "ted.

In compound (78) with the thiophenyl group equatorially
orientated, H-6pNDo suffers deshielding whilst the C-2 protons
remain undisturbed. In the alkylation product (82), the
difference in chemical shift of the C-2 protons is under 0.1 ppm

whereas that of the C-6 protons is about 0.4 ppm. These figures
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are similar to those for the ketone (78), indicating an
equatorial orientation for the thiophenyl group. The alkylation
was also performed using potassium hydride as base. This
resulted iIn a cleaner reaction to produce (82) in an isolated
yield of 63%.

At this point methods for removal of the thiophenyl
group were iInvestigated, these being aluminium-mercury amalgam,
sodium-mercury amalgam53 and Raney nickel. Reduction did not
occur with aluminium-mercury amalgam. Sodium-mercury amalgam
was used in a solution buffered with disodium hydrogen phosphate
and caused complete reduction even at 0°C, to yield several
products from which the desulphenylated ketone could be isolated

in only low yield. This material appeared to have the structure

indicating an axial proton on C-4. The side chain has isomerised

6 -
(85)

to the equatorial orientation. Deactivated “W2®" Raney nickel
was the most successful method, again giving (85), this time

in 80% yield. The isomerisation by Raney nickel was predictable
as the mechanism of the reduction is thought to involve free
radicals and can allow racémisation to take place at the centre
to which carbon is attached. The large alkyl side chain will

thus be able to epimerise to the thermodynamically more stable



134.

equatorial form. Isomerisation could be avoided by converting
the compound to the G~ conformation by cleaving the anhydro
bridge (86). With the alkyl side-chains now equatorial and
the thiophenyl group axial, reduction with Raney nickel should

have no effect on the C-4 substituent.

To test this idea, cleavage of the 1,6-anhydro
bridge of (82) was attempted using p-toluenesulphonic acid in
methanol. This was unsuccessful as the prolonged reaction period
necessary caused the mixture to blacken and led to no identifiable
products. Investigation into this route was terminated at this
point.

The second approach utilising the a-thio-ketones
involved the synthesis of the tricyclic lactone (83), as
outlined in Scheme 18. Of the various possible routes to this
lactone, the alkylation of (67) with potassium iodo-acetate and
methyl bromoacetate were iInvestigated in the first instance.
Potassium i1odo-acetate had been used by Brownridge and Warren54
who found it gave better yields than did halo-esters. On mixing
this reagent with the enolate derived from (67), no reaction

occurred even after prolonged reflux. The ketone (67) is
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sterically hindered and requires a long reaction time with
most alkylating reagents. It is probable that the iodo-acetate
reagent is insufficiently reactive for reaction with (67) to
occur, this being due to an electrostatic repulsion between
the enolate and the acetate anion. Methyl bromoacetate did
react as expected to give a good yield of the C-4 mono-alkylated
product. This was again shown to consist of only one isomer by
TLC and NMR spectroscopy. The establishment of the
configuration at C-4 was not straightforward as both the C-2
and C-6 methylene groups were non-equivalent with
A6 H-2 v 0.26 ppm and A6 H-6 v 0.34 ppm. It appeared likely
that as in the previous alkylation, reaction has occurred from
the exo side to produce (87). The splitting of the C-6 protons
would therefore be due to an equatorially orientated thiophenyl
group as in (78) and (82), whilst that of the C-2 protons must
be due to deshielding by the ester group.

Conversion of (87) into the lactone (84) should be
possible either by reduction of the ketone group to the 8-
orientated alcohol, tosylation, and subsequent displacement
by carboxylate anion,55 or by a sequence involving treatment
of the keto-acid derivative of (87) with sodium acetate and
acetic anhydride to produce an enol acetate, which could be
reduced to the lactone.56 As the Tfirst step in the latter
sequence, the ester (87) was subjected to aqueous sodium hydroxide,
in an attempt at de-esterification. However, these conditions
proved too vigorous and resulted in the formation of several

products some lacking the thiophenyl group. A small amount
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of material was tentatively identified as the desired keto-acid,
mainly based on infra-red evidence [v 1725 and 1625 cm '4 .
The strong absorption at 1625 c¢cm ~ was interpreted as
resulting from the chelated enol tautomer of the keto-acid.
Investigation into this route was terminated here.
Hopefully, with further work the above routes would have proven
successTful. The strategy for elaboration of (82) into (81) seems
reasonably certain, whilst conversion of (81) into TXB2 simply
involves standard methodology. The route is unsatisfactory
however in that the asymmetry of C-3 of the carbohydrate
precursor is destroyed during the synthesis and must subsequently
be re-established. A more elegant route would utilise the
asymmetry at C-3 of the sugar to develop the required a-orientated
alcohol. This aim has been achieved in the synthesis of the TXB2

synthon described in the following chapter.
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4. SYNTHESIS OF THE TXB,, SYNTHON, METHYL 2,4-DIDEOXY-4-C-
CARBOXYMETHYLENE-g-D-XYLO-HEXOPYRANOSIDE-y~LACTONE (24)

The epoxide (28) reacts with most heteroatomic
nucleophiles in the "normal® manner to produce diaxial products
with the D-gluco configuration. It follows that reaction with
a suitable carbon nucleophile should lead to the introduction
of an axially orientated alkyl chain at C-4, suitable for
elaboration into TXB2. As was the case for the ketone (67),
the alkyl substituent can be either the complete protected side
chain, or can be a two carbon synthon suitable for formation of
the lactone. The Ilatter strategy is more suitable in this case,
as the presence of an axially orientated hydroxyl group at C-3
lends itself to formation of a lactone by an intramolecular
displacement of a suitable derivative, by carboxylate anion,

as shown in Scheme 20.

- Ts
rl gh B T-N?

"= NX = NX
X A b -

97 28

Scheme 20

This approach allows stereochemical control of the
asymmetric centres at C-3 and C-4 of the sugar molecule, to
produce the TXB2 synthon (24) in a completely stereocontrolled
manner .

The key step in the scheme is the alkylation of the
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tosyl-epoxide (28). This is required to proceed normally

(i.e. to give a di-axial product), and without involvement of
the tosyl substituent present on C-2. No reports of this type
of alkylation of epoxy derivatives of levoglucosan exist in the
literature, although this approach has been used to introduce
alkyl chain branching in other sugars, e.g. the previously
described syntheses of 1l-oxa prostaglandins. 9,10
Regio-selective ring opening of cyclopentane epoxides has
been used to introduce precursors of the prostaglandin side

chains. 57 Allylic cyclopentene epoxides have also been

utitised. 8

Several organo-metallic reagents were examined for
suitability in this reaction including derivatives of sodium,
lithium, magnesium, and copper. The widely used sodio-dimethyl-
malonate was found to require vigorous conditions for reaction
with the epoxide. These resulted in cleavage of the tosyl group
to the alcohol, as well as reaction of the epoxide, to yield
apparently a di-hydroxy acid [(v 3600 (OH), 3480 (OH) and
1722 cm 1 (CO2HJI. This material was difficult to purify, and
was not fully characterised.

A more nucleophilic reagent was obviously required,
and thus the lithio and copper lithio derivatives of ethyl
acetate were examined. Using the procedure of Ratkhe,59
lithio-ethyl acetate was generated from bromo-ethyl acetate
at -78°C. It was found that this material did not react with
the epoxide over the temperature range -78°C to 0°C, the upper

temperature being the stability limit for the reagent.

Copper-lithium dialkyls are known to possess enhanced reactivity
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over lithium alkyls, and may be capable of overcoming the
steric constraints which appear to be the most likely cause

of the unreactivity of the epoxide (28). Accordingly, the
preparation of the copper-lithium derivative of ethyl acetate,
{Li[ Cu(CFf~COjEt)2] } was attempted. As no previous syntheses
of this compound could be found in the literature, the method
used was an adaptation of that for di-allyl copper Iithium.49a
The material thus obtained failed to react with the epoxide
over the temperature range -78°C to 0°C, the epoxide being
recovered unchanged. The most likely cause for the failure of
these reactions is the decomposition of the organo-metallic
reagents, either by coupling, or by condensation reactions.

To minimise this problem, an alternative strategy was adopted,
namely, the introduction of an allyl group. Metallo allyl
compounds are also prone to coupling reactions, but their
extent is much less than with the ester reagents e.g. the allyl
Grignard reagent is quite stable up to 0°C. The formation of
ir-bonded complexes is possible with the allyl ligand, these
often being relatively stable. The epoxide (28) was initially
treated with allyl magnesium chloride, prepared according to
the method in Organic Syntheses,” but this failed to cause
any reaction. Mukaiyama61 has reported that the addition of
one equivalent of titanium tetrachloride causes normally
unreactive aliphatic o,g-unsaturated acetals to react with
Grignard reactions, producing allylic ethers. The titanium
tetrachloride was thought to be functioning as a Lewis acid,
complexing with the acetal oxygens and thus aiding the removal

of one. One could envisage a Lewis acid increasing the
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reactivity of an epoxide in the same manner, by complexing

with the oxygen atom of the epoxide ring. This idea was tested
by repeating the reaction of (28) with allyl Grignard, this
time in the presence of one equivalent of aluminium trichloride.
After addition of the chloride, the Gilman test62 proved
negative, so presumably the Grignard reagent had been removed
from the solution either by an exchange reaction with the
aluminium, 1i.e.

RMgBr + A1C13 RA1C12 + MgBrcClI

which seems unlikely, on the basis of known organoaluminium

63
chemistry, or a coupling reaction has occurred, 1i.e.
2RMgBr - R-R + MgBr2 + Mg .

The material produced did, in fact, react with the
epoxide over two days at room temperature to give a 71% yield

of an inseparable mixture of (90) and (91).

The presence of two compounds in the product was
revealed by proton NMR spectroscopy. The presence of an axial
substituent at C-4 in both compounds was demonstrated by the
low value of Ju , (1-2 Hz). The confirmation that these

substituents were halide atoms was obtained by MS analysis.
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The spectrum of the mixture showed two peaks of equal
intensity at m/e 225 and 223 corresponding to loss of

a tosyl group from (91) and two peaks at m/e 179 and 181

in the ratio 3:1, corresponding to loss of a tosyl group
from (90). No trace of the desired C-alkylated compound
could be found. Aluminium alkyls are known to be relatively
nucleophilic, so the absence of any C-alkylated product
argues against their formation.

A recent report by Linstrumelle64 et al ., described
the catalytic effect of the presence of a small amount of
copper(l) 1iodide on the reaction of Grignard reagents with
epoxides. Salts of copper and other transition metals have
long been known to influence Grignard reactions. Early work
concentrated on their effect on the position of addition to
enones, Re however their general utility was soon recognised

- - _ 66
and extended to coupling reactions of Grignard reagents,

and to the reactions of lithium alkyls. 67 The effect of adding
about 10 mole % of copper(l) iodide to the reaction of (28) with
allyl magnesium chloride was dramatic. At 0°C, complete reaction
occurred over twenty-four hours to produce the desired product
(92) in about 90% yield. TLC indicated the presence of a small

amount of two more polar products, both lacking tosyl groups.

To date their structures have not been elucidated.

©2)
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The catalytic effect of copper(l) salts on Grignard
reactions has been known for a long time and much effort has
been devoted to elucidation of the nature of the catalyst and
the mechanism of the reaction. It Is known that alkyl lithium
or Grignard reagents, on addition to one equivalent of copper(l)
iodide below 0°C, produce alkyl copper e.g. methyl copper has

68 hilst

phenyl copper separates from the solution as a grey powder.69

been isolated as an unstable polymeric material,

Most alkyl copper compounds are stable below 0°C, and are
known to be appreciably more stable in tetrahydrofuran than in
ether.66b In the presence of excess methyl lithium, a lithium
dialkyl cuprate species, solvated by solvent molecules, is
known to form67 i.e. LI[CuR2] .(EtO)n, whilst the phenyl
compound forms a complex of type [Ph~Cu]PhLi.Et203 A.69
The identity of the reactive species formed from excess
Grignard reagent and copper(l) 1iodide is much less certain.
It does not appear to be of the form MgBr[CuRZ],67 but
appears to contain mono-alkyl copper(l) species. These however
do appear to form some type of complex with the excess Grignard
reagent, this complex being solvated by the solvent present.6®3
In the absence of oxygen this complex seems to be indefinitely
stable.

The mechanism of this reaction can be represented,
in a greatly simplified form, as involving nucleophilic attack
on the epoxide by the copper alkyl, with regeneration of the

copper alkyl by one mole of Grignhard reagent, 1i.e.

BrMg-R~Cu
MgBr

+ CuR
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The reduction of (92) with lithium triethylboro-
hydride was straightforward, and resulted in an 85% yield of
(93). As expected, this reaction went via the epoxide (94),
which reacted regiospecifically, in an analogous manner to the
reaction of the thio-epoxide (72). This demonstrates that
steric hindrance by an axial substituent at C-4, to exo attack

at C-3 is a general phenomenon.

(95

Tosylation of the alcohol (93) proceeded normally
to yield the highly crystalline tosylate (95). The planned
synthetic sequence required oxidative cleavage of the double
bond to a carboxylic acid moiety, and in order to accomplish
this, several methods were tried, with varying success.

The classic Lemieux method using potassium permanganate
and sodium metaperiodate in aqueous tert-butanol produced no
isolable products. Ozonolysi's70 was an attractive alternative
due to the ease of work-up involved. This was first attempted
in dichloromethane, which should allow formation of the ozonide,
and indeed the tosylate (95) reacted rapidly to give one
product, presumed to be the ozonide (96). The method chosen
for decomposition of the ozonide was an oxidative one, involving
treatment with alkaline hydrogen peroxide. This should have

produced the carboxylic acid, but in fact, had no effect on (96).
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On heating the solution to 80°C, the ozonide did
decompose, probably by thermal breakdown, to give several

products, of which the only isolable one was identified as

(96) €D

This material had a characteristic infra-red
absorption at 1760 cm ~, and proton coupling constants
(determined by decoupling experiments) of ~2a-3% " Hz,
n"2n-3 % 8 Hz, Jg ~ v 3 Hz and n 1.5 Hz. These indicate
that the substituents at C-3 and C-4 are equatorial and axial
respectively. The 1identical a-a and e-a values of the S es
coupling constants indicate that the chair conformation of the
6-membered ring is slightly flattened.

As the ozonide (96) appears to be exceptionally
stable, the reaction was repeated under conditions which would
prevent its formation. This involved using a reactive solvent
(methanol) to trap the zwitterion (98) and produce an alkoxy
hydroperoxide, Scheme 21.

Alkoxy hydroperoxides are susceptible to hydrolysis
to the aldehyde, although their decomposition can sometimes
require more vigorous oxidising or reducing conditions.

Ozonolysis of (95) in methanol produced a relatively polar
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product which was not isolated, but presumed to be (99).
Decomposition was accomplished with the reducing agent,

sodium sulphite. This resulted in two new products being
formed, which were directly oxidised with alkaline hydrogen
peroxide. This produced a mixture of products, three of which
were separated and identified as the lactone (97), the ester

(100), and the hydroperoxide (99) in respective yields of

99) (100) R = Me

(101) R
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5%, 5%, and 20%. The main evidence for the proposed structure
(100) was a carbonyl absorption of 1727 cm ~ in the infra-red
spectrum, a methoxy singlet at s 3.68 in the *H NMR spectrum

and a high resolution mass determination of the molecular ion

of (100), which confirmed the molecular formula. The compound
assigned as the methoxy hydroperoxide, oxidised potassium iodide
solution, exhibited a strong infra-red absorption centred on
3,400 cm ~ (characteristic of hydroperoxides), and had a
methoxy singlet at 6 3.49 in the "H NMR spectrum. It has
previously been found that reduction of alkoxy hydroperoxides

by redox processes can result in a mixture of products, including
esters, aldehydes and alkanes. It therefore seems likely
that the ester (100) results from the reduction of (95) by
sulphite. There would presumably also be some aldehyde formed,
which would be converted to the acid (101) by the subsequent
peroxide oxidation, and could spontaneously lactonise to give
7). In view of the difficulties encountered in the decomposi-
tion of these peroxy-compounds, it was decided to investigate
some other reagents. The two others commonly used for

oxidative cleavage of double bonds are based on osmium tetroxide
and ruthenium tetroxide in combination with sodium metaperiodate.
Only a catalytic amount of the transition metal oxide is needed,
as the metaperiodate can continuously reoxidise it from the

+4 to the active +8 oxidation level. Use of the somewhat less
toxic ruthenium dioxide iIn aqueous acetone was surprisingly and
gratifyingly successful, causing complete reaction of (95) in

1j hours to give the desired lactone (97) in 90% yield, as the

only product. The presumed intermediate in this reaction is
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the carboxy-tosylate (101), although neither this nor any
other intermediate was detected by t.l.c. As the reaction mixture
becomes quite acidic, the acid moiety will presumably react to
form the lactone. It is unlikely that protonation of the tosyl
group is necessary for its displacement, as performing the
reaction with a buffer present (which maintained the pH above 6),
did not hinder the lactonisation step.

In achieving the synthesis of the tricyclic lactone
(97), the main stereochemical problems involved in producing
TXBj had been overcome. The substituents at C-3, C-4, and C-5
of the ring were now correctly orientated for elaboration into
TXB2 by standard methodology. To reach the known synthon (24),
all that remained was deprotection of the C-6 primary hydroxyl
group by cleavage of the 1,6-anhydro bridge. Literature
examplesl had indicated that Amberlite IR 120 acid Ton-
exchange resin, was a suitable catalyst for this transformation.
However, on performing the reaction with (97) the expected
product was obtained (as a mixture of the a and 6 anomers), in

a yield of only 45%.

24) (102)

In an attempt to improve the yield, several milder

acid catalysts were examined.
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the carboxy-tosylate (101), although neither this nor any
other intermediate was detected by t.l.c. As the reaction mixture
becomes quite acidic, the acid moiety will presumably react to
form the lactone. It is unlikely that protonation of the tosyl
group is necessary for its displacement, as performing the
reaction with a buffer present (which maintained the pH above 6),
did not hinder the lactonisation step.

In achieving the synthesis of the tricyclic lactone
(97), the main stereochemical problems involved in producing
TXB2 had been overcome. The substituents at C-3, C-4, and C-5
of the ring were now correctly orientated for elaboration into
TXB2 by standard methodology. To reach the known synthon (24),
all that remained was deprotection of the C-6 primary hydroxyl
group by cleavage of the 1,6-anhydro bridge. Literature
examples72 had indicated that Amberlite IR 120 acid Ton-
exchange resin, was a suitable catalyst for this transformation.
However, on performing the reaction with (97) the expected
product was obtained (as a mixture of the . and B anomers) , in

a yield of only 45%.

(€Z)) (102)
In an attempt to improve the yield, several milder

acid catalysts were examined.
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Pyridinium tosylate has been reported as being a
catalyst for acetal exchange.73 On its application to the
reaction of (97) with methanol, however, only a small amount
of (24) and (102) was formed after a substantial time period.
Lanthanide metal chlorides are apparently very effective
catalysts for acetal formation.74 In the expectation that
they might also be catalysts of acetal exchange, cerium(lll)
chloride heptahydrate was reacted with a solution of (97) Iin
methanol, containing trimethyl orthoformate as a water scavenger,
but after two days, no change had occurred.

It appears from the above results that a reasonably
strong acid catalyst is necessary, in order to force the

equilibrium over to (103), and lead to the methoxy-acetal

products. This final step should not be reversible as ring

flip occurs on formation of (24) and (102), as will be discussed
later. The resultant 4 conformation does not permit formation
of a 1,6-anhydro bridge. Amberlite IR 120 resin is based on
sulphonic acid, but is not particularly suitable for this
reaction, as it is meant to be used iIn aqueous solutions. It

is a cross-linked polystyrene gel-type resin, and normally
contains 49-55% water, necessary to maintain its pore structure.
When this water is removed, as was done Tfor use in the reaction

of (97), considerable shrinkage occurs, with the result that
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diffusion of solvent and substrate through the resin is
considerably reduced, with concomitant loss of some catalytic
activity. A comparable resin suitable for non-aqueous solutions
is however available. Amberlyst 15 acidic ion-exchange resin
is also based on sulphonic acid, but is a macro-reticular resin,
with large pores which do not disappear when the swelling solvent,
water, IS removed. In fact the commercially available form
contains only 1% water. Amberlyst 15 should therefore possess
much greater catalytic activity than the dried form of Amberlite
IR 120, and possibly lead to a faster, cleaner reaction. Indeed,
the resin led to complete reaction in a quarter of the time, and
resulted in a 81% isolated yield of (24) and (102).

The ratio of (24) and (102) thus obtained was 1.55:1.0.
The preponderance of the a isomer is in accord with the anomeric
effect which stabilises axially orientated polar groups at the
anomeric position, but the anomeric effect does not normally
manifest itself in polar solvents. In work reported by Brown
et al ., the epoxide (43 ) was treated with Amberlite IR 120
resin in refluxing methanol to produce the = and 6 methoxy
anomers in the ratio of 2:1, the a anomer predominating as was
the case with (97). The a-anomer thus obtained, on treatment
with hot aqueous sulphuric acid in dioxane yielded a 1:1 mixture
of the hemiacetals which on standing for 6 hours in D20 muta-
rotated to a mixture of the a and 6 anomers in the ratio of 1:2.
The preponderance of the a anomer obtained from reaction of the
bicyclic compounds (43 ) and (97) appears from the above results
to possibly be due to steric effects. The intermediate oxonium

ion (103) will, before ring flip occurs, be in the
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diffusion of solvent and substrate through the resin is
considerably reduced, with concomitant loss of some catalytic
activity. A comparable resin suitable for non-aqueous solutions
is however available. Amberlyst 15 acidic ion-exchange resin
is also based on sulphonic acid, but is a macro-reticular resin,
with large pores which do not disappear when the swelling solvent,
water, 1S removed. In fact the commercially available form
contains only 1% water. Amberlyst 15 should therefore possess
much greater catalytic activity than the dried form of Amberlite
IR 120, and possibly lead to a faster, cleaner reaction. Indeed,
the resin led to complete reaction in a quarter of the time, and
resulted in a 81% isolated yield of (24) and (102).

The ratio of (24) and (102) thus obtained was 1.55:1.0.
The preponderance of the a isomer is in accord with the anomeric
effect which stabilises axially orientated polar groups at the
anomeric position, but the anomeric effect does not normally
manifest itself in polar solvents. In work reported by Brown
et al.,77 the epoxide (43 ) was treated with Amberlite IR 120
resin in refluxing methanol to produce the . and 6 methoxy
anomers in the ratio of 2:1, the a anomer predominating as was
the case with (97). The a-anomer thus obtained, on treatment
with hot aqueous sulphuric acid in dioxane yielded a 1:1 mixture
of the hemiacetals which on standing for 6 hours in DjO muta-
rotated to a mixture of the a and 8 anomers in the ratio of 1:2.
The preponderance of the a anomer obtained from reaction of the
bicyclic compounds (43 ) and (97) appears from the above results
to possibly be due to steric effects. The intermediate oxonium

ion (103) will, before ring flip occurs, be in the 1CH
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conformation with C-6 axially orientated. This group may

well hinder nucleophilic attack from the 6 face of the molecule.

In the methoxy acetals in a conformation, no stenc hindrance
to attack at Cl is present, so equal amounts of both anomers are
formed.

The two isomeric alcohols (24) and (102) were readily
separated by the technique of flash chromatography.75 The
a-methoxy anomer was obtained as an oil (several reports of this
being a crystalline compound exist 6 ), and the g-methoxy
anomer as a crystalline solid. These compounds possessed
identical infra-red and proton NMR spectra to those reported
in the Titerature. 77.78,2,3,4

The a-methoxy anomer had identical TLC mobility to
that of an authentic sample.79 In addrtion, the a-anomer was
converted quantitatively into the known p-phenylbenzoate
derivative which had a slightly higher melting point and optical
rotation than the values quoted.

The proton NMR spectra of these alcohols were
extensively investigated, both by resonance decoupling experiments
and by the lanthanide shift technique. The coupling constants
obtained are shown in Table 1. These make it apparent that ring

inversion has occurred, from the of the 1,6-anhydropyranose

to the thermodynamically more stable forms (24a) and (102a).

(102a) (24a)
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The coupling constants demonstrate that H-1 is axial in

the 3 anomer (3, v 10 Hz), and equatorial in the a anomer

L?Zci
@1 2~ 3 Hz), that H-3 is equatorial (J2 3 v 2.5 Hz), and that
H-4 and H-5 are both axial (3 5 v 10 Hz).

The chemical shifts of the proton resonances in both
anomers are identical, apart from those for H-1 and C-2
methylene protons. Table 2 lists these. The shift in the
resonance of H-1 is a result of the orientation of the geminal
methoxy group. It is known that equatorial protons on a carbon
bearing a polar substituent in a cyclohexane ring usually
resonate at lower field than their axial counterparts, the shift
usually being 0.1 to 0.2 ppm. The chemical shift differences of
the C-2 protons in the two anomers also find analogy in reported
Work.81 It is known that a polar axial substituent causes the
resonance of a vicinal equatorial proton to move upfield by 0.1
to 0.3 ppm, and that of an axial proton to move downfield by
about 0.3 ppm. A polar equatorial substituent causes the
resonance of both axial and equatorial vicinal protons to move
upfield by up to 0.3 ppm. Thus for the axial H-2 proton the
change in chemical shift caused by altering the orientation of
the vicinal anomeric methoxy group from equatorial to
axial (@) cause a downfield shift of 0.34 ppm, whilst the
equatorial H-2 proton experiences an upfield shift of 0.2 ppm,
in agreement with reported values.

The lanthanide shift reagent Eu(fod)3 was used to
help identify the resonance position of poorly resolved signals
and to obtain coupling constants. Europium shift reagents
coordinate with electron rich sites in the molecule, and shift

all resonances downfield, the degree of shifting of a proton
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signal depending on its spatial orientation with respect to the
shift reagent. Normally these complexes are unstable on the

NMR time-scale, and the observed spectra are usually time
averaged, resulting from the shift reagent coordinating to
several different sites in the molecule. On addition of Eu(fod>3
to the anomers (24) and (102), the largest shifts were observed
as expected, Tfor those protons nearest the primary hydroxyl group,
as this will be the main coordination site of the Eu(fod)g.

Table 3 shows the shifts obtainable before line broadening began
to occur. The behaviour of the a-anomer was anomalous in that
H-1, H-5 and H-6 experienced much larger changes in chemical
shift than the corresponding protons in the B-anomer. In
addition the C-6 pair of protons in the a-anomer became non-
equivalent, and exhibited a coupling constant of % 11 Hz with

A6 % 1000 Hz. This behaviour suggests that the Eu(fod)3 is
remaining static with respect to the a-anomer (24), and that

the time-averaging process, which causes the C-6 methylene
protons to be equivalent in the B-anomer is not occurring.
Examination of molecular models shows that a type of cage

is formed in the a-anomer by the acetal oxygen atoms and the

primary hydroxyl group. This cage is not possible in the B-anomer.



153.

Coordination of the europium to the three oxygen
atoms in this cage could lead to formation of a stable complex
(on the NMR time scale). This would explain the anomalously
large shifts of the C-1, C-5 and C-6 protons, and the non-
equivalence of the C-6 protons.

The remaining steps necessary for conversion of the
synthon (24) into TXE® and its C-15 epimer, have been performed
by several groups,82 and involve standard “prostaglandin*
methodology.

With the isolation of (24) and (102), the aim of
this research project has been realised. 83 The strategy of
utilising the asymmetry of a carbohydrate precursor to yield a
chiral product has proved successful. The synthesis has been
relatively short, has used readily available starting materials,

and has been stereospecific.



TABLE 1

J(Hertz)
Proton

1

TABLE 2
Proton

1

(observed)
g-anomer
J1,2 AX 8.5
JI,2 e W
J2 AX,3 V2.5
J2 EQ,3 V&5
J3.4 n5.0
Ja.5 -vi0.0
N
J5 .6 1
6 (ppm)
g-anomer g-anomer
4.61 4.82
1.77 2.11
2.31 2.11

a-anomer
Jisp 30
J2,3 V8->
J3,a 50
JH,5 10-5
N
56 1
A(6)
+ 0.21
+ 0.34
0.20
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TABLE 3
Proton A6 (ppm) for addition of 0.2 equivalent
of Eu(fod>3
a-anomer R-anomer

1 2.9 1.6
2ax 1.1 1.0
2eq 1.1 1.0

3 0.9 1.0

4 2.6 2.1

5 3.4 2.4

6 2.4 3.6

6 4.0 3.6

7 1.0 1.0

OCH, 0.8 1.1
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5. SYNTHETIC APPROACHES TO AN ANALOGUE OF THROMBOXANE A2
Thromboxane A2 is an unstable derivative of PGG2

possessing structure (130). In aqueous solution at 37°C and

pH 7.4, TXA2 has a half-life of 32 seconds, being converted into

its stable metabolite, TXB2.

¢H
(130)
This high reactivity results from the presence of
a highly electrophilic carbon (C-1l1), contained in a strained
bicyclo[ 3,1,1]heptane system. Various analogues have been made,
in which one or both oxygens have been substituted by carbon.
This strategy has produced stable compounds by lowering the
electrophilicity of C-1l (see pages 49-71 )*> An alternative
strategy for obtaining stable analogues while maintaining the
two oxygen atoms is to lower the reactivity of the system by
expanding the strained oxetane ring to form a 2,7-dioxabicyclo-

[3.,2,1]octane skeleton.

Comparison of molecular models of this system and
the 2,7-dioxabicyclo[ 3,1,1]heptane system indicate that the

relative positions of the oxygen atoms in the two bicyclo
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systems should be similar, i.e. having a separation of % 2_5A.
In the former system the oxetane oxygen will be displaced about
IA further away from C-3 than in the latter system. Molecular
models also indicate that the configuration of the two side
chains does not vary greatly between the two structures. The
similarities in this pair of bicyclic molecules suggest that
the bicyclo[ 3,2,1]octane analogue may well possess interesting
physiological properties.

The synthetic approach to this bicyclic system
utilised, as a starting point, derivatives of the analogous
6 ,8-dioxa-bicyclo[ 3,2,1]octane system, i.e. derivatives of
1,6-anhydropyranose. Scheme 22 shows a retro-synthetic analysis

of the proposed route.

TxAfAN

(104) (105)

Scheme 22

The key intermediate (104) possesses suitable
functionality for elaboration of the two side chains by Wittig
processes. The synthesis of (104) from a suiltable precursor
(105), was the most critical transformation in the whole

synthesis, and was dependent on an internal trans-acetalisation
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of (105) as outlined in Scheme 23.

Scheme 23

On treatment of (105) with an acid catalyst in an
aprotic medium, the 1,6-anhydro bridge should be cleaved to
give the oxonium ion intermediate (106). This will rapidly
and irreversibly invert from the TICH conformation with C-6
and the group "R* axially orientated, to the conformation
with these groups equatorial, this being the thermodynamically
more stable conformer. By way of analogy, the tricyclic lactone
(97) 1is known to undergo rapid ring inversion on cleavage of
the anhydro bridge with acid. Once in the G~ conformation, the
oxygen of the C-3 hydroxymethyl substituent is ideally situated
to undergo reaction with C-1 and form (104). The group R was
required to be readily convertible to the formyl moiety without
interference with the acetal function. The methodology developed
for synthesis of the tricyclic lactone (97) was applicable here.

The proposed synthesis of a compound suitable for conversion into
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(104) was in fact based on the alcohol (93).
OH HCk~

o 6
(93) (107)

As the alkyl group has been previously shown to be
readily oxidisable to a carbonyl function in the tosylate (95),
it seems suitable for the present synthesis. Synthesis of a
suitable intermediate (107) therefore required only a one
carbon homologation of the alcohol at C-3, with inversion of
the stereochemistry at this centre. In fact this relatively
straightforward transformation has proved impossible to perform
to date. The following discussion details the various attempts
made . Some success was achieved with the unsubstituted ketone
(29) in model investigations, but all efforts to prepare (107)
were unsuccessful. The reasons for these failures seem to
centre on the unusual nature of the bicyclic system itself.
Some possible explanations will be presented in the following
discussion.

The method of homologation initially investigated
was introduction of a cyanide group by a displacement of tosylate
from (95).

An SN2 process should result in the cyanide being
equatorially orientated. Reduction with di-iso butyl-aluminium
hydride should result in the equatorially orientated aldehyde
(109), reducible to the alcohol (107) with lithium aluminium

hydride.
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(107)

(95) (108) (109)

Scheme 24

The reaction was initially performed in dimethyl-
sulfoxide and resulted in a 95% yield of the diene (110), a
result of elimination of £-toluenesulphonic acid. The
confirmation that (110) was the A diene and not the A , was
provided by decoupling experiments on the proton NMR spectrum,
and its optical rotation. Decoupling showed that H-2 was an
olefinic proton coupled to H-1 and J_ 2 ~ 4 ~z“ The °Ptical
rotation was large and positive in accord with that of other
compounds containing a A2 double bond, e.g. (54), (9 and (63).
The presence of a A3 double bond seems to cause the value of the
optical rotation to be large and negative, e.g. (55).

As 1is the case with many anions, the reactivity of
cyanide is greatly enhanced in dipolar aprotic media. This is
due to preferential solvation of the cation, leaving a "“naked®
cyanide anion. The basicity (hydrogen nucleophilicity) and
(carbon) nucleophilicity both tend to be increased, but normally
the basicity of the anion is dominant, and where an E2 process
is possible, this tends to occur.

This type of process is especially facile in the case

of (95) due to the rigid trans-di-axial arrangement of the tosyl
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(110)

group and h-2EXq, and also the slightly acidic nature of the
C-2 protons (see Chapter 2_111). It Is sometimes possible to
alter the balance of SN2 and E2 processes by changing the
solvent e.g. in hydroxylic solvents, cyanide normally reacts
by an SN2 mechanism. On trying the above reaction in ethanol,
the rate was found to be considerably reduced, and the diene
again appeared to be the sole product. N-methyl pyrrolidine
and hexamethylphosphoramide appear to favour substitution,

but their use again led to the diene.

As an intermolecular SN2 reaction on the axial
3-0-tosyl groups seemed to be very elusive, an intramolecular
reaction was considered as a means of forming the carbon-carbon
bond. Delivery of a nucleophilic carbon by the alkyl chain
attached at C-4 seemed likely to succeed. Two routes utilising
this idea were considered, Scheme 25.

Introduction of an acetonyl group at C-4 could then
lead via the enolate, to either, an aldol condensation with a
carbonyl group at C-3 or displacement of a 3-0-tosyl group. The
latter route would produce a symmetrical cyclopentanone (111)

which would probably give isomeric 6-lactones on Baeyer-Villiger
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Scheme 25

oxidation. The enone (112) was a more suitable substrate as
it is known that Baeyer-Villiger oxidation of enones often leads
to the enol ester.OC There were, however, some problems
associated with this route as it seemed likely that the
conditions of the aldol condensation might lead to epimerisation
of the substituent at C-H.

The investigation was initiated by the introduction

of an acetonyl synthon, the methallyl group, utilising the

previously explored copper(l) catalysed Grignard reaction with
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the epoxide (28). This led to the crystalline compound (113).
Reduction of this with lithium triethylborohydride proceeded
stereospecifically to yield the alcohol (114). This material
was transformed into the diketone (115) in one step by reaction

with ruthenium dioxide and sodium metaperiodate in a biphasic

(113)

system of dichloromethane and water. This erythro ketone

was found to undergo epimerisation of the acetonyl side-chain
during chromatography on silica, to yield a mixture of the two
isomers. This mixture was treated with sodium hydride in
benzeneOC in an attempt to effect an aldol condensation, but
this resulted in a complex mixture which yielded no isolatable
products. No Ffurther work was carried out on this route.

An alternative strategy for the synthesis of (107) is

outlined below.

aHCHaO

(116)
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This quite short route involves synthesis of the
exo 3-bromide, 1its conversion to a Grignard reagent, and
reaction with formaldehyde. The exo 3-bromide is required as
it is known that both the formation of a Grignard reagent
from a halide, and its subsequent reaction occur with retention
of configuration.87 Racemisation of Grignard reagents does not
normally occur below about 1000C.88 Therefore the exo-bromide
should lead to an exo hydroxymethyl group in (107).

The bromide (116) was synthesised using the reagents
triphenylphosphine and carbon tetrabromide in acetonitrile.
This reaction occurred with inversion of configuration to give
the desired exo bromide ("2AX-3 % ~ Hz) in a”out 0% yield. A
large amount of another product was also formed. This was rather
unstable, and could not be purified for micro-analysis, nor did
it provide a readily assignable mass spectrum. An assignment of

the structure as (117) was made on IR, UV and NMR evidence.

(117)

This consisted of a strong infra-red absorption at 1680 cm ~,
indicating a conjugated carbonyl group. A Tfirst order analysis of
the proton NMR spectrum using decoupling techniques demonstrated
the presence of the conjugated aldehyde moiety, i.e. 6 9.56 (d,

1H, H-1, Jx 2 * 7 Hz), 5.70 (m, 1H, H-2, J1>2 ~ 7, J2>3 v 20 Hz),
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7.02 (d, 1H, H-3, J2 3 ™ 20 Hz); attached to a quaternary
carbon (C-4) to which was also attached the allyl group:

6 3.13 (d, 2H, (C-7) CH2,J? 8 ~ 5 Hz), 5.70 (m, 1H, H-8,

J8,7 ~ 57 J8,9CIS % 11* J8,9TranS ~ 17 Hz)~” 4,9~5-2 (m” 2H~
(C-9) CH2). The presence of allylic bromide was also apparent:
6 6.27 (t, 1H, H-5, Jg 6 x 9 Hz), 4.04 (d, 2H, (C-6) CH2). The
ultra-violet spectrum had maximum absorbance at ~ 283 nm which
is the correct position for this structure as calculated by

the Woodward-Fieser rules. It seems likely that (117) 1is formed
by cleavage of the acetal group and dehydrobromination by
triphenyl-dibromophosphorane (PhgPBr2). In the absence of a
proton source this is the most basic and reactive intermediate
formed by the reaction of triphenylphosphine and carbon tetra-

bromide, 89 i.e.

PhgP + CBr4 -“a [PhgP-CBrg] + Br-

[Ph3P-CBr3]+ Br" + PhgP “a PhgP=CBr2 + PhgPBr2

Cleavage of the acetal group may occur in an
analogous fashion to that with iodotrimethylsilane.

Br Br Br

17
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The basicity of these reagents is demonstrated by
the facile dehydration of carboxamides to nitriles.

Attempts to prepare the Grignard derivative of (116)
led to the disappearance of the bromide but not to the formation
of the Grignard reagent. Formation of the lithio derivative of
(116) was also attempted, but again led to the reaction of the
bromide and no isolatable products.

Another approach to the aldehyde (109) involved
introduction of the one carbon unit by a Wittig reaction with
the ketone (118). Methylenetriphenylphosphorane would have
resulted In an exocyclic double bond which would have proven
difficult to hydroborate in the presence of the allyl group.
Therefore methoxymethylenetnr)henylphosphorane90 was chosen.
This should lead to an enol ether (119), which could be readily

hydrolysed to the aldehyde, Scheme 26.

(118) (119) (109) (107)

An excellent review of homologation of carbonyl
compounds exists. To investigate the applicability of this
approach, the unsubstituted 6,8-dioxabicyclo[ 3,2,1]octan-3-one
(29) was used as a model substrate. In fact, this sequence of

reactions worked well with (29). Reaction with the phosphorane
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led to the isomeric enol ethers (120) and (121) in equal
amounts as judged by GLC analysis. These were separable

by column chromatography. The NMR spectra of this pair of
compounds differed in the chemical shifts of the H-2, H-4 and
H-6 protons, presumably due to the influence of the enol ether
oxygens, however it was not possible to definitely assign a
structure to each spectrum.

These enol ethers were hydrolysed under mild
conditions which did not affect the acetal function
(HgOAc2~K1-H20-THF), to produce the aldehyde (122) as one
epimer. This was proven by exposure to base equilibrating
conditions. No change in GLC Rt, TLC RFf, or NMR spectrum was
noted indicating that the aldehydic group is exo in (122).

The reduction of the aldehydic moiety was performed
with lithium aluminium hydride and provided the desired alcohol
(123) in reasonable yield. As this alcohol has no substituent
at C-4, the driving force for the previously discussed rearrange-
ment should be minimal, however it seemed likely that a 50:50

mixture of (123) and (124) might result.

(123) (124)



168.

On treating (123) with Amberlyst acidic ion exchange
resin in dry benzene for a prolonged period, TLC and GC could
detect no change. As (123) and (124) would be expected to
possess very similar chromatographic properties, TLC and GC
might be insensitive to a successful reaction, so this negative
result was not considered to be damning evidence against the
rearrangement.

With the successful transformation of the model
ketone (29) to the hydroxymethyl substituted compound (123),
the formation of the target compound (107), by the same route
seemed certain of success. This sequence was initiated by
synthesis of the allyl-ketone (118) from the alcohol (93)
using pyridinium chlorochromate buffered with sodium acetate.
These conditions did not result in epimerisation of the C-4
substituent, thus demonstrating once again the suitability of
pyridinium chlorochromate for the synthesis of ketones with
the thermdynamically less stable a-substituent.

Gas chromatography demonstrated that the reaction of
this ketone with methoxymethylenetriphenylphosphorane was very
slow at -70°C, but extremely rapid on warming to room temperature.
The disappearance of the ketone was accompanied by the formation
of very polar products, detectable only by TLC. The reaction was
repeated, with a slow controlled stepwise iIncrease iIn temperature
from -75°C to -50°C to -40°C, at which point all the ketone had
disappeared and a large number of new peaks, of shorter retention
time had appeared on the gas chromatogram. No identifiable

products could be isolated from this reaction.
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The explanation of the totally different results
obtained from the reactions of the two ketones (29) and (118)
with methoxymethylenetriphenylphosphorane seems to lie in the
influence of the axial 4-substituent on the steric environment
of the ketone moiety. Bicyclo[ 3,2,1]octan-3-one is known to be
so sterically hindered that with large reagents, only exo attack
on the ketone moiety occurs, this being about 200 times slower
than with cyclohexanone.50 In (118) the 4-C-allyl group will
substantially hinder exo attack on the ketone, so forcing the
reaction along another pathway. It seems likely that this will
involve énolisation of the ketone, probably to give initially
the A2 isomer which may then isomerise to the more stable A3
isomer. As no ketone was recoverable from the reaction, this
enolate must subsequently react to produce non-isolatable polar
products. A tendency for alkoxymethylenetriphenylphosphoranes
to give poor yields with enolisable substrates has been noted
before.92

Recent work has demonstrated that phosphonate
reagents are much superior to phosphoranes for the formation
of the homologous enol ether from enolrisable ketones.93
Protected derivatives of diethylhydroxymethylphosphonate are
particularly suitable and readily synthesised. The lithio
metallated derivatives of these compounds form relatively
stable 1,2-adducts with ketones. These can be decomposed to
the olefinic product by heating or by treatment with potassium
tert-butoxidem With enolisable ketones it was found necessary

to perform the reaction below -100°C to obtain good yields.
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An investigation into this reaction was initiated by
the synthesis of the tetrahydropyranyl derivative of diethyl

hydroxymethylphosphonate as outlined below:-
(EtO)1,PO + (CHPO)n & | (EtO)IoP(O)CHQOH = (EtO)IoP(O)CHloOTHP

This derivative was particularly attractive due to the likely
ease of hydrolysis of the enol ether product. On reaction of
the lithio derivative of this phosphonate with the ketone (118),
the ketone was recovered in about 40% yield as the only isolable
product. The C-4 substituent had been isoraerised into an
equatorial orientation indicating that enolisation had taken
place. It has been reported that the hindered ketone camphor
gave only a 12% yield of the 1,2-adduct under these conditions,93
so it seems probable that this reagent may be generally
unreactive towards hindered ketones.

The failure of the Wittig and Horner-Eammons reactions
prompted the investigation of another approach to (109). This
involved conversion of the ketone (118) into a spiro-epoxide.
These compounds are known to rearrange on treatment with a Lewis
acid by a carbonium ion mechanism to yield the epimeric
aldehydes,94 which could presumably be isomerised to the desired
exo epimer with base. The reagents commonly used for this
transformation are dimethylsulphoxonium methylide,95 dimethyl-
sulphoniummethylide”® and diazomethane.” These were all
examined. On reaction of the ketone (118) with the less reactive
of the two sulphur ylids, dimethysulphoxonium methylide, the
ketone rapidly disappeared to give a complex mixture of products.

The more reactive ylid dimethylsulphonium methylide allows the
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reaction to be performed at lower temperature, thus helping
to prevent undesirable side reactions. On the application of
this reagent to the ketone (118), the rapid reaction led once
again to a complex, unidentifiable mixture of products.

It was noted that the spectral characteristics of
the crude products from the above two reactions, and the Wittig
reaction with methoxymethylenetriphenylphosphorane were all very
similar. This suggested that all three reactions were involving
the enolisation of the ketone and its subsequent decomposition by
a common route. An unusual reaction of methylenetriphenyl-
phosphorane with the keto-acetal (125) has been reported97 and

appears to be relevant to the above reactions of (118).

R3

Enolisation of the ketone is followed by cleavage
of the ethereal carbon-oxygen bond assisted by participation of
the Wittig reagent to eventually produce the enone and the
hydroxy olefin.

An analogous retro-Michael type reaction could be
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envisaged for (118) i.e.

ROHgJ OH

This reaction apparently requires the participation
of an electrophilic hetero-atom containing strong base, i.e.
phosphorous or sulphur ylids, as in their absence the enolates
are quite stable. The recovery of the ketone from the reaction
with the phosphonate reagent may be explained as resulting from
the phosphorous being insufficiently electrophilic to coordinate
to 0-5, and polarise the C-5-0-5 bond. In the infra-red spectra
of the product mixtures obtained from these unsuccessful reactions
a strong absorption at 1675-1685 cm ~ indicated the possible
presence of an enone function. The lack of a resonance assignable
to H-1 of the bicyclic system in the NMR spectrum confirmed that
the acetal moiety had been destroyed.

The third method of epoxidation of (118) involved the
use of diazomethane. This compound should not be sufficiently
basic to cause enolisation of (118), so the complications
discussed above should not occur. An important side reaction
of diazomethane with carbonyl compounds is the formation of a

carbonyl compound with one more carbon than the starting material.
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The ratio of the two possible products can be influenced by
both steric and electronic effects. Lewis acids accelerate
the reaction and suppress formation of the epoxide, whilst
electron withdrawing groups a to the ketone tend to increase
the amount of epoxide formed. With carbohydrates, bearing
hydroxyl groups adjacent to the ketone, the epoxide is often
the sole product.98 With bicyclic systems, ring strain often
leads to predominant formation of the ring-enlarged ketone,
e.g- bicyclo[ 3,2,1]octan-3-one reacts slowly to give bicyclo-
[4,2,1]octan—3—one.99 As these literature examples did not
definitely predict what would occur in the case of (118), the
reaction was investigated. It was found that in ether, no
reaction occurred. On the addition of methanol a very slow
reaction commenced, but as after three days a substantial
amount of ketone was still present, the reaction was abandoned.
The identity of the small amount of product formed could not be
established.

Methods for direct conversion of a ketone to a
nitrilel00 exist, e.g. using ¢-toluenesulphonylmethyl
isocyanide (TOSMIC). This has been extended to give good
yields with both enolisable and hindered ketones.101
Unfortunately, on application of this method to the ketone
(118) the usual mixture of unidentifiable products resulted.

The above results do not augur well for the eventual
success of the homologation of the allyl ketone. The abnormally
large steric hindrance to approach to the carbonyl group,
combined with facile enolisation, mean that most strongly basic

reagents are liable to be unsuccessful. The presence of an
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electrophilic heteroatom in the reagent seems to aid the
proposed retro-Michael reaction, so it seems likely that the
newer silicon based reagents, e.g. MeOCH25iMe3,102

CICInSiIMer™* "1™ and (CH2)"SjCINSiMeg™** would precipitate this
side reaction.

At the conclusion of this work, there were several
promising methods under consideration which, due to lack of
time, could not be fully investigated. A potentially general
method for the homologation of hindered enolisable ketones has
been developed by Corey et al .1®85 for the homologation of the
intermediate (126), required in a synthesis of the diterpene
aphidicolin.

The one carbon unit was actually introduced under
neutral conditions via a cyano-hydrin, Scheme 27. Subsequent
elaboration into the 1-trimethylsilyl-2-trimethylsilyloxy
alkoxy moiety followed by a 1,2-silyl shift produced a 8-alkoxy-
silane susceptible to a Petersen olefination reaction to yield
the silyl enol ether.

An alternative method which is at present under
investigation in these laboratories is that of Orere and Reese"*%
for conversion of a ketone directly into the homologous nitrile.
This involves reaction of the 2,4,6-tri-isopropyl-benzene-
sulphonylhydrazone of the ketone with potassium cyanide in
methanol . Good yields have been obtained with the hindered
ketone pinacolone. The mechanism of this reaction has not yet
been elaborated, however from reported examples, it offers a
good chance of success with (118).

A slightly different approach involves the synthesis
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of the tricyclic 6-lactone (127)

127) (128)

Acid-catalysed rearrangement of this should result
in the isomeric 6-lactone (128). The synthesis of this compound
does however present considerable problems. A suitable precursor
may be the Ao olefin (55), readily available by isomerisation of
the A2 olefin (see page 116 ). Elaboration into a 6-lactone
could be accomplished using the method of Baldwin and Crimmins,lo 6
Scheme 28. Alternatively a variation of the procedure of Greene
and Depres,L17 with a Baeyer-Villiger oxidation of the inter-
mediate a,a-dichlorocyclopentanone might lead to the desired
6-lactone, Scheme 29.

The above, or other procedures will, it is felt,
eventually lead to the successful synthesis of a suitable synthon

and enable the completion of the proposed novel route to a TXA2

analogue.
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~OSiMe3
(@ Me3SiCN, Znl2, CHC13, @®) Dibal,
© Me3SiLi, HWPA, -35°, (@ LDA, THF, 23°

© H3+

Scheme 27



For schemes 28 and 29 turn to page 68

Scheme 28
def
’ * 115
(®) AcOH, aq.THF, (© Ph3PCH2,
(@ (iso-amyl)2BH> (& NaOH, H202, (P TsCI, pyridine,
(@ AcOH, aq.THF, ) ch3OX)Xh3 k+

Scheme 29
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GENERAL EXPERIMENTAL AND ABBREVIATIONS

Melting points are uncorrected and were determined
on a Kofler hot stage apparatus. Optical rotations were
determined on a Perkin-Elmer polarimeter, model 141, using a
1 cm cell. Infra-red spectra were recorded on a Perkin-Elmer 577
spectrophotometer in dilute chloroform solution. Ultraviolet
spectra were recorded on a Perkin-Elmer 402 spectrophotometer
in dilute chloroform solution.

Nuclear magnetic resonance spectra were recorded on
a Perkin-Elmer R32 90 MHz spectrometer in deutero-chloroform
solution using tetramethylsilane as internal standard. Chemical
shifts are quoted in p.p.m. downfield from tetramethylsilane.

Gas-liquid chromatography was performed on a
Perkin-Elmer FIl machine with a flame ionisation detector.
Retention times are quoted iIn minutes. Peak areas were measured
with a Supergrator computing integrator.

Mass spectra and high resolution mass determinations
were obtained by Mr. D. F. Dance using a Jeol JMS-D100 mass
spectrometer.

Microanalyses were obtained by Dr. F. B. Strauss of
Oxford University.

Analytical t.l.c. plates were examined under ultra-
violet illumination, and then stained with iodine vapour and/or
ceric ammonium sulphate, followed by heating to ™ 150°.
Keiselgel G (Merck 7731) was used for preparative t.l_c.
Keiselgel 60 (Merck 9385) was used for column chromatography,

utilising the procedure of Clark-Still et al.75
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Solvents were removed using a Bilchi Rotavapour-R

at a pressure of 20 mm and the lowest convenient temperature,
generally 40-50°. Flask to flask distillations were performed
using a Btlchi GKR-50 apparatus. Reactions requiring anhydrous
conditions were performed in flame dried flasks fitted with
Suba-seal rubber septa, under an atmosphere of dry nitrogen.
Transfer of solutions was accomplished using syringe technique.
Solvents were generally distilled before use. Dry solvents

were obtained by the normal methods.



thin layer chromatography
infra red

ultra violet

nuclear magnetic resonance
gas liquid chromatography
mass spectra

mass divided by charge
molecular ion

melting point

singlet
doublet
triplet (in n.m_.r. spectra)
guartet

multiplet
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Leavoglucosan by pyrolysis of starch

A one litre round-bottom flask was filled to
one-third capacity with maize starch and connected via 2 cm
glass tubing to a one litre conical flask immersed iIn a cooling
bath (CCI™/CCN). The system was evacuated using a water pump,
and the maize starch heated for approximately j hour with a
yellow luminous bunsen flame. The distillate contained in the
conical flask was then dissolved in acetone, Tfiltered, and
evaporated to a small volume. This procedure was repeated in
methanol, treated with charcoal, filtered, evaporated to a
thick liquid, triturated, and left in a fridge to crystallise.
The brown crystals thus obtained were recrystallised from iso-
propanol to give leavoglucosan (1,6-anhydro-B-D-glucopyranose)

10g) m.p. 172°C (1it.108 172°C)

Leavoglucosan from penta-0O-acetyl-B-D-glucopyranose
(i) Tetraacetyl-B-phenyl-D-glucose

To a melt composed of phenol (213g, 2.27M) and
£-toluenesulphonic acid (3g) was added penta-acetyl-B-D-glucose
(220g, 0.563M). This was heated on a steam bath for 1j hours,
under reduced pressure, with the acetic acid produced being
distilled off during the heating. The resultant syrup was
poured into hot water (1J) and extracted with dichloromethane
(1.25)1). The organic extract was washed with NaOH solution
(@ x 500 ml), water (2 x 500 ml) and dried with calcium chloride
Removal of the solvent gave yellow crystals which were
recrystallised from boiling ethanol (200 ml) to give tetraacetyl
6-phenyl-D-glucose, 150 gm, yield 65%, m.p. 119-120°¢C (it 108

m.p. 120-122°C).
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(ii) 1,6-anhydro-6-P-glucopyranose triacetate
To a solution of sodium hydroxide (117 gm)
water (11) was added tetra-acetyl-6-phenyl-D-glucose (150 gm).
The solution was then maintained at a gentle reflux for
20 hours. After cooling the solution was neutralised with a

solution consisting of cone, sulphuric acid (124g) and

ice (124g)-. The solution was then concentrated to dryness
on a steam bath under reduced pressure. The residue was
extracted with ethanol (10. The ethanolic solution was

concentrated to dryness under reduced pressure and the residue
acetylated by cautious addition of acetic anhydride (0.410.
After heating for 1 hour on a steam bath, the excess anhydride
was decomposed by the addition of water (34 ml), and the acetic
acid removed by distillation under reduced pressure. The
residue was extracted with chloroform (0.550 and this extract
washed with water (2 x 150 ml). After removal of the chloroform,
the residue was crystallised from 95% ethanol (45 ml) to give

36.5 gm of 1,6-anhydro-6-D-glucopyranose triacetate

m.p. 107-108°C, yield 37%, (1it108 m.p. 107-108°C).

(iii) 1 ,6-anhydro-g-D-glucopyranose

The triacetate (50g) was dissolved in methanol (500 ml)
and 50 ml of a 1% solution of sodium in methanol was added.
After 15 minutes, this was neutralised with Amberlite IR120 (H+)
resin, treated with charcoal, filtered, and evaporated to dryness.
Recrystallisation from methanol yielded pure 1,6-anhydro-e-D-
pyranose, yield nearly quantitative, m.p. 172°C, (lit.10*

m.p. 172°C).
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2,4-di-0-tosyl-1,6-anhydro-g-D-glucopyranose (27)

To 1,6-anhydro-g-D-glucopyranose (9g) dissolved in
dry pyridine (40 mis) was added a solution of £-toluene-
sulphonyl chloride (33g) in dry dichloromethane (30 mis) over
30 minutes, with efficient stirring and the temperature
maintained at 20°C. After 3 days the mixture was poured into
iced water (500 ml), and extracted with dichloromethane
(2 x 100 mlI). This extract was washed with 5% sulphuric acid
G x 25 mis), water (2 x 25 mis), and dried over magnesium
sulphate. After removal of the solvent, the residue was
recrystallised from ethanol to give 16g of 2,4-di-O-tosyl-1,6-
anhydro-g-D-glucopyranose, m.p. 116-117°C, yield 61%, (lit.19
m.p. 116-118°C).
2-0-tosyl-1,6-3,4-dianhydro-g-D-galactopyranose (28).

The pure ditosylate (27) or the crude material
obtained before recrystallisation, were both suitable substrates
for this reaction.

The crude ditosylate (61g) was dissolved in dry
chloroform (400 ml), dry methanol (200 ml) and 100 ml of 25%
sodium methoxide solution added dropwise, with cooling over
i hour. After stirring for 36 hours at room temperature,
water (100 ml) was added and the layers were separated. The
chloroform solution was washed with water (3 x 30 ml) and
dried (MgSOn). After removal of the solvent, the residue was
recrystallised from hot 5:1 methanol/chloroform to give 18g

of needle-shaped crystals, m.p. 151-152°C, (1it.19 m.p. 147-148°C)
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1, 6-anhydro-2,4-di-0-tosyl-8-D-ribo-hexopyranos-3-ulose

To a solution of I,6-anhydro-2,4-di-0-tosyl-8-D-
glucopyranose (7-59) in acetic acid (70 ml) and sulphuric
acid (1 ml) cooled to 20°C, was added a solution of chromium
trioxide (4g) in water (6 ml) over 10 minutes. After 15 min.
the mixture was poured into 100 ml of chloroform and 100 ml of
water. After separation of the layers, the chloroform layer
was washed with water (4 x 50 ml) and dried (MgSO™). After
removal of solvent, the residue was triturated with ether and
left in the fridge. This resulted in 5.3g of the ulose,

109

0
m. p.- 106-107 C, yield 67% (lit. m.p- 108—116%).

Catalytic reduction of the di-tosyl ketone

(i) In the absence of hydrogen 1,6-anhydro-2,4-di-0-tosyl-8-D-
ribo-hexopyranos-3-ulose (6.59) was dissolved in acetone (80 ml)
and 80 ml of Raney nickel *“TI" suspension added. After stirring
for 40 minutes, the solution was Tfiltered, the solvent removed,
and the residue extracted with hot ether. On cooling, the

starting ketone crystallised out (0.51g, recovery 78%).

(ii) In the presence of hydrogen

To the ditosyl ketone (0-25g) in acetone (3 ml) was
added Raney nickel =TI" suspension (10 ml) and the mixture
stirred for 40 minutes under 1 atmosphere of hydrogen. The
mixture was Ffiltered, the solvent removed, and the residue
extracted with ether. From the ether solution, the ditosyl
ketone (0.1g) crystallised out. After removal of ether, the
residue was subjected to preparative T.L.C. This resulted in

the isolation of the isomeric mono-tosyl ketones, 1,6-anhydro-
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1, 6-anhydro-2,4-di-0-tosyl-B-D-ribo-hexopyranos-3-ulose

To a solution of 1,6-anhydro-2,4-di-0-tosyl-8-D-
glucopyranose (7.5g) in acetic acid (70 ml) and sulphuric
acid (1 ml) cooled to 20°C, was added a solution of chromium
trioxide (4g) in water (6 ml) over 10 minutes. After 15 min.
the mixture was poured into 100 ml of chloroform and 100 ml of
water. After separation of the layers, the chloroform layer
was washed with water (4 x 50 ml) and dried (MgSO™). After
removal of solvent, the residue was triturated with ether and
left in the fridge. This resulted in 5.3g of the ulose,

109
m

m. p. 106-107 C, yield 67% (lit. .p. 108-110 ).

Catalytic reduction of the di-tosyl ketone

(i) In the absence of hydrogen 1,6-anhydro-2 ,4-di-O-tosyl-B-D-
ribo-hexopyranos-3-ulose (6.59) was dissolved in acetone (80 ml)
and 80 ml of Raney nickel “TI® suspension added. After stirring
for 40 minutes, the solution was filtered, the solvent removed,
and the residue extracted with hot ether. On cooling, the

starting ketone crystallised out (0.51g, recovery 78%).

(i1) In the presence of hydrogen

To the ditosyl ketone (0.25g) in acetone (3 ml) was
added Raney nickel “TI" suspension (10 ml) and the mixture
stirred for 40 minutes under 1 atmosphere of hydrogen. The
mixture was Ffiltered, the solvent removed, and the residue
extracted with ether. From the ether solution, the ditosyl
ketone (0.1g) crystallised out. After removal of ether, the
residue was subjected to preparative T.L.C. This resulted in

the isolation of the isomeric mono-tosyl ketones, 1,6-anhydro-
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2-0-tosyl-4-deoxy-B-D-threo-hexopyranos-3-ulose (3U) and
1,6-anhydro-2-0-tosyl-4-deoxy-erythro—- hexopyranos-3-ulose (35)
as an inseparable mixture (0.07g). NMR indicated the ratio
of these compounds to be 6:1. Also isolated was an oil which
was distilled (140°C, 1 mm) to give 1,6-anhydro-2,4-dideoxy-f3-
D-glycero-hexopyranos-3-ulose (29) (0.04g), [0]175-990 (c 3,

chloroform); lit. [a] D~98-.

Birch reduction of 1,6-anhvdro-2.4-di-0O-tosvIl-B-D-ribo-hexo-
pyranos-3-ulose

A solution of 2g of the ketone in dry tetrahydrofuran
(80 ml) and dry methanol (20 ml) was cooled to -78°C. To 200 mis
of ammonia condensed into a flask was added enough metallic
sodium to impart a permanent blue solution, and then a further
Ig of sodium was added. To the ammonia solution was slowly
added the ketone solution. After 10-15 minutes the solution
decolourised, the ammonia was evaporated off, and the residue
extracted with ether (100 ml). Preparative TLC of this material

yielded no identifiable compounds.

Dimethyl copper lithium reduction of 1,6-anhydro-2,4-di-0-
tosyl- -D-nbo-hexopyranos-3-ulose

Dimethyl copper lithium was synthesised as follows.
To copper(l) iodide (0.2g) 1in dry tetrahydrofuran (3 ml) cooled
to -10°C, was added dropwise methyl lithium in tetrahydrofuran/
hexane (4 ml, 0.85M). A yellow colour developed immediately
(due to CuMe) and this slowly disappeared to give a colourless
solution of dimethyl copper lithium.

To this solution, was slowly added the ketone (0.l1g)

in tetrahydrofuran (2 ml). After 1 hour at -10°C, saturated



ammonium chloride solution (3 ml) was added. This solution
was extracted with dichloromethane, the extract washed with
sat. NaCl solution, and dried (MgSO”™). TLC indicated the
presence of a multitude of products. Preparative TLC produced

no identifiable compounds.

Reduction of 1,6-anhydro-2 ,4-di-0-tosyl-6-D-glucopyranose
(27) with LIAIHA

To a solution of the ditosylate (27, 1.0g) in dry
tetrahydrofuran (60 ml) was added LiAIHN (0.75g). The solution
was refluxed under nitrogen for 16 hours. To the cooled mixture
was added wet ether to decompose the excess hydride. The
mixture was then filtered, dried (Na2S04) and evaporated to
an oily residue (0.29).- Preparative TLC resulted in the
isolation of some very polar material assumed to be isomeric
mono-deoxy sugars (0.03g.

6 5.05-5.45 (1H), 4.2-4.6 (1H), 3.7-4.2 (4H), and 1.3-2.7 (2H).
Also isolated was an oil (0.17g), which by QC analysis (SCOT
Carbowax 20M, 50", 165°C, flow rate 14 ml/min) consisted of
1.6- anhydro-2,4-dideoxy-B-D-threo-hexopyranose (36, Rt 3.2),
1.6- anhydro-3,4-dideoxy-6-D-threo-hexopyranose (37, Rt 4.54)
and 1,6-anhydro-2,3-dideoxy-6-D-threo-hexopyranose (46, Rt 6.77)
in the percentage ratio 68.5:31:1.5. The assignment of the

peaks as these isomers was based on data obtained by Cern# et al.

Reduction of 2-0-tosyl-1,6-3,4-dianhydro-6-D-galactODvranose
T28) with LiAIHTj——— ———— ————= e oo * u

To the tosyl-epoxide (0.5g) in dry tetrahydrofuran
(50 ml) was added LiAIH~ (0.5g). After refluxing for 8 hours,

the mixture was worked up iIn an analogous manner to the previous



195.

reduction. This yielded 0.16g of an oil which g.l.c. analysis
demonstrated was composed of the alcohols (36) and (37) in

the percentage ratio 65:35.

1,6-anhydro-3-0-(2-methoxyethoxymethyl)-2,4-di-0O-tosyl-B-
D-glycopyranose (5IT

To a solution of (27) (2.75g) in dry acetonitrile
(50 ml) was added triethyl (2-methoxyethoxymethyl) ammonium
chloride (2.64g). The solution was refluxed for 48 hours, and
then cooled, poured into ice-water (300 ml), and extracted with
dichloromethane (100 ml). The extract was washed with water,
agqueous ammonium chloride, and water, dried (MgSO”™) and
concentrated. The resulting oil was eluted from silica gel
(300g) with light petroleum-ether-ethyl acetate (5:3.5:1.5).
The early fractions contained 2-0-tosyl-4-chloro-1,6-anhydro-
B-D-glucopyranose (90) (0.65g), m.p. 175-176.5°.
Anal. Calc, for C~MH”~OgSCIl: C, 46.6; H, 4.50; S, 9.60.
Found: C, 46.8; H, 4.50; S, 9.57%.
The later fractions contained (51) (1.94g, 60%), m.p. 98.5-99.5,
[a]BDr -33° (c 1, chloroform).
Anal. Calc, for C24H30°11S2: C, 51.60; H, 5.41; S, 11.48.

Found: C, 51.77; H, 5.43; S, 11.66%.

Attempted reduction of (51) with LiAIH”
To a solution of (61) (1.0g) in dry tetrahydrofuran
(50 ml) was added LiAlHM (0.5g) and the solution refluxed for
8 hours under nitrogen. The usual work-up afforded on oil
(0.49g) which was purified by preparative t.l.c. The oil
obtained showed one spot on t.l.c. (Rf. 0.08, benzene-acetone, 9:1)

and appeared to be 1,6-anhydro-3-0-(2-methoxyethoxymethyl)-$-D-
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glucopyranose (52) (0-39)-
6 5.45 (s, 1H, H-1) , 4.83 (s, 2H, MEM-CH2), 4.56 (s, 1H, H-5),
4.04 (m, 1H, H-6endo), 3.66 (m, 8H, H-6EXQ, MEM-CH2, H-2, H-3,

H-4), and 3.42 (s, 3H, MEM-CHg).

Acetylation of (562)

To a solution of the diol (52) (0.045g) in dry
pyridine (1 ml) was added acetic anhydride (0.5 ml). After
standing for 15 hours at room temperature, the solution was
poured into water (15 ml) and extracted with dichloromethane
(B x 15 ml). This extract was washed with copper sulphate
solution, sodium bicarbonate solution and water. After drying
(MgSo”~) and removal of solvent, the di-acetate, 1,6-anhydro-
3-0-(2-methoxyethoxymethyl)-2,4-di-0-acetyl-6-D-glucopyranose
(53) (0.049g) was obtained as a crystalline solid. Recrystallisa-
tion from methanol afforded pure material, m.p. 84-85°C,

[a 1 35.4°, (c 3, chloroform).
6 5.46 (s, 1H, H-1), 4.85 (s, 2H, MEM-CH2), 4.56-4.8 (m, 3H,
H-5, H-2, H-4), 4.20 (d, 1H, H-6ENDO), 3.5-4.0 (m, 6H, MEM-CH2,

H_6EX0” H_3)~ 3.39 (s> 3H> MEM-CH3), and 2.18 (2 x s, 6H, OAc).

Reduction of (27) with lithium triethylborohydride

To a solution of (27) (3.5g) 1in dry tetrahydrofuran
(50 ml) under nitrogen at 0°C was added dropwise with stirring,
a solution of lithium triethylborohydride (45 mM) in tetrahydro-
furan over 2 hours. After 18 hours, water (7 ml) was added
dropwise at 0°C, followed by a mixture of 3M sodium hydroxide
(25 ml) and 30% hydrogen peroxide (20 ml). After warming to

room temperature and stirring for 1 hour, dichloromethane
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(150 ml) was added and the aqueous layer saturated with
potassium carbonate, separated, and then continuously
extracted with dichloromethane for 10 hours. The combined
organic layers were dried (MgSO”™) and concentrated, and the
residue extracted with hot ether. Concentration of the extract
yielded an oil (0.86g) which was shown by g.l.c. to be 90%

pure and to contain (36), (37) and (46) 1in ratio 91.5:7.5:1.0.
Reduction of (27) with lithium tri-sec-butylborohydride

To a solution of (&) (1.23g, 2.6 mM) in dry tetra-
hydrofuran at 0°C under nitrogen was added dropwise over 20
minutes, a solution of lithium tri-sec-butylborohydride (16 mM).
After 8J hours the excess hydride was decomposed by the addition
of 5 ml of water. This was followed by the normal work-up to
give an oil (0.27g). Analysis by g.l.c. (5" Apiezon L, 127°C,
flow rate 20 ml/min) revealed the presence of the alcohols (36),
(Rt 5.83, 60%), (37) (Rt 6.58, 10%), (46) (Rt 7.74, 0.7%), the
olefins (54) (Rt 2.78, 13%), (55) (Rt 2.37, 2.5%), and the
saturated compound (56) (Rt 2.1, 2.5%). The identities of the
compounds (54) - (66) were confirmed by co-injections both on
the above column and on a butanediol succinate column,

(150°C, 10% BDS 15%, flow rate 20 ml/min), (564), Rt 4.0;

(55) , Rt 3.0; (56) , Rt 3.6.

1.6:2,3-dianhydro-4-deoxy-g-D-lyxo-hexopyranose (40)

To the hydroxy tosylate (39), (0.55g) in chloroform
(10 mI) and methanol (@ ml) was added 25% sodium methoxide
solution (1 ml). After standing at room temperature for 18 hours,

water (6 ml) was added, the layers were separated and the aqueous
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layer washed with chloroform (2x5 ml). The combined

chloroform solutions were dried (MgSO”™) and the solvent

removed. The residue was dissolved in ether and treated with
charcoal. Filtration and removal of solvent gave an oil (0.195g).
This was distilled (flask to flask, 80°C, 0.2 mm) to give a
crystalline material (0.142g, 61%), m.p. 67-68°C (lit.

m.p. 69-70°C), [a]l25 -28° (c 1, chloroform), (lit.26 [a ] -35°

(c 1, water)).

Reduction of (90) with lithium triethylborohydride

To the epoxide (40, 0.14g) in dry tetrahydrofuran
(5 ml) at 0°C under nitrogen was added a solution of lithium
triethylborohydride in tetrahydrofuran (2 ml) dropwise. After
8 hours the solution was worked up in the normal manner to yield
an oil (0.126g)- Analysis by g.l.c. showed this consisted of

(36) and (37) in 90% yield in ratio 4.56:1.0.

Reaction of a mixture of (36) and (37) with diethyltrimethyl-
silylamine

To a solution of the mixture (0.78g) in dry acetone
(10 ml) at 0° was added diethyltrimethylsilylamine (0.299g),
and the solution was stirred for 45 minutes at 0°. G.l.c. (5",
5% Apiezon L, 127°C, 20 ml/min) then showed the removal of (37)
with concomitant formation of its trimethylsilylether derivative
(Rt 14.0), and a small amount of the trimethylsilylether
derivative of (36) (Rt 10.8). Water (10 ml) was added, the
acetone was evaporated, and the aqueous solution extracted with
dichloromethane (10 ml), and then continuously with dichloro-

methane for 20 hours. The latter extract was dried (MgSO”™) and



concentrated to give the pure alcohol (36) (0.62g, 80%),
[a]25 -80° (c 1, water); 1it.21 [a]25 -81°.
65.65 (s, 1H, H-1, 4.52 (m, 1H, H-5), 4.33 (d, 1H, H-6ENDO),

4.04 (m, 1H, H-3), 3.72 (m, 1H, ~-6~""), and 1.6-2.4 (m, 4H,
H-2EXO,ENDO” h_uexo,endo )

Oxidation of a mixture of (36) and (37) with pyridinium
chlorochrornate

A solution of the mixture of alcohols (36) and (37)
(0.13g) in dichloromethane (2 ml) at 25°C, was added dropwise
to a stirred suspension of pyridinium chlorochromate (0.43g)
in dichloromethane (G ml). After 1 hour, the solvent was
removed, and the residue was extracted with ether. The extract
was concentrated and the residue was eluted from silica gel (10g)
with benzene-ethanol (98:2) to give first, 1,6-anhydro
2,4-dideoxy-6-D-glycero-hexopyranos-3-ulose (29) (0.078g),
[a]D -99° (c 3, chloroform); lit. [“Ip -98°. The later
fractions contained the alcohol (37), (0.011Qg).

6 5.27 (s, 1H, H-1), 4.47 (m, 1H, H-5), 3.7-3.9 (m, 2H, H-2EN]X),

H_6ENDO0)5 3-55 (dd” 1H” H_6EX0” J6ENDO,6EX0O ~ 97 J6EX0,5 % 5 Hz)~
and 2.5-1.3 (m, 4H, H-3EXO,ENDO” ~EXO.ENDOS5,

Formation of the tert-butyldimethylsilyl enol ethers of
(29) using lithium di-isopropylamide

To a solution of lithium di-isopropylamide (2.7 mM)
in dry tetrahydrofuran (15 ml), prepared by the addition of
di-isopropylamine (0.272g, 2.9 mM) to methyl lithium (2.7 mM)
in tetrahydrofuran at 0°C, followed by stirring for 10 minutes
and cooling to -70°. was added dropwise with stirring under

nitrogen, the ketone (29), (0.23g, 1.8 mM) dissolved in
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tetrahydrofuran (10 ml). After stirring for 10 minutes, a
solution of tert-butyldimethylsilyl chloride and imidazole
in tetrahydrofuran was added all at once at -70°. This
solution was prepared by the addition of tert-butyldimethylsilyl
chloride (Ig) to imidazole (0.95g) in dry tetrahydrofuran (20 ml)
at room temperature followed by filtration under N2 to give a
clear solution.

The reaction mixture was then allowed to warm to
room temperature and quenched with ice-water (20 ml). This
solution was extracted with dichloromethane, and this extract
was washed with aqueous sodium bicarbonate solution @ x 20 ml),
water (2 x 20 ml) and dried (MgSO™). After removal of solvent,
the remaining oil was shown by g.l.c. (SCOT Carbowax 20M, 141°,
10 mI/min) to consist of one main component (Rt 29.8, 85%).
This was distilled (flask to flask, 100°C, 0.2 mm) to afford
pure 3-0-tert-butyldimethylsilyl-1,6-anhydro-2,4-dideoxy-8-D-
glycero-hex-2-enopyranose (0.15g, 50%).

6 7.23 (d, 1H, H-2), 5.26 (d, 1H, H-1, J, . = 6H2),

4.35 (m, 1H, H-5, J51+X0 = 13> J5,4ENDO = I+Hz)>

3.7-3.8 (m, 2H, H"G6ExO0»6ENDO}» 2,62 (dd” 1H> H_UEXO~> J4EX0,4ENDO = 16~
d4EX0 5 = 13 2.28 (dd, 1H, H-*ENDg) and ®“8 ~s*

r“lg5 + 131.5° ¢ 1.5 (chloroform).

Anal. Calc, for C]2H22°3S : C* 5316 9*15.
Found: C, 59.54, H, 9.15%.

Attempted formation of the trimethylsilyl enol ethers of
(29) using potassium tert-butoxide

To a solution of potassium (0.1g) in dry t-butanol
(10 ml) under N2 at room temperature was added with stirring

a solution of (29), (0.13g) in tetrahydrofuran (1 ml). After
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25 minutes the reaction was quenched with a solution of
chlorotrimethylsilane (3 mM) and triethylamine (1 mM) in
tetrahydrofuran (6 ml). After pouring into water (10 ml),

the solution was extracted with dichloromethane (2 x 25 ml).
The extracts were washed with water (G x 20 ml), dried (MgSO™)
and the solvent removed to leave a tert-butanol solution. The
tert-butanol was removed by evaporation at low pressure

(0.5 mm ) to leave a residue which appeared to be entirely

inorganic.

Formation of the tert-butyldimethylsilyl enol ethers of
(29) using potassium hydride

Approximately 0.4 ml of KH suspension was placed in
a 3-necked flask under nitrogen and washed with hexane (3x3 ml)
to remove the mineral oil present. After addition of tetra-
hydrofuran (10 ml), a solution of (29) (0.14g) in tetrahydro-
furan (1.5 ml) was introduced dropwise at room temperature.
This caused minimal hydrogen evolution. After stirring for
0.5h, a solution of the tert-butyldimethyl silylating agent
(B equivs, prepared as previously described) was introduced.
T.1.c. (benzene-acetone, 9:1) demonstrated that all the ketone
had reacted after 3 days. After 4 days the mixture was poured
in dichloromethane-water (50 ml), the layers separated, the
organic layer washed with brine and dried (NajSo™). Solvent
removal yielded a brown oil (0.63g). This was purified by
flash chromatography using as solvent, light petroleum ether-
ether-ethyl acetate (6:3.5:0.5) to yield the silyl enol
ether (63) (0.2g, 70% yield). G.l.c. ind n.m.r. analysis did

not reveal the presence of the isomeric A enol ether.
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Attempted formation of the trimethylsilyl enol ethers
of (29) using triethylamine*

To a solution of (29) (0.lg, 0.78 mM) in dry
dimethylformamide (G ml) were added chlorotrimethylsilane
(0.184 ml, 1.5 equiv.) and triethylamine (0.33 ml, 3 equiv.).
The solution was refluxed under N2 for 16 hours, by which time
it had turned black. After pouring into dichloromethane-water
(70 ml) the layers were separated, the organic layer being
washed with water and dried. After treatment with charcoal,
the solvent was removed to produce an oil (0.04Q9). Examination
by g.l.c. showed that this was composed of over 14 products.
The two main peaks (comprising about 30% of the mixture) may
have been the desired enol ethers, however the ri.m.r. spectrum

revealed no identifiable features.

Attempted isomerisation of (63) with an acid catalyst

To a solution of (63) (0.07g) in dry carbon tetra-
chloride was added dry p-toluenesulphonic acid. This solution
was refluxed for 3 days, but t.l.c. 1indicated no reaction. The
solution was then filtered, concentrated and examined by n.m.r.
This confirmed the presence of (63) with no substantial
impurities. To this solution was added one drop of boron
trifluoride-acetic acid complex. The solution immediately
turned dark brown. N.m.r. showed that all peaks due to (63)
had disappeared, with the formation of no assignable new

resonances.

Acid catalysed reaction of (28) with thiophenol
(1) Wwith sulphuric acid

To a solution of the epoxide (28) (Ig) in dry benzene
(@ ml) and freshly distilled thiophenol (4 ml) was added, with

stirring, cone, sulphuric acid (0.3 ml, 1.5 equiv). After
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stirring for 7 hours, chloroform was added, and the solution
washed with water, sodium bicarbonate solution and water. After
drying, (MgSO0”™), removal of solvent, yielded an oil, which was
extracted with light petroleum ether to remove excess thiophenol.
This resulted in a thick oil (0.99) which was applied to silica
(60g, eluting solvent, benzene-methanol, 97:3 to 94:6) to give
in the early fractions, 1,6-anhydro-2,4-dideoxy-2,4-diphenythio-
g-D-glucopyranose (69), (0.239)-

6 7.67 (d, 2H, Ts), 7.24 (d, 2H, Ts), 7.13 (m, 5H, SPh),

7.02 (m, 5H, SPh), 5.34 (s, 1H, H-1), 4.4-4.65 (m, 2H, H-2, H-5),
4.39 (d, 1H, H-6endq, JgENDO>6EXO " 7,5 Hz)” 3,63 (m” 1H’ H_B6EX0)~
3.34 (s, 1H, H-3), 3.22 (s, 1H, H-4, 5 =15, J34 =1.5 Hz)
and 2.30 (s, 3H, CHg)-

Calc, m/e: 500.0787 (M+). Found m/e: 500.0947 <C25H24°5S3)

The latter fractions produced 1,6-anhydro-4-deoxy-4-
phenylthio-2-0-tosyl-6-D-glucopyranose (65), (0-42g) as an oil.
6 7.31 (m, 5H, SPh), 7.55 (dd, 4H, Ts), 5.36 (s, 1H, H-I),
4.63 (d, 1H, H-5, B6EX0O = 6 Hz), 4.31 (s, 1H, H-2, J2 3 = 2 Hz),
4.07 (d, 1H, H-6endq, J6ex0,BENDO = 9 Hz)” 3,92 (s” 1H” H-3~
J3>4 = 2 Hz), 3.70 (dd, 1H, H-6EXq), 3.20 (s, 1H, H-4,
J4 5 = 2 Hz) and 2.35 (s, 3H, CHg).-
[al23 -27° ¢ 1 (chloroform)
Calc, m/e: 408.0702. Found m/e: 408.

©73°, (C19H2006S2)

(2 With Amberlite IR 120 (H+) resin
To a solution of (28), (1g) in dry benzene (@ ml)

and thiophenol (0.5 ml) was added dry Amberlite IR 120 (H+)
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stirring for 7 hours, chloroform was added, and the solution
washed with water, sodium bicarbonate solution and water. After
drying, (MgSO”™), removal of solvent, yielded an oil, which was
extracted with light petroleum ether to remove excess thiophenol.
This resulted in a thick oil (0.9g) which was applied to silica
(60g, eluting solvent, benzene-methanol, 97:3 to 9*:6) to give
in the early fractions, 1,6-anhydro-2,4-dideoxy-2,4-diphenythio-
8-D-glucopyranose (69), (0.239g)-

6 7.67 (d, 2H, Ts), 7.24 (d, 2H, Ts), 7.13 (m, 5H, SPh),

7.02 (m, 5H, SPh), 5.34 (s, 1H, H-1) , 4.4-4.65 (m, 2H, H-2, H-5),
4.39 (d, 1H,H-6endq, J6ENDO,BEX0O ™ 7,5Hz)” 3,63 (m> 1H» H_BEXO0)~
3.34 (s, 1H,H-3), 3.22 (s, 1H, H-4,J4 5 = 1.5, J3 4 = 1.5 Hz)
and 2.30 (s, 3H, CHg)-

Calc, m/e: 500.0787 (M+). Found m/e: 500.0947 (C25H24°5S3)

The latter fractions produced 1,6-anhydro-4-deoxy-4-
phenylthio-2-0-tosyl-e-D-glucopyranose (65), (0-42g) as an oil.
6 7.31 (m, 5H, SPh), 7.55 (dd, 4H, Ts), 5.36 (s, 1H, H-1),
4.63 (d, 1H,H-5, Jg 6EX0O = 6 Hz), 4.31(s, 1H, H-2, J? 3 = 2 Hz),
4.07 (d, 1H, H-6endq, JBEXO,BENDO = 9 Hz~” 3,92 ~s” 1H” H-3~
J3>4 = 2 Hz), 3.70 (dd, 1H, H-BEX0), 3.20 (s, 1H, H-4,
J4 5 = 2 Hz) and 2.35 (s, 3H, CHg).-
[a]125 -27° c¢ 1 (chloroform)
Calc, m/e: 408.0702. Found m/e: 408.

0730, (CigH2006S2)

(2 With Amberlite IR 120 (H+) resin
To a solution of (28), (Ig) in dry benzene (@ ml)

and thiophenol (0.5 ml) was added dry Amberlite IR 120 (H+)
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resin (29). The solution was refluxed for 16 hours, during
which time t.l.c. (benzene-acetone, 9:1) showed the formation
of only a small amount of polar product. On normal work-up,
the epoxide was recovered unchanged CO.8g).
(3 With trifluoroacetic acid

A solution of (28) (0.5g) in chloroform (2 ml),
benzene (6 ml) and trifluoroacetic acid (.0.25 ml) was refluxed
for 24 hours, with thiophenol (1 ml). The normal work-up
yielded an oil (1.04g) which was applied to silica gel (120g,
eluting solvent benzene-acetone, 9.1). The latter fractions

provided (65) as a semi-crystalline solid (0.5g, 80%).

(4) With trichloroacetic and acetic acids
Using an analogous procedure to "3 above, these
catalysts resulted 1in minimal reaction, with formation of

coloured impurities.

Alumina-catalysed reaction of (28) with thiophenoi

Alumina (freshly opened WOELM N, Act.l; 8.8g), was
placed in a dry flask under N2 and dry tetrahydrofuran (10 ml)
and dry thiophenol (0.33 ml) added. After stirring for 5 minutes,
the epoxide (28) (0.35g) in tetrahydrofuran (10 ml) was added all
at once. After stirring at room temperature (20 hours), the
mixture was poured into methanol and left for 3 hours. After
filtration through celite, and removal of solvent, the residual
oil was washed with light petroleum ether, and applied to a
silica gel column eluting solvent:light petroleum ether-ether-
ethyl acetate (5:5:0.4) . The early fractions contained
1,6:2,3-dianhydro-4-deoxy-4-phenylthio-6-D-manno-hexopyranose
(72), (0.029).
6 7.2-7.5 (m, 5H, SPh), 5.72 (d, 1H, H-1, Jx 2 = 3 Hz),

4.54 (m, 1H, H-5), 3.72-3.82 (m, 2H, H-6EX0, H-6ENDQ)).
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3.4-3-53 (m, 2H, H-2, H-3), 3.24 (d, 1H, H-4, g = 3.5 Hz).
Lal 65 +46, Cc 1; chloroform); m.p. 116-116.5°.
Calc, m/e: 236.0502 (M+). Found m/e: 235.0507 (C12H1203S)
Anal . Calc, for C12H1203S: C, 61.0; H, 5.12; S, 13.57.
Found: C, 60.74; H, 5.36; S, 13.70%.

This was followed by 1,6-anhydro-2,4-dideoxy-2,4-
phenylthio-6-D-glucopyranose (73) (0.079).-
6 7.15-7.55 (m, 10H, 2 x SPh), 5.67 Cs, 1H, H-1),
4.68 (d, 1H, H-5, J5J6EXO * 5 Hz), 4.1-4.2 (m, 2H, H-3, H-6ENDQ)),
3.75 (dd, 1H, H-6exq, JBEXOJ6ENDO = 7 Hz)” 3,30 (s> 2H” H_2~
H-4, W/2 ~ 9 Hz), 2.55 (s, 1H, OH)
[a]123 -54.4° (c 1; chloroform); m.p. 108-110°C.
Calc, m/e: 346.0698 (M+). Found m/e: 346.0701 (CJ78H1808SP)

The final fractions yielded (65) (0.099)-

Reaction of (28) with sodium thiophenoxide
(1) Using one equivalent of thiophenoxide

To a solution of (28) (Ig) in methanol-chloroform
was added a solution of sodium methoxide (10 equiv.) and
thiophenol (1.2 equiv., 0.28 ml). This mixture was stirred
at room temperature for 24 hours. T.l.c. (benzene-acetone, 9:1)
indicated the presence of (28) (Rf 0.38), (72) (Rf 0.45), and
several minor products. The solution was neutralised with
dil. sulphuric acid and then extracted with dichloromethane.
The normal work-up yielded a semi-crystalline oil from which
the epoxide (28) could be partially recovered by recrystallisation.
(2) Using excess thiophenoxide

The reaction was performed as above, using 10 equi-
valents (2 ml) of thiophenol. T.l.c. indicated the formation of

(72) with concomitant formation of (73) (Rf 0.28).
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Sulphenylation of (28) in the presence of a silylating agent
To a solution of () (0.3g) and chlorotrimethylsilane
(0.2 ml) in tetrahydrofuran (6 ml) at 0°C under N2 was added
sodium thiophenoxide (0.4g). This gradually dissolved, and a
white precipitate formed. T.l.c. indicated reaction was
complete after 10 hours at room temperature. Chloroform was
added and the solution neutralised with dil. HCl1. The layers
were separated, the organic layer was washed with water, dried
(MgS01¥), and the solvent removed. The residual oil was washed
with light petroleum either to yield a thick gum (0.42g, 95%

yield) which t.l.c. showed to be pure (65).

Reduction of (65) with lithium triethylborohydride

To a solution of (65) (0.5g) in dry tetrahydrofuran
at 0°C under N2 was added dropwise a solution of lithium triethyl-
borohydride (2.5 equiv.) in tetrahydrofuran (2 ml). After
stirring at 0°C for 0.5 hours, the mixture was warmed to room
temperature. T.l.c. indicated reaction was complete after
8 hours. Water (2 ml) was added dropwise at 0°C, and then the
solvent was removed. The residue was extracted with dichloro-
methane, dried (MgSO0”), filtered through celite, and the
solvent removed to give an oil (0.3g) containing triethylborane.
This impurity was evaporated off at low pressure, and the
resultant oi] crystallised from methanol to give 1,6-anhydro-
2,4-dideoxy-4-phenvlthio-6-D-arabino-hexopyranose (66) (0.239)-
6 7.1-7.5 (m, 5H, SPh), 5.65 (s, 1H, H-1, W/2 ~ 5 Hz),

4.68 (d, 1H, H-5, J5J6EXO = 6 Hz), 4.55 (d, 1H, H-6ENDO,

J6EXO ENDO = 8 Hz)” 3,99 (s’ 1H” H~3” W/2 * 9 Hz)” 3,78 (dd» 1H»

H-6EX0)“ 3,42 (s’ 1H>H I+ W/2 ~ 5 Hz)” 2,36 (dd” 1H” H_2EX0~
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J2EXO0,2ENDO = 15~” J2EX0,3 = 557 J2EXO,l = 1,5 Hz) and
1.84 (d, 1H, H-2endq)-

[a]23-44.2 (c 1; chloroform); m.p. 74.5-76°C
Anal. Calc, for C12H114#03S: C, 60.48; H, 5.92; S, 13.46.

Found: C, 60.58; H, 5.92; S. 13.57%.

Oxidation of (66) with pyridinium chlorochromate

To a suspension of pyridinium chlorochromate (69)
and anhydrous sodium acetate (0.4g) in dichloromethane at 0°C,
was added dropwise with stirring, a solution of (66), (2-29)
in dichloromethane (G ml). After stirring (2 hours) at room
temperature the solution was diluted with 5 volumes of dry
ether and filtered through celite. The solution was
concentrated, and treated with activated charcoal. After
filtration and removal of solvent, an oil (1.59) was obtained
which on crystallisation from methanol gave 1,6-anhydro-2,4-
dideoxy-4-phenylthio-6-D-erythro-hexopyranos-3-ulose (67)
(1-39).-
6 7.35 (m, 5H, SPh), 5.78 (s, 1H, H-1, W/2 5 Hz), 4.92 (m, 1H,
H-5, J5 4 = 1.5 Hz), 3.86 (d, 2H, H-6EXO0,6ENDO5” 3,56 (s’ 1H” H-4)"

3.10 (dd, 1H, H-2exo, "2EXO0,2ENDO = 16~ J2EX0,1 = 2 Hz)~
2.49 (d, 1H, H-2endq)-

[a]23 -52.3° (c 1.4; chloroform); m.p. 96-97°C.
Anal . Calc, for C12H1203S: C, 61.00; H, 5.12; S, 13.57.
Found: C, 60.98; H, 5.10; S, 13.72%.
In the absence of sodium acetate, a mixture of (67)
and (78) was produced. Repeated crystallisations from methanol

yielded mother liquors enriched in (78):



5 7.2-7.5 (m, 5H, SPh) , 5.78 (t, 1H, H-1, ~ 2 = 2 Hz),
4.64 (t, 1H, H-5, ss5j1+ = 8 Hz), 4.26 (d, 1H, H-6endq
=8 (d, 1H, H-4), 3.75 (dd | 1H, H-6Ex0, JBEXO,BENDO

J6EX0 ,5 - ° Hz) and 2.71 (d 54 Hoexo,2ENDO):

Syntheses of methyl 7-bromo-cis-5-heptenoate
(1) 3-tetrahydropyranyloxy-propyne

To a stirred solution of propargyl alcohol (12.69)
and dihydropyran (18.9g), cooled to 0°, was added phosphoryl
chloride (0.15 ml). The mixture was stirred at room
temperature (15 hours), then potassium hydroxide solution
(50 ml) was added. The solution was extracted with ether,
dried (MgSO”™) and the solvent removed. Distillation of the
residue (60°C, 20 mm), gave, after a small forerun, 3-tetra-
hydropyranyloxy-propyne (17.5g, 60%).
6 4.76 (s, 1H, W/2 ~ 6 Hz), 4.21 (d, 2H, J = 2 Hz), 3.4-4.0

(M, 2H), 2.42 (t, 1H), 1.5-2.0 (m, 6H).

(2) I-tetrahydropyranyloxy-6-chloro-2-hexyne

To a solution of 3-tetrahydropyranyloxy-propyne
(34g, 0.254M) in dry tetrahydrofuran (200 ml) cooled to -70°
under N2, was added dropwise over 1 hour, a solution of butyl
lithium (1.66 ml of 1.6M sol), in tetrahydrofuran. After
further stirring (1 hour), the solution was warmed to room
temperature and I-bromo-3-chloropropane (41g) in tetrahydro-

furan (25 ml) was added dropwise over 1 hour. After further
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stirring (1 hour), the solution was refluxed (24 hours), cooled,

and the solvent removed. The residue was extracted with ether,



the extract washed with water (3 x 100 ml), dried (MgSO™)
and the solvent removed to yield an oil (42.8g, 77%). This
was distilled (120°C, 0.2 mm).

6 4.75 (s, 1H), 4.2 (t, 2H, J = 1.5 Hz), 3.2-4.0 (m, 4H),

2.1- 2.6 (n, 2H), 1.8-2.1 (m, 2H) and 1.3-1.8 (m,6H).

(©)) I-tetrahydropyranyloxy-6-chloro-cis-2-hexene

A solution of I-tetrahydropyranyl-6-chloro-hexyne
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(29.1g) in methanol (200 ml) containing Lindlar catalyst (0.59)

was stirred under hydrogen (562 hours). The solution was then
filtered and the solvent removed to yield an oil (29.19).
N.m.r. 1indicated the absence of any unreacted acetylene
(absence of resonances at 6 4.2).

6 5.3-5.5 (m, 2H), 4.65 (s, 1H, W/2 ~ 6 Hz), 3.4-3.9 (m, 2H),
3.25-3.5 (m, 4H) , 2.0-2.3 (m, 2H), 1.7-1.8 (m, 2H) and

1.2- 1.6 (m, 6H).

v 3010 and 1660 cm .

(4) 7-tetrahydropyranyloxy-cis-5-heptenyronitrile

To a solution of sodium cyanide (16.6g) in
DMSO (400 ml) was added, at 50° with stirring, a solution of
I-tetrahydropyranyloxy-6-chloro-cis-2-hexene (28g) in
DMSO (30 ml). After 8 hours, the solution was cooled, poured
into brine (450 ml), and extracted with ether. The extract
was washed with water, dried (MgSO”), and the solvent removed
to yield an oil (30.8g), which appeared as one spot on t.l.c.
(RFf 0.23, eluting solvent: light petroleum ether-ethyl
acetate, 9:1)

v 2200 cm-1.
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(5) 7-tetrahydropyranyloxy-cis-5-heptenoic acid

To a solution of sodium hydroxide (15g) in
water (75 ml) and methanol (125 ml), the cyanide (29g) was
added. The solution was refluxed (18.5 hours), cooled,
acidified with dil. sulphuric acid to pH3 and extracted with
ether (2 x 150 ml). This extract was dried (MgSO™) and the
solvent removed to yield an oil (32.99).
6 5.4-5.6 (m, 2H), 4.5 (m, 1H), 4.1 (m, 2H), 3.5-3.7 (m, 2H),
2.0-2.4 (m, 4H) and 1.3-2.0 (m, 8H).
VMAX 1720 cm"1.
(6) Methyl 7-tetrahydropyranyloxy-cis-5-heptenoate

To a solution of the acid (20g) in dry ether, was
added in small portions, an ethereal solution of diazomethane.
After sitting for 1 hour at room temperature, t.l.c. indicated
complete reaction. The ethereal solution was left overnight,
and then concentrated, to yield an oil (21.5g), which was
distilled (flask to flask, 100°C, 0.1 mm) to give methyl 7-tetra-
hydropyranyloxy-cis-5-heptenoate.
VAX 1735 cm™t
(7) Methyl 7-hydroxy-cis-5-heptenoate

A solution of 7-tetrahydropyranyloxy-cis-5-heptenoate
methyl ester (25.5g) in methanol (200 ml) with £-toluenesulphonic
acid (0.4g) was stirred at room temperature (15 hours). Removal
of the solvent afforded an oil which was dissolved in ether and
washed with sodium bicarbonate solution (2 x 150 ml) and water

(2 x 50 ml), dried (MgSO”™), and concentrated to yield an oil

(14.09).
6 5.5 (s, 2H), 4.1 (d, 2H, 6 Hz), 3.6 (s, 3H), 1.3-2.5 (m, 6H).
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(8) Methyl 7-bromo-cis-5-heptenoate

A solution of methyl 7-hydroxy-cis-5-heptenoate
(13.4g) in ether (40 ml) and pyridine (1.8 ml) was cooled to
-10°C. To this was added dropwise with stirring, a solution
of phosphorous tribromide (4 ml) in ether (4 ml). The solution
was then stirred at 0°C for \ hour, and at room temperature
for 7\ hours. After pouring into cold, dil. hydrochloric acid,
the layers were separated and the ethereal layer washed with
sodium bicarbonate solution and water, and dried (MgSO™).
Removal of the solvent yielded an oil (14.99g) which was
distilled (flask to flask, 70°C 0.1 mm) to give pure methyl
7-bromo-cis-5-heptenoate.
6 5.40 (m, 2H), 3.9 (d, 2H, J~ 6 Hz), 3.6 (s, 3H), 1.3-2.5 (m, &)

VMAX 1735 cm_1
m/e Found: 141 (M+-Br).

Alkylation of 1,6-anhydro-2,4-dideoxy-4-phenylthio-g-D-
erythro-hexopyranos-3-ulose with methyl 7-bromo cis-5-heptenoate

(1) Using sodium hydride

In a dry flask under N2 was placed sodium hydride
dispersion (0.033g, 1.05 equiv.) This was washed with dry
pentane (3 x 2 ml) and the solvent evaporated off in a stream
of nitrogen. Dry tetrahydrofuran (7 ml) was then added and the
solution cooled to 0°. To this solution was added the ketone
(67) (0.2g) in tetrahydrofuran (6 ml) over 10 minutes. Hydrogen
evolution began on warming to room temperature. After stirring
at room temperature (1 hour) a solution of the bromide (0.245g)
in tetrahydrofuran (6 ml) was added. After 24 hours the solution

was cooled, and saturated ammonium chloride solution (10 ml) added.
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After removal of the tetrahydrofuran, the residue was

extracted with ether (2 x 50 ml). This was washed with brine
(2x5 ml), and dried (MgSOM). Removal of solvent yielded an
oil, (0.34g). This was purified by preparative t.l.c.

(silica gel, eluting solvent:petroleum ether-ether-ethyl acetate,
5:5:1), to give pure (4S)-1,6-anhydro-2,4-dideoxy-4-phenylthio-
4-(7-methyloxycarbonyl-cis-2-heptenyl)-g-D-glycero-hexopyranos-
3-ulose (82):

6 7.3 (s, 5H, SPh), 5.65 (s, 1H, H-1, J, 9 = 1.5 Hz),

5.4-5.6 (m, 2H), 4.52 (d, 1H, H-5, J5 6EX0 = 8 Hz),

4.16 (d, 1H, 3-67 (dd> 1H» H-6EX0” J6EX0,6ENDO = 7 Hz)~
3.50 (s, 3H), 2.60 (s, 2H, H~2EXO0,2ENDO)” 1-6-2-4 (m> 8H)-

VMAX d72(3> 1733 cm mm

Anal. Calc, for C2qH2+05S: C, 63.80, H, 6.43; S, 8.52.

Found: C, 64.02; H, 6.54; S, 8.34%.

(2) Using potassium hydride

Approximately 1.25 equiv. of potassium hydride
suspension (0.45g) was placed in a dry flask under nitrogen
and washed with dry pentane C3 x 5 ml). Dry tetrahydrofuran
(20 ml) was added followed by a solution of the ketone (0.63g,
2.7 mM) in tetrahydrofuran (10 ml), dropwise over 0.5 hours.
Hydrogen evolution was rapid, and had ceased after a further
0.5 hours. A solution of the bromide (0.45g, 1.3 equiv.) in
tetrahydrofuran (7 ml) was then added rapidly. After 17 hours
at room temperature, the solution was diluted with ether (80 ml)
and filtered. Removal of the solvent gave a brown oil (0.89g).-
Purification by preparative t.l.c. (eluting solvent:light
petroleum ether-ether-ethyl acetate, 6:3:3), yielded pure (82),

(0.37g, 65%).
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After removal of the tetrahydrofuran, the residue was

extracted with ether (2 x 50 ml). This was washed with brine
(2x5 ml), and dried (MgSO™). Removal of solvent yielded an
oil, (0.34g). This was purified by preparative t.l.c.

(silica gel, eluting solvent:petroleum ether-ether-ethyl acetate,
5:5:1), to give pure (4jS)-1,6-anhydro-2,4-dideoxy-4-phenylthio-
4-(7-methyloxycarbonyl-cis-2-heptenyl)-s-D-glycero-hexopyranos-
3-ulose (82):

1-5 Hz),

6 7.3 (s, 5H, SPh), 5.65 (s, 1H, H-1, 1: 2

5.4-5.6 (m, 2H), 4.52 (d, 1H, H-5, J& 6EXQ = 8 Hz),

4.16 (d, 1H, H-6end0), 3.67 (dd, 1H, H-BEXQ, JBEX0,6ENDO = 7 Hz)~
3.50 (s, 3H), 2.60 (s, 2H, H-2EXO”2ENDO}, 1.6-2.4 (m, 8H).

VMAX -0, 1733 cm

Anal. Calc, for C20H21+05S: C, 63.80, H, 6.43; S, 8.52.

Found: C, 64.02; H, 6.54; S, 8.34%.

(2) Using potassium hydride

Approximately 1.25 equiv. of potassium hydride
suspension (0.45g) was placed in a dry flask under nitrogen
and washed with dry pentane C3 x 5 ml). Dry tetrahydrofuran
(20 ml) was added followed by a solution of the ketone (0.63g,
2.7 mM) in tetrahydrofuran (10 ml), dropwise over 0.5 hours.
Hydrogen evolution was rapid, and had ceased after a further
0.5 hours. A solution of the bromide (0.45g, 1.3 equiv.) 1in
tetrahydrofuran (7 ml) was then added rapidly. After 17 hours
at room temperature, the solution was diluted with ether (80 ml)
and filtered. Removal of the solvent gave a brown oil (0.8g).
Purification by preparative t.l.c. (eluting solvent:light
petroleum ether-ether-ethyl acetate, 6:3:3), yielded pure (82),

(0.37g, 65%).



Desulphurisation of (82)
(1) WwWith aluminium-mercury amalgam

To a solution of C82) (0.3g) in 10% aqueous tetra-
hydrofuran was added aluminium foil, the surface of which had
been amalgamated with mercury (0.24g). Hydrogen evolution
occurred and the metal dissolved completely over 1 hour.
Saturated ammonium chloride solution (10 ml) was added, the
tetrahydrofuran removed, and the residue extracted with ether
(2 x 50 ml). The extract was washed with brine (@ x 5 ml),
dried (Na2SsOHK) and the solvent removed to yield an oil (0.279).

N.m.r. and t.l.c. indicated that this was mainly (82).

(2 With sodium-mercury amalgam

To a solution of (82) (0.025g) in dry methanol (@2 ml)
containing di-sodium hydrogen phosphate (0.04g) cooled to 0°,
was added with stirring, 2% sodium-mercury amalgam (0.329).
T.l.c. indicated that polar materials rapidly formed. After
2 hours, water (2 ml) was added, the methanol removed, and the
residue extracted with dichloromethane (3 x 30 ml). After
drying (MgSO”™) and removal of solvent, the resultant oil was
washed with light petroleum ether to yield a thick oil (0.0lg).
T.l.c. and n.m.r. indicated that one of several components

present was the ketone (85).

(3 WwWith Raney nickel

Raney nickel W2) (2g) in ethanol was washed with
acetone, and then refluxed in acetone Tfor 2 hours. To this
de-activated material was added a solution of (82) (0.1Ig) in
acetone, and the solution refluxed (3 hours). After cooling,

the solution was Tfiltered through celite and the solvent



removed to yield an oil (0.1g). This was applied to a
preparative t_.l.c. plate (eluting solvent:benzene-ethyl acetate,
7:3) to give as a semi-crystalline oil (0.08g, 95%) 1,6-anhydro-
2,4-dideoxy-4-(7-methyloxycarbonyl-cis-2-heptenyl)-g-D-threo-
hexopyranos-3-ulose (85).

6 5.66 (s, 1H, H-1), 5.36 (m, 2H), 4.61 (t, 1H, H-5, Jg 4 = 3.5,

J5,6EX0 = 5,5 Hz)” 3775 (d” 1H” H-6ENDO0)5 3,66 (dd” 1H” H_6EXO”
J6EXO B6ENDO = 8 Hz)” 3,56 (s’ 3H)” 2,65 (m” 1H” H-4)" 2.51 (s>
2H, h"2EXo ,2ENDO” W/2 * 1,5 Hz)~ 2-1_2-35 (m> *H>>

1.9-2.1 (m, 2H) and 1.64 (g, 2H).

VMAX 1717-1735 cm d
Calc, m/e: 268.1311 (M+). Found: 268.1310, <C14H2005).

Attempted cleavage of the anhydro bridge of (82)

A solution of (82) (0.067g) in dry methanol (G ml)
with £-toluenesulphonic acid (0.035g) was refluxed. T.l.c.
indicated a slow reaction with formation of several products.
After 24 hours the methanol was removed and the residue extracted
with chloroform. On removal of the chloroform, the residual oil,

on examination by n.m.r. showed no assignable signals.

Alkylation of (67) with methyl bromoacetate

An analogous procedure to that used in the alkylation
of (67) with methyl 7-bromo-cis-5-heptenoate was adopted. A
solution of (67) (0.35g) was added to a magnetically stirred
suspension of potassium hydride in tetrahydrofuran. On the
cessation of hydrogen evolution, a solution of methyl bromo-
acetate (3 equiv.) in tetrahydrofuran (10 ml) was rapidly
introduced. After 24 hours at room temperature, the normal
method of work-up afforded an oil (0.49g). This was purified

by preparative t.l.c. (eluting solvent:light petroleum ether-
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ether-ethyl acetate, 4:3:3) to give as an oil (Rf 0.5, 0.27g,
63%) , (4S)-1,6-anhydro-2,4-dideoxy-4-phenylthio-4-(methyloxy-
carbonyl-methyl)-8-D-glycero-hexopyranos-3-ulose (87) :

6 7.18-7.58 (m, 5H, SPh) , 5.72 (s, 1H, H-1), 4.56 (d, 1H, H-5,

J5,6EX0 = 7 Hz)> 4718 (d> 1H” H"6ENDO)j 3*82 (dd’ 1H” H-6EXO’
JBEXO B6ENDO = 9 Hz)” 3,67 (s> 3H” CO2Me)> 3,33 (d> 1H> CHCO2Me),
2.70 (d, 1H, CHCOjMe, J = 15 Hz), 3.00 (dd, 1H, H-2EXQ, J2EXo 1 =2"

J2EXO0,2ENDO = 15 Hz)» 2,66 (d” 1H” H_2ENDO)*
VMAX 17207 1733 cm 1.
Attempted de-esterification of (87)

A solution of (87) (0.110g) and sodium hydroxide
(2 equiv.) in methanol (G ml) was stirred at room temperature.
T.l.c. indicated a rapid reaction with the formation of several
products. After 1 hour, the solution was acidified to pH 4.5
and brine added. This solution was then extracted with dichloro-
methane (3 x 20 ml), the extract dried (MgSO”™) and the solvent
removed to yield an oil (0.065g) which was washed with light
petroleum ether to leave 0.035g of material. This was applied
to a silica column (eluting solvent benzene-ethyl acetate (7:3)
to methanol-ethyl acetate (2:8)) from which was obtained two
materials (Rf methanol-ethyl acetate (3:7), 0.7 and 0.3). The
more polar product appeared to have suffered cleavage of the
anhydro bridge. The less polar material was the main component
of the mixture
6 7.2-7.4 (m, 5H, SPh), 5.63 (s, 1H, W/2~6 Hz),

4.4 (d, 1H, J v 6 Hz), 3.5-4.1 (M) and 2.2-2.6 (m).

VMAX 17257 1627 cm_1.
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Reaction of the epoxide (28) with sodio-dimethylmalonate

The epoxide (28) (0.3g ImM) was dissolved in a
solution of sodium (0.45g) in methanol (20 ml)/dichloro-
methane (10 ml). Dimethylmalonate (0.17 ml, 1.5 equiv. )
was added over 2min with efficient magnhetic stirring. As
t.l.c. showed no reaction at room temperature, the solution
was refluxed under Nj. After 12 hours, the solution was
acidified with 2M sulphuric acid, the methanol removed, and
the residue extracted with dichloromethane (6 x 20 ml) to
yield after removal of solvent, an oil (0.2g). This was
applied to a preparative t.l.c. plate (eluting solvent, ethyl-
acetate™nethanol (6:*)). One main band was taken off (0.08g).
This material appeared to be 1,6-anhydro-4-deoxy-4-(carboxymethyl)-
8-D-glucopyranose:
6 5.49 (s, 1H, H-1), 4.50 (m, 1H, H-5), 4.1 (s, 1H, H-2),
3.95 (dd, 1H, H-6exq, J6EXO,6ENDO = 87 J6EX0,5 = 2-5 Hz)~
3.55-3.8 (m, 3H, H-6ENDQ H-2, H-3), 2.95 (s, 2H, CH2COZ2H,
W/2 4 Hz)

v 3600, 3480, 1722, 1600 cm*“l

Reaction of the epoxide (28) with lithio-ethylacetate

To solution of butyl lithium (10.24 mM) 1in
hexane (7 ml) under N2 was added a solution of hexamethyldila-
zane (1.2 ml) in tetrahydrofuran (G ml) dropwise with stirring
over 5 minutes. The solution was then refluxed (J hour) and
the solvent distilled off under Nj. The residue was dissolved
in dry tetrahydrofuran (20 ml) and cooled to -78°. To this

solution was added a solution of dry ethyl”~kcetate (0.64 ml) in
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tetrahydrofuran (6 ml) with stirring over 3 min. After a
further 0.5 hours, a solution of the epoxide (28) (0.5g,

1.68 mM) in tetrahydrofuran was added. After 1 hour, t.l.c.
showed no reaction so the temperature was gradually raised in
10° steps to reach 0°C after a further 2 hours. After 10 hours
at 0°C, no reaction had occurred. Work-up yielded the unreacted

epoxide (0.43g, 86% recovery).

Attempted reaction of (28) with copper lithium-ethylacetate

To a solution of lithio-ethylacetate (13 ml) prepared
as above, was added copper(l) 1iodide (0.64g, 3.34 mM) in small
portions at -78°C. This resulted in a red coloured solution
which was stirred at -78°C for a further 0.25h. To this
solution was added a solution of the epoxide (0.5g, 1.68 mM) in
tetrahydrofuran. The reaction conditions were adjusted as in
the reaction with lithio ethylacetate, and resulted in no
reaction occurring. Work-up yielded the epoxide (28) (0.42g,

85% recovery).

Reaction of (28) with allyl magnesium halide
(€D In the absence of a catalyst

Dry, petrol ether washed magnesium turnings (209)
(0.81M), were placed in a dry flask under N2 and dry tetrahydro-
furan (250 ml) and some crystals of iodine and ethylene di-
bromide (0.2 ml) added. This mixture was stirred mechanically
until the brown iodine colour had gone, and then cooled to -15°
(carbon tetrachloride-dry 1ice bath). To this solution was added
dropwise over 3 hours, a solution of allyl halide (0.1M) in dry
tetrahydrofuran (20 ml) at -15°C. After addition, the solution

was stirred at -10°C for a further 0.5h.
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To this solution was added the epoxide (28) (5g, 16.8 m\)
in tetrahydrofuran, and the mixture was then mechanically stirred
at 0° under N2 for 24 hours. The solution was then poured into
saturated ammonium chloride solution (50 ml), and the tetra-
hydrofuran removed. The residue was extracted with dichloro-
methane, washed with water and dried (MgSO™). Removal of the
solvent yielded 3.75g of crystalline material identical to the

epoxide (28).

(2 In the presence of aluminium trichloride

To a solution of allyl magnesium bromide prepared
as described above was added the epoxide (28) (6g) iIn tetra-
hydrofuran and the solution stirred for 1 hour. Aluminium
trichloride (0.23g) was then added all at once. The initially
yellow coloured solution rapidly developed a precipitate. The
solution was then stirred for 2 days at room temperature. The
reaction was quenched with saturated ammonium chloride, dichloro-
methane added, the layers separated, the organic layer dried
(Mgso™) and the solvent removed to yield an oil (8g), which
t.l.c. (benzene-acetone (9:1)), showed to consist of one main
spot (Rf 0.2). The oil was applied to a preparative t.l._c.
plate (eluting solvent benzene-acetone, 9:1), and one band
removed (4.59). This material appeared to be a mixture of
1,6-anhydro-2-0-tosyl-4-deoxy-4-bromo-_B-D-glucopyranose (91),
and 1,6-anhydro-2-0-tosyl-4-deoxy-4-chloro-J3-D-glucopyranose
(90) :
6 7.81 (d, 2H, Ts), 7.32 (d, 2H, Ts), 5.36 (s, 1H, H-I,
W/2 v 5 Hz), 4.71 (d, 1H, H-5, J5J6EX0O = 5 Hz), u-56 (d> 1H> H-5,
J5 gEXQ = 5 Hz), 3.8-4.3 (m, 2H, H-3), 3.66 (dd, 1H,

H-BEX0* JBEXO,6ENDO = 8 Hz)” 3-2"3-55 (m> 2H” H"2” H“4) and
2.42 (s, 3H, CH3)
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m/e found: 225,223 (M+(91)-Ts) and 179,181 (M+(90)-Ts).
This mixture could not be separated, on any t.l_.c.

system iInvestigated.

(3 In the presence of copper(l) 1iodide

A solution of allyl magnesium chloride prepared
as above was added over 15 minutes under N2 to a suspension
of the epoxide (5bg, 16.8 mM) and copper(l) iodide (Ig, 5 mM)
in dry tetrahydrofuran (60 ml) cooled to 0° and mechanically
stirred. The suspension turned black on addition of the
Grignard reaction. This mixture was mechanically stirred at
0°C (24 hours) at which time t.l.c. (chloroform-ethyl acetate
9:1) showed complete reaction of (28) with formation of one
main product (RF 0.25).

To the cold stirred solution was added dropwise
with stirring hydrochloric acid (12 ml, 2M) until the solution
was acidic. The resultant clear supernatant liquid was then
decanted from the black granular precipitate, the precipitate
washed with dichloromethane, the combined organic extracts
concentrated, and the residue extracted with dichloromethane
(3 x 50 ml). This extract was washed with brine (3 x 20 ml),
dried (MgSO”™), and concentrated to an oil (6.59). This
material was applied to a silica gel column (300g, eluting
solvent chloroform-ethyl acetate (19:1) increasing to (88:12)).
The later fractions yielded pure 1,6-anhydro-2-0-tosyl-4-deoxy-
4-(2-propenyl)-j5-D-glucopyranose (92) (5g, 89%):
6 7.57 (dd, 4H, Ts), 5.5-6.0 (m, 1H, -CH=C), 5.24 (s, 1H, H-1),

5.5-5.25 (m, 2H, =CH2), 4.39 (d, 1H, H-5, J5j6EX0 = 5 Hz),
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4.23 (s, 1H, H-2, W/2 ~ 5 Hz), 4.07 (d, 1H, H-6ENDQ,
J6ENDO,6EX0O ” ~ Hz), 3.80 (dd, 1H, H- 3.7 (s, 1H, H-3,
W/2 N~ 5 Hz), 2.43 (s, 3H), 2.34 (m, 2H (CH2~C=)) and
1.72 (m, 1H, H-4).

\Y, 1640, 1600 cm"1

[a ] -58° (c 1, chloroform); m.p. 65-67°

m/e found: 185 (M+-Ts)

Anal . Calc, for C_cH OgS: C, 56.5; H, 5.9; S, 9.4.

————— o Z2u
Found: C, 56.3; H, 6.03; S, 9.22%.

Reduction of (92) with lithium triethylborohydride

To a solution of (92) (2.29) in dry tetrahydrofuran
(100 ml) cooled to 0° under N2, was added with stirring a
solution of lithium triethylborohydride (20 ml of 1M sol) in
tetrahydrofuran dropwise over 5 min. After stirring at room
temperature (8 hours), water (2 ml) was cautiously added at 0°,
followed by 2M sodium hydroxide solution 02 ml) and 30%
hydrogen peroxide (12 ml). The solution was stirred at 0°C
for a Ffurther hour, and then allowed to warm to room temperature.
By this time, a precipitate of sodium borate had formed. The
tetrahydrofuran was removed, and the residue extracted with
dichloromethane (3 x 50 ml). This extract was washed with
brine (2 x 20 ml), dried (MgSO”™) and concentrated to a semi-
crystalline oil (1.1g). T.l.c. (benzene-acetone, 9:1) showed
one main step (Rf 0.08). Preparative t.l.c. using the above
solvent system yielded pure 1,6-anhydro-2 ,4-dideoxy-4(2-propenyl)
6-D-arabino-hexopyranose (93), (0.9g, 82%). Distillation (flask

to flask, 80°, 0.2 mm) yielded analytically pure material.



G.l.c. analysis (SCOT Carbowax 20M, 180 C, 15 ml/min) showed
one peak, Rt 9.6:
6 5.6-6.05 (m, 1H, CH=C), 5.57 (s, 1H, H-1, W/2 -~ 5 Hz),

5.0-5.2 (m, 2H C=CH2), 4.38 (d, 1H, = 5 Hz) 5

H"5” J5,6EXO
4.30 (d, 1H, H-6endd. jgeyq genpo = 7 H2)» 3-72 (dd, 1H, || geypy-
3.69 (m, 1H, H-3, W/2 ~ 7 Hz) , 2.85 (s, 1H, OH), 2.1--2.3 (m, 2H,
CH2-C=C), and 1.7-2.0 (m, 3H, H-2EXQ, 2ENDO, H-4).

[a] -66.5° (c 0.9, chloroform)

Anal . Calc, for CgH-~0g: C, 63.51; H, 8.30.

Found: C, 63.28; H, 8.22%.

Tosylation of the alcohol (93)

To a solution of (93) (1.2g) in dry pyridine (30 ml)
and dry chloroform (10 ml) was added with stirring, a solution
of £-toluenesulphonyl chloride (2g) in pyridine (10 ml) over
5 min. with stirring at room temperature. After 48 hours, water
(25 ml) was added, and the layers separated. The chloroform
layer was washed with water (2 x 15 ml), copper sulphate solution
(@4 x 15 ml) and water (2 x 15 ml), dried (MgSO”) and concentrated
to a semi-crystalline oil (1.7g). Crystallisation from hot
ethanol yielded pure 1,6-anhydro-2,4-dideoxy-3-0-tosyl-4(2-
propenyl)-0-D-arabino-hexopyranose (95) (1.6g, 70%):

6 7.73 (d, 2H, Ts), 7.27 (d, 2H, Ts), 5.5-5.8 (m, 1H, -CH=C),
5.40 (s, 1H, H-1, W/2 % 5 Hz), 4.9-5.1 (m, 2H, =CH2),

4.49 (s, 1H, H-3, W/2 ~ 8 Hz), 4.39 (d, 1H, H-5, J5>6EX0 = 6 Hz),
4.29 (d, 1H, H-6end0> J6EX0,6ENDO = 7 Hz)” 3,71 (dd” 1H” H_6EX0)~
2.41 (s, 3H, CHg) and 1.8-2.3 (5H, H-4, H—2"Xq ,“ENDO* CH2-C-C)

Y 1640, 1600 cm"1

[a]75 -70° (c 0.9, chloroform); m.p. 100-100.5°
Anal . Calc, for C~gH”™0gS: C, 59.24 ; H, 6.21; S, 9.88.
Found: C, 59.40; H, 6.30; S, 10.17%.
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Attempted Lemieux oxidation of (95)

The tosylate (0.5g, 1.5 mM) was added to a suspension
of potassium carbonate (2.8g, 20 mM) sodium metaperiodate
(2.6g, 12 mM) and potassium permanganate CO.OUg, 0.25 mM) 1in
56% tert-butanol (160 ml). This suspension was stirred at
room temperature (2H hours), and then worked-up by saturating
the solution with potassium carbonate, acidifying to pH.5 with
dil. hydrochloric acid, and extracted with chloroform. This
extract was dried (MgSO”) and concentrated to an oil containing
tert-butanol. T.l.c. indicated the main product had an RFf 0.2
(chloroform-ethyl/acetate-acetone (9:0.5:0.5), cf. the tosylate
(95)(RF 0.6). The oil was further concentrated by pumping at
low pressure (0.5 mm), and the residue C0.05g) applied to a
preparative t_.l.c. plate. The main band of the plate yielded

only 0.0lg of material which could not be identified.

Ozonolysis of (95) in dichloromethane solution

The tosylate (0.5g) was dissolved in dry dichloromethane
and the solution cooled to -65°. Air containing 5-10% ozone
was bubbled through the solution, until the potassium iodide
trap began turning yellow (0.5h), at which time the dichloro-
methane solution was blue. Air was then bubbled through the
solution until it had decolourised. T.l.c. (benzene-acetone, 9:1)
indicated the transformation of the tosylate (Rf 0.6) into one
main product (Rf 0.55). To this dichloromethane solution at 0°C,
was added a solution of sodium bicarbonate (0.5g) and 30% hydrogen
peroxide (0.5 ml) in water (6 ml). After 2 hours at room
temperature no reaction had occurred. The solution was then

heated at 37° for 1 hour, followed by heating at 78° for 1 hour.
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T.l.c. indicated partial decomposition of the ozonide with the
formation of several new products. (Rf, 0.41, 0.27, 0.22).
The solution was extracted with dichloromethane, washed with
brine, and concentrated to yield an oil (0.2g). This was
applied to a preparative t.l.c. plate, the main band of which
yielded as a crystalline solid (0.05g) 1,6-anhydro-2,4-dideoxy-
4-carboxymethylene-S-D-xylo-hexopyranose-y-lactone (97):

6 5.50 (s, 1H, H-1, J1)2EX0 = 2.5, J1}2ENDO = 1,5 Hz) ~

4-82 (n. IH. 3. 33,2Ex0 = 87 J3,2ENDO = 87 J3,4 = 3 Hz)»
4.52 (s, 1M, {55 35,4 = J5,6EX0 = 17 J5,1 = 1 Hz)~

3.82 (M 2H. ueexo 6ENDO) 2-5572-75 (M, 2H, H-4, (CH2C02)),

2.38 (m, H_ZEXO’ J2EX0,2ENDO = 14 Hz), and 1.59 (m, 1H,
\% 1777 cm

[c£]35 -6.4° (c 0.3, CH2C12); m.p. 151-151.5°.

Anal . Calc, for CgH™QOM: C, 56.47; H, 5.92.

Found: C, 56.62; H, 6.05%.

Ozonolysis of (95) in methanol solution

The tosylate (95) (0.96g, 3 mM) was dissolved in
dichloromethane (20 ml) and methanol (20 ml) and the solution
cooled to -70°. Ozone was bubbled through until the potassium
iodide trap colourised, and the solution turned blue. Excess
ozone was removed by bubbling air through the solution. At
this point t.l.c. (chloroform-ethyl acetate 9:1) showed formation
of one main product (Rf 0.13, cf (95) Rf 0.56). The solution was
then warmed to 0°C and excess sodium sulphite solution added.
After 0.5h t.l.c. showed the disappearance of the hydroperoxide
(Rf 0.13) and the formation of two new products (RFf 0.32, 0.40).

To this solution was added sodium bicarbonate (0.7g, 2 equiv.)
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and 30% hydrogen peroxide (0.7 ml) in water (G ml). This

was stirred at 0°C (0.75h) and room temperature (18h). T.l.c.
showed the presence of several compounds (RF 0.1, 0.22, 0.33,
0.43, 0.5). The solution was diluted with dichloromethane,
acidified to pH 6 and the layers separated. The aqueous layer
was extracted with dichloromethane, the combined organic layers
dried (MgSO”) and concentrated to an oil (0.76g). This was
applied to a preparative t.l.c. plate (eluting solvent:chloroform-
ethy]/acetate, 8:2), to give three distinct bands, of which the
least polar proved to be (100) (0.06g), 1,6-anhydro-2,4-dideoxy-
3-0-tosyl-4-(methoxycarbonylmethyl)-g-D-arabino-hexopyranose:

5 7.76 (d, 2H, Ts), 7.31 (d, 2H, Ts), 5.42 (s, 1H, H-I,

W/2 % 6 Hz), 4.57 (s, 1H, H-3, W/2 % 10 Hz), 4.37 (d, 1H, H-5,
J5,6EX0 = 5 Hz)” 4,25 (d” 1H” H-6ENDO” J6ENDO,B6EX0O = 8 Hz)~

3.75 (dd, 1H, H_6E%8)’ 3.69 (s, 3H, COjMe), 2.3-2.7 (m, 2H,

CH2CO2VMe), 2.43 (s, 3H, CHg), 1.96 (d, 1H, H-4, = 10 hz),

J4,cH2
and 1.87 (s, 2H, H"2EXo“2ENDO” W/2 * 9 Hz)"

-1
VMAX 1727 cm

m/e Calc. 356.0930 (C16H2007S).
Found: 356.0860 (M+).

The central band (RF 0.4) proved to be the tricyclic
lactone (97) (0.029).

The most polar material (Rf 0.1) appeared to be
(99) (0.2g), 1,6-anhydro-2,4-dideoxy-2-0-tosyl-4-(2-methoxy-2-
hydroperoxy-ethyl)-6-D-arabino-hexopyranose:
6 7.76 (d, 2H, Ts), 7.32 (d, 2H, Ts), 5.42 (s, 1H, H-1, W/275 Hz)
4.84 (m, 1H, CHOO), 4.67 (s, 1H, H-3, W/2 * 7 Hz), 4.34 (d, 1H,

H"5” J5,6EX0 = 6 Hz)” 4-24 (d* 1H” H-6ENDO” JGEXO,6ENDO = 8 Hz)~’
3.73 (dd, 1H, H-6exq), 3.49 (s, 3H, OCH3), 2.42 (s, 3H, CH3),
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2.3-2.0 (m, 2H, CH2C00), 1.98 (d, 1H, H-4, CH 7 Hz) and
1.9-1.6 (M, 2H, _o5ex0 ,2eNDO)~
\Y 3400 cm -
Oxidation of (95) with ruthenium dioxide and sodium metaperiodate
To a suspension of ruthenium dioxide (0.02g) and
sodium metaperiodate (0.5g) in 30% aqueous acetone (15 ml) was
added with magnetic stirring, a solution of the tosylate (95)
(0.11g) in acetone (2 ml). The solution immediately changed
from a yellow to a black colour. After stirring at room
temperature (1.5h), the solution had assumed a greenish-yellow
tinge. T.l.c. (chloroform-ethyl/acetate 9:1) indicated reaction
was complete, with the product having the same Rf as the
lactone (97). Iso-propanol (4 ml) in acetone (15 ml) was added
dropwise, and the solution stirred (1 hour). The solution was
then Tfiltered through celite, the residue washed with acetone,
and the combined fractions concentrated. The residue was
extracted with dichloromethane (3 x 15 ml), dried (MgSO®) and

concentrated to yield a crystalline solid (0.79)- Recrystallisa-

tion from ethanol yielded pure (97) (0.-53g, 90%).

Attempted cleavage of the anhydro bridge of (97)
(1) Wwith Amberlite IR 120 (H+) resin

The lactone (97) (0.27g) was dissolved in dry methanol
(20 ml) and dry Amberlite IR 120 (H+) resin (lg) was added. The
solution was refluxed for 20 hours, at which time t.l.c. (ether-
methanol, 19:1) indicated complete reaction of (97) with formation
of two main products (RFf 0.26 and 0.14). The solution was cooled,

filtered, and the solvent removed to yield an oil (0.3g)- This
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was applied to a silica gel column (17 x 3.5 cm), (eluting
solvent; ether-methanol 9:1). The early fractions gave
unreacted (97) (0.05g) followed by (102) (0.06g) as a crystalline
solid, which was recrystallised from chloroform to afford pure

methyl 2,4-dideoxy-4-carboxymethylene-6-D-xylo-hexopyranoside-

6 4.79 (g> 1H, H-8 2.5, J3 4 = 5 Hz) ,

"33,28 2-5-» J3,2a =

6 4.61 (dd, 1H, H_q. 8. 2 Hz), 3.6-3.9 (m, 2H,

26 Jl,2a =

H-6,, y_vy » 3-49 (s, 3H, och3)., 3.45 (m, IH, H-s5, Hz)

J5,4 = 10

2.8-2.5 (M, 2H, H—, 5 Hz), 2.31 (n5

cHg®®> J4:5 = 107 33,4 =

H, H-2 , 3, , _ 15, 5 Hz), 2.25 (d, 1H,

= J2a 1 = 2-J2a,3 = 2

CHaCOO, ‘JCHa5CH'6 = 15.5 Hz) and 1.77 Cm, 1H,

J28.,3 ~ 2-55 328, 2a
r[aj 85 -99° (c 0.4, chloroform); m.p. 125-126°C

H-26- 328 1 = g5
15 Hz) »

\Y; 1774 cm
Anal . Calc, for CgH11#0,.: C, 53.47 ; H, 6.98.

Found: C, 53.52; H, 6.88%.

The later fractions afforded as an oil (24) (0.099),
methyl 2,4-dideoxv-4-carboxymethylene-a-D-xylo-hexopyranoside-
y-lactone :

50 ER(t, H, Hoy g9 5, _ 3 Hz2) o 4,66 (q. 1H, H-3, 35 o =86
5 Hz), 3.5-3.8 (3H, m, H—6a9 H—66, H-5, Js.4 ~ 10.5,
2 Hz), 3.32 (s, 3H, och3)5 2,4-2.8 (m, 2H, CHgcoo* H-4,

J3,4 *
J5,6 "
J3.4 =5 JH,5 - 10.5 Hz) , 2.27 (ds IH, CHyc0os JHa e = 15-5 H2
and 2.i-2 .05 (n, 24, H_,_- H—V Jl.z -3 323 = 55 HD)

\% 1775 cm

[a]l25 +92.7° (c 1.5, chloroform), (lit. +86.6 77a +100°77b, +85077cC)

Anal . Calc, for CgH11405: C, 53.47 ; H, 6.98.
Found: C, 51.95; H, 6.93%.



(2 With pyridinium tosylate

To a solution of (97) (0.1g) in dry methanol (G ml)
was added pyridinium tosylate (0.15g) and the solution refluxed.
After 48 hours, t.l.c. indicated only partial reaction of the
tricyclic lactone (97). This reaction was not further

investigated.

(3) WwWith cerium(l11l) chloride

Cerium(lll) chloride heptahydrate (0.022g) and
trimethyl orthoformate (0.05g) were mixed in dry methanol (@ ml)
and stirred for 10 min. Then the lactone (97) (0.0lg) was
added and the stirring continued. After 48 hours, t.l.c.

indicated no reaction. Work-up yielded unchanged starting

material.

(4) With Amberlyst 15 CH+) resin

To a solution of (97) (0.2g) in dry methanol (50 ml)
was added Amberlyst 15 (H+) resin (0.2g) and the mixture refluxed
for 8 hours. The solution was worked up as in the reaction with
Amberlite IR 120 (H+) resin to yield after chromatography,
(24) (0.1g), and (102), (0.079)-
Methyl 6-0-(p-phenylbenzoyl)-2,4-dideoxy-4-carboxymethylene-a-
u-xyio-nexopyranoside-y-lactone

To a solution of £-phenylbenzoyl chloride (0.068g,
0.3 mM) in dry pyridine (1 ml) was added (24) (0.052g, 0.26 mM),
and the mixture stirred at room temperature for 24 hours. Water
(1 ml) was added, and stirring continued for (0.75h). Dichloro-
methane (20 ml) was added, the layers separated, the aqueous
layer extracted with dichloromethane (10 ml), and the combined

organic extracts washed with copper sulphate solution (G ml),
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brine (G ml) and dried CNa2S01¥). Removal of solvent yielded

a crystalline solid (O.11g). This was recrystallised twice
from hot methanol to give (0.075g, 70%) of pure methyl
6-0(p-phenylbenzoyl)-2 ,4-dideoxy-4-carboxymethylene-c”-D-xylo-
hexopyranoside-y-lactone .

6 8.2-7.1 (m, 9H, Ph-Ph) , 4.83 (t, 1H, H-1), 4.64 (q, 1H, H-3),
4.5- 4.4 (m, 2H, H6 , H—p6.), 4.0 (m, 1H, 4.0), 2.8-2.3 (m, 3H,
H-4, CH2C00), 2.13 (t, 2H, H-2a, H-2 ) and 3.33 (s, 3H, OMe)
\Y, 1782, 1716, 1609, 1600 cm"1

[al +50.3° (c 0.5, chloroform), (1it.7715 +48.6)

m.p. 154-155° (lit.77b 149-150°)

Anal. Calc, for o22nr22n056 ¢ H, 5.8.

Found: C, 68.9; H, 5.68%.

1.6- anhydro-2,4-dideoxy-4-(2-propenyl)-8-D-erythro-hexopyranos-
3-ulose (IT77—--——————

The alcohol (93) (0.47g, 2.8 mM) was dissolved in
dry dichloromethane (10 ml) and this solution added dropwise
over 10 min. to a stirred suspension of anhydrous sodium acetate
(0.1g) and pyridinium chlorochromate (0.9g, 4.2 mM), 1in
dichloromethane (10 ml). The mixture was stirred at room
temperature (8 hours) and then diluted with 5 volumes of dry
ether. This solution was filtered, the gummy residue washed
with ether, the combined ether extracts treated with activated
charcoal, filtered and the solvent removed to yield an oil (0.59).
This was purified by column chromatography (silica gel (Merck 9385,
17 cm x 3.5 cm), eluting solvent:light petroleum ether-ether-ethyl
acetate, 7.5:2.5:0.5 rising to 6.5:3.0:0.5) to yield pure (115 )
as a semi-crystalline oil (0.35g, 70%). An analytical sample was

prepared by distillation flask to flask (80° 0.2 mm):
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6 5.72 (t, 1H, H-1, J1j2 = 1 Hz), 6.0-5.5 (m, 1H, CH=C),

5.0-5.2 (m, 2H, C=CH2), 4.64 (m, 1H, H-5, JE£ g = 3 Hz),

3.82 (m, 2H, H-6ENDO "6EX0}~ 2,53 (d” 2H” CH2_C=C” JCH2 4 =1-5Hz)>
2.2-2.5 (m, H-4, H-2EXO0’2ENDO)-"

[@a]23 -225° (c 0.2, chloroform)

Anal. Calc, for CgH1203: C, 64.27; H, 7.19.

Found: C, 64.70; H, 7.41%.

Reaction of (95) with sodium cyanide
(1) In dimethylsulphoxide

The tosylate (95) (0.5g, 1.54 mli) was dissolved in
dry dimethylsulphoxide (10 ml) and dry sodium cyanide (3 mM)
added. The solution was stirred at 80°C for 28 hours.
Dichloromethane (100 ml) was added, and the mixture washed
with water (3 x 10 ml), dried (MgS01¥) and concentrated to an
oil (0.24g). T.l.c. showed this consisted of one non-polar
compound. Purification was effected by column chromatography
(silica gel, 15 cm x 2.5 cm, eluting solvent:light petroleum
ether_dichloromethane:ethyl acetate, 3:6:2) to give as a semi-
crystalline oil 1,6-anhydro-2,3,4-trideoxy-4-(2-propenyl)-
erythro-hex-2-enopyranose (110) (0.23g, 90%). An analytical
sample was prepared by distillation, (flask to flask, 80°,
1 mm):
6 5.5-6.0 (m, 1H, CH=C), 5.83 (d, 1H, H-2, J1>2 = 4 Hz),
5.66 (s, 1H, H-3, w/2 9 Hz) , 5-42 (d, 1H, H-1, J1>2 = 4 Hz),
5.2-4.9 (m, 2H, C=CH2), 4.48 (d, 1H, H-5, J5>4 = 1.5,
J5,6EX0 = 7°57 J5,6ENDO = 2 Hz), 3.94 (t, 1H, H-6exo, JGEX0,6ENDO=8"

J5.6Ex0 - /-5 Hz), 3.61 (dd, IH, yGENDO” J5,6ENDO = 2 Hz)>
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2.45-2.2 (m, 2H, CH2~C=C) and 1.93 (m, 1H, H-4, &

1.5,
J3,4 = 1 Hz>

[al”™ +224.6° (c 0.1, chloroform)

Anal . Calc, for CgH-~C~: C, 71.13; H, 7.82.

Found: C, 70.89; H, 8.01.

(2 In ethanol, or N-methyl pyrrolidine or hexamethyl-
phosphoramide

The tosylate (95) (0.05g) was dissolved in the dry
solvent (2 ml) and dry sodium cyanide (0.05g) added. The
solutions were stirred at 55°C for 24 hours. T.l.c. showed
that the reactions in ethanol and N-methylpyrrolidine had
gone to a small extent with formation of (110). The reaction
in ethanol was maintained at reflux for 4 days, after which
time t.l.c. showed approximately 50% of the tosylate had
reacted to form (110).

The reactions were not further investigated.

1,6-anhydro-2-0-tosyl-4-deoxy-4-(2-methyl-2-propenyl)-B-D-
glucopyranose (113)~

Petrol washed and dried magnesium turnings (7g, 0.29M)
were placed in a dry flask under N2 and dry tetrahydrofuran
added (100 ml). A small amount of a solution of methallyl
chloride (3.26g, 36 mM) in tetrahydrofuran (15 ml) was added,
along with some crystals of iodine. The solution was heated to
reflux, at which time it decolourised. The solution was then
cooled to -15° (CCI™/COj bath) and the chloride solution added
dropwise over 2 hours. Stirring was continued for a further
0.5h, and then the solution of methallyl magnesium chloride was
added over 15 min. to a mechanically stirred suspension of the

epoxide (28) (1.8g, 6 mM) and copper(l) iodide (0.2g, ImM) in
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tetrahydrofuran (20 ml) at 0°C under N2> Stirring was
continued at 0°C (24 hours).

The cold solution was acidified to pH 6.0 with
dil. hydrochloric acid, dichloromethane added, the Ilayers
separated, and the aqueous layer washed with dichloromethane.
The combined organic extracts were dried (MgSO¥) and
concentrated to an oil (3.14g). This was applied to a
column (silica gel Merck 9385, eluting solvent:chloroform,
ethyl/acetate, 9:1 to 17:3) to give in the later fractions
(113) (1.9g, 90%) as a crystalline solid.
6 7.7 (d, 2H, Ts), 7.3 (d, 2H, Ts), 5.30 Os, 1H, H-1),
4.7-5.0 (m, 2H, C=CH2), 4.41 (d, 1H” H*5” J5,6EX0 = U-5 Hz)~
4.32 (s, 1H, H-2, W2 ~ 7 Hz), 4.08 (d, 1H, H-6endq,

JGEX0,6ENDO — ©-5 Hz). 3.72 (dd, iH, H-6exq, JS5j6EXO = 4>5~
JBEXO ,6ENDO = 6.5 Hz), 3.73 (s, 1H, H-3, W2 v 9 Hz) , 2.6 (s, 1H
OH), 2.49 (s, 3H, CH3), 2.36 (d, 2H, CH2-C=C), 1.85 (m, 1H, H-4)
and 1.75 (s, 3H, ch3)

[a] -66° (c 0.1 chloroform); m.p. 103-105°

Anal . Calc, for C~yH~0gS: C, 57.61; H, 6.26; S, 9.05.

Found: C, 57.93; H, 6.53; S, 8.95.

1,6-anhydro-2 ,4-dideoxy-4-(2-methyl-2-propenyl)-8-D-
arabino-hexopyranose (114)~

To a solution of (113) (1.8g) 1in dry tetrahydrofuran,
stirred at 0°C under N2 was added dropwise over 15 min, a
solution of lithium triethylborohydride (15 mM) in tetrahydro-
furan (15 ml). Stirring was continued at room temperature
(9 hours). The solution was then cooled to 0°, and water (2 ml)

cautiously added, followed by 2M sodium hydroxide (12 ml) and
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30% hydrogen peroxide (12 ml). After stirring at 0°C for a
further 1h, then the tetrahydrofuran was removed, and the
residue extracted with dichloromethane. This extract was
washed with brine, dried (MgSO”) and concentrated to an oil
(0.679), which failed to crystallise. T.l.c. and n.m.r.
indicated that this material was pure (114):

6 5.60 (s, 1H, H-I1, W/2 * 7 Hz), 4.84 (d, 2H, C=CH2),

4.5- 4.2 (m, 2H, H-5, H-G6ENDQ), 3.9-3.7 (m, 2H, H-3, H-6EXQ),
3.06 (s, 1H, OH), 2.4-1.8 (m, 5H, H-4, H-2EXQ,2ENDO, CH2-C=C)

and 1.79 (s, 3H, CH3).

1.6- anhydro-2,4-dideoxy-4-( 2-methyl-2-propenyl )-33-D-
erythro-hexopyranos-3-uiose

A solution of the alcohol (114) (0.6g, 3.3 mM) in
dichloromethane was added to a stirred suspension of anhydrous
sodium acetate (0.2g) and pyridinium chlorochromate (1-8g, 8mM)
over 15 mins. After stirring at room temperature (18 hours), the
reaction was worked up in the normal manner to afford an oil (0.50).
This was purified on a column (eluting solvent;light petroleum-
ether-ethyl acetate, 6.0:3.5:0.5) to yield as a semi-crystalline
oil (0.4g 65%), 1,6-anhydro-2,4-dideoxy-4-(.2-methyl-2-propenyl)-
B-D-erthyro-hexopyranos-3-ulose:

6 5.74 (t, 1H, H-1, ~ 2 = le$ Hz), 5.0-4.8 (m, 2H, C=CH2),
4.63 (t, 1H, H-5, Jg g - 3 Hz), 3.86 (d, 2H, H-—"EXq ,6Ei¥V4),
2.2-2.7 (m, 5H, H-2EXQ,2ENDQ, H-4, CH2-C=C) and 1.78 (s, 3H, CHg)

Y, 1723 cm-1

1.6- anhydro-2,4-dideoxy-4-(2-oxopropyl)-B-D-erthyro-
hexopyranos-3-ulose (115)

To a suspension of sodium metaperiodate (2g) and

ruthenium dioxide (0.02g) in water (10 ml) was added a solution
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of the alcohol (114) (0.07g) 1in dichloromethane. This
mixture was very vigorously magnetically stirred, for 4 hours.
The layers were separated, the aqueous layer was extracted with
dichloromethane, and the combined organic extracts were treated
with isopropanol (1 ml). After standing 30 min, the extract
was washed with brine (2x5 ml), dried (Na2SOk) and
concentrated to an oil (0.062g). This material appeared to
be the pure erthyro isomer (115), however after purification by
preparative t.l.c. (eluting solvent:benzene-acetone, 9:1),
n.m.r. revealed the presence of the threo isomer to the extent
of ~ 30%, apparent from new H-1, H-5 and CHgCO signals:
6 5.74 (t, 1H, H-1, Jx J ~ 1-5 Hz) 4.67 (t, 1H, H-5

3.0-2.5 (H-4

[Selected data for threo isomer:
6 5.80 (t, H-I), 4.74 (m, H-5), 2.25 (s, CHjCO)]

\Y 1720 cm™1.

Attempted aldol condensation of (115)

To a suspension of sodium hydride suspension (0.049)
in dry benzene (6 ml) containing a trace of tert-amyl alcohol
under Nj was added the diketone (115) (0.04g). The solution
was stirred at room temperature for 18 hours, after which time
t.l.c. showed the disappearance of the diketone, with no
apparent product spots. Some methanol was added, the solution
was diluted with ether and washed with brine @ x 5 ml). After
drying (NajSo”) and removal of solvent, a residual solid (0.0lg)

was obtained which could not be identified.
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1,6-anhydro-2,3,4-trideoxy-3-bromo-4-(2-propenyl)-6-D-ribo-
hexopyranose (116)

The alcohol (93) (0.46g) was added to a solution
of carbon tetrabromide (2.9 mM, Ig) in dry acetonitrile (20 ml)
and the mixture cooled to 0°. Then triphenylphosphine (0.79q,
3.0 mM) was added. The solution initially turned yellow, then
became colourless, and after 15 min. a white precipitate
appeared. The reaction mixture was stirred at 0°C for 8 hours,
at which time t.l.c. (benzene-acetone, 9:1) indicated complete
reaction of (93) with formation of two products (Rf 0.53 and
0.58).

Ether (60 ml) was added, the mixture was Tfiltered,
and the Tfiltrate concentrated to an oil. This oil was applied
to a silica gel column (eluting solvent:benzene) and provided
in the early fractions the bromide (116) (0.23g 40%) as an oil.
G.l.c. analysis (SCOT Carbowax 20M, 153°, 10 ml/min) showed
only one compound was present (Rt 6.37):

6 6.1-5.5 (m, 1H, CH=C), 5.39 (s, 1H, H-1, W/2 ~ 6 Hz) ,
5.3-5.0 (m, 2H, C=CH2), 4.71 (M, 1H, w3~ 33 2gx0 = 10°
33,2ENDO 5, J3 " =5Hz), 4.53 (d, 1H, H-5, J&JB6EXO = 5 Hz)>
3.95-3.7 (m, 2H, H-6EXO0,6ENDO0O), 2.8-2.2 (m, 3H, H-4, CH2-C=C),
2.12 (dd, 1H, H-2endq, J2ENDO,3 = 57 J2ENDO,2EXO = 10 Hz)

and 1.9 (m, 1H, H-2EXO, J2EXo = 1*5” J2EXO,2ENDO 10,

J2EX0,3 = 10 Hz)>
m/e Found: 153 (M+-Br).

The later fractions provided as an oil (117) (0.169)

4-(2-propenyl)-6-bromo-cis-2, trans-4-hexadienal:
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6 9.56 (d, 1H, H-1, Hz) , 7 @ (d, 1H, H-3,

J1,2 = 7

J2.3 = 20 Hz) , 6.27 (t, 1H, H-5, J5>6 : 9 Hz), 6.22 (dd, 1H,

H-2, 31,2 = 7° 323 = 20 H2) , 5.70 (m, 1H, H-8 38, 9CIS = 11

9B 9TRANS = 17 12D 5-2-4.9 (M, 2H, H54 4. 4 grRANS)"

4.04 (d, 2H, 2 x Hfy, jo o . 9 H2) and 3.13 (d, 2H, 2 x H-7,
J7.8 = 5 Hz)

MAX 1680 cm

MAX 283 nm
Reaction of (29) with methoxymethylene triphenylphosphorane
Methoxymethylene triphenylphosphonium chloride (1.2g,
3.5 mM) was added to dry tetrahydrofuran (10 ml) under Nj and
to this stirred suspension was added dropwise over 5 mins,
n-butyl lithium (2.3 mM) in hexane. The solution rapidly
turned dark red. After 2 hours at room temperature all solid
material had dissolved. The solution was cooled to -78° and
a solution of the ketone (0.15g, 1.17 mM) was added dropwise
over 5 mins. G.l.c. monitoring (SCOT Carbowax 20M, 172°C,
14 ml/min) showed that on warming to room temperature a rapid
reaction occurred, with the ketone (Rt 6.3) being converted
into the two isomeric enol ethers in ratio 1:1 (Rt 5.3 and
6.3). The reaction was stirred at 0°C for Ih, and then
quenched with methanol (0.5 ml). The solution was diluted
with ether, filtered, dried (MgSO”"), and treated with charcoal.
Filtration through celite gave a colourless solution which was
concentrated to an oil (0.54g). This was applied to a chroma-

tographic column (60g silica, eluting solvent:light petroleum
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ether-ethy]ykcetate-ether, 6.0:1.0:3.0) to give in the

early fractions, one enol ether isomer (0.03g, Rt 5.95):

6 5.87 (s, 1H, C=CH, W/2 ~ 7 Hz), 5.51 (s, 1H, H-1, W/2 ~ 4Hz)
4.54 (s, 1H, H-5, W/2 VIO Hz) 3.76 (m, 2H, H-6EXo BENDO)~
3.52 (s, 3H, OMe), 2.59 (d, IH i >ENpO J2ENDO,2EX0 = 14 H
2.4-2.2 (m, 2H, H-1+EXO "~ENDOA * 2.04 (d, 1H, H-2exq,
J2ENDO,2Ex0 ~ 4 M2
1687 cm"1

VMAX
The later fractions provided the isomeric enol ether

(0.03g, Rt 6.9):

6 5.87 (s, 1H, C=CH, W/2-v 7 Hz), 5.52 (s, 1H, H-1, W/2"v 4 Hz),

4.55 (m, 1H, H-5, W/2n, 11 Hz), 3.85 (d, 1H, H-6ENDO,

JB6ENDO,BEXO = 6 Hz)” 3,73 (d” 1H® H_BEX0)” 3,53 (s” 3H” OMe)~

2.71 (d, 1H, H-2endo, J2ENDO,2EXO = 14 Hz)” 2-58 (d” 1H” H_4EXO”

J4EXO,4ENDO = 12 Hz)~” 2,06 (d” 1H” H-4ENDO)” 1-92 (d” 1H”

H_2EX0” J2EXO0,2ENDO = 14 Hz)

MAX 1687 cm ™t

1,6-anhydro-2,3,4-trideoxy-3-formyl-6 -D-erythro-hexopyranose (109
A mixture of the two isomeric enol ethers (119)

(0.0125g) was dissolved iIn 10% aqueous tetrahydrofuran (2.2 ml)

and to this solution was added with stirring mercuric acetate

(0.08g). G.l.c. monitoring showed the slow disappearance of

the enol ether peaks and the formation of a new peak (Rt 7.9).

The reaction was complete in 3 hours, after which time an aqueous

solution of potassium iodide (2.5 mM) was added. The tetrahydro-

furan was removed, and the residue was extracted with dichloro-
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methane (*4x5 ml). This was dried (NajsSO”™), and concentrated
to an oil (0.0095g). This material appeared to be the aldehyde
(109):

6 9.66 (s, 1H, CHO), 5.54 (s, 1H, H-1, W/2 % 5 Hz),

4.38 (m, 1H, H-5, W/2 % 10 Hz), 3.75 (d, 1H, H-6ENDQ,

J6EXO,6ENDO = 6 Hz)” 3-51 (dd) 1H) H_6EXO0” J6ENDO,6EX0O = 6~
J6EXO0,5 = 4,5 Hz)” 3,145 (m” 1H” H-3)” 2.6-1.9 (m, 4H, H"2Exo0,2ENDO”

H’4Exo,4ENDO')

1723 cm"1

MAX

One prolonged exposure of this material to
triethylamine in dichloromethane (20 hours, 20°) g-l.c., t.l.c.,

and n.m.r., showed no change occurring.

1,6-anhydro-2,3,4-trideoxy-3-(-hydroxymethyl)-8-D-erythro-
hexopyranose (107)

To the aldehyde (109) (0.008g) in dry tetrahydrofuran
(2 ml), was added, at 0° with stirring under N2, a solution of
lithium aluminium hydride in tetrahydrofuran (@ ml). G.l.c.
showed a rapid reaction occurring, with the formation of a new
peak (RFf 6.4). T.l.c. demonstrated reaction was complete in
2 hours (petrol ether-ether-ethy]”~kcetate: 4.5:1) with conversion
of the aldehyde (Rf 0.41) to the alcohol (Rf 0.08). Wet ether
(1 ml) was added, followed by dichloromethane (10 ml). The
solution was dried (Na2SOHK) and concentrated to an oil (0.006Q).
N.m.r. 1indicated that this was the alcohol (107):
6 5.53 (s, 1H, H-1, W/2 ~ 6 Hz), 4.47 (m, 1H, H-5, W/2 ~ 10 Hz),
3.9-3.6 (4H, m, H-6ENDO, H-6EX0, CH20H), 2.3-1.5 (5H, m, H-3,

h_2exo,2endo” h"48xo0 ¥endo)
v 3600 cm !



Attempted rearrangement of (107)

The alcohol (107) (0.006g) was dissolved in dry
benzene (1 ml) and Amberlyst 15 (H+) resin (0.0lg) added.
This solution was stirred at room temperature (6 days), and
then refluxed (2 days). G.l.c. and t.l.c. showed no change

over this period.

Reaction of (118) with methoxymethylenetriphenylphosphorane
Methoxymethylenetriphenylphosphoniumchloride (2.459)

suspended in tetrahydrofuran (25 ml) under nitrogen and

butyl lithium (G mM) in hexane (3 ml) added dropwise over

5 min. The solution was stirred at room temperature for

2 hours and then cooled to -78°C. A solution of the ketone

(118) (0-.2g, 1.19 mM) in tetrahydrofuran (2 ml) was then

added dropwise. The reaction was monitored by g.-l.c. (SCOT

Carbowax 20M, 171°C, 14 ml/min) and slowly warmed. After 2 hours

at -70°, a new peak had appeared (Rt 0.31 20%). On warming

to -50°C and stirring for 3 hours, four additional peaks had

appeared (Rt 1.6, 5%; 2.0, 5%; 3.1, 25%; 3.4, 20%; 4.1, 10%)

whilst the ketone peak (Rt 7.8) now constituted about 15% of the

chromatogram. The ketone peak had declined to ~ 5% after 0.5h

at -40°. The reaction was quenched at this point by the

addition of water (0.5 ml). The mixture was extracted with

dichloromethane, dried (Na2S04) and concentrated. T.l.c. showed

the presence of several polar products. An infra-red spectrum

of the crude mixture possessed absorbances at ™ 1680 and

1720 cm-1. The material was applied to a preparative t.l_c.

plate (eluting solvent:light petroleum ether:ether-ethy)/acetate,

6:3.2:0.8), but no identifiable products were recovered.
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Attempted rearrangement of (107)

The alcohol (107) (0.006g) was dissolved in dry
benzene (@ ml) and Amberlyst 15 (H+) resin (0.0lg) added.
This solution was stirred at room temperature (6 days), and

then refluxed (2 days). G.l.c. and t.l.c. showed no change

over this period.

Reaction of (118) with methoxymethylenetriphenylphosphorane
Methoxymethylenetriphenylphosphoniumchloride (2.45g)

suspended in tetrahydrofuran (25 ml) under nitrogen and

butyl lithium (G mM) in hexane (3 ml) added dropwise over

5 min. The solution was stirred at room temperature for

2 hours and then cooled to -78°C. A solution of the ketone

(118) (0-.2g, 1.19 mM) in tetrahydrofuran (2 ml) was then

added dropwise. The reaction was monitored by g.l.c. (SCOT

Carbowax 20M, 171°C, 14 ml/min) and slowly warmed. After 2 hours

at -70°, a new peak had appeared (Rt 0.31 ‘¥ 20%). On warming

to -50°C and stirring for 3 hours, four additional peaks had

appeared (Rt 1.6, 5%; 2.0, 5%; 3.1, 25%; 3.4, 20%; 4.1, 10%)

whilst the ketone peak (Rt 7.8) now constituted about 15% of the

chromatogram. The ketone peak had declined to ™ 5% after 0.5h

at -40°. The reaction was quenched at this point by the

addition of water (0.5 ml). The mixture was extracted with

dichloromethane, dried (Na2S0¥) and concentrated. T.l.c. showed

the presence of several polar products. An infra-red spectrum

of the crude mixture possessed absorbances at ~ 1680 and

1720 cm” . The material was applied to a preparative t.l.c.

plate (eluting solvent:light petroleum ether :ether-ethyl/acetate,

6:3.2:0.8), but no identifiable products were recovered.
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Reaction of (118) with lithio-diethyl-(2-tetrahydro-
pyranyloxymethyl) phosphonate

Di-isopropylamine (0.102g) was dissolved in
tetrahydrofuran (G ml) and cooled to -70° under Nj. To this
stirred solution was added dropwise n-butyl lithium (1 mM) 1in
hexane (0.64 ml). This was followed by a solution of diethyl-
(2-tetrahydropyranyloxymethyl) phosphonate (0.241g, 0.96 mM) in
tetrahydrofuran (2 ml) added dropwise over 10 min. The solution
was then cooled to -100° and a solution of the ketone (118)
(0.15g, 0.9 mM) 1in tetrahydrofuran (2 ml) added dropwise over
20 min. This solution was stirred at -100° (lh) slowly warmed
to room temperature, and then refluxed for 6 hours. The solution
was then poured into ether, and washed with 20% citric acid,
water, and 5% sodium bicarbonate solution. Drying (Najso”) and
removal of solvent yielded an oil (0.143g). This was applied to
a column (silica gel, eluting solvent:petrol ether:ether:ethyl-
acetate, 8:1.5:0.5). The early fractions provided the unreacted
ketone (118) (0.0Ug) and what appeared to be its C-4 epimer
(0.039) - Rf of the two epimers 0.42 and 0.39. The latter
fractions provided diethyl-(2-tetrahydropyranyloxymethyl)

phosphonate (O0.11Qg).

Reaction of (118) with dimethylsulphoxonium methylide

Sodium hydride dispersion (0.31g) was placed in a
3-necked flask under nitrogen and washed with pentane (2x5 ml).
Residual solvent was removed in a nitrogen stream. Dimethyl-
sulfoxide (G ml) was added followed by trimethylsulphoxonium
iodide (0.2g, 0.9 mM). Vigorous evolution of hydrogen occurred.
After stirring for 45 mins, a solution of the ketone (118)

(0.13g, 0.8 mM) in dry dimethylsulfoxide (1.5 ml) was added
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dropwise at room temperature. The solution was stirred at
room temperature for 2 hours, and then at 50° for 1.5h.
T.l.c. indicated complete reaction of the ketone with formation
of polar products.

The reaction mixture was poured into cold water
(50 ml) and extracted with dichloromethane (3 x 25 ml). The
extract was washed with brine (15 ml), dried (NajSo”), and the
solvent removed to yield an oil (0.09g). The infra-red spectrum
of this material showed absorbances at 1690 and 3600 cm .
Purification was attempted by preparative t.l.c. (chloroform-
ethy~acetate-methanol, 8:2:0.3). This resulted in the isolation

of no identifiable materials.

Reaction of (118) with dimethylsulphonium methylide
Trimethylsulphonium iodide (0.45g, 2 mM) was added
to dry tetrahydrofuran (15 ml) and the suspension cooled to 0°
under N2. A solution of n-butyl lithium (1.8 mM) in hexane
(1.1 ml) was added dropwise with stirring over 5 min. The
solution was stirred at 0° for 15 min and then cooled to -20°.
A solution of the ketone (118) (0-2g, 1.2 mM) 1in tetrahydrofuran
(5 ml) was then added dropwise over 10 min. T.l.c. indicated a
rapid reaction to produce polar products. After 2 hours the
mixture was poured into iced water and extracted with dichloro-
methane (3 x 20 ml). The extract was washed with brine (10 ml),
dried (Na2S04) and the solvent removed to yield an oil (0.0Ug)-
Infra-red examination of this material showed absorbances at
1720 and 1685 cm As t_.l_.c. indicated a complex mixture,
similar to that obtained above, the reaction was not further

investigated.
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Reaction of (118) with diazomethane

Diazomethane, free of alcohol, was generated by
addition of an ethereal solution of Diazald to solution of
potassium hydroxide in aqueous ethoxyethanol at 702, with
removal of the diazomethane by co-distillation with the ether.

The ketone (118) (0.0lg) was dissolved in ether
(3 ml) and cooled to 0°. Then a portion of the ethereal
diazomethane solution (3 ml) was added. The mixture was then
stirred at room temperature. As the diazomethane rapidly
polymerised at this temperature, regular additions of diazo-
methane were made to maintain a reasonable concentration.
After 2.5 days t.l.c. indicated that no reaction had occurred.
Methanol (2 ml) was added, and reaction continued for 3 days.
After this time t_.l.c. indicated only minimal reaction.

The reaction mixture was then worked up, but the
product isolated contained Diazald and ethoxyethanol. These
impurities effectively prevented positive identification of

the product as unreacted (118).

Reaction of (118) with p-toluenesulphonylmethyl isocyanide

To a solution of p-toluenesulphonylmethyl isocyanide
(0.71g, 3.6 mM) in dry dimethylsulphoxide (10 ml) cooled to 0°
under Nj was added potassium tert-butoxide (0.67g, 3.6 mM)
followed by methanol (0.1 ml). To this solution was added the
ketone (118) (0.2g, 1.2 mM) in tetrahydrofuran (1 ml). The
mixture was stirred at room temperature (2 hours) and then heated
to 50° for 10 hours. T.l.c. indicated that a complex mixture of

products had resulted. After cooling, the reaction mixture was
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neutralised with aqueous ammonium chloride solution and
extracted with petrol ether. The residue was then extracted
with dichloromethane. This extract was washed with water,

dried (Na2S01H) and concentrated to an oil (0.04g). N.m.r. showed
no identifiable signals. The reaction was not further

investigated.
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