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ABSTRACT

This project was concerned with the synthesis of the
pyrrolizidine alkaloids supinidine, trachelanthamidine and
isoretronecanocl and also synthetic studies towards the indolizidine
alkaloid 251D. In all cases, the synthesis began from a cheap,
readily-available, simple amino acid, in this case glutamic acid, and
proceeded to a suitable monocyclic intermediate which could then
undergo an intramolecular Horner-Wittig cyclisation reaction to form
the required bicyclic «c¢ore structure. Subsequent modification
reactions then 1led in the pyrrolizidine series to penultimate
precursors of the target alkaloids supinidine, trachelanthamidine and
isoretronecanol, and in the indolizidine series to a bicyclic
intermediate in the synthesis towards the toxin 251D. The
intramolecular Horner-Wittig cyclisation reaction was found to
proceed with retention of chirality, thus 1leading to the
enantiospecific synthesis of the pyrrolizidine alkaloids. The use of
alternative monocyclic intermediates in the intramolecular Horner-
Wittig cyclisation reaction, thus 1leading to other pyrrolizidine
alkaloids is also discussed.

One of the major problems encountered in this project was the

solublility of the unprotected monocyclic amide intermediates, and
this was overcome by the use of N-benzyl and N-carbobenzyloxy
protecting groups; in the indolizidine synthesis where the
unprotected monocyclic amides were necessary, the reaction work-up
for these intermediates usually required continuous ‘solvent
extraction. Another major problem was the insgtability of the bicyclic
amide intermediates and some of the monocyclic intermediates,
) As well as covering a comprehensive background of each class of
alkaloid, this rasport also contains an in-depth discussion of the key
intramolecular Hornmer-Wittlg cyclisation reaction and suggestions for
its use in the possible synthesis of other classes of alkaloids.
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Conventiong

A solid line D — denotes a f configuration
A broken line - - denotes an a configuration
A wavy line S\ denotes either an a or a § configuration



INTRODUCTION

The alkaloids constitute a very large, miscellaneous group
of natural products. They all contain at least one nitrogen atom,
which is wusually of a basic character and which, in the large
majority of cases, makes up part of a heterocyclic ring. Alkaloids
exhibit a wide range of biological and pharmaceutical activities
and thus have attracted much attention. Isolation from natural
sources has often proved very difficult and produced the alkaloid
in very low yield, and a lot of interest has focussed on their
chemical synthesis.

This project is concerned with the synthesis of the
pyrrolizidine alkaloids supinidine, trachelanthamidine and
isoretronecanol and the indolizidine alkaloid 251D. In all cases
the synthesis begins with a cheap, readily-available, simple amino
acid and proceeds thereon to a suitable monocyclic intermediate
which could then undergo an intramolecular Horner-Wittig type
cyclisation reaction to form the bicyclic core structure.
Subsequent modification reactions then proceed towards the target

alkaloids.
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PYRROLIZIDINE ALKALOIDS

1.1. General

The pyrrolizidine alkaloids are a large class of natural
products which is very broadly distributed throughout the plant
and animal kingdoms. They exhibit a wvast range of biological
activity, including anti-tumour, hypotensive, local anaesthetic,
anti-spasmotic, anti-inflammatory, carcinogenic, hepatotoxic and
especially neurotoxic action*. All the pyrrolizidine alkaloids

possess the core skeletal structure:

7 81
()
N
5 4 3

1-Azabicyclo(3.3.0)octane
Néturally-occurring pyrrolizidine alkaloids usually exist as
alcohols ("necine®™ bases) esterified with a carboxylic acid
("necic acid") that normally contains a hydroxyl substituent; as

in the cases of europine and retrorsine.

HC CHaoHA | M —on
ﬁ\/ H
HO H 0C— CH, 0 0
N\, HO OCH, N\
N _ N
eﬁropine> ' retrorsine

The pyrrolizidine alcohols can be monohydrie, dihydric or

trihydric.



l-methylene pyrrolizidine and related compounds can occur in

the free state and hence are termed "non-ester® pyrrolizidine

alkaloids?.
4 CH y CHyOH 4 CHaOH
o C@ T
l-methylenepyrrolizidine trachelantham1dine lindelofidine
turneforcidine retronecine suplnldlne

A few pyrrolizidine alkaloids have been isolated from plants
in their naturally-occurring N-oxide £form; one example is
isatidine (retrorsine N-oxide)?:2.

Pyrrolizidine alkaloids have been identified in several
genera of the plant families of Cbmpositae,' Leguminosae,
Boraginaceae, Euphorbaceas, Glumiflorae, Fabaceae and many
others®. These plants can grow in temperate, sub-tropical and
tropical climates. Most are spring or summer annuals, but some are
biennial or perenniall. They are mainly herbacious species such as
Senecio, Crotalaria and Amsginckia, in which the alkaloid content
reaches a maximum at the onset of flowering®, and include a few
shrubs and climbers and a small number of trees?.

There are few areas in the world where grazing animals are
not exposed to one or more pyrrolizidine-containing species. The
pyrrolizidines attack the animal's nervous system, and have

accounted for heavy losses in livestock. Hay and silage made £from
3



Senecio alpinus retained constantly high levels of pyrrolizidine
alkaloids for several months after harvest; the content decreased
steadily with time in silage. The principal alkaloid present was
retronecine?/3, The alkaloid itself need not necessarily be toxic,
but a metabolite of it can be, as in the case of anacrotaline; the
induced disease is characteristically chronic, and death can occur

months after consumption of the alkaloid has ceased3®+%.

HO CHy
H3C QO aqueous
alkaline
hydrolysis
0 0 ~HO COOH
N ,
anacrotaline crotanecine senecic
acid
cheme 1 esterification

v
toxicity

Anything which stimulates plant growth also increases
alkaloid production, which is maximal in alkaline soils® (eg
limestone, chalk, clay).

Culvenor has stressed that the presence of toxic
pyrrolizidine alkaloids in many Australian weeds that grow amongst
naiural grasses constitutes a major health hazard to both
livestock and humans. The toxicity depends on their conversion

into reactive pyrrole metabolitesS.

4



Culvenor suggested that the alkaloids evolved as relatively
inert compounds which can be mobilised at short notice to repel
microbial infections (ie they are phytoalexins'3), and also
herbivores. Especially potent neurotoxins were macrocyclic

diesters of retronecine, monocrotaline, fulvine and heliotridine.

heliotridine

Two examples of plants producing such toxic alkaloids are
Senecio douglasii var longilobus (threadleaf groundsel) and
Senecio riddelli (Riddell's groundsel) which are very common
grassland weeds in the South-Western United States of America3.
Toxic pyrrolizidine alkaloids were also found in fresh shoots of
Crotalaria saltiana fed to Nubian goats and in the seeds of
Crotalaria spectabilis fed to turkeys%. Apart from esterification
at the C-9 carbon, the other major feature deemed necessary for
toxicity is the 1,2 double bond®®.

Not all pyrrolizidines are toxic, however, and some have
useful properties exploited by man and nature. Many plant species
that contain them attract butterflies and moths (Lepidopterae) to
feed, and some of these insects convert pyrrolizidines such as
heliotrine into pyrrolizines such as hydroxydanaidal which

function as pheromones3.



0

HO, H O\fé
L-\HO-—CHI(CHy), HO  FHs
H——O0H =
CHj 7
heliotrine hydroxydanaidal
The basic pyrrolizidine skeletal structure, 1-

azabicyclo(3.3.0)octane, and simple alkylpyrrolizidines are used

as catalysts for the preparation of polymers and resins5®.



1.2 Pyrrolizidine Stereochemigtry

The trans bicyclo(3.3.0)octane skeleton is a rigid and
strained system but its cis isomer is virtually strain-free®. The
trivalent nitrogen present in the pyrrolizidine skeleton does not
rigidly £fit the bicyclic system, and 8o there are no
diasterecigsomers of the fused ring system®. The two rings of the
pyrrolizidine system form a dihedral angle with the axis along the

C(8) -N bond:
7.8} .
«(J0r AN
N
5 4 3
V::%
nyrolizidine derivatives with at least one substituent, and
particularly the pyrrolizidine alkaloid components, héva at least
two asymmetric carbon atoms, one of these being C(8) at the bis
ring junction.
Retronecine was concluded to exist preferentially in an exo-

buckled form whereas heliotridine was a mixturs of rapidly

interconverting exo- and endo-buckled forms’:

H
CH20H N CH,OH
CP*z()F{ hl /
endo
retronecine heliotridine
Torsional strain and non-bonded, steric interactions cause
puckering of the saturated 5-membered ring system, whilst the

unsaturated ring system has virtual planarity. The fused bicyclic

system is unlikely to invert owing to the very large energy



difference (6 kcal/mol)? between the cis and trans fused ring
systems; hence the bicycle is basically rigid with buckling
occurring via carbons 5-6-7 only.

In the case of supinidine, the unsaturated ring will
likewise have virtual planarity. With regards to the
stereochemistry at C(8), only the (S)-(-) form is enzymatically

active in natural systems®.

(S) - (-) -supinidine
The absolute configuration of (S) -(-)-supinidine was
established following the degradation of (S)-(-) -heliotridane to

(R) - (+) -3-methylheptane®.



1.3 Pyrrolizidine Biosynthesis

Retronecine, found in Senecio sp. grasses, is the most
commonly encountered pyrrolizidine base? and is the only
pyrrolizidine base (necine) whose biosynthesis has been
investigated in detail. It is believed that most, 1if not all,
pyrrolizidine bases are synthesised via a similar pathway?°<:10,

The starting material is S-ornithine; some sources state
that i1t is S-arginine; this confusion arises from their
interconversion via a natural cyclic pathway known as the

ornithine cycle!! (Scheme 2).

Scheme 2
NHZCHZCH2CH2CHCOOH
e, TN
ornithine 0
HzNgNHCHZCHQCHZCHCOO H
N citrulline NH,

I ~
HoNENHCH,CH,CHyCHCOOH /

arginine NHZ

It has been astablished that retronecine is derived
naturally from S-ornithine via a decarboxylation reaction leading
to putrescine*?, and this has been confirmed using 2%C-labelled
compounds?®. Thereafter the biogenesis of retronecine, based on
existing knowledge of amino acid metabolism, was thought to
proceed via mono-deamination and bis-deamination of putrescine to
form 4-amino butanal and 1,6-hexanedial respectively. These two
spaecies would then combine to form the Schiff base (condensation
of a primary amine with an aldehyde, ketonej:pyruvic acid to form a

Schiff base is one of the two major processes by which carbon-

nitrogen bond formation occurs). Hydrogenation of this imine would
9



then lead to the saturated dialdehyde; intramolecular condensation
would give the monocyclic iminium species; the dialdehyde was
thought to be the active form, because this could then undergo a
Mannich reaction to form the bicyclic aldehyde, and this type of
reaction was known to be the second major process of carbon-
nitrogen bond formation. Reduction of the bicyclic aldehyde would
lead to trachelanthamidine, which after subsequent dehydrogenation
and hydroxylation would afford retronecinel®.

The biosynthesis of retronecine was later proved to proceed
from putrescine to homospermidine by carrying out feeding
experiments with 23C-labelled precursors!* and 2H-labelled
precursors!®., The next intermediate whose structure has been
similarly confirmed is trachelanthamidine®5*:16, gpectroscopic
studies based on the feeding of deuterated putrescine to Senecio
sp. reinforce the proposal that 1-formyl pyrrolizidine is the
immediate precursor of trachelanthamidinel®. The same work
strongly suggested that this is arrived at from homospermidine not
via the Schiff base but via the cyclic iminium amine, which could
then go to the cyclic iminium aldehyde and then the saturated bis-
aldehyde and proceed as previously proposed. Feeding of the %C-
labelled cyclic iminium amine to Senecio pleistocephalus and
Senecio isatideus has shown 1t to be a better precursor for
retronecine than is putrescinel’.

Big-esterification of retronecine with the relevant senecic
acid would produce retrorsine, the major alkaloidal component of

Senecio isatideus.

10



Scheme 3

J ]\ - ~Co, CHO  OHC
2 J ] . .

HN HN  COOH HN HN NH, OHC
ornithine putrescine l
l NH, CHO CHO
G LS
N NS
hémbspermidine‘ l
i NH, B ‘—
CHO CHO
‘ N

0
i a -
O — 1 Moo
trachelanthamidine I
l <:£%:§ﬁ01//// <::b '

N > H CH,0H
retronecine_ ;
~N
l isoretronecanol HQ ’/C H3

N ¥ - | 5
0 0 ‘
rosmarinecine
AN N
G’l§ rosmarinine

retrorsine
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Scheme 4

Eto OEt EtO oE’c
\/

CH HO::>_—————>
NH,

(EtO),CH CH(OEY),

N
H.
CHO CHO

CH,OH
0 O§ s

Similar feeding experiments using . 13;-1abelled precursors

and subsequent spectroscopic studies in Senecioc pleistocephalus
have elucidated that S-ornithine 1is a precursor for the
pyrrolizidine base rosemarinecine via a similar pathway with
isoretronecanol as the penultimate precursor!?®, Subsequent bis-
esterification then leads to rosmarinine.

Although the biosyntheses of retronecine and rosmarinecine
appear to i:roceed via a common pathway as far as the open chain
dialdehyde, the two pathways must then diverge according to the
particular species, since the formation of 1-formyl pyrrolizidine
is stereospecific at Cl1 and remains so for the rest of the
pathwayl?l,

Biosynthesis from the open chain dialdehyde to the 1-
hydroxymethyl pyrrolizidine stage has been confirmed by chemical
synthesis in vitro under physiological conditions®* according to
scheme 4. The bis-diethylacetal of di-(4-oxo-n-butyl)amine was
obtained from 4-aminobutyraldehyde diethylacetal and Y-
chlorobutyraldehyde diethylacetal via a condensation reaction with

the elimination of hydrogen chloride. After deprotection of both
12




aldehyde groups, l1l-formyl pyrrolizidine was formed via a Mannich
condensation reaction. Babor et al obtained l-formyl pyrrolizidine
in ca. 10-15% yield at pH 4.0-4.5 and then hydrogenated the
compound over platinum to give 1l-hydroxymethyl pyrrolizidine,
which they claimed as (+)-isoretronecanol. Leonard and Blum
performed the same Mannich reaction at pH 7.0 and reduced the
crude aldehyde with sodium borohydride to 1-hydroxymethyl
pyrrolizidine, which they isolated as its benzyl ether, in ca. 50%
yield and which they claimed to be (+)-trachelanthamidine5®,

The biosynthesis of pyrrolizidines from S-ornithine as far as the
l1-hydroxymethyl pyrrolizidine stage appears to be common to all
naturally-occurring pyrrolizidines?®. The investigations have
mainly been on the grasses Senec.io and Crotalaria.

Other ©precursors have been suggested, eg (+/-)-8-
hydroxyornithine and (+/-)-§8-hydroxy-N-methylnorvaline®®, but in
the main the route appears to be common in all species. Insects
which contain pyrrolizidines have so far been shown not to have
produced the compounds’ themselves but to have acquired them
through feeding on plants which produce them; the insect
Heliopeltis, which feeds on Cinchona bark, accumulates amorphous
cinchonine-like alk;loids and becomes unpalatable to its
predators, as does Attacus atlas, which also accumulates

cinchonine?®,

13



1.4 Pyrrolizidine Chemical Synthesesg

Many of the earlier routes led to racemic pyrrolizidines,
but more recent work has provided enantiospecificity; several
excellent reviews have been published’®*:1®, The 1literature
regarding pyrrolizidine alkaloids is reviewed annually in Natural
Product Reports.

Hart énd Yang?? used an aza-Cope rearrangement of an
acyliminium ion followed by cyclisation to give a mixture of
pyrrolizidinones (1) and (2). After complete hydrolysis of (1) to
(2) and replacement of the benzyl ether with an acetoxyl group,
the side chain was degraded to the iodide (3). Reduction of (3)
led to (+/-)-trachelanthamidine, while dehydrohalogenation and

reduction of (3) gave (+/-)-supinidine (Scheme 5).

14



Scheme 5

OCH,Ph
0 oo CH HCOOH
N 3 r.t.p.
0 CH3 21 hrs
O .
Yy ~OCHoPh
’ CHj
OR™
CH;
O (1) r=cHO (i) Hy,Pd/C,EtOH
(2) R=H followed by
Acg0,pyridine
(i) HgO, T5.CCly,850C,6 hrs
CCH
H 3 y CHOH
(i) nBu3SnH '
-0
(ii)LiAlH, , N
trachelanthamidine
. DBU,benzene, 80°C, 9hrs
ﬁ
OCCH
3 OH
L:u\ln4 \'
N
supinidine

Burnett et al used allenes as unsaturated precursors to radical

cyclisation?'. The phenylthio derivative (4) did not produce the

15



required radicals, but the phenylselenyl-lactam derivative (5) did
act as a radical precursor. Intramolecular cyclisation afforded
the pyrrolizidinones (6) and (7), which were separated by
chromatography. Each racemate wa? then modified to (+/-)-

supinidine (Scheme 6).

lPh ~ CHs CH,
X l(l; N\
AIBN 0
0 (6) 0 (7)
(4) X=S
(5) X=Se
(1) PhSeOCOCF,
5802 (1) NaHCO,
Acp (11i)m,0,
(iv) Ac,0,Et,N,
| 4-DMAP
heme 6 O
I
OCCH3
A\
N
LiAlH,
OH
N
N
supinidine

McDonald and Narayanaxvx22 used vicinal annulation of a
bifunctional alkylating system generated £rom the 3-pyrroline
derivative (8). The dianion (9) derived from the pyrroline and
presumably stabilised by internal chelation, was stereoselectively
alkylated to produce the chloro compound (10). Intramolecular
cyclisation to (+/-)-supinidine was achieved after removal of the

N-protecting group in (10) (Scheme 7).
16




Scheme 7 : EtO0C : CHon
EtooC 0 il

|

(i) NaBH, N LiAlH, N
N (i1) phcocl,pyridine CH300C CH,00C
CH;00C (1ii)DBU (8)

N

supinidine

Kametani et 7&123 used an intramolecular carbenoid
displacement reaction of diazosulphide and diazoselenide
intermediates for their synthesis of (+/-)-supinidine (scheme 9).
The key reaction probably proceeded via the following mechanism

(Scheme 8):

17



Scheme 8

- COOR
XPh
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Scheme 9
0 | | A

NaH o NaBE,, EtOR, 0% OEt
VN 2.HC1,EtOH N CO-Et
H Br COo Et 2
4 | 2 \\\//\\v//an2E}' 4 NN

PhSH
pTsOH
, ' H
W/SPh' >Fh NaH or Li(sM >Fh
N _COpft Fremde ¢ T o2 N COzEt
NN CO,E¢ | J NN
Ny ¢ SN
CHOH
rhodium acetate
H,0H
CO,Et i
. SPh
SPh I
LiAlH,, ether, 0°C 0
0
toluene
heat
I
4 ~OCCH, Hor
H OH  riaim, ' \ Ac,0 A\
] -
N N "
N 0 0
supinidine
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Kametani et al?* have also used aziridine in their more
recent synthesis of (+/-)-supinidine. Michael addition of
aziridine to the 2,3-unsaturated ester (11) led to the pyrrolidine
ester (13), probably via the’aziridinium salt (12). Treatment of
(13) with excess base produced the enolate, whicﬁ could then be
trépped with phenylselenyl chloride to give roughly equal amounts
of the two diastereoisomeric selenides (14). After separation of
the isomers, syn-elimination of the corresponding selenoxides and
reduction with lithium aluminium hydride, (+/-)-supinidine and

(+/-) -isoretronecanol were produced (Scheme 10).

cheme 10
" Co,Et
H
. N
l\\v/\\)/CHO"——f4—_’Cb\\/A\¢/§§//COZEt'éA > + CU
| (E0) ,POCH,CO,Et | heat ﬁv
NaH an — (12) _
0 CO2Et
CO,EL Ott
SePh
. PhSeCl ' iPI'zNH, nBuLi N\/\ Cl
e (13)
mcpba
CO,Et |
2 OH CH,0H'
AN LiAlH, . N N
N N g

(+/-) -supinidine (+/-)-isoretronecanol
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Flitsch and Russkamp?® achieved a simple diastereoselective

synthesis of (+/-)-isoretronecanol by way of reaction of cyclic

imides with l-ethoxycarbonyl cyclopropyl triphenyl phosphonium

tetrafluoroborate (Scheme 11).

0 B . CO,Et
1.NaH > O co.et
NH 2. COOEt > -
<. ; N/ PPh; N
0 PPh,Br 4 :
— = O
Scheme 11 Hzlpﬁo
EtORc |
H CO,Et
H CGHo0H ;
' - N
LiAlH, 5

{(-) -isoretronecanol

The following method was developed recently at Sheffield

City Polytechnic?® and provided the basis for this project.

The

key cyclisation step involved the use of an intramolecular Horner-

Wittig reaction using a vinyl phosphine oxide derivative (Scheme

11) .This reaction will be discussed in sections 1.5 and 1.6.
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Scheme 12

Acy0 0 Na,C0,(aq) :
Et,N > 0

Cozf" 4-DMAP Nig

reflux O

5 0
1.8aE _SPh
2'<Pph2

CH,
N -—
l-methyl-
1,2-dehydro .

pyrrolizidine
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1.5 The Intramolecular Horner-Wittig Reaction
1.5.1 Reaction and Reagents

The Wittig reaction is the condensation of a carbonyl
compound with an alkylidene triphenylphosphorane to give an alkene

and triphenyl phosphine oxide (Scheme 13):

Scheme 13 . _
Ph,P—C—R!
‘ »Br _ 'Bronsted- 3 é
N\Lor PhBPCHR Br rowry
Phyp YCHR | e .
R i hepe
o ‘ -j? 33— ‘\¢Q_J
phosphorus ylid
RZ_ (3 i [ a2
=0 . \
R3/9> . R~—C—O:> N} R—ﬁ:—?
1 1
R\ + R C Pph R‘—C—“Pph3
R —PPhs n/ 3 R/
L — L -
Betaine oxaphospheta.ne
intermediate intermediate
3 2
“ + Phy
C
A \R
alkene

(in all cases, R,RY, R? and R3=H,alkyl or aryl)
The advantage of the preparation of alkenes in this way as
opposed to other methods is that the newly-formed carbon-carbon

double bond always appears at the site of the former carbonyl
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bond, even when it occupies an energetically unfavourable

position??, eg
CH»

Ph,P=CH,
(Wittig) sole alkene product

0 /
\ s CH»
2.H,0*

major minor
product product

In the case where the phosphorus ylid and/or the carbonyl
compound is unsymmetrically substituted, the Wittig reaction can
lead to mixtures of (E)- and (Z)-alkenes, but the configuration
can be considerably influenced by choice of reaction conditions2?,
An example is the use of the phosphine oxide derivative of the
phosphorus ylid; 4in most cases, PO-activated alkene synthesis
leads to the (Z)-isomer?®. PO-stabilised carbanions are more
nucleophilic than the corresponding phosphonium ylids,
facilitating their reaction with a wider range of carbonyl
compounds under milder conditions. Another advantage of using such
phosphine oxide derivatives is that the phosphorus-containing by-
product of the reaction (phosphonic acid) is then water-soluble,
and so is more easily removed from the alkene than is triphenyl
phosphine oxide?®. Much of the work on phosphine oxide derivatives
for use in the Wittig synthesis of alkenes was done by Hornmer and
his co-workers??, and this adaptation is thus recognised as the

Horner-wWittig reaction.



The phosphorus ylid carbanion can also be stabilised by the
presence of a sulphur substituent on the a -carbon atom®°.

Phosphorus ylids can also be generated by addition of a
nucleophile to a wvinyl phosphonium salt (or other phosphorus

derivative) :

Scheme 14 alkene
N 0 product
uc +
- X N \\T§9
NUC et =< ‘ i
<5Ph3-— BPh; » phP=0

Such chemistry was originally developed by Schweizer3, who

worked largely with the compound where X=H. Work in these

laboratories®? has produced the compounds with X=SCH, and X=SPh by

the route shown in scheme 15.

Scheme 15
CH,CN CH,aN* (CH,) ,C1" S
? R PPh3X
RSCH,X + Ph,P ———» RSCH,P*Ph,X > :<
reflux CH,CN, reflux SR
R=Me, X=C1
R=Ph, X=I

The SR group i1is advantageous since 1t stabilises the
intermediate ylid, thereby leading to higher yields of the alkene
product via reaction yith a carbonyl compound.‘as in scheme 14.The
product in this case is a wvinyl thiocether, which allows easy
conversion via hydrolysis to give a ketone. Pravious applications
from our laboratories of this chemistry to natural p?oduct

synthesis are included in the following sections.
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1.5.2 Formation of Carbocyclic Alkenes
A good review of intramolecular Wittig reactions was
reported by Becker?2. The process has been used to form 5- and 6-
membered monocyclic carbon ring systems and also fused bicyclic
carbon ring systems (scheme 16):
Scheme 16
Ph

0 . 0
+ : l‘ | b
PhQ(CHz):;CHzPPh-_;BF —— PhC(CH3)3CH=PPh3 ———»

ﬁ Ol Ph
. |
PhC(CH);CH2PPh3Br — prC(cH,), CH=PPh; —* b

/O z
CHz)n ' . _—>(CH)n | CHIm
(CHy)rmCH,PPhy Br

One application of this process using the Wittig reaction
and was the synthesis of cyclopentanones3®:

ch 17

0. _CHs PRS.  CHj o. [CHs
Et0,C 1.NaH - ? IEA__, §
2. SPh

CO,Et <5Ph3f EtOC COEt  gto,L COgEt

Subsequent development of this work utilised these wvinyl
phosphonium salts in the total synthesis of highly functionalised
cyclopentanoid natural products such as prostaglandin D1 methyl

ester??® (Scheme 18):
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Scheme 18

CHO \/OCHa . CH3O OCH3
HO,C(CH,JgLCOZCH; < D H02C(CH2)SCC——-< :>
TFA/H,0
SCH3
CHgCOH >
( 2’8 2 <+ 1.NaH HOZC(CHz) C _<
S : SCHy gl
+ -
(g0 PPh,Cl 00
/ 1.LiBH,, THF, MeOH
0 2.HC1, MeOH 0 .
(CH)§CO,CH;4 (CH,)CO2CH; o

i
P 1Cu WCSHHJZ
OR

lOH

1.MeS0,Cl, pyridine

_-(CH3)gCO,CH
CsHn

CgHn

:. S
OR  NaBl,, MeOH '
<;/5 OR

/

2.Bu,N* "OAc
3.Na* “OMe,MeOH

S OR

(CH2)gCO2CH;3
' CsHny h

1.HgO, BF,, Et,0
2.HF,MeCN, H,0

OH
L .ACH5CO,CHy
CeHyy
¢
OH

prostaglandin D1
methyl ester
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This work, in turn, has led to the formation of the

following functionalised bicyclo(3.3.0)octane3* (Scheme 19):

cheme 1
0
CO2CH;
CO,CH 1 NaH NaCN
2CHs 5CH3 e mSCH:;
PPh3Cl
0 CH3 MeL:.,EtzO
HgClz,MeCN H,o éQ SCHj

CHs

This compound had prev:.ously been converted into

chrysomelidial, the defence secretion of a chrysomelide beetle3S.

&

CHj3
chrysomelidial

Other syntheses which have involved this kind of carbocyclic
annulation reaction include those of loganin34-3¢, hirsutene3® and

sarkomycin36:37,

1.5.3 Formation of Heterocyclic Systemsg

If a system is created where the carbonyl group ié attached
to a nucleophile, ©Nuc’, this base <could then wundergo a
nucleophilic addition reaction with one of the previously

mentioned vinyl phosphonium salts to form a phosphorus ylid which
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could then perform an intramolecular Wittig resaction to form a

cyclic alkene with Nuc as part of the ring (Schems 20);

Scheme 20 ' @\T
PhaR O~
n 1 R (CHz)n : N
QWL 52, — T —» ¢ (CHan
—_— {,=C{_+ - = \
R/U\“HZ’“ R e A AN\ e
1 +
o R .
(CH) : /t.,\l
R\ﬁ/ Nzur; + Ph.p=Q ¢ PhBP\“/ C\(CH)
= i 2n
Rt~ 3 4\ [

If the nuclaophile Nuc® was prasent as an a-substituent with
regard to the carbonyl group participating in the intramolacular
cyclisation reaction, a 5-membersd ring systam would be produced,

as in the carbocyclic synﬁhasis dascribed earlier.

RL_O 'Eph3)-( R )
2 R1 $R2 — + Ph3 :O

R3 Nuc R3 7 N

R

Tha nuclaeophile Nuc”™ could be a hetercatom such as oxygen,
sulphur or nitrogen. An example of such a process has been used in

the synthesis of a functionalised pyrroline (Scheme 21)38:
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H N\/U\ 0
Hy OH Phsozu

Scheme 21 '\OH — OH |

AN

OH
-78°C, THF
nBuli (1lmol.eq.)
MeMgBr (3mol.eq.)
CHy SPh 0
»Ho\_z——-f PhSOQNH\/U\
SO.Ph OH

If Nuc”™ was already part of a ring system, this type of
reaction could lead to a fused bicyclic system with Nuc at one of

the ring juxictions :

R

X N~ X |
i) 0 =<E3ph3 (CHo)n + Phg =0
@/Nuc' > \\/

OCE

Where Nuc is nitrogen and n=3, a fused 5,5 bicyclic ring
system could be formed, which would be the pyrrolizidine alkaloid

skeleton:

Formation of the required nitrogen anion would create
problems from the weakly acidic amine, but these problems might be

circumvented by using an amide. T R




As has been previously mentioned, this adaptation of the
Wittig reaction has been used to synthesise the pyrrolizidine
skeleton?¢:

CH3 1.NaH CH3

0 2 _sPk SPh + Ph3P==0

NH =Cen 1

0

Initial vattempts used th.e triphenyl phosphonium salt, but
triphenyl phosphine oxide proved inseparable from the fused
bicycle via conventional chromatography. The Horner modification
using the diphenyl phosphine oxide produced diphenyl phosphonic
acid, which was water-soluble and easgily removed.

For any pyrrolizidine or indolizidine alkaloid to exhibit
pharmacological activity, the carbon atom at the bis-i‘ing junction
must be in the (8)-configuration. It is not sufficient to rely on
the monocyclic amide having its chiral carbon in the correct
configuration and producing a bicycle of the same configuration,
since both sodium hydride and also the carbanionic intermediate
are basic enough to remove the proton fromy this carbon atom;
subsequent replacement .of‘ the proton could result in this carbon
being in either the (S)- or (R)-configuration; thus whether the
monocyclic amide is racemic or chiral, both could lead to a

racemic bicyclic system (Scheme 22):
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0

H

Scheme 22

CH CHs CH CH
. - 3 i [-l{ 3 H 3
— 0 ——> 0+ o
N | Ny H
c 0 0
CH CHj
ChHs 3 i
\Ho | o
0 5PN N ™ seh T NG R sph
Ic\J PPhs PPha
(15) 0 (16) 0

In this case, only the carbanion (15) goes on to form the
betaine intermediate, but the tautomeric regeneration of (15) from
(16) can racemise the originally chiral (*) carbon, leading to the

bicyclic enantiomers (17) and (18).

B N)—SPh
! _SPh N
0 an 0 (18)

This project involved the use of such an intramolecular
Horner-wittig cyclisation procesé to form pyrrolizidine and
indolizidine alkaloid systems, and one of tl;e aims of the project
was to determine whether this key reaction proceeded with
retention of chirality. In the work on the pyrroline systems
described earlier3®®,proof of retention of chirality was achieved

through functionalisation of the alcohol group as the chiral

" Mosher's ester, and subsequent NMR studies.
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CH;3 SPh

CFy
' F CH
DCC

Bo,Ph — OCH

SO,Ph

In the previous work on the synthesis of the pyrrolizidine core?¢
no attempt had been made to optimise the reaction conditions and
our work began with this study in order to maximige yields and
develoé conditions which would be used in our later work. The

results of this study are described in the next section.
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1.6. Optimigation of the Intramolecular Horner-Wittig Route to_ the
Pyrrolizidine Core

The reaction was investigated to detérmine the solvent,
temperature, Wittig reagent and purification procedure giving the
maximum yield of the the bicyclic product (Scheme 23).

(8) -glutamic aecid (19) was subjected to a Dakin-West
reaction with acetic anhydride which involved both C2- and N-
acetylation followed by cyclisation to form 1,5-
diacetylpyrrolidin-2-one (20) in racemic form®®. Treatment of
water-soluble (20) with aqueous sodium carbonate followed by
continuous extraction into dichloromethane at pH 7 gave racemic 5-
acétylpyrrolidin- 2-one%? (21).

The vinyl phosphonium salt (22) was taken from a stock
prepared by the method outlined earlier. The vinyl phosphonium
salt (23) was commercially available. The vinyl phosphine oxide
(24) was synthesised as follows?%l, |

Chlorination of thiocanisole (25) was effected by refluxing
it with sulphuryl chloride in dichloromethane to give chloromethyl
phenyl sulphide (26) in quantitative yield%?. Ethoxydiphenyl
phosphine (28) was prepared from chlorodiphenyl phosphine (27) via
a condensation reaction involving (27) and ethanol; {:he eliminated
hydrogen chloride was taken up by the pyridine catalyst to produce
pyridinium hydrochloride as an easily-removable by-product*3.
Refluxing (26) and (28) together in dichloromethane solution
produced the phosphine oxide (29) wvia a condensation reaction
eliminating chloroethane and oxidising the phosphorus in the same
processt, Methylation was effected by first forming the carbanion
using n-butyl lithium followed by nucleophilic substitution of
this carbanion on methyl iodide to give the saturated sulphide**

(30) . Oxidation of (30) to its sulphoxide (31) was effected by
34



PhSCH; Ph,PCL

Scheme 23 (25) (27)
CH,Cl, | S50,C1,  Et,0 |pyridine
EtOH| 0°C
PhSCH7Cl  PhyPOCH;CH3
(26) (28)

mcpba NaIOo,
CH,C1, H,0,MeCH
i
PhS

NH 0
(19) I \ SPh
PPh,
Ac,0 \ﬂ/ 0 (32)
Et,N (24)
4-DMAP 1.NaH
i THF : CH,CN
Lot M—sPh
0 NaHCO, o) 1.NaH, THF: CH, cw
—_— : (32)
N\( Ny
0 0 (21) 2.
0 0 - PhS

1.NaH
THF : CH,CN
1:4

.
PPhsl
\HT
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using metachloroperbenzoic acid®* or by using sodium
metaperiodate?®. The sulphoxide (31) then underwent a Pummerer
elimination process involving methanesulphonic acid and acetic
anhydride to give the vinyl phosphine oxide?l (24).

Yields of the bicyclic products (32) and (33) were found to
be maximal in all three cases when the reaction was carried out at
room temperature with the solvent mixture tetrahydrofuran :
acetonitrile, 1l:4. Other ratios of these solvents, tetrahydrofuran
alone and acetonitrile alone still facilitated the production of
the required product but in lower yields (table 1). For this
solvent mixture, heating under reflux reduced the reaction time
but also reduced the the yleld of the required product. When the
reactions were carried out at 0°C, reaction timeé were longer and

yields were substantially reduced.
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Table 1

solvent ratio | temp. time product yield
(THF:CH,CN) | (°C) (hrs) %
5:0 0 o'night 14
4:1 0 o'night 17
2.5:2.5 0 9 26
1:4 0 8 30
0:5 0 11 CH3 24
5:0 r.t. o'night 24
4:1 r.t. o'night \\ 35
2.5:2.5 r.t. 9 : 36
1:4 r.t. 6 N 40
0:5 r.t. 8 g ©» 37 |
5:0 reflux |o*night - 12
4:1 reflux 12 15
2.5:2.5 reflux 10 13
1:4 reflux 5 20
0:5 reflux 7 20
5:0 0 o'night 17
4:1 0 o'night 20
2.5:2.5 0 11 26
1:4 0 9 .. - 37
0:5 0 12 CHg 27
5:0 r.t. o'night 43
4:1 r.t. 14 52
2.5:2.5 r.t. 11 N—SPH o7
1:4 r.t. 6 68
0:5 r.t. 8 g (32) 60
5:0 raeflux |o'night » 27
4:1 reflux 11 38
2.5:2.5 reflux 8 46
1:4 reflux 5 53
0:5 reflux 6 48

For the reaction of the amide salt of (21) with the
phosphonium salt (22), the bicyclic sulphide (32) proved very
difficult to separate from triphenyl phosphine oxide. Even when
using flash chromatography, separation was not alﬁays cémplete.
When the. vinyl phosphine oxide (24) was used, the by-product
sodium diphenyl phosphonate was water-soluble and was easily
separated from tﬁe required product (32) via solvent extraction.
Although (32) did runm on tlec just behind the unreacted phosphine

oxide (24) in ethyl acetate, a chromatography solvent of ethyl
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acetate : petrol, 1l:1, facilitated easy separation using £flash
chromatography.

Yields of the bicyclic amide (33)‘ using the wvinyl
phosphonium salt (23) exhibited the same behaviour under
corresponding conditions as yields of (32) from the other two
reactions, but the yields of (33) were lower than those of (32)
from (24) and (22) in all cases. Clearly the yield of the
required product was being improved by the presence of the sulphur
atom. The time of the reaction involving the commercially-
available phosphonium salt (23) could not be extended very much ,
as the bicyclic product (33) began to decompose after only a few
hours at room temperature (this was found after isolation of the
pure material). This instability was exhibited by all the bicyclic
compounds produced during the course of this project.

Removal of the sulphenyl group from the bicyclic core had
previously been carried out using Raney nickel?$, but this
reaction had proved somewhat temperamental and had often resulted
in reduction of the olefinic bond as well, and so another part of
this project involved finding an alternative method of removing
the sulphenyl group, since we would require the olefinic bond to

remain for the synthesis of supinidine.

1.8 Removal of the Sulphenyl Group

An alternative method which proved successful here was to
firstly oxidise the bicyclic sulphide (32) to its corresponding
sulphone (34) by stirring with oxone (2KHSO;.KHSO,.K,SO,) in a
methanol : water mixture, (1:1), at room temperature for 4 hours4s

to produce the sulphone, after solvent extraction and subsequent
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flash chromatography, in 88% yield. Removal of the arylsulphonyl
group was then effected by refluxing the sulphone (34) with sodium
hydrogen. carbonate and sodium dithionite*# in dimethylformamide :
water, (1l:1), (scheme 24) via a-addition-elimination to give the
bicyclic amide (33) (Scheme 25):

Scheme 24

CH,

NaHCO,

OXONE Nas,0,
N\ gph MeOH/H0 SPh oHP/E,0
R » reflux
0 (2 ) (34 O (33)
Scheme 25 _ '
CHy sozph','s H SO,PH )
— —~ S0; — )=
(*’SOZ ) 1

A maximum yield of on1y144% was obtained, probably due to
gome of the unstable bicycle being destroyed during the reaction
as a result of the high refldx temperature; no reaction was
obgerved (tlec analysis) at- room temperature over a period of 7
hours. A greater yield of the bicyclic amide (33) was obtained
from the bicyclic sulphide (32) when the sulphorie was not purified
prior to elimination of the sulphonyl group (58% as opposed to
44%) .

With the investigation of the intramolecular Horner-wittig
cyclisation reaction and the development of a better method for
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the subsequent removal of the sulphenyl group completed, the total
synthesis of (hopefully) chiral (-)-supinidine could now be

addressed.
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1.7. Proposed Enantiogpecific Synthegis of Supinidine

Scheme 26 outlines the original plan for the enantiospecific
synthesis of supinidine. Section 1.9 will describe the
modifications that became necessary to this plan in order to

achieve success.

Scheme 26
' cLo N,
H OH (cocl), H . cm,N, H =
: 0 — I 0 ——— ' 0
NH Ny NH
0 0]
. (35) - {36) (37)
AcOH
1.NeH _GPh v I
Raney Ni Il Pth OCCH3
, or via H OCCH3 H H
H OH sulphone ; 0 ! 0

(41)
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(S) -pyroglutamic acid (or 4-oxoproline) (35) is readily
available in chiral form. The synthesis was to involve firstly its
conversion to its acid chloride (36). The acid chloride was then
to have been converted to its corresponding diazoketone (37) using
diazomethane. On treatment with glacial acetic acid, the
diazoketone was then to form its acetoxy derivative (38). This
intermediate was then to have undergone an intramolecular Hormer-
Wittig cyclisation reaction to form the functionalised
pyrrolizidine core (39). Hydrogenolysis with Raney nickel, ér
alternatively oxidation to the sulphone followed by elimination of
the sulphonyl group, was to have removed the sulphenyl group from
the bicyclic ester (39), and subsequent reduction using lithium
aluminium hydride was to have cleaved the ester and reduced the
amine to produce supinidine (40).

Retention of chirality was to be investigated using the
Mosher's ester of an appropriate bicyclic alcohol.

The key step in this proposal was the intramolecular Horner-
Wittig cyclisation reaction, whereby the acetoxyketone (41) was
"used to create the fused bicyclic core. It is therefore
appropriate at this point to look in detail at this reaction in
terms of its mechanism and development, and thus to show the

reasons for its choice as the basis of this project.
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1.8.1. Attempts to sgynthesise sgsupinidine according to the proposed

pathway

(S) -pyroglutamyl chloride (36) was prepared from (S)-
pyroglutamic acid (35) by stirring with oxalirl chloride in
chloroform at 0°C with dimethylformamide as catalyst*®. The
product was obtained as a black tar which showed all the correct
signals on proton NMR and infrared but which was obtained in >100%
yield and still produced a faint odour of the chlorinating agent.
The preparation was repeated without using dimethylformamide as a
catalyst. The reaction took slightly longer to complete and after
work-up gave the same results.

Reaction with diazomethane?® produced numerous fractions on
tlc which were UV-active and gave positive reactions with 2,4-
dinitrophenylhydrazine spray and with acidified potassium
manganate (VII) spray, indicating unsaturation and the presence of
a carbonyl group; many of these fractions also exhibited the diazo
stretch signal on infrared spectra as a strong, sharp peak at -
2100cm™®, All fractions produced proton NMR spectra, which showed
more peaks than would be expected, were not well resolved and were
very difficult to integrate with any confidence.

Since the reaction of acid chlorides with diazomethane is
reputed to be very £fast, giving the required product in gdod
yield®®, the problem here appeared to lie in the preparation of
the acid chloride (36) from the acid (37).

The acid (35) was refluxed with thionyl chloride both neat
and in chloroform solution, but evaporation again gave a black tar
in >100% yield with the same, correct signals on infrared and
still with a faint odour of the chlorinating agent. The tar was

washed several times with dry diethyl ether with rotary
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evaporation in order to remove any residual thionyl chloride that
might have been occluded in the tar%®?, but with no .visible .change
in the appearance of the product. Reaction with diazomethane
produced the same results as before.

Another attempted route to the diazoketone (37) was to
firstly convert (S)-pyroglutamic acid (35) to the mixed anhydride
(42) by forming the triethylammonium salt of the acid and reacting

this salt with ethyl chloroformate®°? (scheme 27).

Scheme 27
OCH,
OH 1.Et,N/THF 0 0
0 2.C1COOCH,CH, . 0
NH | H
0 0
(35) (42)

Only the starting acid (35) as its triethylammonium salt
could be isolated, as shown by its 1H NMR spectrum. Possibly no
reaction occurred due to this salt not being soluble in
tetrahydrofuran. These results were disappointing since a recent
report5! describes diazoketone preparation from amino acids with
no apparent problems. It seems that the cyclic ‘nature of
pyroglutamic acid alters its chemical behaviour in some subtle
way. We were to encounter this problem in other reactions to be
described later.

Acid chloride preparation from N-protected pyroglutamic acid
derivatives has been done before with apparegt ease where the
protecting group was a methyl or a tertiary butyloxy carbonyl
group5?; we chose to initially investigate the use of a benzyl

group; this group would provide UV-activity and characteristic
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proton NMR signals, both of these properties being useful in
monitoring reactions and confirming isolation of the correct
product. Removal of the N-benzyl group was hoped to be effected
via hydrogenolysis using palladium on activated charcoal as the
catalyst; such a reaction has been done on a diverse range of N-

benzylated amide systems before with apparent easeS53.
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1.8.2. Progress via the N-benzyl series

Reaction of a fine suspension of (S)-pyroglutamic acid
(35) in tetrahydrofuran firstly with sodium hydride to convert the
acid to its amide and carboxylate disodium salt, followsd by
addition of benzyl bromide gave two major products in the form of
the required (S)-N-benzyl pyroglutamic acid and its benzyl ester,
along with unreacted (S)-pyroglutamic acid (35), although the
required N-benzyl acid was in rather poor yield. This reaction was
not investigated further, since a more fruitful procedure had been
found®* (scheme 28).

This preparation had beén adapted from a standard, general
procedure for N-benzflation of amino acids®5. Since (S)-glutamic
acid (19) is reluctantly soluble in anything, it was firstly
converted to i.ts disodium salt by adding it to aqueous sodium
hydroxide solution. Once in solution, it was then reacted with
benzaldehyde as a heterogeneous mixture to form the imine (43),
which was then reduced in situ by adding sodium borohydride to
form (S)-N-benzyl glutamic acid (44) after a work-up culminating
in its precipitation from aqueous solution at its isoelectric
point. This was then refluxed in distilled water to give (S)-N-

benzyl pyroglutamic acid (45) in very good yield.
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Scheme 28

(———-—j}\\ 2N NaOH(aq) 1.NaBH, g;;?;’—i::L\\
CO2H NH COZH PhCHO r_’j\ 2.H,0* 2 N\H\ COoH

(19) (43) (44) SPh
Ph
H,0
reflux
v OH
0
N\/Ph
o)
(45)

A major problem encountered in this preparation was that the
benzaldehyde disproportionated in aqueous scdium hydroxide
solution to a small extent, producing benzyl alcohol and benzoic
acid; removal of the benzyl alcohol was effected easily simply by
washing the crude aqueous mixture with diethyl ether, but removal
of all the benzoic acid was never so easy. Most was removed
through washing the crude product with acetone on the filter after
its precipitation (this was at pH 4.3-3.0; benzoic acid is
insoluble in cold, acidic aqueous solution, and so it was also
precipitated). Any which remained was carried through the
cyclisation and also extracted into dichloromethane along with the
cyclised N-benzyl acid. Since (S)-N-benzyl pyroglutamic acid had
an r.f. of around 0.15 in ethyl acetate, whereas benzoic acid had
an r.f. of around 0.8-0.9, it was usual to column out the unwanted
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benzoic acid at this stage. However, conventional chromatography
often failed to remove it all, so flash chromatography had to be
used here; this was, of course, a much quicker and more efficient
method of purification, but when large amounts ofv (S) -N-benzyl
pyroglutamic acid were required, it served to make the progress
significantly slower,as only relatively small amounts could be

used at any one time.

Scheme 2
4 : | N.-
— "2
OH (cocl), Cl CH,N,
0 >/ o ¥ 0
N _~Ph N\_~-Fh AN
o] 0 - 0
(45) (46) (47)
AcOH
reflux
0 O
I I
OCCH; OCCH;y
0 H,/Pd(C) 0
..—.—-—-—.—.
NH ' £ N\/Ph
- (38) (48)

(S) -N-benzyl pyroglutamic acid (45),which now provided
almost universal solubility as compared with (S)-pyroglutamic acid
(35), was converted to its acid chloride (46) by reaction with
oxalyl chloride in tetrahydrofuran at 0°C. This reaétion also
resulted in a black tar, but spectra were very clear and resolved,
and subsequent reaction with diazomethane did produce the

diazoketone (47) in a very reasonable 64% yield, its infrared
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spectrum showing very clearly the diazo stretch signal as a sharp
peak at 2110cm'! and its proton NMR showing the characteristic
multiplets at 1.8-2.6(4H) and 3.8(1H), the latter being overlaid
by a multiplet signal for one of the aliphatic benzyl protons; the
other aliphatic benzyl proton always appeared as a doublet closer
to the aromatic singlet, and in this case occurred at 5.1. The
unsaturated proton belonging to the diazomethine . group was
present as a sharp singlet at 5.4.

(S) -N-benzyl pyroglutamic acid was éuccessfully converted to
its symmetrical anhydride (49) using dicyclohexylcarbodiimide and
also to the mixed anhydride (50) using the method described
earlier for the conversion of (S)-pyroglutamic acid (35) into its
mixed anhydride (42)5%4:56 (gcheme 30).

Scheme 30

" 1.Et,N/THF

2. CICOOCH3
O DCC - 50c OY
Ph 0 O

Ph Ph)

(49) (35) (50)
Both of these anhydrides successfully produced the diazoketone
(47), but the yield of (47) was maximal from the acid ch;l.oride
(46).

The diazoketone (47) was converted to the aéetoxy ketone
(48) by refluxing it in excess glacial acetic acid*®*. The
characteristic proton NMR signals for the benzyl group were
retained, with the aromatic singlet at 7.2 and the aliphatic

doublet and triplet at 5.0 and 3.8; the singlet for the
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ungaturated diazomethylene proton had disappeared and instead a
sharp singlet for the saturated methylene group was seen at 4.4.
Unfortunately, hydrogenolysis in tetrahydrofuran using
palladium black on activated charcoal as catalyst failed to remove
the N-benzyl group to give (38); only the starting material (54)
could be recovered. This was surprising, since Fleet and his co-
workers5?’ had successfully removed an N-benzyl group from a
functionalised, saturated, 6-membered cyclic amide in their
synthesis of nojirimycin to afford the target molecule in 72%
yvield. No reaction was visible in our case when the solvent was
changed to methanol or when the methanol was acidified 5% with
concentrated hydrochloric acid.
Raphael et al5® also experienced the failure of
hydrogenolysis of an amide N-benzyl group by this method in their

efforts to synthesise staurosporinone.

N-benzyl staurosporinone
Despite the fact that this failure occurred at the final stage of
their synthesis, no investigation of the reaction was carried out
and they proceeded with unprotected amides. Our work had shown
that this was not possible in our case, and so it was decided to
go back to glutamic acid and use an alternative N-protecting

group. The one we decided on was a carbobenzyloxy grouping, which
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would give characteristic aromatic and methylene signals on proton
NMR spectra, ester signals on infrared spectra and also the very
useful UV-activity for tlc¢ monitoring of reactions. The
carbobenzyloxy grouping was also hoped to provide good enough
solubility of the cyclic acid and subsequent intermediates to
facilitate the choice of a reasonable range of solvents. It was
similarly hoped to remove this grouping from a suitable monocyclic
amide via hydrogenolysis in tetrahydrofuran with palladium black
on activated charcoal as the catalyst, since Fleet et al had also
successfully removed this group in their work on thev synthesis of

nojirimycin, deoxynojirimycin and deoxymannojirimycin5®.
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1.8.3. Progress Via the N-carbobenzyloxy Series

(S) -glutamic acid (19) was again converted to its disodium
salt by its addition to aqueous sodium hydroxide solution.
Reaction of this solution with benzyl chloroformate as a
heterogeneous mixture gave the (S)-N-carbobenzyloxy disodium salt
with the elimination of hydrogen chloride. An extra mole of sodium
hydroxide was present to stop this from forming the amine
hydrochloride salt of an unreacted glutamate species; the nitrogen
of such an amine hydrochloride salt would not possess a
nucleophilic nitrogen atom, and thus would not itself undergo
reaction with benzyl chloroformate, therein reducing the yield of
the required product. After washing with diethyl ether to remove
the by-product benzyl alcohoi, acidif;l.cation of the solution to pH
3 followed by solvent extraction gave (S)-N-carbobenzyloxy
glutamic acid (51). The work-up was not a simple matter, however,
as most of the product was obtained as a viscous oil at the
golvent interface, and had to be isolated separately; this soon
solidified on standing but it was not always a clean process. The
product which was extracted into dichloromethane very soon began
to precipitate out of solution. Precipitation from agqueous
solution at the isocelectric point of N-carbobenzyloxy glutamic
acid, probably around pH 4 may also have precipitated any
unreacted (S)-glutamic acid, whose pI is at about 4.3), and so
drying over magnesim sulphate followed its removal via filtration
had to be a speedy operation in order not to lose the product.

(S) -N-carbobenzyloxy glutamic was then converted to its
intramolecular anhydride (52) using dicyclohexylcarbodiimide.
Cleavage of this anhydride followed by immediate intramolecular

formation of the amide was catalysed by dicyclohexylamine,
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producing (S)-N-carbobenzyloxy pyroglutamic acid (53) in very good

yield (scheme 31).

eme 31
1.2N NaOH(aq) : ~
2.phcn:oco:f COZH NH COuH
C‘OzH l 3.H,0* . O
NH,CO2H O

(19) (51)

2 0r0 I

Ph B0 0
O 0
O .

(53) (52)
Conversion of (S)-N-carbobenzyloxy glutamic acid (53) into
(S) -5-acetoxyacetyl pyrrolidin-2-one (39) proceeded via a pathway
analogous to those for thé unprotected and N-benzyl series (scheme

32).
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Scheme 32

N2
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"o i
O (a0) O(ss) 0

(S) -N-carbobenzyloxy pyroglutamic acid (53) was converted to
its acid chloride (54) by stirring with oxalyl chloride in
tétrahydrofuran' at 0°C. Subsequent work-up again afforded the
product as a black tar with clear spectral data, the aliphatic
benzyl protons occurring as a singlet at 5.2 on proton NMR. This
acid chloride (54) was successfully converted to the corresponding
diazoketone (55) in excellent yield (84%), Vt:he‘produc‘t for the
chiral series being in the form of a bright yellow, crystalline
solid, the characteristic benzyl and pyrrolidone signals being‘
retained on proton NMR and infrared along with the production of
the diazo stretch signal as a sharp signal at 2100cm"? on infrared
. The singlet due to the unsaturated methylene proton of the
diazomethyl grouping overlaid the aliphatic benzyl singlet on
proton NMR. A melting point was obtained, aithough it is highly
likely that decomposition via a‘loss of nitrogen occurred during
heating. The racemic diazoketone (55) remained as a bright yellow

oil. The diazoketone (55) was converted to the acetoxy ketone
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through refluxing in glacial acetic acid to give the product as a
white solid in 78% yield. The diazomethyl grouping sigmals were‘
lost and the now saturated acetoxyacetyl methylene group was seen
as a sharp singlet at 4.6. The diazo stretch signal was lost from
the infrared sprectrum, but extra ester signals were seen. The
racemic compound was obtained as a white tar with identical
spectral data. The N-protected acetoxy ketone (56) was
successfully hydrogenolysed to the key intermediate (S)-5-
;cetoxyacetyl pyrrolidin-2-one (39) as a white solid in 87% yield.
The characteriastic signals for the carbobenzyloxy grouping had
disappeared from proton NMR and were replaced with the amide
proton seen as a characteristic shallow multiplet at 7.1-7.3. This
compound proved to be very unstable and the only satisfactory
method of storage was in the freezer. All compounds from the acid
chloride (54) were rather unstable, although refrigeration had
thus far been adequate. The racemic unprotected acetoxyketone (39)
was obtained as a colourless oil, and its purity was always in
gsome doubt because the singlets at 2.1 and 4.7 due to the
acetoxyacetyl methyl and methylene groﬁps were 'always seen as
doublets on proton NMR; although this product was a mixture of
optical isomers, the enantiomers should have had identical
» physical and chemical properties, so these peaks should still have
been seen as singlets. No large, broad peak due to O-H stretch was
seen on infrared, which would have indicated that at least some of
the the acetoxyacetyl ketone had been hydrolysed during work-up to
the hydroxfacetyl katone. Although the racemic compound did not
appear very reliable, no further attention was paid to it at this

stage.
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Having achieved the synthesis of the required chiral
precursor for the key intramolecular cYclisation reaction, which
was the core of the project, we were now in a position to attempt

the synthesis of the functionalised pyrrolizidine nucleus.
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1.9.4. cligation Reactions Leadin inidin

heme 33

1.NaH

O THF:CH,CN
Il 1:4 * \
OCCH32 ntp

1.NaH
THF:CH,CN
1:4
ntp

2. §PH .
:PPhjf

(22)

[
OCCHj

N—sph

(58)

(S) -5-acetoxyacetyl pyrrolidin-2-one (39) was converted to
its amide salt using sodium hydride in the co-solvent mixture
tetrahydrofuran : acetonitrile, 1:4, at room temperature.
Subsequent addition of the wvinyl phosphonium salt (23) gave the
bicyclic ester (57) in 58% yield after isolation using £lash
chromatography. Conventional chromatography did not separate the
ester (57) from the by-product triphenyl phosphine oxide, and
handling time during purification prior to freezing of the ester
had to be short because the ester had decomposed on standing on
the bench overnight at room temperature during earlier
preparaﬁions .

Similarly, reaction of the amide salt of (39) with the vinyl

phosphonium salt (22) afforded the bicyclic sulphenyl ester (58),
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which proved very difficult to separate from triphenyl phosphine
oxide, even when using £flash chromatography. The best sdlvent
system proved to be neat ethyl acetate, but even then the ester
ran only very slightly ahead of triphenyl phosphine oxide. Thus,
the only way of isolating the ester (58) to get an accurate yield
was to run several successive columns on those fractions
contaminated with triphenyl phosphine oxide, combining the
fractions of pure ester only and discarding those of triphenyl
phosphine oxide only, although the involvement of more practical
steps would inevitably result in the loss of some of the required
product. A crude yield based on proton NMR could not be taken,
since the integral ratio of the product was based on the aromatic
singlet of the sulphenyl group product, and if some of the by-
product tripheﬁyl phosphine oxide remained, the aromatic singlet
of the required ester (58) was overlaid by the aromatic signals
due to triphenyl phosphine oxide, making it impossible to
determine the amount of the required product (58) was present in
the mixture. Once complete data had been obtained, it was usual to
put the ester (58) through the saponification step to its
corresponding alcohol in crude form, as the alcohol ran far enough
behind triphenyl phosphine oxide in ethyl acetate to facilitate
easy separation using flash chromatography. When the acetoxyketone
(39) was cyclised using the vinyl phosphine oxide (24), the
product ester (58) could not be separated from the excess vinyl
phosphine oxide; when the acetoxy ketone (39) was used in e#cess
relative to the vinyl phosphine oxide (24), lower yields of the
ester (58) were obtained than from its preparation via the vinyl
phosphonium salt (22), despite the long-winded purification

process in the latter case.
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Lower yields of the esters (57) and (58) were obtained from
the racemic acetoxy ketone (39) than from the chiral acetoxy -
ketone (42% and 45% as opposed to 58% and 62% respectively). This
could reinforce the idea that the racemic acetoxy ketone was not
pure. The racemic acetoxy ketone always gave the s#me signals on
proton NMR, though the ratios of the peaks in each of the two
doublets did wvary. The compound could not be investigated more

thoroughly due to its high degree of instability.
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1.8.5. Invegtigation of Chiral Following the In lecular

Horner-wittig Cycligation Reaction

Scheme 34
0
0 | CF3
I OH oc—@
OCCH3 '
NaOH (aq) OCH3
- N—gPh _ pee N—SPh
N—sPh N —_—
Mosher's acid
(58) O (s9) O (60)

Hydrolysis of the ester (58) to its corresponding alcohol
(59) was effected by reaction with aqueous sodium hydroxide
solution. Removal of the methanol, solvent extraction and flash
chromatography gave the alcohol (59) in 77% yield.

Conversion of the alcohol (59) to its Mosher's ester (60)
using dicyclohexylcarbodiimide and (R)-Mosher's acid. The 250MHz
1H ™R spectrum of the Mosher's ester (60) suggested that only one
diastereoisomer (S,R) was present, since the -OCH, and -OCH,-
groups particularly apéeared as sharp singlets. Thus it can be
deduced that the tertiary carbon at the bis ring junction had
remained in its chirai (S) -configuration; if at any stage thus far
in the synthesis some material had been converted to the (R)-form,
this would have led to the production of the Mosher's ester as
(S,R) ‘and (R,R) diastereoisomers. Consequently these
diastereoisomers would have had 8lightly different physical
propartj.es, and the mixture sﬁould have shown some doubling up of
thege (and other peaks). Optical purity was also confirmed by 13C
NMR. Id;ally the corresponding Mosher's ester should have also
been prepared from racemic glutamic acid, but unfortunately

insufficient material and time were available.
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1.8.6. Modifi ion he Bi 13 T war P 1lizidin

Alkaloidg
w
I
. OCCHs ) CH,OH
! LiAlH, :
A\ > N\
N | N
0 (57) supinidine

Since the bicyclic ester (57) has already been reported as
being converted into aupinidi#ez°'21'33 (scheme 35), we can
already claim its synthesis wvia our pathway, although optical
purity cannot be claimed without further investigation. There
remained, however, the problem of removing the sulphenyl group
from the bicyclic ester (58). Previous work3® on the analogous 1-
methyl series involved its hydrogenolysis using a Raney nickel
catalyst, but this proved temperamental in that it often also
reduced the 1,2 carbon-carbon double bond. Earlier work on this
project found a more reliable method consisting of €£irstly
oxidation of the sulphide to the corresponding sulphone using
oxone (2KHSO;.KHSO,.K,SO,), followed by elimination of the
sulphonyl group using sodium hydrogen carbonate and sodium
dithionite, and so the removal of the sulphenyl group from the
bicyclic ester (58) by this latter method was investigated (scheme

36).
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Scheme 36 0
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The bicyclic ester (58) was treated with oxone, stirring at
room temperature in water : methanol, 1:1, for 4.5 hours followed
by solvent extraction and flash chromatography. Subsequent proton
NMR analysis showed that although the sulphide had indeed been
oxidised to the sulphone by the replacement of the aromatic
singlet with a multiplet with a splitting ratio of roughly 2:3.
The same spectrum also showed no sign of the sharp singlet due to
the methyl group of the acetyl functionality, which for (58) had
occurred at 2.0. Infrared showed a broad peak at 3450cm™! along
with the disappearance of the ester carbonyl signals at 1740 and
1700cm™l, thus indicating that in the oxidation process, the ester
grouping had been saponified to the corresponding alcohol to
produce the sulphone alcohol (61) in a very respectable yield of
77%. This was not réally surprising, since the hydrolysis of the
bicyclic ester (58) prior to the Mosher's protection was effected
simply by stirring it in aqueous sodium hydroxide solution at room
temperature, and since oxone is a complex of potassium salts, a
similar hydrolysis could be expected. The sulphone alcohol (61)
refluxed with sodium hydrogen carbonate and sodium dithionite in
water : dimethylformamide, 1:1, which afforded the unprotected
alcohol (62) after solvent extraction and subsequent £lash
chromatography in 42% yield, presumably by the same mechanism as

for the l-methyl series described earlier. This alcohol has been
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previously reported as being converted to supinidine via reduction
of the amide using lithium aluminium hydride?3.

It was hoped that by stirring the bicyclic ester (58) in
tetrahydrofuran with tris (triphenyl phosphine) rhodium (I)
chloride under a hydrogen atmosphere, the sulphenyl grouping would
be removed via hydrogenolysis and the carbon-carbon double bond
would be reduced to form a mixture of the esters (64) and (65).
Reduction of the amide goup with lithium aluminium hydride would
then have led to the naturally-occurring pyrrolizidine alkaloids
isoretronecanol and trachelanthamidine respectively; some form of
analysis (it was now known thati the Mosher's acid protection
reaction had not iorked on the ester (58)) would prove they had
been synthesised in chiral, pharmacologically-active ({S) £form.
However, the principal product isolated using flash chromatography
was shown to Se the saturated sulphenyl ester (63). This was
deduced from proton NMR, which showed a doubling of the singlets
due to the aromatic and methyl protons at 7.25 and 2.1
regspectively. Doubling of these peaks would be expected, because
the rhodium atom c¢ould co-ordinate to the carbon-carbon double
bond from either face. Thg peaks comprising these doublets were
not equivalent; in each case one peak was very small compared to
the other, suggesting preferential attack £from one particular
face, despite the fact that such a bicyclic system, due to the

amide and alkene groups, would be expected to be close to planar.
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Scheme 37 0
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Removal of the sulphenyl group from (63) either via
hydrogenolysis with a Raney nickel catalyst or via its oxidation
to the corresponding sulphone and cleavage of the sulphone group
to afford the esters (64) and (65) was not attempted because we
had run out of the sulphenyl ester and there was insufficient time

to produce any more of it.
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1.8.7. Other routes to pg;;glizigigg Alkaloids from Glutamic acid
{19)

During the course of the initial attempts to synthesise
supinidine according to the proposed pathway, several alternmative
routes were investigated. Some of these were hoped to achieve the
target alkaloid in chiral form, whereas others would have been
expected to produce it in racemic form. All of these schemes were
problematic, and none of them got as far as the formation of the
pyrrolizidine core.

(a) Scheme 38

CICH,COOH————=CH30CH2COO0H
(66) (67)

OCH3
(CH30CH5C0)50

r—j\ (68) R 0
NH,, “02 N\\“/\\ cH
(19) O (69) OL™s

0
OCH3
OCHs v
: 0
| N—SPh « Ny
0 (71) 0 (70)

Methoxyacetic acid (67) was prepared from chlorocacetic acid
(66) wvia a straightforward nucleophilic reaction®®. However,
despite the sodium methoxide being present in excess, not all the

chloroacetic acid was used up, and the latter proved inseparable
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from methoxyacetic acid during vacuum distillation. Commercially-
available methoxyacetic acid (67) was converted to its symmetrical
anhydride (68) via a number of different methods®* (scheme 39),
but once again, purification £rom the starting acid and by-
products proved very problematic; various columns and column
packings were used for the vacuum distillation, including a 6ft.
spinning band vacuum distillation apparatus. The pure anhydride
was obtained on a few occasions, but its isolation was unreliable.

Scheme 39
CH;0CH,COCL

/ CH,0CH,C00 Na*
- . -

CH30CH,COOH

\ (CH,CO),0 -
t,N
c1coocn CH, - /01

-s°C CH3OCH2C\

CH3CH2C\
! 0

Glutamic acid (19) was put through a Dakin-West reaction with

.methoxyacetic anhydride (68), triethylamine and 4-dimethylamino
pyridine to produce 1,5-dimethoxyacetyl pyrrolidin-2-ome (69),

probably via the following mechanism®3 (scheme 40).
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Scheme 40
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Ov(',“‘)\g/\ocx—{3

Isolation of (69) préved difficult. Since the work-up for the

similarly-produced, analogous 1,5-diacetyl pyrrolidin-2-one (20)
was removal of triethylamine on the rotary evaporator followed by
vacuum distillation of the remaining crude mixture to afford the
product, this work-up was also tried in this case. Unfortunately,
the product could not be distilled at 1.5mmHg. After addition of
_dichloromethane to the charred residue followed by filtration to
remove the carbon and evaporation, chromatograéhy with ethyl
acetate as eluent gave the required product but in only 2% yield,
probably because most of it had been destroyed during the
attempted distillation. The product was in the form of a bright
yellow oil, and its 1H NMR spectrum clearly showed two sharp
singlets for the two methyl groups at 3.4 and 3.6, the remaining
pyrrolidone signals being consistent with those of 1,5-diacetyl
pyrrolidin-2-one (20). Unfortunately, despite several attempts,

the reaction could not be reproduced, and by this time further
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data on the batch already synthesised could not be obtained
because it had meanwhile decomposed.

Should (69) have been reproduced on a large enough scale, it
was then hoped to have undergone aqueous alkaline hydrolysis to
give 5-methoxyacetyl pyrrolidin-2-one (70). Cyclisation of this
amide via the intramolecular reaction would then have led to the
l-methoxymethyl pyrrolizidin-S5-one core (71). Cleavage of th-e
methy}. ether might then have been effected by firstly forming the

orthoboric ester of the corresponding alcohol followed by its

hydrolysis using 10% alkali®S,

0B8r; OH
B,0
N\—SPh l N SPh

OCH3

BBr,
\ Ny—SPh ~eg,55)

(b) Another route attempted involved the conversion of benzyl
chloromethyl ether (72) to its corresponding Grignard reagent (73)
by reaction with magnesium turnings in tetrahydrofuran. After the
introduction of an iodine crystal as an inititator5’ no reaction
was visible, so a few drops of 1,2-dibromoethane were added as an
initiator®®. A definite reaction was observed, producing a
darkening of the reaction mixture to a brown colour. The
preparation was put through the standard qualitative colour test
for a Grignard using Michler's ketone®?; although definite
reactions occurred, they were not as expected®®. Another test was
to react the Grignard with a solution of p-chlorobenzaldehyde in
tetrahydrofuran, but despite stirring overnight followed by
rafluxing, subsequent work-up only isolated the bulk of the

starting aldehyde. A further attempt using "active magnesium”
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instead of magnesium turnings by refluxing magnesium chloride in
tetrahydrofuran with potassium metal for 3 hours’® followed by
reaction with £firstly benzyl chloromethyl ether and then p-
chlorobenzaldehyde also failed to give positive results; once
again, only the original aldehyde was recovered.

The problems that were currently being encountered in  the
formation of (S)-pyroglutamyl chloride (36) from (S)-pyroglutamic
acid (35) rendered this pathway a non-starter.b This was
unfortunate, since if it had been successful it could have
provided a chiral synthesis of the bicyciic core (74). Cleavage of -
the benzyl ether was to have been effected using boron tribromide
followed by hydrolysis -of the  orthoboric ester, the pathway
ultimately leading to an alternative chiral synthesis of the
pyrrolizidine alkaloids supinidine, isoretronecanol and
trachelanthamidine (scheme 41).

Scheme 41

PhCHR0CHCl ———+PhCH,0CH,MgCl

(72) (73)
’ ,/Ph
ol o
0 _ 0
Ny Ny
0 (36) 0 (79
(Ph
0
A\
N SPH
0 (75)
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(¢) It was attempted to produce the ketonitrile (76) by reaction
of (S)-pyroglutamyl chloride (36) with cuprous cyanide in
tetrahydrofuran’? (scheme 42), but this reaction proved
unsuccessful; only unreacted (S)-pyroglutamic acid was recovered.
This was another pathway doomed to failure by the problematic acid
chloride (36). Should it have worked to produce the monocyclic
ketonitrile (76), and had this been successfully cyclised to the
bicyclic nitrile (77), it could have provided yet another chiral
route from (S)-pyroglutamic acid (35) to the three mnaturally-
occurring pyrrolizidines supinidine, trachelanthamidine and

igsoretronecanol.

Scheme 42
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1.8.8.Suggegtiong for further work
a)Synthegis of necine bages

This project has covered the chiral synthesis of the
pyrrolizidine bases supinidine, trachelanthamidine and
isoretronecanol wvia the bicyclic acetate (57). The enantiomer of
(57) could also lead to the chiral synthesis of the pyrrolizidine

base lindelofidine:-

H -OH
H OCCH3 i \ supinidine
! N
(57) \‘Oj trachelanthamidine
N
H y-OH
{ isoretronecancol
O
I
' ~OCCH, ~OH
N \ > lindelofidine
(57)

Similarly, the sulphenylated bicyclic ester (58) could lead

to the chiral synthesis of the pyrrolizidine bases macronecine and

pestacinecine:
(ﬁ H yOH
4 ~OCCH '
\ 3 —> N OH
\ SPh pestacinecine
(58)
0
i
H ~OCCH, Ny OH
N—SPh g N “OH
macronecine
0
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The synthesis of analogues of 5-acetoxyacetyl pyrrolidin-2-one
could lead to the chiral synthesis of several other pyrrolizidine

bases, as illustrated by the following approach to heliotridine:-
HO, X0
‘CHCOOH 1.PhCH,NH, v
2.protect OH O
CH,COOH

(S) -malic acid

- l.remove benzyl
2.03

3.NaH

4, H
:<+ -
PPh,Br

heliotridine

b)Synthesgig of naturally-occurring esters

Mono-esterification of the base supinidine could lead to the

naturally-occurringpyrrolizidine ester supinine.

OH

N
N

supinidine
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INDOLIZIDINE ALKALOIDS
2.1 General
The indolizidine alkaloids constitute quite a large group of
compounds which have been isolated from a range of both plant and
animal sources. All the indolizidine alkaloids have the core

skeletal structure

4 g 8

N
2 173
l-azabicyclo (4 3 .0)nonane

. Some of the indolizidine alkaloid-producing families include
Ipomoea, Elaeocarpus, Tylophora, Prosopsis, Swainsona,
Dendrobatidaceae, and many more’3. Perhaps the most notable plant
family here i1s Elaeocarpaceae; the genus Elaeocarpus comprises
over two hundred known species, which occur mainly in tropical
regions’4-75, However, the family that is directly relevant to this

project is Dendrobatidaceae, which includes the brightly-coloured

South American poison dart frogs.

3.2 Dendrobatid Alkaloids

These frogs produce and store their alkaloids in glands in
the skin, and their release in secretions is triggered as a
defence mechanism under stress’®. The alkaloids have an extremely
potent destructive effect on the mammalian nervous system, and
this property was exploited by the South American natives in using

the secretions to make poison-tipped arrows’’.
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The £first class of alkaloids from Dendrobatidaceae to be
isolated and structurally identified were the batrachotoxins,
reported in 1968-69. These were all extremely toxic’’, and are
produced only by the Colombian poison-dart frog Phyllobates
aurotaenia’®:77, Simpler alkaloids were subsequently isolated from
other species of poison frogs of the same family, and in 1969
pumiliotoxin-C was structurally identified. Although it is termed

a toxin, this compound has relatively low toxicity’’.

CHy

H

HHH Hb

puniliotoxin-C histrionicotoxin

Another class of alkaloids, the histrionicotoxins, was
reported i1in 1971 £from another poison £rog, Dendrobates
higtrionicus. These were unique to the species and had a
spiropiperidine core structure with intriguing acetylenic and
allenic centres of unsaturation in the side chain substituents.
This class of alkaloids also exhibited relatively low toxicity to
mammals??,

A principal alkaloid isolated from Dendrobates histrionicus
was gephryotoxin. This was a tricyclic alkaloid which combined the
c¢ig-decahydroquinoline bicyclic core as in pumiliotoxin-C with an
indolizidine bicyclic core structure, and so was placed in a class
of 1its own. It also exhibited relatively 1low toxicity to

mammals??,
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gephryotoxin

The pumiliotoxin-A class of i1ndolizidine alkaloids were
isolated from the Ecuadorean poison frog Dendrobates tricolor, and
after very difficult separation, the structure of a relatively
simple mexhber of the class, the toxin 251D, was elucidatéd in

197978,

HQ pH3

i

H
OHC 3
251D

Further investigations subsequently isolated and identified
gome 24 indolizidine alkaloids of the pumiliotoxin-A class,
bringing the total number of known alkaloids peculiar to
Dendrobatidaceae to over 100. This class of pumiliotoxin-a
alkaloids differ principally only in the side chain’?; an allo
series of the c¢lass contains a 7-hydroxy substituent in the
indolizidine core’?,

This class of alkaloids is highly toxice, though at least two
orders of magnitude less toxic than the batrachotoxins. ;ro give an
-1dea of the potency of the toxins, the extract £rom one
Phyllobates aurotaenia, which produces the batrachotoxins,
provided the natives with enough poison to tip 50 arrows, each of

which was fatal within seconds’?’.
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This project is concerned with an approach to the synthesis
of the toxin 251D. Isolation of the pure alkaloid from natural
sources was extremely inefficient - methanolic extracts £rom 750
Dendrobates tricolor provided only 80mg of crude alkaloids and>

only 21lmg of pure 251D77.
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2.3 Igﬂglizidinﬁ Biopynthesig
The biesynthetic pathways leading to indolizidine
heterocycles still largely remain a mystery, with only .a few being
reported as a result of investigations into microbial metabolism.
Slaframine and swainsonine are two toxins produced by the
fungus Rhizoctonia leguminicola. These compounds have been shown

to originate from S-lysine and pipecolic acid®®.

OH
HoN - 0
H2N COQH NH

lysine pipecolic acid
OH 0
"_{ H OH Vi 8 H H QH H
1 9 1 v !
- -— 2 =
N 5 & 3 N
1 A B (o
OH 0
: H o
N I
6] ' --QHe—
slaframine gswainsonine D

Using deuterated material, pilpecolic acid has been found to
be incorporated into swainsonine with the loss of two deuterium
atoms for each metabolite isolated®’. The bicyclic intermediates
A,B and C have been isolated from the fungus and the use of
feading experiments involving deuterated and tritiated A,B and
pipecolic acid demonstrated that these materials were incorporated

into slaframine and swainsonine®?. Configuration at ¢C(8a) 4in
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Using deuterated material, pipecolic acid has been found to
be incorporated into swainsonine with the loss of two deuterium
atoms for each metabolite isolated®:. The bicyclic intermediates
A,B and C have been isgolated from the fungus and the use of
feeding experiments involving deuterated and tritiated A,B and
pipecolic acid demonstrated that these materials were incorporated

into slaframine and swainsonine®?. Configuration at C(8a) in
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swainsonine 18 opposite to that in the respective carbon of
pipecolic acid. This led to the deduction of D as a suitable
intermediate, but this has not been isolated®?:83, peuterium was
shown to incorporated at C(8a) of swainsonine when (1-2H,)ethanol
was used as a precursor®?. Swainsonine also occurs in Swainsona
canescens and Astragalus 8p. (locoweeds) but its synthesis in
these species has not yet been deduced®®. Swainsonine is a potent
inhibitor of the enzyme 2-mannosidase®*; this is supported by the
fact that its absolute configuration in protonated form is similar
to that of the mannosyl cation®5.

Cyclizidine is one of only two indolizidine bases produced

by Streptomyces sp.

-
CH,-COO"Na*
cnﬁnzcocrua+

CD,CH,C00"Na*

cyclizidine

o

The labelling of €2,C5,C7 and Cl2 due to feeding with 1-3¢C
acetate indicated ©biosyntheslis wvia a polyketide pathway.
Subsequent experiments using 23C2 acetate and also 2H- and 23C-
labelled propionate afforded confirmation®®. The other toxin
produced in Streptomyces sp. is indolizomycin, whose structure and

hence biosynthesis is very similar.
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2.4 Indolizidine Chemical Syntheges

d-Coniceine, the simplest indolizidine alkaloid, has
recently been synthesised via an intramolecular imino Diels-Alder
cycloaddition reaction®’. The amide diene (78) was synthesised in
two steps from divinyl carbinol and was converted to its N-
methylol (79) with aqueocus formaldehyde and sodium hydroxide in
glyme. Acetylation of the crude product with acetic acid and
pyridine gave the methylol acetate in good yield. Pyrolysis of the
acetate through a hot tube of glass helices afforded the lactam in
73% yield via the unstable N-acylimine intermediate formed by
elimination of acetic acid from the acetate (80). The N-acylimine
was never detected, but was thought to be involved as a result of
earlier work by Lasne et al®®. Catalytic hydrogenation of the
double bond of (82) followed by reduction of the amide to an amine

with diborane gave 6-coniceine.

~ //\Q
L
Y HOCH2 " crgoochs
78

80

\
D— R~
HC 0

d-coniceine
Weinreb subsequently successfully adapted this method to

produce the Elaeocarpus alkaloids elaeokinine A and B%7.
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0
CH ’
CH3/ 3/
N
elaeokinine a elaeokinine B

Elaeokinine A has also been successfully synthesised using
an anodically-prepared 2-methoxy carbamate as a key
intermediate®. The carbamate (83) was anodically prepared from 1-
(methoxycarbonyl) pyrrolidine in 80% yield. Reaction of (83) with
TiCl, followed by the addition of silyl enol ether (84) gave (85)
in 81% yield. The carbonyl of (85) was protected with ethylene
glycol, the carbomethoxyl group of (86) was hydrolysed with alkali
to give (87), and the bis-ketal (89) of the key intermediate was
obtained through N-alkylation of (87) with bromo acetal (88).
Aldol condensation of (89) with acid catalysts (1N HCl with
heating or conc. HCl at room temperature) gave (+/-)-elaeckinine-
C. Successive heating of (89) in 1IN HCl1l and in 1IN NaOH gave (+/-)-

elaeokinine-A (scheme 44).
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0

1N HCl.A
or
conc. HCl,r.t.

NaOH,A

CHs

(+/-) -elaeockinine C » (+/-) -elaeckinine A

Flitsch et al®® achieved the synthesis of racemic slaframine
usging intramolecular Wittig olefination of an imide carbonyl group
to create the indolizidine core. Cyclisation of the intermediate
phosphorane (90) formed from cyclopropyl triphenyl phosphonium
tetrafluoroborate and the phthalidomide anion occured
regiospecifically at the less sferically hindered carbonyl group
to produce the indolizidinone (91). This was oxidised with lead
tetraacetate in the presence of triethylamine to a mixture of the

allylic acetate (92) and its isomer (93) (scheme 45).
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A synthesis of monomorine I, a component of the trail pheromone of

the ant Monomorium pharaonis,

was developed which utilised a
sterecelectronically controlled

nucleophilic capture of a

83



tetrahydropyridinium salt®’. The unstable endocyclic enamine was
reduced directly. The formation of monomorine I was consistent
with the maintenance of a maximum orbital overlap with respect to

the attacking hydride and the developing lone pair on nitrogen

(scheme 46).

CH3 . H3 ‘ CH3

~
3(\/\(\ N

\—_/ (II)H,C=CHCHO \_/ Mno, \__/ 0
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(11) (CO,H),
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COOH
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CH3 H

monomorine I

84



The number of syntheses of Dendrobatid alkaloids recently
has been more profuse than usual®?., Several pumiliotoxin alkaloids
have been produced based on iminium ion cyclisations??®. Coupling
of the chiral epoxide (94) with a 5:1 C-1l1 epimeric mixture of the
alkyne (95) followed by deprotection gave the key intermediate
(96). The iminium ion was generated in gitu by treatment with
paraformaldehyde in aqueous acidic solution containing a 1large
excess of ilodide ions. Iodide is a strong nuclecphile for carbon
centres, and in this case it induced a highly stereoselective
cyclisation between the normally poorly compatible iminium ion and
alkyne, resulting in the formation of the isomerically pure
indolizidine (97) and 4its C-11 epimer. De-iodination and

deprotection produced (+)-(15S)-pumiliotoxin A (scheme 47).
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Scheme 47

(1) I,,nBuli, toluene, 0°C
(11) Et,AlC1, toluene, II

H OCH,Ph .¢
CH3 >
H 4°-0H
Z N | CHy (e HE
(94) (95) CHs (1)0.5M Ba(OH),,
glyme-H,O (5:3)
reflux
(ii)camphorsulphonic
acid, (CH,0) ,NaI,

H,0,100°C

(1)nBuLi, Et,0, -78°C
then MeOH
(ii)Lni,NH,, THF, -78°C

H /. H (+) - (158) -
CH3O pumiliotoxin A

The total synthesis of 251D in chiral form was first achieved in
10 steps with an overall yield of 6% of the pure alkaloid from S-

proline and l-heptyne-3-one’* (Scheme 48).
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The total synthesis of 251D in chiral form was first achieved in
10 steps with an overall yield of 6% of the pure alkaloid from S-

proline and 1l-heptyne-3-one* (Scheme 48).
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Scheme 48
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This process afforded the isomeric epoxides in a 1:1 mixture; the
required one being isolated wusing column chromatography. A
subsequent investigation into the formation of possible
intermediates of 251D synthesis, looking at conditions which
favour one isomer over the other, was reported®s, but none of

these possible intermediates was taken through to 251D.
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2.5 zégngggg Synthegig of 251D

Part of this project involved the proposed synthesis of 251D
in chiral, pharmacologically-active form from a readily-available
amino acid, (S)-pyroglutamic acid (Scheme 49):

Scheme 49

OH

H MeLi
[ (3 moles)
o—

0 0
(r02) - - (101) (100)

(S) -pyroglutamic acid (35) was to be converted to its methyl
ketone (21) via the following route according to Rapoport et al®f

(scheme 50):
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O (21) (103)

This ketone was then to be converted to its corresponding
vinyl alcohol(98) as a mixture of diastereoisomers. Ozonolysis of
the alkene was to lead to the aldehyde (99), still as an isomeric
mixture. This aldehyde was then to undergo an intramolecular
Horner-Wittig cyclisation reaction. The resultant bicyclic core
(100) would then be in the form of diastereoisomers and so these
could hopefully be resolved by flash chromatography. The amide was
then to be reduced to the amine (101) wusing lithium aluminium
hydride. The sulphenyl group was then to be converted to the
ketone (102) using aqueous mercuric chloride; the sulphenyl group
would be displaced by a hydroxyl group to form the enol, followed
by preferential tautomerism to form the ketone. A conventional
Wittig reaction at the ketone carbonyl was then to lead to the
toxin 251D as a mixture of E- and Z-alkene isomers, which would

hopefully be separable by flash chromatography.
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2.6, R 1 nd Di ion

2.6.1. nvergion of - lu i i -5- 1

rolidin-2-on 21 h

The conversion of (S)-pyroglutamic acid (35) firstly to its
acid and amide salts and then to a ketal-type species (103) (since
lithium salts exhibit a fair degree of covalency)?®, which was
quenched during work-up to give (S)-5-acetyl pyrrolidin-2-one
(21), only provided (21) in an exceptionally low yleld (2%), even
after continuous extraction into dichloromet_hane' at pH 7. The
reaction was also performed by £firstly making the 1lithium
carboxylate sal}: with 1 molar equivalent of n-butyl 1lithium
followed by formation of the magnesium amide salt and the
magnesium alkoxide salt wusing 2 molar equivalents of methyl
magnesium bromide; Knudsen and Rapoport?S? found the lithium salt
to be more reactive to methyl magnesium bromide than the magnesium
salt; n-butyl lithium is also reported to be more reactive than
methyl lithium?®,

One major problem with the reaction on this particular acid
wag that (S)-pyroglutamic acid (35) 1s not soluble in
tetrahydrofuran; it had previously been hoped that an ultra-fine
dispersion of (35) in a relatively large amount of tetrahydrofuran
might overcome this problem; obviously it didn't. A co-solvent
mixture was therefore tried <comprising tetrahydrofuran :
tetramethylethylenediamine, 1:1. This, coupled with the n-butyl
lithium - methyl magnesium bromide development did improve the
yield, but only to a maximum of 10%.

Isobutyryl 1lithium has been treated with benzoic acid at

room temperature to give isobutyrophenone in 60% yleld:; low
91



temperatures were used in this case because the reactivity of
methyl lithium and methyl magnesium bromide is so high that the
reaction would be difficult to arrest at the ketone stage and
would more 1likely continue through to the. tertiary alcohol®’.
Despite working at -78°C on (S)-pyroglutamic acid (35), the
tertiary alcohol was not isolated, but in all cases a significant
amount of the starting acid was recovered.

A Dakin-West reaction using (S)-pyroglutamic acid (35),
acetic anhydride, triethylamine and 4-dimethylamino pyridine as
catalyst was tried, though it was not sure whether the required
methyl ketone (21), if produced at all, would be in chiral or
racemic form. Many fractions were seen on tlc but none of these
reacted with 2,4-dinitrophenylhydrazine spray. None of the
required product was isolated by vacuum distillation of the crude
mixture, or from a subsequent attempt using solvent extraction
followed by continuous extraction from the aqueous washings into
dichloromethane at pH 7, plus similar continuous extraction at pH
3 which gave only the starting acid (35) and none of the required
product (21).

Since the underlying problem with the reaction involving the
organometallic reagents appeared to be the ‘insolubility of the
starting acid, especially when in its carboxylate and amide salt
form (visibly, formation of the salts as a white ‘precip:l.tate
seemad to proceed with no problems), it was decided to try an N-
protected derivative of (S)-pyroglutamic acid (35) which would
give it solubility in tetrahydrofuran.

Attempts to protect S5-acetyl pyrrolidin-z-ox_m (21) using the
racemic compound prepared according to scheme 23, p35, were tried

by first forming the sodium amide salt through stirring with
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sodium hydride in tetrahydrofuran at room temperature followed by
the addition of benzyl bromide. Many fractions were ocbserved on
tlc and chromatography isolated the required product in only 11%
yield. This was not improved by changing the solvent to
dimethylformamide. It was decided to try a Dakin-West reaction on
(S) -N-benzylpyroglutamic acid (45) using acetic anhydride,
triethylamine and 4-dimethylamino pyridine as catalyst in order to
make the N-benzyl ketone (104), though again it was not clear
whether this product, if produced at all, would be in chiral or
racemic form. Many fractions were observed on tlc, though none was
reactive to 2,4-dinitrophenylhydrazine spray, and nomne of the
raquired product was isolated by subsequent chromatography. Some
of the starting acid’(45) was recovered, however.

The current work on pyrrolizidines at this stage was
proceeding quite well using (S)-N-benzyl pyroglutamic acid (45),
which was found to be readily soluble in tetrahydrofuran, so this
was put through the organometallic route to the N-benzyl ketone

(104) (scheme 51).

cheme 51
+
'd 0"MgBr 0 ‘5"_95%&
AN 0 MeMgBI ‘ 0 uengsf CH3
~_Fh ' N_~Ph Ne_-Ph
0 (45) 0] 0)
CH3 H,0*
0
O (104)
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The maximum yield of the ketone (104) from the acid (45) was
40% when 2 molar equivalents of methyl magnesium bromide were used
in tetrahydrofuran only. Lower yields were obtained when the co-
solvent mixture tetrahydrofuran :tetramethylgnediamine, 1:1, was
used and also for combinations of methyl magnesium bromide with
methyl lithium and n-butyl lithium. In all cases, the tertiary
alcohol was produced in significant yield (tabia 2). It was
decided to investigate the reaction further by first converting
the N-benzyl acid (45) to its acid chloride (46) and reacting this
with one molar equivalent of each of wvariocous methyl-metallic
species?? (table 2).

Table 2

metallo-methyl |temp. |solvent | yileld of yield of tertiary
species used (°c) ketone (%) alcohol (%)
MeMgBr only -78 THF 40 20

MeLi only -78 THF 10 10

MeCuLi -78 THF 26 15

Me,Cd 0 THF 33 17

(In all cases, some of the starting acid (36) was recovered).

Other reagents which might have been used here are Me,Col?? and
Me,T1101,

Rather than investigate the reaction further, it:bwas decided
to continue the synthesis towards the key intermediate, (S)-(1-

formyl-1l-hydroxy)ethyl pyrrolidin-2-one.
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2.6.2. Progr n of th -benzyl k n 4 war h -

nzyl aldeh 1
Scheme 52
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Vinyl magnesium bromide was prepared from vinyl bromide and
magnesium turnings in tetrahydrofuran at room temperature using a
dry ice condenser?%a:102 pRgaction of this Grignard with the ketone
(104) provided the vinyl alcohol (105) in 39% yield. Another
similar alkene preparation involved the production of styryl
magnesium bromide from a mixture of cis and trans l-bromostyrene,
and the reaction of this species with the ketone (104) to produce
the styryl alcohol (106) in 43% yleld. The splitting patterns of
the alkene signals on proton NMR indicated that the styryl alcohol
was produced in its trans (E) form only. The major fraction (by
mass) ran at the solvent £ront during chromatography in ethyl
acetate and was strongly reactive to acidified potassium manganate

(VII) spray. This fraction was usually isolated as a yellow tar,
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and its proton NMR indicated that it was possibly impure 1,4-
diphenyl butadiene (by comparison with the NMR of pure 1,4-
diphenyl butadiene). The type of dimerisation reaction required to
produce this kind of by-product 1s characteristic for Grignard
reactions and the amount of dimeric by-product produced relative
to the amount of the required product is determined by the
relative rates of the two reactions®’; therefore in this case the
dimerisation reactionv would appear to be quite fast relative to
the reaction with the ketone (104). On one occasion the dimeric
by-product was isolated pure enough to confirm its identity via 1H
NMR, 13C NMR and mass spectrometry. With this species running just
behind the solvent front, it would co-elute with other species
such as styrene resulting from unreacted styryl magnesium bromide
and also unreacted styfyl bromide, so it is not surprising that it
was always 1solated in crude form as a yellow tar (the pure
compound is a yellow crystalline solid, mpt.151-153°C1%2), Ammonium
chloride was used as the quenching agent rather than hydrochloric
acid in order to minimise (and hopefully avoid) elimination of

water from the tertiary alcohol, which could have led to a diemne.

CHs

. OH
CHy H -H,0 NP ph
| Ph N._-Ph
Na_~Ph ~
0 0

Ozonolysis of the alkene (106) with dimethyl sulphide as a

v

reductive quenching agent produced many fractions on tlc which
were AUAV-active and reacted with acidified potassium manganate
(VII) spray, but only one spot reacted with 2,4-
dinitrophenylhydrazine spray to give a bright yellow colour.

Unfortunately, the yield was atrocious; not enough of this
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fraction was isolated via chromatography from 1g of the alkene as
to be sufficient even for an infrared spectrum. This reaction was
not investigated at this stage, since attempts to remove the
benzyl group from (S)-N-benzyl pyrrolidin-2-one (104) to give the
unprotected 5-acetyl pyrrolidin-2-one (21) (scheme 32, p54) were

proving fruitless in tetrahydrofuran, methanol and even acidified

methanol.
Scheme 53
CHs CHsj
0 0
N—~Ph NH
0 (104) 0 (21)

Only the starting ketone (104) could be recovered.
Another possibility which wasn't tried might have involved

Birch reduction of the vinyl alcohol®® (scheme 54).

OH OH
CHy CHs3
Z  Li/NH, 7
—ee
Ne_~Ph N
0 O

It was decided at this stage to abandon attempts at a chiral

Scheme 54

synthesis of the unprotected aldehyde and instead to proceed via a
racemic pathway that far, since (R/S)-5-acetyl pyrrolidin-2-one
(21) could already be produced in good yield from glutamic acid
(19) via firstly a Dakin-West reaction to give (R/S)-1,5-diacetyl
pyrrolidin-2-one (20)3° followed by aqueous alkaline hydrolysis to

give the deprotected amide (21)%° (scheme 55).
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Since all intermediates hereon would be in the form of
diastereoisomers, the yield of 251D in its pharmacologically-
active form would be much lower than if the synthesis had
proceeded with at least one of the optically-active carbon
centras, namely the one at the bis-ring junction, being in the
correct configuration. Therefore only one of the 4
diasterecisomers of the resultant bicyclic core would be in the .
correct stereochemical configuration. The 1last stage in the
synthesis, the conventional Wittig reaction, would produce E- and
Z- alkene isomers, so only one out of 8 isomers would then be in
the naturally-occurring form, although if the starting 5-acetyl
pyrrolidin-2-one was in its chiral (S) form, this could still have
led to 4 possible isomers, so some method of separating the
required, naturally-occurring isomer would still have been

necessary.
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2,5.3. Pr n Al he R R
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Using a pathway analogous to that for the N-benzyl series,
the ketone (21) was converted to the alkenes (98) and (109) in 54%
and 40% ylelds respectively. In the latter case, the by-product
1,4-diphenyl butadiene was isolated crude again wusing £flash
chromatography and its identity was confirmed through spectral
analysis. Both (98) and (109) required continuous extraction into
dichloromethane after adjustment of the pH of the aqueous phase to

7; continuous extraction was always maximal at this pH, lower
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yields of each product being obtained at pH 3 and pH 10. This
behaviour was exhibited by all of the unprotected monocyclic
intermediates. In each case, after work-up of the organic phase,
the adjustment of the aqueous residue back to pH 7 followed by a
further continuous extraction always resulted in the isolation of
a negligible further amount of the required product. All of the
monocyclic intermediates appeared to have a very high water
affinity, possibly due to conjugation of the amide group in an
iminol form.

Ozonolysis of the alkenes (98) and (109) to the aldehyde
(99) was effected in ylelds of 55% and 57% respectively, though
the yield from (98) was reliable whereas the yield from (109) was
more often around 40%. Changes in the ratios of the solvents used
for the reaction, dichloromethaﬁe and methanol, gave the above
yields as maximal at the ratio dichloromethane : methanol, 9:1;
other solvents tried included chloroform with acetone and
chloroform with dimethyl sulphoxide in wvarious ratios, but all
these failed to impfove on the above yields. The observation of
several fractions on tlec that were reactive to 1,4-
dinitrophenylhydrazine might indicate that the aldehyde was rather
unstable.

An alternative route from the vinyl alcohol (98) to the
aldehyde {(99) involved conversion of the alcohol (98) to  the
osmate ester (114) followed by its conversion im gitu to the diol
and oxidative cleavage without prior isolation to the aldehyde
(99) (scheme57), with identical spectral data to the product

obtained from ozonolysis of (98).
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Scheme 57
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All steps thus from (98) to (99) were performed in one pot
in aqueous solution. Continuous extraction into dichloromethane
after adjustment of the pH of the aqueous phase to 7 provided the
aldehyde in only 23% yield with a 10% production of 5-acetyl
pyrrolidin-2-one (21) where the oxidant sodium metaperiodate had
cleaved the tertiary alcohol-amide ring carbon- carbon bond rather
than at the di.ol. The yield of aldehyde might have been lowered
due to either incompletion of one or more of the reactions
involved (no investigation of the reaction at different
temperatures was carried out) or its possible existence as its

probably more water-soluble hydrate:

OH OH
CHs 2o CH3
CHO —=—= CH—OH
N
NH H 4
0 (99 O (116)

The hydrate was never isolated but could have remained in

the aqueous phase due its higher water affinity. All proton NMR
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spectra of the aldehyde (99) either showed the aldehyde proton
with too low an integral value or else did not show it at all; all
the remaining signals, namely the methyl and pyrrolidone signals,
were pragent in the characteristic form and in the right integral
ratios. Another possible form of the aldehyde could therefore have

been as its intermolecular hemiacetal:

(IJH
0——CH
CH3 HsC
Ny CH—C  HN
O (l)H (117) 0

Such a struéture could be well camouflaged on infrared
spectra; the aldehyde carbonyl signal could occur in the same
place as the amide carbonyl signal, O-H stretch signals would be
expected anyway due to the tertiary alcohol, C-0 stretch signals
would also be expected due to the tertiary alcohol. The existence
of the aldehyde in its hydrate form could have presented similar
signals on infrared. Washing the product with methanol followed by
removal of the methanol on the rotary evaporator in the hope of
removing water from the product via azeotropic extraction (if the
product was in the hydrate form failed to produce any change in
the spectral data. A peak at M/Z 312 for the hemiacetal was not
seen on the mass spectrum, nor was one seen at M/Z 175 for the
hydrate, although the hydrate could have lost water during the
running of the spectrum. Since the base peak was at M/Z 84 for the
ﬁ-acyl imine ring, the products from the loss of two such rings
from the intermolecular hemiacetal would quickly decompose via

loss of CO,, 8o the intermoclecular hemiacetal could escape

detection on the mass spectrum as well.

102



Another alternmative route to the aldehyde (99) was via the

employment of the dithiane adduct (118) (scheme 58).

cheme
/S OH OH
1. +=
2.‘!{6< :> CH3  ggen, CHs
O— — CHO
0 (21 0 (118) g 9

Initial attempts along this route involved addition of the
amide (21) to an excess of the lithium dithiane salt at -78°C,
resulting in no reaction and recovery of the amide (21) and 1,3-
dithiane; it was believed that the dithiane anion merely
abstracted the acidic amide proton to regenefate 1,3-dithiane and
thus produce the 1lithium amide salt; quenching with aqueous
ammonium chloride would then regenerate the amide (21). Subsequent
efforts involved the preparation of the lithium amide salt in one
flask and addition to it of the previously prepared lithium
dithiane salt from a separate flask via a cannula. Quenching,
continuous extraction at pH 7 into dichloromethane and £lash
chromatography afforded the dithiane adduct as a pink tar which
was recrystallised to a white solid with characteristic signals on.
proton NMR, infrared and mass spectra but which was in only 16%
yield. The aqueous phase retained a fraction which during thin
layer chromatography in ethyl acetate remained on the base line
and gave strong reactions with acidified potassium manganate (VII)
spray (bright yellow spot) and molybdophosphoric acid spray (dark
blue-green spot, characteristic of a sulphur species); thus it
appeared that even at pH 7 there was some form of sulphur species
present in ionic form. The yleld of the dithiane adduct (118) was

not improved by a further continuous extraction or by continuous
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extraction at pH 3 or at pH 10, and was so low that there didn't
geem much point in attempting to convert it to the aldehyde (99)
using aqueous mercuric chloride 1in conjunction with aqueous
mercuric oxidel®®, since this would have required a work-up
involving continuous extraction with the foreboding possibility of
the aldehyde being in its hydrate form once again, and this route
would not now improve on the yield of the aldehyde (99) £rom the
ozonolysis route.

It was decided once again to look at the production of the
aldehyde (99) from the alkenes (98) and (109) via the ozonolysis
route. Since there seemed to be a great many possible mechanisms
of conversion of an alkene through a molozonide and an ozonide
followed by cleavage of the latter to a carbonyl compoundl®?, it
was suggested that the tertiary alcohol group might be interfering
with this reaction in some way, thus accounting for the appearance
of so many fractions on tlc prior to such a simple work-up. Thus
it was decided to protect the alcohol with a benzoyl group prior
to ozonolysis (scheme 56).

Attempts to protect the vinyl alcohol (98) by addition of
dicyclohexylcarbodiimide followed by addition of benzoic acid led
only to the production of benzoic anhydride and the recovery of
the vinyl alcohol (98). Production of the O-benzoyl protected
styryl alcohol (11l1) was effected by refluxing the styryl alcohol
(109) with benzoyl chloride in triethylamine with 4-dimethylamino
pyridine as a co-catalyst in 24% yleld maximum with recovery of
some of the starting styryl alcohol (109); lower yields were
-obtained when 4-dimethylamino pyridine was not used.

The difficulty of protecting the alcohol group prior to

ozonolysis showed that the maximum yield of the aldehyde (99) was
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going to be 54% from ozonolysis of the unprotected alcohol. It was
now decided to abandon efforts to improve on this and to press on
with the synthesis via the intramolecular Hormer-Wittig
cyclisation reaction on the aldehyde (99) to try to form the

functionalised indolizidine core (100).
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2.5.4. Intramolecular Homer-Wittig Cvclisation of the Aldehyde
1iil

With the aldehyde (99) in normal, molecular form it was not
clear whether the tertiary alcohol proton would be acidic enough
relative to the amide proton to produce its sodium alkoxide salt
on addition of sodium hydride; such a salt formation would reduce
the amount of sodium amide salt available for the reaction and
also lead to various by-products.

An attempt was made to protect the alcohol group of (99) at
this stage wusing dicyclohexylcarbodiimide followed by benzoic
acid; as with the behaviour exhibited during the similar reaction
with the vinyl alcohol (98), benzoic anhydride, and
dicyclohexylurea only were produced, and the starting aldehyde was

recovered using flash chromatography.

0 @oo 0 (ioi)

Cyclisation of the aldehyde (99) using 1 molar equivalent of
sodium hydride in the co-solvent mixture tetrahydrofuran ;
acetonitrile, (1:4) at room temperature gave the required product
in 33% yield, with the production of a sharp singlet at 1.3ppm due
to the methyl group and a singlet at 6.9ppm due to the aromatic
protons on its ~H NMR spectrum, the remaining signals occurring as
characteristic multiplets; infrared showed the retention of a
broad peak at 3200cm*1 due to O-H stretch, along with the
retention of a strong signal due to the amide C-0 stretch and the

production of a strong peak at 1590cm'l due to C-C stretch, a
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strong peak at 1280cm™® due to C-S stretch and peaks at 750 and
700cm™* due to aromatic C-H bending; high resolution mass
spectrometry provided microanalysis with an error of +1.2mmu. The
first fraction afforded by flash chromatography gave a proton NMR
spectrum which, apart from a sharp singlet at 2.6, was identical
with the spectrum for the l-methyl pyrrolizidone (32). Similarly,
the infrared of this by-product was identical with that of (32f
apart from a strong peak at 1180cm™!, which indicated C-0 or C-S
stretch. A possaible structure for this data could have been the
5,6-fused bicyclic alkene (113), which could have arisen through
loss of water from either the aldehyde or the required product.
Although this material was a'significant product by mass (50mg as
opposed to 76mg of the required indolizidinone (100), this
material was not investigated further. Procedure from this point
would most probably have followed the proposed pathway (scheme 49,
page 89).

The work on the indolizidine serles thus far was now more
promising with achieving the formation of the indolizidine core
structure (100), albeit in rather low yield. Further investigation
of the intramolecular Horner-Wittig cyclisation reaction to try
and improve on this yield was not carried out due to a shortage of
time. This was unfortunate, since we were hopefully only 3 steps

away from acheiving the synthesis of the target alkaloid 251D:
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2.6. iong £ further work
a)Completion of the gynthesgig of 251D

The work so far had achieved the synthesis of the required
indolizidiné core structure (100), albeit in rather low yield.

This intermedlate was only 3 steps away from the target alkaloid:-

L}
4

HYCHs R CH RV

g (200 SPh (101) SPh (102)

CH3 \
pumiliotoxin A OH

b) Improvement of the overall yield

A strong possibili_ty in this direction would be to start
from glutamic acid monomethyl ester, which is cheap and readily-
avgila.ble, and protect the amine group with a carbobenzyloxy
grouping in a similar way to protection of glutamic acid described
in section 1.8.3. The next stage would be to convert the acid
functionality to its corresponding acid chloride. Reaction of the
acid chloride with either dimethyl cadmium or trimethyl thallium
should convert the acid chloride to its corresponding methyl
ketone without further reaction to the tertiary alcohol, based on
the work on the production of N-benzyl-5-acetyl pyrrolidin-2-one
described in section 2.6.1. The N-carbobenzyloxy group should

facilitate better solubility in tetrahydrofuran ready for the
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conversion of the methyl ketone to the wvinyl alcohol using wvinyl
magnesium bromide. Ozonolysis of the alkene followed by
hydrogenolysis of the N- carbobenzyloxy group should lead to the
open chain. ester aldehyde. Refluxing this material in methanol
could potentially cyclise wvia loss of methanol to give the

required monocyclic pyrrolidone aldehyde (99) in much better

yield.
/l/: R m OCH3 NH
OCH; NHp Y ™ gzgizocoao OCH3 NH Y eoen sV /\
2.H,0 S 0/\Ph 0 O Ph
. Me,Cd
or
Me,T1
.H 0

HoH 1. MQBV
OCH KiH “CH WH3 <H A cH,
3 CHO oalnus 0 OCHji S Eo

0
0 o/\Ph P
H,/P4(C)
H JOH

c)r £ r n lic in

Analogues of the aldehyde (99) could 1lead to different

indolizidine alkaloids such as swainsonine or monomorine I:
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N SPh
swaingonine
H
—» ! ‘ H
SP SPh . /~
O CHy N
H CHs

monomorine I

d) lopr 1 ph honi al

The use of such reagents might provide a similar,

alternative route to the indqlizidine core gtructure:

1 NaH CHs
pph3>‘<, \SPh
0 (21
her cl £ alkaloi

The employment of a derivative of pipecolic acid in an
intramolecular Horner-Wittig cyclisation reaction might provide a

route to a quinolizidine core structure:-
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2.H,0*

OH CH3 oH ..
| OH
IE{ ' l:.‘ 0 , F;‘ C_/H3 H CHj
0 . .
A TN A L gar L M CHo
- H |
0 0 0

bipecolic
acid
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General Information

Infrared spectra were obtained on a Pye-Unicam SP3-100
gspectrophotometer. Samples were prepared as potassium bromide
(KRBr) discs or liquid films.

IR data is given in cm™l.

1H NMR spectra were obtained using a Jeol JNM PMX-60 SI 60MHz
spectrometer, a Bruker WP 80 SY B80MHz spectrometer and a Bruker
250MHz spectrometer.

13¢c NMR spectra were obtained on a Bruker WP 80 SY B80MHz
spectrometer.

1y NMR data is given on the § scale using tetramethyl silane as
the internal reference. Abbreviationas for the form of the signal
are as follows: s=singlet, d=doublet, t=triplet, gq=quartet and
m=multiplet.

Samples for NMR spectra were prepared in the solvent stated in
each method.

Maés spectra and high resolution mass spectra were obtained on a
VG Micromass 7070F spectrometer.

Ozonolysis reactions were performed using a BOC Mark II ozoniser.
Column chromatography was performed on Merck 7734 Kieselgel 60
(coarse) and Merck 7736 Kieselgel 60H (fine) silica gel.

Flash chromatography was performed on Sorbisil C-60H (40-60mm)
si..ca gel.

Thin layer chromatography was performed on Merck 5554 Alufoilen
Kieselgel 60F,;, plates.

Petrol refers to that fraction of petroleum spirit boiling between
40 and 60°C. Dry tetrahydrofuran was obtained by distillation from

potassium metal. Dry diethyl ether was obtained through standing
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over sodium wire. Dry dimethylformamide was obtained by heating
over calcium hydride followed by distillation under reduced
pressure onto 4A molecular sieves. Dry pyridine was obtained by
storage over potassium hydroxide. Dry dichloromethane was obtained
by distillation from P,0; and was stored over molecular sieves.

All reactions requiring inert atmospheres were performed under
nitrogen.

All bicyclic products were stored in a freezer, since many were

found to be rather unstable at room temperature.
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A T n neral Meth for Diazomethane R ion

KOH
sol”

EtOCH,CH..OMe:H.0, 96 : :
{ 2CH, 2 1) acid chloride

sol®™ in THF

diazald
sol” in EtOEt

HEAT —P»

The above glassware was used for the reactions involving
diazomethane. All glassware was flame-polished to avoid the
presence of any sharp surfaces. Ground glass joints were avoided
by the use of the rubber bung at the junction of the dropping
funnel with the 1l-litre round-bottomed flask and also the fusion
of the still head and the condenser with the round-bottomed flask.
The round-bottomed flask was'of a suitable size as to allow the
performance of the reaction on a fairly large scale whilst still
allowing sufficient room to prevent a build-up of too high a
pressure or too high a concentration of diazomethane above the
surface of the diazomethane preparation mixture prior to its
distillation in dilute ethereal solution. Distillation was
effected using a hair dryer on a low setting and playing the hair
dryer around the round-bottomed flask at the surface of the
mixture so as to avoid heating the gas too strongly at a point
where it was in a relatively high concentration. All the apparatus
as shown was maintained behind a glass or perspex safety screen in
the fume cupboard throughout the preparation and distillation of
the diazomethane.

This apparatus thus avoided all the reported ’conditions

responsible for detonation of the diazomethane, namely excessive
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Apparatus and General Method for Diazomethane Reactions

KOH
sol"

EtOCH.CH.OMe:H.O : :
2=ty ,0,96:4) acid chloride

sol® in THF

diazald
in EtOEt

sol®

HEAT —P»

The above glassware was used for the reactions involving
diazomethane. All glassware was flame-polished to avoid the
presence of any sharp surfaces. Ground glass joints were avoided
by the use of the rubber bung at the junction of the dropping
funnel with the 1l-litre round-bottomed flask and also the fusion
of the still head and the condenser with the round-bottomed flask.
The round-bottomed flask was of a suitable size as to allow the
performance of the reaction on a fairly large scale whilst still
allowing sufficient room to prevent a build-up of too high a
pressure or too high a concentration of diazomethane above the
surface of the diazomethane preparation mixture prior to its
distillation in dilute ethereal solution. Distillation was
effected using a hair dryer on a low setting and playing the hair
dryer around the round-bottomed flask at the surface of the
mixture so as to avoid heating the gas too strongly at a point
where it was in a relatively high concentration. All the apparatus
as shown was maintained behind a glass or perspex safety screen in
the fume cupboard throughout the preparation and distillation of
the diazomethane.

This apparatus thus avoided all the reported conditions

respongible for detonation of the diazomethane, namely excessive
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heat direct sunlight, sharp surfaces, high pressure and high
concentration of the gasi®®,

At the start of the preparation, the round-bottomed flask
was charged with diazald in a very dilute solution in diethyl
ether, the dropping funnel was charged with a solution of
potassium hydroxide in ethylene glycol monoethyl monomethyl
diether and the suitably sized receiving conical flask was charged
with a solution of the acid chloride or acid anhydride under test
in tetrahydrofuran. The amounts of the reagents were based on a
70% yield of diazomethane from the reaction of diazald with
potassium hydroxide.

The potassium hydroxide solution was added to the diazald
solution in one portion and the tap on the dropping funnel was
closed immediately. The apparatus was then immediately set up for
distillation as shown and the diazomethane was distilled in
ethereal solution using the hair dryer. Distillation was continued
until no further diazomethane, present as a yellow colouration in
the distillate, was observed. The conical flask was then sepa;ated
from the rest of the apparatus so as to avoid suck-back of the
contents of the receiver flask, and the reaction was left for at
least 6 hours prior to work-up to allow the escape of any

unreacted, excess diazomethane gas.
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R/S)-1,5-diacetyl rolidin-2-one (20)3%

| | 0
CO2H /¢, i -\

NH,

0

Glutamic acid (19) (92.56g,0.590mol), acetic anhydride (320ml), -

triethylamine (320ml) and 4-dimethylaminopyridine (320mg) were
stirred at 60°C for 8 hours under reflux. The black, oily mixture
was cooled and vacuum distilled to afford the product (20) as a
bright yellow o0il, bpt.120-126°C/1.5mmHg, which formed pale yellow
crystals on cooling. 72.8g,73%

mpt.64-66°C (1it.3968-69°C)

IR (KBr) 3500,2995,1730,1700,1390,1300

1H NMR (CDCl,) 1.9-3.5(m,10H,sharp singlets for the two methyl

groups at 2.2 and 2.4), 4.7-5.0(m,1H), 8.3(broad singlet, 1lH)
13c NMR (CDC1,) 19.8,24.3,26.8,31.6,63.1,170.9,174.5205.9

R/S)-5- 1 rolidin-2-one (21)4°
g;(go 0
N Ny
0 (2;:\T(/ 0 (a1

(R/S)-1,5-diacetyl pyrrolidin-2-one (20) (8.64g,0.051mol) and
sodium carbonate (6.36g,0.060mol) were dissolved in water (100ml)
and the solution was stirred at room temperature for 5 hours. The
pH was adjusted to 7.0 (meter) using dilute hydrochloric acid and
the product was extracted into dichloromethane using a continuous
extraction apparatus over 25 hours. After drying (Mgso,) and
concentration under reduced pressure, the organic phase gave an
off-white so0lid which was recrystallised from ethyl acetate.
4.54g,70%

mpt.75-78°C (1it.%%74-76°C)
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IR (KBr) 3190.3100,3000-2900,1710,1420,1380,1350,1280,1245,1185

H NMR (CDC1l,) 1.7-2.9(m,7H,sharp singlet for -CH, at 2.2), 4.1-
4.3(m,1H), 7.2(broad singlet, 1H)

13¢ nMr (CDC1,) 21.9,24.5,30.3,61.9,62.6,179.2,205.1

hloromethyl phenyl lphi 26) 42

PhSCH, ~»PhSCHCL
(25) (26)

Thioanisole (25) (83.90g,80.0m1,0.675mo0l) was dissolved in
Aichloromethane (SOOmi). A solution of sulphuryl chloride
190.009,54.0mi,0.667mol) ihi dichloromethane (150m1); was added
. dropvisé_oég: a'l hqur peribd, and the mixture wasg iefluxed for 2

'z'héurs.~hfter cooling, the mixture was concentrated under reduced

' - pressure to - leave the prdduct 1(26) as a yellow 1liquid,

7A104;60g{99%} which was ﬁsqd directly in the next step.

o IRv3100.2900,1640,1600,1500;1460,1410,1240,740,700

1H NMR (CDCl,) 4.8(s,2H), 7.2-7.8(m,5H)

Eth iphenyl phogphine (28)43

PhPCl —————% Ph,POCH,CH3
(27) (28)
A solution of chlorodiphenyl phosphine (27) (25.00g,0.120mol) in
dry diethyl ether (65ml) was added dropwise with stirring to
absolute ethanol (11.50g,0.250mol) and anhydrous pyridine
(13.50g,0.170mol) at 0°C (ice bath) and was allowed to warm
temperature overnight with stirring. The mixture was filtered
under suction with a dry nitrogen atmosphere and the residue was
washed with dry ether (125ml). After concen;ration under reduced
pressure the filtrate was vacuum distilled to afford the product

(28) as a colourless oil. 17.04g,93%
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bpt.118-124°C/0.5mmHg (1it.%43108-116°C/0.5mmHg)
1§ NMR (CDC1,) 1.2(t,3H), 3.6-4.2(m,2H), 7.1-8.0(m,10H)

Diphenyl phenylthiomethyl phosphine oxide (29)4%4

I
PRSCH2Cl  *  ph,PQCH,CH3—— PhS_ __PPhy,
(26) (28) (29)

Ethoxydiphenyl phosphine (28) (25.00g,0.109mol) and chloromethyl
phenyl sulphide (26) (17.23g,0.139m0l) were refluxed together
under nitrogen for 6 hours at 150°C (oil bath) On cooling a pale
yellow solid separated, which was recrystallised from ethyl
acetate and petrol to give the product (29) as a white solid.
29.90g,85%

mpt.100-103°C (1it.44101-102°C)

IR (KBr) 3100,2995,1640,1600,1500,1460,1400,1200,1120,1100,1000,
820,800,740,700 :

14 NMR (CDC1,) 3.7(d,2H), 7.0-8.0(m,15H)

Diphenyl-1-phenylthioethyl phosphine oxide 0) 44

(29) (30)
Diphenyl phenylthiomethyl phosphine oxide (29) (15.00g,0.045mol)
in dry tetrahydrofuran (200m1) and N,N,N’',N'-
tetramethylethylenediamine (6.15g,0.060mol) was treated with n-
butyl lithium (33.0ml,1.6M,0.060mol) at -78°C. After stirring for
15 minuteé, methyl iodide (7.50g,0.060mol) was added, and the
solution was allowed to warm to room temperature over 30 minutes.

Aqueous ammonium chloride (2N,70ml) was added and the product was
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extracted with chloroform (3x250ml). The combined organic extracts
were washed with dilute hydrochloric acid and dried (MgSO,).
Filtration and concentration under reduced pressure afforded the
product (30) as a pale yellow solid. 14.87g,98%.

mpt.154-156°C (1it.44154-155°C)

IR (KBr) 3400,3050,3000-2900,1480,1430,1180,1120,1020,740-720,700-
680

1§ NMR(CDC1l,) 1.4-1.9(q,3H), 3.7-3.8(m,1H), 7.0-8.0(m, 15H)

Diphenyl-1-phenylsulphinylethyl ph i xi 1
0 0 0
[l 1 I
PhS._ _-PPh; PhS._ _PPh2
Y \(
(30) (31)

(a)?¢ sodium metaperiodate (0.63g,2.94mmol) in water (25ml) was
added dropwise to a solution of diphenyl-l-phenylthioethyl
phosphine oxide (30) (1.00g,2.96mmol) in methanol (25ml). The
mixture was stirred at room temperature for 6 hours, during which
a pale yellow precipitate was produced. The mixture was £filtered
and the residue was washed with methanol (25ml). The filtrate was
concentrated under reduced pressure and partitioned between
chloroform (50ml) and water(50ml). The aqueous layer was washed
with chloroform (2x50ml) and the combined organic extracts were
dried (MgSO,), filtered and concentrated under reduced pressure to
produce an orange solid. Chromatography (ethyl acetate) afforded a
deep yellow solid. 0.70g,67%

mpt.140-144°C (1it.%! reports the compound as & colourless oil)
1y NMR (CDC1l,) 1.0-1.8(m,3H), 3.2-4.0(m,1H), 7.0-8.0(m, 15H)

3¢ NMR (CDCl,) 58.6, 61.6, 124.3, 128.5, 129.2, 129.3, 130.6,
131.1, 131.5, 131.6, 132.4, 134.2, 134.5, 145.0
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(b)4* A solution of diphenyl-l-phenylthioethyl phosphine oxide
(30) (3.38g,0.010mo0l) in dry tetrahydrofuran (25ml) was cooled to
-78%C and to it was added a solution of metachloroperbenzoic acid
(2.16g9,0.010mol) in dichloromethane (25ml). The reaction mixture
was stirred for 1 hour at -78°C and thereafter allowed to warm to
room temperature. After washing with aqueous sodium hydrogen
carbonate, drying (MgSO,) and filtrafion under suction, subsequent
concentration under reduced pressure afforded a crude yellow
solid. Chromatography (ethyl acetate) gave the product as a
colourless oil. 2.05g,58%

Spectral data were identical to the product from (a).

Diphenyl-1-phenylthiovinyl phogphine oxi 24)41

—_—0O
=0

PPho ‘

PhS\Y(P

(31) (24)

Pho

Acetic anhydride (0.18g,1.76mmol) and methanesulphonic acid (4
drops) were added to a solution of diphenyl-l-phenylsulphinylethyl
phosphine oxide (31) (0.50g,1.55mmol) in dichloromethane (20ml).
The mixture was stirred at room temperature for 8 days and then
poured into saturated aqueous sodium carbonate (50ml). The aqueous
layer was washed with dichloromethane (2x50ml). The combined
organic extracts were dried (MgSO,), filtered and evaporated to
leave a deep orange solid. Chromatography (ethyl acetate) gave the
product (24) as a white, crystalline solid. 0.32g,61.4%
mpt.91-92°C

IR (KBr) 3080,3000,1720,1620,1590,1480,1440,1220,1190,1120,1100,

1030,1005,910,700, 670
g NMR (CDCl,) 5.3-6.2(m,2H), 7.0-8.0(m,15H)

13¢ NMR (CDC1,)128.2,128.8,129.6,132.4,134.1
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Literature?l reports the product as a colourless oil, with
identical spectral data, previous work at Sheffield City
Polytechnic?® agrees with the product obtained by the author of

this thesis, with identical spectral data.

R/S)-5,6,7,7a-tetrahydro-1-methyl-2-phenylthio-3H- rolizin-5-

one (32)26
CHs H,
0 \
Ny sPh
O (21 g G2

(a) Sodium hydride (0.48g,12.0mmol, 60% dispersion in mineral oil)
was placed in a 100ml 3-necked round-bottomed flask and washed
with petrol. Dry tetrahydrofuran (10ml) and acetonitrile (40ml)
were added, followed by (R/S)-5-acetyl pyrrolidin-2-one (21)
(1.51g,11.9mmol) . The reaction mixture was stirred at room
temperature for 15 minutes and then diphenyl-1l-phenylthiovinyl
phosphine oxide (24) (2.00g,6.00mmol) was added. The mixture was
stirred for a further 8 hours and then evaporated. Chromatography
(ethyl acetate : petrol, 1:1) afforded the product (32) as a
-colourless oil. 2.46g,84.4%

ir 3100,3000-2880,1690,1580,1480,1440,1380,1300,1280,1160,1030,
750,700,680

lH NMR (CDC1,) 1.8(s,3H), 2.0-3.0(m,4H), 3.3-3.8(m,1H), 4.0-
4.8(m,2H), 7.1(s,5H)

mass  spec. 246.0969 (MH*,C,H, [NOS requires 246.0953 amu),

245.0852 (M, C,H,NOS requires 245.0874 amu),230,219,189,99,93,84,
71,56 (base peak),55,40,39

(b) Sodium hydride (0.32g,7.95mmol) was added portionwise to a

solution of (R/S)-5-acetyl pyrrolidin-2-one (21) (1.00g,7.87mmol)
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in tetrahydrofuran : acetonitrile, (1:4) (50ml) with vigorous
stirring. After 15 minutes, l-phenylthiovinyi triphenyl
phosphonium iodide (22) (3.93g,7.50mmol) was added and the mixture
was stirred at room temperature for 6 hours. The mixture was then
evaporated, and subsequent flash chromatography (dry diethyl ether
: methanol, 95:5) afforded the product as a colourless oil.
1.31g,68% max yield (see table 1, page 37).

Spectral data were identical with the product from (a).

R/S) - 7.7a-tetrah -1-methyl rolizin-5-on 26
NN
0 N\
Ny —— N
9) (21) 0 (33)

This preparation involved the use of triphenyl vinyl phosphonium
bromide (23), and the procedure was similar to the preparation of
the bicycle (32) from 5-acetyl pyrrolidin-2-one (21), sodium
hydride and l-phenylthicwrinyl triphenyl phosphonium iodide (22).
The product bicycle (33) was obtained as a colourless oil. Yield
0.43g,40% max yield from identical amounts of (21) and sodium
hydride (see table 1, page 37).

IR 2930,2860,1710-1650,1460,1380,1150,1120-1100
1 NMR (CDC1,) 1.7(s,3H,-CH;), 2.0-3.0(m,4H), 3.2-3.9(m,1H), 4.0-
4.6(m,2H), 5.3(s,1H)
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R/S)-5,6,7,7a-tetrahydro-1-methyl-2-phenylsulphonyl-3H-
pyrrolizin-5-one (34)

CHs CHy o
I
N_—SPh o N \slPh
O (32) O (34) O

The sulphide (32) (0.75g,3.06mmol) was dissolved in methanol

(5.0m1) . To this solution was added a solution of oxone

(2KHSO;.KHSO,.K,S80,,6.14g,10.0mmol) in water (5.0ml). and the

mixture was stirred at room temperature for 4 hours. The methanol
was removed on the rotary evaporator, and the aqueous residue was

diluted with water (30ml) and washed with ethyl acetate (3x30ml).

The combined organic extracts were dried (MgSO,), filtered and

evaporated. Flash chromatography (dry diethyl ether) gave the

sulphone (34) as a white foam. 0.75g,88%

IR 3080,2940,2890,1700,1630,1590,1440,1380,1330,1310,1240,1150,
1120,1105,1000,850,760,740,700,680

1§ NMR (CDC1,) 1.8-2.8(m,7H, sharp singlet for -CH, at 2.1), 3.2-
3.9(m,2H), 4.3(m,1H), 7.0-8.0(m, 5H) .
mass spec. 278.0839 (MH',C, H,,NO,S requires 278.0853 amu),
277.0754 (X, C, H, NO,S requires 277.0772 amu),199,183,149,77,57,43,
41,40

-5,6,7,7a- rah -1-methyl-3H- rolizin-S5-on 3
CHs 0 CH3
|
N—SPh A\
N
g @ 0 4 (33)

The sulphone (34) (0.40g,1.44mmol) was dissolved in
dimethylformamide (15ml). To this solution was added a solution of

sodium hydrogen carbonate (0.73g,8.66mmol) and sodium dithionite
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{0.75g,4.33mmol) in water (15ml), and the mixture was refluxed for
4 hours, cooled, and partitioned between water (60ml) and ethyl
acetate (60ml). The agqueous phase was washed with ethyl acetate
(2x60ml). The combined organic extracts were dried (MgSO,).,
filtered and evaporated. Flash chromatography (dry diethyi ether :
methanol, 95:5) afforded the product as a colourless oil.
0.08g,44%

Spectral data were identical with the product obtained from the
intramolecular cyclisation reaction involving 5-acetyl pyrrolidin-

2-one (21), sodium hydride and triphenyl vinyl phosphonium bromide

(q.v.)
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(S) -Pyroglutamyl chloride (36)

\O 0
NH N
0 (35) 0 (3s)

(a) To a solution of (S)-pyroglutamic acid (1.00g,7.75mmol) in
dichloromethane (20ml) at 0°C was added N,N'-dimethylformamide
| {(0.1ml) and oxalyl chloride (15ml1,98mmol%) in one portion. The
reaction mixture was allowed to warm to room temperature and
stirred for a further 1.5 hours. The reaction was monitored by
infrared and then the mixture was concentrated under reduced
pressure to leave the product as a thick, black, tarry residue in
quantitative yield.

IR 3600(br.),3540(sharp),3050-2900,1770,1690,730,700

g NMR (CDC1,) 2.0-3.0(m,4H),3.5-3.8(m,1H),8.6-9.0(m, 1H)

(b) To a solution of (8S)-pyroglutamic acid (1.00g,7.75mmol) in
chloroform (20ml) was added thionyl chloride (0.93g,7.85mmol). The
mixture was refluxed for 6 hours, cooled and evaporated to leave a
black tar in quantitative yield.

Spectral details were identical with those for the product from

(a).
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Attempted preparation of (S)-5-diazoacetyl pyrrolidin-2-one (37)

ol _=Np
NH X NH
O (36) 0 (37)

(Refer to the apparatus and general method outlined at the
beginning of this section).

The 1l-litre round-bottomed flask was charged with a solution of
diazald (5.00g,0.023mol) in dry ether (50ml). The receiver flask
was charged with a solution of (S)-pyroglutamyl chloride (36)
(0.85g,5.75mmol) in dry tetrahydrofuran (20ml). The dropping
funnel was charged with a solution of potassium hydroxide
(1.29g9,0.023mo0l) in ethylene glycol monoethyl monomethyl diether :
water, (96:4), and this was added to the diazald solution in one
portion. Distillation of the yellow solution of diazomethane
solution was effected using a hair dryer, and was continued until
no further yellow colour was observed in the distillate. The
reaction mixture was left to stand overnight and then concentrated
under reduced pressure to leave a yellow tar. Many fractions which
reacted with 2,4-dinitrophenyl hydrazine spray were observed on
tlc. Isolation via chromatography (ethyl acetate) and subsequent
infrared analysis showed most of these fractions to exhibit the
characteristic sharp peak for the diazo stretch at 2100cm™®, but
none of these fractions produced the characteristic pyrrolidone

signals on proton NMR.
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Attempted preparation of (S) - oglutami cetic anhydride (42

OCH4
. .
0 0
Ny >< H
0 - (35) 0 (42)

(S) -pyroglutamic acid (3.00g,0.023mo0l) was suspended in ethyl
acetate (50ml). On addition of triethylamine (3.20ml) most
appeared to dissolve. The mixture was then cooled to -5°C
(ice/salt bath) and ethyl chloroformate (2.20ml,2.98g,0.027mol)
was added dropwise with vigorous stirring and a white precipitate
of triethylammonium chloride was formed immediately. After warming
to room temperature over 1 hour, the mixture was filtered and

evaporated, but only the starting acid was isolated. 1.70g,56.7%
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(S) -N-Benzyl glutamic acid (44)5%

CO4H 1\(:0 H—,*'C%H H TOoH
NH, €02

(19) (44) ~Ph
(S) -Glutamic acid (46.14g,0.310mol) was dissole\\\in aqueous
sodium hydroxide solution (2N,300ml) to give a colourless
solution. Benzaldehyde (104g,0.980mol), freshly distilled
(bpt.178-181°C), was added at room temperature over a 10 minute
period to produce a heterogeneous mixture, and stirring was
continued overnight, whereupon most of the benzaldehyde had
apparently been taken up. The pH was adjusted to 9.2 with sodium
hydroxide pellets and the mixture was cooled in an ice bath.
Sodium borohydride (13.05g,0.344mol) was added slowly, keeping the
internal temperature below 20°C. The mixture was then stirred at
room temperature for 1.5 hours, filtered with suction to remove
the excess sodium borohydride and then washed with dichloromethane
(250m1) and diethyl ether (250ml) to remove any unreacted
benzaldehyde and benzyl alcohol produced via disproportionation of
the benzaldehyde. The pH of the aqueous phase was then adjusted to
4.3 (meter). The induced white precipitate was filtered off and
the pH of the filtrate was adjusted to 3.0 (meter) and this was
left to stand overnight. This induced precipitate was also
filtered off. The precipitates were each washed with acetone
(50ml) and combined to give the product as a white solid.
60.25g, 82%
mpt.160-162°C (1it.5%162-163°C)
IR (KBr) 3490(broad),1700,1630,1270,1190,1200,760,700,620

lH NMR (DDMSO) 2.0-3.0 (m,5H), 7.6 (s,5H). Large water peak at
3.4-5.7 probably masking benzyl -CH,- protons.
13¢c NMR (DDMSO) 22.6,29.2,44.8,58.7,127.6,127.9,128.7,129.4,133.0,
175.1
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mass spec. 219,174,91,65,39

-N-benzyl oglutamic acid (45)54
OoH
COH ¥ ToH — P
N\\\///PVI
(44) ~Ph O (s

(S) -N-benzyl glutamic acid (50.00g,0.211lmol) was added to
distilled water (500ml) and the mixture was refluxed for 17 hours.
The solution was then cooled, whereupon a white precipitate was
formed. The mixture was washed with chloroform (3x200ml) and the
combined organic extracts were dried (MgSO,),filtered and
evaporated to leave the product as a white solid. 35.12g,76%
mpt.61-64°C (1it.5%62-63°C)

IR (KBr) 3450 (broad), 3100-2940, 1740-1640 (messy and strong),
1500,1470-1420,1360,1230~-1180,710

H NMR (CDC1,) 2.0-2.8(m,4H), 3.6-4.0(m,2H), 5.1(d4,2H), 7.3(s,5H),
10.5(s,1H)

3¢ NMrR (CDC1,) 22.9,29.7,45.9,58.9,128.0,128.6,128.9,135.3,173.7,
176.9

mass spec. 219.0904 (M, C,,H,,NO, requires 219.0895 amu),
174,91,65,58,42

In the majority of preparations of the preceding (S)-N-benzyl
glutamic acid the principal by-product benzoic acid, produced as a
result of disproportionation of benzaldehyde, could not be
completely removed and was thus carried through the cyclisation
stage. It was therefore customary to purify the (S)N-benzyl
pyroglutamic acid via flash chromatography (ethyl acetate). This
allowed confirmation of the identity of the annoying by-product:
IR(KBr)3100-2500(broad), 1680,1600,1580,1450,1420,1330,12590,1180,
1130,1070,1030,1000,940,810,740,710,690,670

Column chromatography often failed to remove all the benzoic acid.
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-N-benzyl 1lu 1 chloride (46

OH Cl
0 0
N h N Ph
~_-PF ~_
0O @45 O (46)

To a solution of (S)-N-benzyl pyroglutamic acid (5.00g,0.023mol)
in tetrahydrofuran (40ml) was added oxalyl chloride
(6.679,0.530mol) dropwise with cooling (ice bath) and wvigorous
stirring. After effervescence had ceased, the mixture was allowed
to warm to room temperature over 4 hours and monitored by
infrared. Concentration under reduced pressure afforded the acid
chloride as a dark brown tar in quantitative yield.

IR 3100-2990,1770,1450,1410,1260,1230,1200,1170,1140,1020,970,900,
870,790,730,700,690,670,650

lH NMR (CDC1l,) 1.8-2.8(m,4H), 4.0(m,2H), 5.15(d,1H,J=7Hz),
7.0(s,5H)
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-5-diazoacetyl-N-benzyl rolidin-2-on 47

N
Cl 72
0 0
0 (46) o) (47)

(Refer to the apparatus and general method outlined at the
beginning of this section).

The 1l-litre round-bottomed flask was charged with a solution of
diazald (5.42g,0.025mol) in dry ether (100ml). The receiver flask
was charged with a solution of (S)-N-benzyl pyroglutamyl chloride
(2.00g,8.44mmol) in dry tetrahydrofuran (100ml). The dropping
funnel was charged with a solution of potassium hydroxide
(1.42g,0.025mol) in ethylene glycol monoethyl monomethyl diether :
water, (96:4), and this was added to the diazald solution in one
portion. ©Distillation of the yellow ethereal solution of
diazomethane was effected using a hair dryer and was continued
until no further yellow colour was observed in the distillate. The
reaction mixture was left to stand overnight and was then dried
(MgSO,), filtered and evaporated to leave a bright yellow oil.
Flash chromatography (ethyl acetate) and subsequent work-up
provided the product as a bright yellow oil. 3.91g,64.4%
IR3100-3040,3000-2900,2110,1690,1640,1500,1450,1410,1360,1320,
1280,1230, 1200,1145,1030,960,900,820,740,705,660

4 NMR (CDC1l,) 1.8-2.6(m,4H), 3.7-4.0(m,2H), 5.1(4,1H,J=7Hz),
5.4(s,1H), 7.25(s,5H)

3¢ MR (CcDC1,) 23.3,29.5,45.6,53.7,127.8,128.4,128.7,135.7,175.3,
175.5,193.0

mass spec. 215(M-N,),174,91(base peak), 65,39
Preparation of the diazoketone (47) was similarly effected from

the symmetrical anhydride (49) in 58% yield and also from the

mixed anhydride (50) in 48% yield; some (S)-N-benzyl pyroglutamic
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acid was recovered in each case, produced as a vresult of

hydrolysis of the starting acid chloride derivative.
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-N-benzyl oglu ic anhydride (4

OH

0 ——-»O N 0 N 0

N PP ) 0O O \\ .

0 4% Ph (49) P

To a solution of dicyclohexylcarbodiimide (1.03g,5.02mmol) in dry
diethyl ether (20ml) at 0°C was added a solution of (S)-N-benzyl
pyroglutamic acid (2.00g,9.13mmol) in dry tetrahydrofuran (30ml).
The reaction mixture was allowed to warm to rocom temperature and
then filtered, concentrated under reduced pressure, filtered again
and evaporated to leave the product as a white wax. 1.73g,90%

IR 3100-3000,2995-2800,1820,1745,1720,1460,1420,1370,1280,1250,

1190,1120,1080,900,730,700,660
1H NMR (cpCci,) 1.8-2.7(m,8H), 3.8-4.2(m,4H), 5.0(m,2H), 7.2(s,10H)

OH
————
N _-Ph ) 0 O
Q (45 Ph-” (50)

To a solution of (8)-N-benzyl pyroglutamic acid (1.00g,4.57mmol)
in dry tetrahydrofuran (30ml) at -5°C (ice/salt bath) was added
triethylamine (0.92g,9.14mmol) followed by methyl chloroformate
(0.86g9,9.14mmol) dropwise with vigorous stirring. The mixture was
allowed to warm to room temperature over 2 hours and then
evaporated to leave the product as a white wax. 1.08g,86%

IR 3100-3000,2950,1780,1750,1700,1610,1450,1420,1360,1290-1200,
1180,1070,1040,990,760,700

1H NMR (CDC1,) 1.8-2.6(m,4H), 3.6(s8,3H), 4.0(m,2H), 4.8(d,1H),
7.2(s,5H)
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-5-acetoxyacetyl -N-benzyl rolidin-2-on 48 C

-’
8] O
—
N_-Ph N _-Ph
§ 0 8

(S) -N-benzyl-5-diazoacetyl pyrrolidin-2-one (2.36g,9.71lmmol) was
added to glacial acetic acid (40ml) and the mixture was heated
under reflux for 1 hour. The acetic acid was then removed on the
rotary evaporator and the residue was columned wusing £lash
chromatography (ethyl acetate) to afford the product as a viscous,

colourless oil. 1.83g,68.5%

IR 3100-2850,1735,1685,1640,1410,1360,1230,1040,740,700,670

14 NMR (CDC1,) 1.9-2.7(m,7H,sharp singlet for -CH, at 2.1), 3.6-
4.2(m,2H), 4.4(s,2H), 5.0(4,1H), 7.2(s,5H)

3¢ NMR (cpCl,) 21.9,29.4,45.7,61.6,63.8,66.0,128.0,128.7,130.0,

135.5,135.8,174.0,175.3,201.8
mass spec. 274.9985(M,C,.H,,NO, requires 274.9971 amu),174,91(base

peak)
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Attempted pr ration of (S)-5-acet acetyl rolidin-2-one

I M
OCCH, OCCHj
0 ¢, 0
4 (4[;};\/Ph NH(a9)
@)

(S) -5-acetoxyacetyl-N-benzyl pyrrolidin-2-one (1.00g,3.64mmol) was
dissolved in dry tetrahydrofuran (30ml). Palladium black on
activated charcoal (5%,0.25g) was added and the mixture was
maintained under a hydrogen étmosphere at room temperature with
stirring. Thin layer chromatography (ethyl acetate) failed to show
any reaction, even after stirring was continued overnight. The
catalyst was filtered off and the solvent was removed on the
rotary evaporator to leave the original ketone (0.90g,90%).

Subsequent modifications involving the wuse of methanol as the

solvent still failed to produce any reaction.
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-N-carbobenzylo lutamic aci 51

f—1 m\cow

NH, g~ 0
(19) (51) ‘\Ph

(S) ~glutamic acid (11.76g,0.080mol) was dissolved in aqueous

sodium hydroxide solution (2N,120ml,3mol.equiv.) and cooled to
0°%c. Benzyl chloroformate (14.009,9.22m1,0.082h01) was added
dropwise with wvigorous stirring. After stirring overnight, the
mixture was washed with ether (3x50ml) and the organic extracts
were discarded. The pH of the aqueous layer was then adjusted to 3
(universal indicator paper) using conc. hydrochloric acid and the
aqueous solution was washed with dichloromethane (3x50ml), during
which approximately half of the product formed a thick, yellow oil
at the solvent interface. The combined organic extracts were dried

(MgsO,) and filtered quickly and then concentrated under reduced

pressure to give the product as a white solid. 17.42g,73.8%

mpt.114-115°C

IR (KBr) 3400 (broad),3310,3050,3000-2900,1690,1640,1540,1440,1400,
1320,1290,1260,1245,1210,1180,1160,1070,1040,1010,990,930,795, 775,
740,720,690

1y NMR (DDMSO) 1.7-2.7(m,5H), 5.0(s,2H), 7.3(s,5H), 7.2-7.6(m, 6H)
13¢ NMR (DDMSO) 26.4,30.3,53.3,65.6,127.7,127.9,137.1,156.2,173.6,
173.8

The racemic compound was also isoclated as a white solid with

identical IR and H NMR spectra.
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S) -N-carbobenzyl lutami nhydri 52

COH \j4 ~COzH

0~ O
(51) ‘\Ph g (s2)

(S) -N-carbobenzyloxy glutamic acid (8.80g,0.031mol) was dissolved
in dry tetrahydrofuran (50ml) and to it was added a solution of
dicyclohexylcarbodiimide (7.21g,0.035mo0l) in dry tetrahydrofuran
(50ml) . The reaction mixture was stirred overnight. The resultant
white precipitate of dicyclohexylurea was filtered off and washed
with tetrahydrofuran. The filtrate and washings were concentrated
under reduced pressure and to the residue was added dry
tetrahydrofuran (50ml). The mixture was again filtered in order to
remove any more dicyclohexylurea and again concentrated under
reduced pressure to give the anhydride as a thick, off-white
grease. Full purification was not possible, and the anhydride was
used crude for the next step. Yield (based on H NMR), 7.23g,89%
IR {thin £ilm) 3340,2930,2860,1780,1770,1700,1500,1450,1380,
1300,1220,1040,890,700,665

1H NMR (CDC1l,) 1.7-2.5(m,4H), 3.8(m,1H), 5.0(s,2H), 7.2(s,5H),
7.4 (m, 1H)

S8) -N-carbobenzyl lutamic acid
oH
NH\n/o\/Ph
0
=00 >\ _N_ _0~_-Ph
0 NI
0 (52) O (53) 0

(S) -N-carbobenzyloxy glutamic anhydride (7.23g,0.028mo0l) was

dissolved in dry tetrahydrofuran (20ml). Dicyclohexylamine (5.5ml)
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was added and the mixture was stirred overnight at room
temperature to produce a white sugpension éf the
dicyclohexylammonium salt of the required acid. The sgolid was
filtered off, wéshed with dry tetrahydrofuran and dissolved in
water (30ml). After acidification with conc. hydrochloric acid the
aqueous solution was washed with dichloromethane (3x50ml). The
combined organic extracts were dried (MgSO,), filtered and
concentrated under reduced pressure to give the pioduct as a white

golid. 6.03g,83%

mpt.133-135°% (1it.199 134-135°C)

IR (KBr) 3100-3000,2940,1780,1740,1720,1300,1260,1180,1050,910,
730, 700

1H NMR (CDC1;) 2.0-2.6(m,4H), 4.6(m,1H), 5.2(s,2H), 7.2(s,5H)

130 NMR (cpcl,)

21.8,31.0,58.6,68.2,127.9,128.5,131.8,135.1,173.2,173.4, 173.5
mass spec. 263.0800(M,C,;H;,NO; requires 263.0794 amu), 224,143,

130,107,91,84,70,56 (base peak),55,43,41,39
The corresponding racemic compound wag isolated as a yellow tar
and took several days to crystallise, even with refrigeration. The

melting point was very close to room temperature.

-N-car nzyl 1 1 chlori 4
OH Cl
; Ph §;’Ao
! (!;lsm/O\/ ) (sringovph

(S) -N-carbobenzyloxy pyroglutamic acid (6.00g,0.023mo01) was
dissolved in dry tetrahydrofuran (50ml) and cooled to 0°C (ice

bath). Oxalyl chloride (6.43g,0.101mol) was added slowly with
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vigorous stirring. The mixture was stirred at room temperature for
3 hours and then evaporated to leave a brown tar. 6.00g,93%

IR 3020,2920-2800,1790,1770,1720,1380,1300,1180,1030,960,920,750,
730,690

H NMR (CDC1,) 2.0-2.6(m,4H), 4.6(m,1H), 5.2(s,2H), 7.2(s,5H)

-N-carbobenzyloxy-5-diazoacetyl olidin-2-one (55

N2

Cl =
0 O
—_—

N__-0~_-Ph N O~-Ph
O (54nor O ‘(55)\{0(

(Refer to the apparatus and general method outlined at the
beginning of this section).

The 1l-litre round-bottomed flask was charged with a solution of
diazald (38.11g,0.178mol) in dry diethyl ether (300ml). The
recelver flask was charged with a solution of (S)-N-carbobenzyloxy
pyroglutamyl chloride (10.00g,0.036mol) in dry tetrahydrofuran
(100ml) . The dropping funnel was charged with a solution of
potassium hydroxide (10.24g,0.183mol) in ethylene glycol monoethyl
monomethyl diether : water, (96:4), (100ml), and this was added to
the diazald solution in one portion. Distillation of the yellow
ethereal solution of diazomethane was effected using a hair dryer,
and was maintained until no further yellow colour was observed in
the distillate. The reaction mixture was left to stand overnight
and then concentrated under reduced pressure to leave the product

as a bright yellow solid. 8.68g,84%
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mpt.121-123°C
IR (KBr) 3010,2930,2100,1780,1720,1630,1380,1300,1210,1030,500,
750,730,690,660

1H NMR (CDC1l,) 1.8-2.6(m,4H), 3.6(m,1H), 5.1(s,3H), 7.4(s,5H)
mass spec. 278,197,115,107,91(base peak),83,82,81,55,41

The racemic compound remained as a bright yellow tar; spectral

data were identical to the chiral compound.

-5-ace cetyl -N-carbobenzylo rolidin-2-on 6
/N2 OC'CH3
0 0
(st)\\(O\/Ph_—. ( s'\i?{(ovph
0 0 0

(S)-N-carbobenzyloxy-5-diazoacety1pyrrolidin-Z-J%e(6.469,0.023mol)
was added to acetic acid (65ml) and the mixture was heated under
reflux for 1 hour. The excess acetic acid was removed on the
rotary  evaporator to leave an off-white solid. Flash
chromatography (ethyl acetate : methanol, (95:5) ) afforded the

product as a white solid. 5.60g,78%

mpt.64-66°C
IR (KBr) 3100,2940,1730,1680,1450,1410,1360,1260,1220,1050,1040,
700,660

1H NMR (CDC1l,) 2.3-2.7(m,7H,singlet due to -CH, at 2.1), 3.9-
4.3(m, 1H), 4.6(s,2H,acetyl -CH,-), 5.1(s, 2H,benzyl -CH,-),
7.1(s,5H)

mass spec. 319,295,218,174 (base peak),107,91(base peak), 84,65,43
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The racemic compound remained as a white tar. Infrared, proton NMR

and mass spectral data were identical to the chiral compound.

O O
§f\(LO\/Ph Q\‘/HL
(56) (39)

(S)-S-acetoxyacetyl-N-carbobenzyloxypyrrolidin-2-one (3.00g,9.40
mmol) was dissolved in dry tetrahydrofuran (40ml). Palladium black
catalyst on activated charcoal (0.50g) was added and the mixture
was maintained under a hydrogen atmosphere for 6 hours at room
temperature with stirring. The catalyst was then filtered off and

the filtrate was evaporated to leave a white solid. 1.51g,87%

The melting point was very close to room temperature.
IR (KBr) 3400-3300,2940,1740,1700,1420,1380,1240,1050,910,730

14 NMR (CDCl,) 2.1(s,3H,-CH,), 2.2-2.5(m,4H), 4.1-4.4(m,1H),
4.7(s,2H, acetyl-CH,-), 7.1-7.3(m,6H,singlet at 7.1)

mass spec. 186.0089 (MH*, CzH, ,NO, requires 186.0114
amu), 185.0122 (M, CgH,,NO, requires 185.0138 amu), 154, 84 (base
peak), 41

The racemic compound remained as a pale yellow tar. Spectral data

were identical with the chiral compound.
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-5,6,7,7a-tetrahydro-1-acetoxymethyl-3H-pyrrolizin-5-one (57)

0 0
OCCHjy !

Il
OCCH;3
NH (39 3 (57)
0

Into a 100ml round-bottomed flask was placed (S)-5-acetoxyacetyl

pyrrolidin-2-one (0.23g,1.24mmol), tetrahydrofuran (10ml),
acetonitrile (40ml) and sodium hydride (0.04g,1.50mmol). After
stirring for 20 minutes, during which hydrogen was given off,
vinyl triphenyl phosphonium bromide (0.55g,1.50mmol) was added,
and stirring was continued overnight. After removal of the
solvents on the rotary evaporator, £flash chromatography (ethyl
acetate) gave the product as a pale yellow solid. 0.1l4g,58.3%
mpt.89-91°C

IR 3000-2880,1740,1700,1650,1440,1380,1280,1240,1200,1120,1050,
1030,965,840,725,700,655

1H NMR (CDCL,) 1.6-2.9(m,8H,sharp singlet for -CH, at 2.05), 3.35-
4.9 (m,4H, sharp singlet for -CH,-0- at 4.6), 5.7(m,1H)

mass spec. 195.0906(M, C,,H,,NO; requires 195.0895 amu), 135(base
peak), 134,122,106,93,80,79,68,55,53,52,43,39

The racemic compound was also isolated as a pale yellow solid,

mpt.85-879C, with identical spectral data.
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(S)-5,6,7,7a-tetrahydro-l-acetoxymethyl-2-phenylthio-3H-
pyrrolizin-5-one (58) ()

ol i
s ~ ~0CCH;
0 . N)—sPh
NH N
(39) (58)
9 0

Sodium hydride (0.04g,1.82mmol) was placed in a 3-necked, round-
bottomed flask. Dry tetrahydrofuran (10ml), acetonitrile (40ml)
and (S)-5-acetoxyacetyl pyrrolidin-2-one (0.28g,1.51mmol) were
added. Hydrogen was visibly produced, and after stirring for 0.5
hours, 1-phenylthiovinyl triphenyl phosphonium iodide
(0.95g,1.82mmol) was added. Stirring was continued for a further 8
hours, during which a strong brown colour was produced. After
removal of the solvents on the rotary evaporator, the crude
mixture was flash chromatographed (ethyl acetate) to afford the
product as a brown oil. 0.24g,62.3%

IR 3080,3000-2900,2880,1740,1700,1585,1480,1460,1440,1380,1300,
1280,1230,1030,970,750,730,700

1§ NMR (CDC1l,) 1.9-2.7(m,8H,sharp singlet for -CH, at 2.0), 3.2-
4.5(m.2_H), 5.75(s,2H, -CH,-0-), 7.1(S,5H)

mass spec. 303.0920(xM, C, (H,,NO,S requires 303.0929 amu) ,

277,245,244,230,210,188,186,149,134,121,109,106,91,77,71,55 (base
peak), 43,39
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S) - 7.7a-tetrah -1-hydro. hyl-2-phenylthio-3H-
pyrrolizin-5-one (59) i
I

OCCHj OH

N—sPh—s N—5Ph
N
(58) (59)

G 0
A solution of the ester (58) (0.30g,1.15mmol) in methanol (5ml)
was added to aqueous sodium hydroxide solution (2N,20ml) and the
mixture was stirred for 4.5 hours. After removal of the methanol
on the —rotary evaporator, the mixture was washed with
dichloromethane (3x20ml). The combined organic extracts were dried

(MgSO,),filtered and evaporated. Flash chromatography (ethyl

acetate) gave the product as a colourless oil. 0.20g,77%

IR 3400(broad),3100,2960-2900,1680,1630,1440,1390,1300,1210,1150,
1100-1010,680,660

H NMR (CDC1l;) 1.9-3.0(m,5H), 3.5-4.9(m,4H,singlet for -CH,-0- at
4.4), 7.0(s,5H), 7.2(s,1H,0-H)

' - - -1- hydroxymethyl
0
F
OH og—:é3—<: :>
N\ OCHsj
SPh____ N\__SPh
0 (59 . (60)

0

The alcohol (59) (0.10g,0.35mmol) was dissolved in dry
dichloromethane (10ml) in a 50ml round-bottomed £flask. To this
solution was added 4-dimethylamino pyridine (10mg) ,

dicyclohexylcarbodiimide (0.0825g,0.4mmol) and (R)-Mosher's acid
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(0.0875g,0.38mmol) was added and the mixture was stirred for 8
hours, whereupon a white precipitate was produced. This was
filtered off and the filtrate was concentrated under reduced
pressure. The mixture was flash chromatographed (ethyl acetate :
40/60 petrol, 1:1) to give the product as a colourless oil.

0.14g,77%

14 MR (CDC1,) 1.7-1.9(m), 2.1-2.3(m), 2.5-2.7(m), 3.5(s),
4.2-4.3(m), 4.6(m), 5.1(s), 7.3-7.4(m)

13c NMR (CDC1,) 28.6,33.1,52.4,59.8,60.4,65.8,68.7,84.65,
127.4,128.6,128.8,129.6,129.8,130.4,132.1,
132.7,134.5,136.0,171.0,177.3
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(S)-5,6,7,7a-tetrahydro-1-hydroxymethyl-2-phenylsulphonyl-3H-
pyrrolizin-5-one (61)

OH OHO

N\ I
SPh——» \ AN SPh

‘ I

g 8 g v 0

The sulphide (58) (0.08g,0.26mmol) was dissolved in methanol
(15ml). To this solution was added a solution of oxone
(2KHSO; .KHSO,.K,S04,0.62g,1.35mmol), and the mixture was stirred
for 3 hours at room temperature. The methanol was removed on the
rotary evaporator,k and the aqueous residue was diluted with water
(30ml) and washed with ethyl acetate (3x25ml). The combined
organic extracts were dried (MgSO,), filtered and evaporated.
Flash chromatography (ethyl acetate :methanol, 95:5) afforded the
product as a colourless tar. 0.04g,52.5%

IR 3400(very broad),3000-2890,1680,1630,1450,1400,1310,1230,1150,
1105,1085,1020,1000,755,730,695

H NMR (CDCl,) 1.5-2.8(m,4H), 3.3-5.0(m,4H), 7.15-7.75(m,5H,2:3
split)

S)-5,6,7,7a-tetrahydro-1-hydro ethyl -3H- rolizin-5-one 2

OHR QH
{ N SPh—— N
& e 0 J (62)

The sulphone (61) (0.06g,0.18mmol) wasg dissolved in
dimethylformamide (15ml). To this solution was added a solution of
sodium hydrogen carbonate (0.1l1lg,1l.3mmol) and sodium dithionite

(0.11g,0.7mmol) in water (15ml) and the mixture was refluxed for
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4.5 hours, cooled and partitioned between dilute hydrochloric acid
(2N,30ml) and dichloromethane (10ml). The aqueous layer was washed

with dichloromethane (2x10ml). The combined organic extracts were

dried (MgsSO,), £filtered and evaporated. Flash chromatography

(ethyl acetate : methanol, 97:3) gave the product as a colourless

oil. 0.01g,20%

IR 3400(broad),3000-2870,1715,1660,1455,1370,1290,1150-1080
»1020,950,865

i NMR (CDCl,) 1.3-2.7(m,5H), 3.0(s,2H,-CH,-0-), 3.2-4.4(m,2H),
4.9(s,1H), 7.1(s,1H)

mass spec. 153.0879(M,CzH,,NO, requires 153.0790 amu), 151,143,
136,124,117,113,101,97,91,83,70,65,57,51(base peak),50,40,36

l-aceto ethyl-2-phenylthio rolizidin-5-on [

i i
OCCHj OCCH3
N — SPh
\ SPh N
O (62) O (63)

The sulphide (62) (0.06g,0.20mmol) was dissolved in dry
tetrahydrofuran (25ml). Chloro tris(triphenylphosphine) rhodium
(I) (Wilkinson's catalyst) (0.23g,0.25mmol) was added, and the
mixture was maintained under a hydrogen atmosphere with stirring
for 3.5 hours at room temperature. The tetrahydrofuran was then
removed on the rotary evaporator and the residual mixture was
flash chromatographed (ethyl acetate) to afford the product as a

colourless oil. 0.04g,66.2%
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IR 3060,3000-2880,1745,1705,1585,1480,1440,1380,1300,1280, 1235,
1190,1120,1030,970,925,755,730,700

4 NMR (CDCl,) 1.85-2.6(m,10H,sharp singlets for the isomeric

methyl groups at 2.0 and 2.2), 3.4-4.3(m,2H), 4.8(s,2H), 7.25(5H,2
singlets for the isomeric SPh groups)

mass spec. 305.1099(M,C,.H;,NO,S requires 305.1086 amu), 303,244,

230,210,201,188,186,181,152,134,121,106,91,80,77,65,53,43 (base
peak), 39
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Methoxyacetic acid (67)

C1CH,COOH = CH,0CH,COOH

(66) (67)
A l-litre round-bottomed flask was charged with methanol (420ml)
and fitted with two 3ft. water reflux condensers in series.
Metallic sodium (23.00g,1.000mol) was added fast enough to keep
the solution refluxing gently. When all the sodium had been used
up, a solution of chloroacetic acid (47.30g,0.500mol) in methanol
(60ml) was added dropwise to keep the solution boiling. After all
the acid was added, the mixture was heated under reflux for 0.5
hours. It was then cooled and acidified with conc. hydrochloric
acid. Sodium chloride was thus precipitated, subsequently filtered
off and washed on the filter with diethyl ether (2x50ml).
Concentration of the filtrate under reduced pressure precipitated
more sodium chloride, which was likewise filtered and washed with
diethyl ether. The filtrate was again concentrated under reduced
pressure and then distilled. However, despite several
distillations using various columns of the process, the product
could not be separated from unreacted chloroacetic acid.

Commercially-available methoxyacetic acid was thus used hereon.

Meth ac 1l chlori

CH,OCH,COOH ——— CH,0CH,COC1

(67)
(a) To a solution of methoxyacetic acid (5.00g,0.056mol) in

chloroform (50ml) at 0°C was added dimethylformamide (0.7ml) and
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oxalyl chloride (15.22g,0.112mol) in one portion. The reaction
mixture was allowed to warm to room temperature and stirred for a
further 1.5 hours; the reaction was monitored by infrared. The
mixture was then concentrated under reduced pressure to leave a

pale yellow liquid. 5.23g,86%

IR 3000-2800,1800,1450,1400,1330,1200,1130,1050,1000,940,910,750
H NMR (CDC1,) 3.4(s,3H), 4.3(s,2H)

(b) To a solution of methoxyacetic acid (5.00g,0.056mol) in
chloroform (70ml) was added thionyl chloride (7.93g,0.066mol). The
mixture was refluxed for 2 hours and monitored by infrared. It was
then cooled, and distillation at atmospheric pressure produced the

acid chloride, bpt.203-206°C. 3.78g,62%

(Spectral data were identical with the product from (a)).

Methoxyacetic anhydride (68)

CH,0CH,COOH ———(CH,0CH,CO) ,0
(67) (68)
(a) To a solution of dicyclohexylcarbodiimide (5.77g,0.028mol) in
dry diethyl ether (50ml) at 0°C was added a solution of
methoxyacetic acid (5.00g,0.056mol) in dichloromethane (40ml)
dropwise at such a rate that the temperature did not exceed 5°C.
Dicyclohexylurea was precipitated as a white solid. The mixture

was allowed to warm to room temperature and the reaction was

151



monitored by infrared. When all acid was wused wup, the
dicyclohexylurea was filtered off and the filtrate was evaporated.
Dry diethyl ether (40ml) was added and the mixture was again
filtered and evaporated to leave a colourless oil. Vacuum
distillation afforded the product as a colourless 1liquid.

2.32g,52%

bpt.124-128°C/20mmHg
IR 3000-2800,1830,1760,1700,1650,1510,1440,1410,1200,1120,1050,930
1H NMR (CDCl,) 3.4(s,3H), 4.2(s,2H)

(b) %% Methoxyacetic acid (5.00g,0.056mol) and freshly distilled
acetic anhydride (5.00g,0.038mo0l,bpt.138-140°C) were heated
together under gentle reflux for 18 hours. The mixture was then
distilled to give the c¢rude product as a colourless liquid.
Modifications of the vacuum distillation apparatus, including the
use of a 6ft. spinning-band column all failed to purify the

product. Yield (based on H NMR) 5.75g,63%

(Spectral data were consistent with the product from (a)).

(c) To methoxyacetic acid (4.14g,0.046mol) in dry tetrahydrofuran
(30ml) was added sodium hydride (1.84g,0.046mol) portionwise with
vigorous stirring. The mixture was then stirred for a further 20
minutes at room temperature and a solution of methoxyacetyl
chloride (5.00g,0.046mol) in dry tetrahydrofuran (20ml) was then
added dropwise. After stirring at room temperature for 4 hours

with monitoring by infrared, the white precipitate of sodium
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chloride was filtered off and the filtrate was concentrated under
. reduced pressure to leave a colourless liquid which was wvacuum
distilled to afford the product as a colourless liquid which was
contaminated with unreacted methoxyacetic acid. yield (based on 1H

NMR) 3.64g,73%

A ted preparation of meth cetic anhydri 64
p— O‘
CH3OCH2C<
CH30CH2CO0H — & /O '%(CH3OCH2CO)20
CH3CH2C\
(67) i \O (68)

Methoxyacetic acid (67) (5.009,0.d;6m01) wags added to dry
triethylamine (5.66g,0.056mol) and the resultant solution was
cooled over an ice/salt bath. Ethyl chloroformate
(6.08g,0.056mol), freshly distilled (bpt.93-96°C), was added
dropwise with vigorous stirring, producing a violent reaction and
a white suspension. The mixture was allowed to warm to room
temperature over 2 hours and then again cooled and addition of
identical quantities of methoxyacetic acid and triethylamine
respectively was carried out. The mixture was left to stir at room
temperature overnight, dissolved in chloroform (50ml), washed with
water (2x50ml), dried (MgSO,), filtered and evaporated to leave a
white tar. Dry diethyl ether (50ml) was added to create a white
suspension. The solid was filtered off, and concentration of the
filtrate under reduced pressure followed by vacuum distillation
afforded the mixed anhydride as a colourless liquid. 13.65g, 84%

IR 3000-2800,1830,1740,1450-1360,1260,1200,1120,1030,980,930,850,

750, 660
1H NMR (CDC1l,) 1.2(t,3H), 3.4(s,3H), 3.9-4.4(m,4H)
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No methoxyacetic acid was isolated.

R/S)-1,5-dimethoxyacetyl rolidin-2-one (69

CO2H / COH °
NH,~~2 N
(19) 0 (69)\{%/\OCH3

Glutamic acid (2.60g9,0.018mo0l1), methoxyacetic anhydride

OCH3

(8.55g,0.053m0l), triethylamine (9ml) and 4-dimethylamino pyridine
(18mg) were stirred at 60°C for 5 hours. Many fractions were
obgerved on tlc and vacuum distillation failed to isolate the
product. The residue £from the distillation was dissolved in
dichloromethane (50ml), the ®“carbon® was filtered off and the
filtrate was concentrated under reduced pressure. Chromatography
(ethyl acetate : petrol, 85:15) gave the product as a bright
yellow oil, which very slowly crystaliised to a bright yellow

solid. 0.08g,2%
lH NMR (CDCl,) 1.9-2.8(m,4H), 3.5(d,6H), 4.2(s,2H), 4.6(s,2H),

5.1(m, 1H)

The sample proved to be somewhat unstable, and after 2 days at
room temperature it had completely decomposed. Attempts to repeat

this procedure all resulted in failure.
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Benzylo ethyl ma i chloride (73
PhCH,0CH,Cl ————p PhCH,0CH,MgC1
(72) (73)

Magnesium turnings (0.60g,0.025mo0l) were covered with dry
tetrahydrofuran (20ml) and cooled to -25°C (CC1l,/CO,). A crystal
of iodine was added, foolowed by a solution of benzyl chloromethyl
ether (3.13g,0.020mol) in dry tetrahydrofuran (20ml) dropwise with
vigorous stirring. It was some time before a reaction visibly
occured. No heat was used, since the reagents were believed to be
unstable to heat. The reaction appeared to be normal for a
Grignard preparation, 8o to confirm it a solution of p-
chlorobenzaldehyde (2.81g,0.020mol) in dry tetrahydrofuran (20ml)
was added dropwise. The mixture was allowed to warm to room
temperature over 2 hours, poured into dilute hydrochloric acid
(300ml), and the tetrahydrofuran was removed on the rotary
evaporator. The aqueous phase was washed with ether(3x75ml). The
combined organic extracts were dried (MgSO,), filtered and
evaporated to give a dark brown oil.‘ Chromatography (petrol :
diethyl ether, 80:20) revealed that there had been negligible
reaction of the Grignard with the aldehyde, based on a 91%

recovery of the aldehyde.
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S) -5-cyanoacetyl rolidin-2-one (76
Cl C=N

0 0
Ny gy
0 e 0 (76)

(S) -pyroglutamyl chloride (4.57g,0.031mol) in chloroform (100ml)
and cuprous cyanide (3.35g,0.037mol) were refluxed for 20 hours.
After filtration to remove the excess cyanide,the filtrate was
washed with aqueous sodium carbonate (sat.,100ml), then with water
(100ml). After drying (MgSO,), filtration and evaporation a dark
brown tar was produced. Chromatography (ethyl acetate : methanol,
4:1) gave (S)-pyroglutamic acid (3.35g,0.026mol), but nothing
resembling the required product.

IR (KBr) 3495,3000-2500,1720,1645,1440,1410,1230,1100,1000,980,
960,820,710,660,610
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(S) -5-acetyl pyrrolidin-2-one (21)

OH CHs
\O \O
NH N\ Ny
O (35) 0 (21)

(a) To a suspension of (S)-pyroglutamic acid (35) (1.00g,7.75mmol) in
dry  tetrahydrofuran {40ml) at -78°C  was added N,N,N',N'-
tetramethylethylenediamine (50ml), followed by n-butyl 1ithium
(2.5M,6.5m1,7.80mmol). The mixture was stirred at -78°C for 15
minutes and then methyl magnesium bromide (3.0M,5.20ml,15.5mmol) was
added. The mixture was allowed to warm to room temperature over 7
hours and then poured into aqueous ammonium chloride (2N,200ml). The
tetrahydrofuran was removed on the roiary evaporacor, the pH of the
aqueous layer was adjusted to 7 (universal indicator paper) and the
product was extracted into dichloromethane (500ml) using a continuous
extraction apparatus over 2 days. The organic extract was dried

(¥gs0,), filtered and evaporated. Chromatography (ethyl acetate) gave

the product as a pale yellow solid. 0.10g,10%

Spectral data were identical with the compound obtained wvia the

Dakin-West reaction described earlier.

(b) (S)-pyroglutamic acid (35) (5.00g,0.039mol) was suspended in dry
tetrahydrofuran (50ml) and cooled to -78°C. Methyl 1lithium
(1.4M,33.5m1,0.040mol) was injected siowly and the mixture was
stirred wvigorously £for 20 minutes. Methyl magnesium bromide
(3.0M,13.0m1,0.040mol) was injected slowly and after 15 minutes a
further, identical amount of methyl magnesium bromide was introduced.

The mixture was left to warm to room temperature overnight. It was
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then poured into dilute hydrochloric acid (2N, 200ml) . The
tetrahydrofuran was removed on the rotary evaporator, and the pH of
the aqueous residue was adjusted to 7 (universal indicator paper).
The product was then extracted into dichloromethane (500ml) using a
continuous extraction apparatus over 2 days. The organic extract was
dried (MgSO,), filtered and evaporated to leave a brown solid.
Chromatography (ethyl acetate) afforded the product as a pale yellow

solid. 0.09g,1.8%

Spectral data were identical with the compound prepared wvia the

Dakin-West reaction described earlier.
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Attempted preparation of (R/S)-5-acetyl-N-benzyl pyrrolidin-2-one

(104)
CH, CHy
o 0
N K— _-Ph
O (104)

0 (n

To sodium hydride (0.80g,0.019 mol,60% dispersion in mineral oil)
in residual petrol was added (R/S)-5-acetyl pyrrolidin-2-one
(2.00g,0.016mol) in dry tetrahydrofuran (20ml) at 0°C (ice bath).
The mixture was stirred for 20 minutes until effervescence had
ceased, leaving a bright yellow precipitate. 3enzy1 bromide
(2.759,1.91ml1,0.016mol) was added in one portion and the mixture
was allowed to warm to room temperature with stirring over 3
hours. The mixture was poured into cold water (200ml) to give a
bright yellow emulsion. This was washed with diethyl ether
(3x200ml1). The combined organic extracts were dried (MgS0Q,),
filtered and evaporated to give a pale brown tar. Many fractions
were observed on tlc (ethyl acetate) which were UV-active, but the
only one that reacted with 2,4-dinitrophenylhydrazine had the same
r.f. as 5-acetyl pyrrolidin-2-one; the N-benzylated product would
be expected to be less polar, more soluble in ethyl acetate and
run further up the plate. H NMR of the tar showed the major
component to be unreacted benzyl bromide (sharp singlets at 4.35
(-CH,-) and 7.1 (aromatics)). Since the crude tar was only 1.87g,
the overwhelming majority being unreacted benzyl bromide, the
other components were not investigated. Continuous extraction of
the aqueous phase at pH 7 into dichloromethane recovered the
starting (R/S)-5-acetyl pyrrolidin-2-one, 1.46g,73%.

A subsequent attempt using dimethylformamide as the solvent with

washing of the combined organic extracts with HCl1l (2N,100ml) again
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showed many fractions on tlc which were UV-active, one of these
also producing a positive reaction with 2,4-dinitrophenylhydrazine
spray. Chromatography (ethyl acetate) gave many fractions with
aromatic signals on H NMR, but none gave spectral data consistent
with the product produced from the reaction of (S)-N-benzyl
pyroglutamic acid (36) with methyl magnesium bromide. The major
fraction was isolated as a white, crystalline solid, 0.76g, the
spactra of which were clearly resolved but the identity of which
could not be established.

IR (KBr) 3530,3470,3180,3080,2970-2850,1730,1670,1490,
1415,1390,1350,1290,1250,1220,1175,1110,960,890, 835,
790,750,710,660,610

1H NMR (CDCl,) 1.6(s), 1.8-2.2 (t), 3.1¢(s} 4.2(d,2:1 splitting),
4.9 (d4,1:2 splitting), 6.9-7.5 (m,sharp singlet at 7.3)

3¢ NMrR (CDC1l,) 26.2,29.7,43.4,71.2,75.5,77.1,78.6, 127.5,128.8,

130.1,134.8,177.5,209.1
mass spec. 218,174 (base peak),122,91,65,55,43

Continuous extraction of the aqueous phase at pH 7 into
dichloromethane recovered only a very small amount of 5-acetyl

pyrrolidin-2-one, 0.06g,3%
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Att te reparation of (R/S)-5-acetyl rolidin-2-one (21

OH CHi
NS
s 0
NH NH
0 @35 0 (21

(S) -pyroglutamic acid (1.00g,7.75mmo0l), acetic anhydride
(3.959,3.7m1,38.8mmol), triethylamine (3.7ml) and 4-dimethylamino
pyridine (7.4mg) were refluxed together at 60°C. Many fractions
were seen on tlc (ethyl acetate), but no fraction was observed
with an r.f. the same as the 5-acetyl pyrrolidin-2-one standard
which was reactive to 2,4-dinitrophenyl hydrazine.

Attempted preparation of (R/S)-5-acetyl-N-benzyl pyrrolidin-2-one
(104)

OH | CHy
0 V. 0
O (45) g (104

(S) -N-benzyl pyroglutamic acid (1.00g,4.57mmol), acetic anhydride
(3.5ml1), triethylamine (3.5ml) and 4-dimethylamino pyridine
(6.9mg) were refluxed together at 60°C (oil bath). Many UV-active
fractions were seen on tle, but none of these reacted with 2,4-
dinitrophenyl hydrazine spiay. After distillation to remove acetic
acid and triethylamine (and some acetic acid), the residue was
chromatographed (ethyl acetate) and some of the starting acid was
recovered. 0.44g,44%. Spectral data were identical with the
product from the preparation of (S)-N-benzyl pyroglutamic acid

from glutamic acid (q.v.).
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Attempted preparation of (S)-N-benzyl pyroglutamic acid (45)

OH OH
NS
0 &o
N}{ j>< - N
\/Ph
0 (3s) O (45)

To sodium hydride (0.62g,0.016mol,60% dispersion in mineral oil)
was added a solution of (S)-pyroglutamic acid (35) (1.00g,0.08mol)
in dimethylformamide (20ml). Effervescence was observed, and after
stirring for 30 minutes at room temperature, benzyl bromide
(2.67g,1.86m1,0.016mol) was added and the mixture was heated at
60°C for 6 hours (oil bath), cooled and poured into cold water
(200ml) . The mixture was washed with dilute hydrochloric acid
(100ml), dried (MgSO,), filtered and evaporated. Chromatography
(ethyl acetate : petrol, 1:1) gave the first fraction as a brown,
greasy solid, 1.38g. The next fraction was isolated as a brown

oil, 0.86g.

lH NMR (CDC1l,) 2.1-2.6(m,3H), 2.9(d,1H), 5.2(s,1H), 7.3(s,5H),
{integral ratios based on the aromatic singlet)

Both fractions were UV-active but both proved to be rather
unstable (it was at first thought that the first fraction was the
benzyl ester of the required acid and the second fraction was the
required acid, but an attempt at confirming this by stirring the
first fraction with aqueous sodium hydroxide at room temperature
followed by tlc of this reaction against the second fraction
showed both materials to have decomposed into many UV-active
products). Consequently, further data could not be obtained. The
method of producing (S)-N-benzyl pyroglutamic acid (45) from (S)-
N-benzyl glutamic acid, as reported by Rapoport5% gave the
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required product as a stable, white solid in good yield whose
spectral data were clear, resolved and conclusive (g.v.). The
products from this attempt were nothing like the required product

at all.
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(S) -5-acetyl-N-benzyl pyrrolidin-2-one (104)

o cHs
0
0
N\\\///Ph \\///Pr]
0 (45) g o

(a) To a solution of (S) -N-benzyl pyroglutamic acid
(5.00g,0.023mol) in dry tetrahydrofuran (5oml), cooled to -78°C
under nitrogen, was added methyl magnesium bromide
(3.0M,22.4m1,0.073mo0l). The reaction was stirred at -78°C for 8
hours and allowed to warm to room temperature overnight. The
mixture was then poured into aqueous ammonium chloride (2N, 100ml).
The tetrahydrofuran was removed on the rotary evaporator and the
mixture was then partitioned between water (100ml) and
dichloromethane (100ml). The aqueous phase was further washed with
dichloromethane (2x100ml). The combined organic extracts were

dried (MgSO,), filtered and evaporated. Chromatography (ethyl

acetate) gave the product as a bright yellow oil. 1.82g,40%

IR 3100-3000,3000-2900,1720,1690,1500,1420,1360,1250,1165,1050,
950,710

1§ NMR (CDC1l;) 1.9-2.6(m,7H,sharp singlet due to -CH, at 2.1),
3.9(m,2H), 5.0(m,1H), 7.2(s,5H)
3¢ MR (cpcl,) 21.4,26.0,29.2,45.4,64.6,127.6,128.3,128.6,

135.9,174.7,205.9
mass spec. 217.1095(M,C;,H,,NO, requires 217.1102 amu),174,91(base

peak)
Some unreacted acid was also recovered. Yield 2.05g,41% based on

recovered starting materials.

Modifications on this method involving the use of various ratios
of different organolithium reagents and methyl magnesium bromide

in tetrahydrofuran only and several c¢o-solvent ratios of
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tetrahydrofuran and tetramethylethylenediamine all failed to

improve on this yield.

(b)

OoH
Cl CHs
0 0
Ph——— Ph
O (46) 5 (104) 0

To a suspension of anhydrous cadmiun chloride (1.1lg,6.llmmol) in
dry tetrahydrofuran (40ml) at 0°C (ice bath) was added methyl
magnesium bromide (3.0M,3.22ml1,9.67mmol). After stirring at 0°C
for 1 hour, the mixture was refluxed for 1.5 hours and cooled to
0°C (ice bath) again. A solution of (S)-N-benzyl pyroglutamyl
chloride (2.00g,8.42mmol) in dry tetrahydrofuran (50ml) was added
dropwise and the mixture was allowed to warm to room temperature
over 5 hours. After removal of the solvent on the rotary
evaporator, the residue was chromatographed (dry diethyl ether) to
give firstly the required ketone, 0.44g,33.3%, (spectral data as
for the product from (a)), followed by the tertiary alcohol, also

as a yellow oil. 0.24g,16.9%

A small amount of unreacted starting acid was also recovered.

0.08g,

Modifications on this method employing different organometallic

reagents all failed to improve on this yield.
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N-benzyl-5-(1-h -l-methyl prop-2-enyl rolidin-2-one (105

OH
& CH;
o _ o =
~Fh N_~Ph
g 1oa) g (105)

A 250ml 3-necked, round-bottomed flask was charged with magnesium
turnings (0.27g,11.1mmol), dry tetrahydrofuran (50ml) and a
crystal of iodine. A dry ice condenser was fitted, and a solution
of vinyl bromide (1.39g,13.3mmol) in dry tetrahydrofuran (30ml)
was added dropwise with vigorous stirring. When the addition was
complete, the mixture was heated under gentle reflux for 0.5 hours
and then cooled to room temperature. A solution of (S)-N-benzyl
pyrrolidin-2-one (2.00g,9.22mmol) in dry tetrahydrofuran (30ml)
was introduced dropwise with vigorous stirring, after which the
mixture was refluxed for 4 hours and cooled to room temperature.
It was then poured into aqueous ammonium chloride (2N,200ml) with
rapid stirring. After removal of the tetrahydrofuran on the rotary
evaporator, the mixture was washed with dichloromethane (3x100ml).
The combined organic extracts were dried (MgSO,), filtered and
evaporated. Flash chromatography (ethyl acetate) afforded the
product as a bright yellow oil. 1.05g,38.6%

IR 3400(broad),3100-2940,1680,1605,1500,1450,1420,1360,1280,1220,
1160,1100,1040,980,920,760,705

1H NMR (CDCl,) 1.4(2 singlets,3H), 1.7-2.4(m,4H), 3.0-3.6(m,2H),
5.3-7.4(m, 8H, sharp singlet due to aromatics at 7.2)
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N-benzyl-5-(E) - (1-hydroxy-1-methyl- (3-phenyl -prop-2-
enyl rolidin-2-on 10

OH
CHs CHg H
0 Ph
0 (104) 0 (106)

Into a dry, round-bottomed flask were placed magnesium turnings

(0.66g,0.028m0l), dry tetrahydrofuran (50ml) and a crystal of
iodine. 1l-bromostyrene (6.29g,0.034mol) in dry tetrahydrofuran
(30ml) was added dropwise with rapid stirring and steady reflux.
The mixture was then heated under reflux for a further 90 minutes
and cooled to room temperature. (S)-5-acetyl-N-benzyl pyrrolidin-
2-one (5.00g,0.023m0l) in dry tetrahydrofuran (30ml) was added
dropwise, after which the mixture was refluxed for 2 hours and
cooled to room temperature. The mixture was poured into aqueous
ammonium chloride (2N, 200m1) with vigorous stirring. The
tetrahydrofuran was removed on the rotary evaporator and the
aqueous mixture was washed with dichloromethane (3x75ml). The
organic extracts were dried (MgSO,), filtered and evaporated.
Flash chromatography (dry diethyl ether) afforded the product as a
yellow oil. 3.17g,42.6%

IR 3400 (broad),3100-3000,2970,1680,1450,1380,1290,1130,1080, 750,
700

lH NMMR (CDCl,) 1.3(2 singlets,3H), 1.8-2.6(m,4H), 3.5(m,1H),

4.2(d,1H, benzyl -CH,- proton), 5.1(4,1H, benzyl -CH,- proton),
6.3(q,2H, alkene protons), 7.1(2 singlets,10H, aromatic protons)
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Attempted preparation of (S)-5-acetyl pyrrolidin-2-one (21)

CH,
CHj
0
0 > Ny
(104) 0 (21)

(S) -5-acetyl-N-benzyl pyrrolidin-2-one (1.00g,4.61mmol) was
dissolved in dry tetrahydrofuran (30ml). Palladium black on
activated charcoal (0.25g) was added and the mixture was
maintained under a hydrogen atmosphere at room temperature with
stirring for 12 hours, after which thin 1layer chromatography
{ethyl acetate) still failed to show any signs of a reaction
occurring. The catalyst was filtered off and the filtrate was

evaporated to leave the starting ketone. 0.92g,92%

Modifications comprising changing the solvent to methanol and also

methanol mildly acidified with conc. hydrochloric acid all failed

to produce any of the required product.
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5-(1-hydroxy-1-methyl prop-2-enyl) pyrrolidin-2-one (98)

0 (v o (98
A 250ml, 2-necked, round-bottomed flask was charged with magnesium
turnings (1.52g,0.064mol),dry tetrahydrofuran (30ml) and a crystal
of iodine. A dry ice condenser was fitted, and a solution of vinyl
bromide (5.64g,0.052mol) in dry tetrahydrofuran (20ml) was added
dropwise with vigorous stirring. The mixture was then heated under
gentle reflux for 0.5 hours and cooled to room temperature. A
gsolution of 5-acetyl pyrrolidin-2-one (2.79g,0.022mol) in dry
tetrahydrofuran (50ml) was added dropwise with vigorous stirring,
after which the mixture was refluxed for 3 hours and cooled to
room temperature. It was then poured into aqueous ammonium
chloride (2N,100ml) with rapid stirring. The tetrahydrofuran was
removed on the rotary evaporator and the pH of the aqueous phase
was adjusted to 7 (universal indicator paper). The product was
extracted into dichloromethane (500ml) wusing a continuous
extraction apparatus over 25 hours. The organic extract was dried
(MgSO,), filtered and evaporated. Chromatography (ethyl acetate)
gave the product as a pale yellow, crystalline solid. 1.84g,54%
mpt.116-118°C
‘IR (KBr) 3450(broad),3000-2920,1690(C=C stretch),1655,1410,1360,
1280,1225,1110,1085,1000,930

1x NMR (cpCl,)  1.25(2 singlets,3H), 1.9-2.6(m,4H), 3.1l(broad
singlet, 1H, -OH), 3.6(m,1H), 5.0-6.0(m,3H,alkene protons), 6.2-
6.9 (m, 1H)

mass spec. 156.0964(M as 13C isotope, *CgH,,NO, requires 156.0979

amu) , 126,110, 86, 84 (base peak),71,55,41
microanalysis gave C,58.01,H,8.06,N,8.17 (CgH,,NO,.1/2H,0 requires

C,58.54,H,8.54,N,8.54)
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iE)-S-(1-hvdroxv-1-methv1-(3-nhenxl-grog~2-enxl)) pyrrolidin-2-one

(109)
CHs QH
CH3
0 - ZNPh
Ny NH
0

(21) 0 (109)

Into a dry round-bottomed flask were placed magnesium turnings
(9.96g,0.415mo0l), dry tetrahydrofuran (200ml) and a crystal of
iodine. l-bromostyrene (37.50g,0.204mol) in dry tetrahydrofuran
(150ml) was added dropwise with rapid stirring and maintenance of
steady reflux. The mixture was then refluxed for a further 90
minutes and cooled to room temperature. 5-acetyl pyrrolidin-2-one
(12.70g,0.100mo0l) in dry tetrahydrofuran (150ml) was added
dropwise, after which the mixture was refluxed for 2 hours and
cooled to room temperature.The mixture was poured into saturated
aqueous ammonium chloride (200ml) with vigorous stirring. The
tetrahydrofuran was removed on the rotary evaporator and the pH of
the aqueous residue was adjusted to 7 (universal indicator paper).
The crude product was then extracted into dichloromethane (500ml)
using a continuous extraction apparatus over 2 days. The organic
extract was dried (MgSO,), filtered and evaporated. Flash
chromatography (ethyl acetate) gave the first, major product as

apparently impure 1,4-diphenyl butadiene.

H NMR (CDCl,;) 6.7-7.0(m,alkene signals) and 7.0-7.6(m,aromatic
signals), unresolvable. Very shallow multiplets observed over the
range 0.8-4.2, of negligible integration.

3¢ NMrR (CDCl,) 126.6,127.7,128.8,129.1,129.4,129.7,129.8,133.0,
137.5

mass spec. 206 (base peak,M),204,191,179,165,128,127,114,105,91,77,
65,51,39
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Several other fractions followed before the product, which after
work-up was obtained as a brown, crystalline solid. 9.21g,40%

IR (KBr) 3380 (broad),2990,2940,1680,1600,1500,1450,1420,1360,1270,
1220,1100,1070,1030,970,750,700

IH NMR (CDC1,;) 1.2(2 singlets,3H), 1.5-2.7(m,4H), 3.4-3.7(m,1H),
6.15(d,1H,J=20Hz, plus diastereomeric splitting, J=3Hz),
6.65(d,1H,J=20Hz), 7.2(s,5H), 7.6(s,1H)

3¢ s~MrR  (CDC1,)  21.0,30.3,62.8,74.1,126.5,127.7,128.6,129.2,
133.8,136.7,179.6

mass spec. 232(MH*),231(M),229,213,211,186,170,158,147(base peak),
129,85,84,77,57,43,41

5-(1-fo 1-1-hydro thyl rolidin-2-on S

CHO
————l
NH
(99)

(98)
a) The alcohol (90) (0.11g,0.71mmol) was dissolved in
dichloromethane : methanol, 9:1, (25ml) and cooled to -78°C. Ozone
was bubbled through until a permanent deep blue solution was
produced after 1.5 hours. The solution was purged with nitrogen,
which caused the solution to change to a pale yellow colour, and
then dimethyl sulphide (6 drops, (excess)) was added. After
warming to room temperature, the mixture was evaporated to leave a
brown oil. Chromatography (ethyl acetate : methanol, 90:10)

afforded the product as a colourless, crystalline solid. 0.06g,55%
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IR (KBr) 3420 (broad),3000-2940,1670,1420,1290,1080,1025,960

4 NMR (CDC1l,;) 1.3(2 singlets,3H), 2.0-2.5(m,4H), 3.9(m,1H),
4.2(m,1H), 7.0(m,1H), 9.4(2 singlets, <1H)

mass  spec. 158.0794 (Mu*,C,;H,,NO; requires  158.0817 amu),
157.0736 (M,C,H,,NO, requires 157.0739 amu),149,140,126,112,98,
84,41

b) Ozonisation of the styryl alcohol (109) (0.07g,0.43mmol) gave

an identical product. 0.04g,57% (usual yields were approximately

40%)
c) -
[ OH OH
H
0 oy CHy CHy
CHO
-
NH MR OHOH [ NH
g o8 0 4 0 (o9

A 100ml round-bottomed flask was charged with the alkene (98)
(1.00g9,6.45mmo0l), water(40ml) and osmium tetroxide (25mg) and tﬁe
mixture was stirred at room temperature for 1.5 hours. Sodium
metaperiodate (1.38g,6.45mmol) was added and stirring was
continued overnight. The pH was adjusted to 7.0 (meter) and the
products were extracted into dichloromethane (200ml) using a
continuous extraction apparatus over 25 hours. Many fractions were
observed on tlc which reacted with 2,4-dinitrophenylhydrazine. The
organic extract was dried (MgSO,). filtered and evaporated. Flash
chromatography (ethyl acetate) isolated first 5-acetyl pyrrolidin-
2-one (49), 0.08g,9.8% (spectral data q.v.), followed by the
required aldehyde. 0.23g,22.8%. Spectral data were identical with

the product obtained from the ozonolysis reactions.

172



Attempted preparation of 5-(l1-benzoyloxy-l-methyl prop-2-enyl)

pyrrolidin-2-one (110) O
CH3 OCPh
CHs
=
NH
(98) (110)

A 100ml round-bottomed £lask was charged with 5-(l-hydroxy-1-
vinyl) ethyl pyrrolidin-2-one (0.20g,1.29mmol) and dry
tetrahydrofuran (25ml). To the resulting solution was added a
solution of dicyclohexylcarbodiimide (0.28g,1.35mmol) in dry
tetrahydrofuran (25ml). After stirring for 30 minutes, benzoic
acid (0.16g,1.35mmol) was added. Stirring was continued for a
further 5 hours, during which a white precipitate was produced.
This was filtered off, and the £filtrate was dried (MgSsSO,).,
filtered and evaporated. Flash chromatography (dry diethyl ether)
produced firstly dicyclohexylurea, 0.07g.

IR (KBr) 3430,2930,2850,1620,1570,1530,1435,1310,1240,1090,1045,

890,640
1H NMR (CDC1l;) 0.6-2.3(m,22H), 6.1(broad singlet, 1H)

Next to elute was benzoic anhydride. 0.26g,85.2%

IR (KBr) 3080,3040,1700,1650,1540,1450,1350,1280,1250,1235,1160,
1130,1080,1030,1005, 895, 880,830,810, 780,730,700,670,640
1y NMR (CDCL;) 7.4(s)

The third fraction was the starting alcohol. 0.17g,85%
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(E) -5- (1-benzoyloxy-1-methyl- (3-phenyl-prop-2-enyl))ethyl

pyrrolidin-2-one (111) ﬁ
OHCH3 0CPh
~Ph Pk
NH NH Ph
(109) i/ (111)
O 0

The alcohol (109) (0.23g,1.00mmol) was dissolved in drf
tetrahydrofuran (10ml). Triethylamine (5ml), 4-dimethylamino
pyridine (0.25g,2.2mmol) and benzoyl chloride (0.31g,2.20mmol)
were added and the mixture was refluxed for 4.5 hours. It was then
cooled to room temperature and poured into aqueous ammonium
chloride solution (2N,150ml) with vigorous stirring. after removal
of the tetrahydrofuran on the rotary evaporator, the aqueous phase
was acidified with dilute hydrochloric acid (2N,250ml) and washed
with dichloromethane (3x100ml). The combined organic extracts were
dried (MgSO,), filtered and evaporated to leave a dark brown tar.
Chromatography (ethyl acetate) gave the product as a dark brown

oil. 0.08g,23.9%

mpt.239-241°C
1 NMR (cpCl,) 1.5-3.0(m,7H,sharp singlets for the isomeric methyl

groups at 1.9), 4.2(m,1H), 6.4-8.2(3 multiplets,13H,amide, alkene
and aromatic protons)
mass spec. 281,213,194,122,105(base peak),84,77,51,41

Further elution with ethyl acetate recovered some of the starting

alcohol (109). 0.05g,21.7%
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Attempted preparation of 5-(1-benzoyloxy-1-formyl)ethyl

pyrrolidin-2-one (112) 0
I
OH OCPh
CHs CH,
CHO
—+> CHO
Ny Ny
O (99) (112)

To a solution of 5-(l-formyl-l-hydroxy) ethyl pyrrolidin-2-one
(0.20g,1.27mmol) in dry tetrahydrofuran (25ml) was added a
solution of dicyclohexylcarbodiimide (0.27g,1.30mmol) in dry
tetrahydrofuran (25ml), and the mixture was stirred at room
temperature for 30 minutes. Benzoic acid (0.16g,1.30mmol) was
added and stirring was continued for a further 4 hours, whereupon
a white precipitate was formed. This was filtered off, and the
filtrate was evaporated. Flash chromatography (dry diethyl ether)
gave firstly dicyclohexylurea. 0.05g (Spectral data identical with
the first fraction from a similar protection involving the vinyl
alcohol (98). Next to elute was benzoic anhydride. 0.26g,88.5%
(Spectral data similarly identical with the second fraction £from
the same aforementioned protection reaction). The third £fraction

eluted was the starting aldehyde. 0.13g,65%
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7.8,9,%9a-tetrahydro,l-hydroxy-l-methyl-3-phenylthio-4H-indolizin-
6-one (100

OH

CHO 72
NH E—— N l + l l
(99) 100y °oFD (113) CHy
0 0 0

A 100ml round-bottomed £flask was charged with 5-(1-formyl-1-

hydroxy) ethyl pyrrolidin-2-one (0.21g,1.34mmol), dry
tetrahydrofuran (10ml), acetonitrile (40ml) and sodium hydride
(0.04g,1.61lmmol) . Evolution of a gas, most probably hydrogen, was
observed. After stirring for 20 minutes, 1l-phenylthiovinyl
triphenyl phosphine oxide (0.84g,1.61lmmol) was added, and stirring
was continued for a further 10 hours, during which a brown
colouration was formed. The mixture was evaporated and f£flash
chromatographed (ethyl acetate). The first fraction appeared to be
not wunlike a sample of crude 5,6,7,7a-tetrahydro-1-methyl-2-
phenylthio-3H-pyrrolizin-5-one (32), and could therefore possibly
have been the bicyclic bis-alkene (113), although its identity was
not investigated further. It was isolated as a colourless oil.50mg

IR 3200,3060,2990,2940,2870,2765,1775,1710,1580, 1480, 1440-1350,
1290,1190,1130,740,700,630

'H NMR (CDC1;) 1.8(s,3H), 2.0-3.0, 3.4-4.8(m,2H), 7.2(s,5H)

Next to elute was the required product as a colourless
oil.76mg,33%

IR 3400(broad),3080,3000-2880,1675,1590,1440,1370,1280,1255,1190,
1120,1030,750,700

¥ NMR (CDCL,) 0.9-2.6(m,7H,singlet at 1.3), 3.6(m,1H),
4.5(s,2H),5.2-5.8(m,1H), 6.9(s,1H), 7.3(2 unresolved singlets, 5H)
mass spec. 275.0968 (M, C, H, ,NO,S requires 275.0980
amu),191,149,110,109, 84,82,42,41
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5-(1-(1,3)-dithianyl-1-hydroxy) ethyl pyrrolidin-2-one (118)

CHs OH
CH3
0 S
»
NF4 hh4 S
0 (21 g e

To a solution of 5-acetyl pyrrolidin-2-one (1.00g,7.87mmol) in dry
tetrahydrofuran (30ml) at -78°C was added n-butyl 1lithium
(2.5M,4.08m1,10.2mmol) . To a separate solution of 1,3-dithiane
(0.90g,10.2mmol) in dry tetrahydrofuran (30ml) at -78°C was added
n-butyl 1lithium (2.5M,4.90ml,12.2mmol). After 20 minutes this
suspension was transferred to the amide suspension using a
cannula. The mixture was stirred at -78°C for 5 hours and then
allowed to warm to room temperature. The mixture was then poured
into aqueous ammonium chloride (2N,200ml). After removal of the
tetrahydrofuran on the rotary evaporator, the pH of the residual
aqueous phase was adjusted to 7.0 (meter) and the crude product
was extracted into dichloromethane (500ml) wusing a continuous
extraction apparatus ove-r 2 days. The organic ext:act was dried
(MgSO,), filtered and evaporated. Flash chromatography (ethyl
acetate) afforded the product as a pink crystalline solid, which
was recrystallised from ethyl acetate to a white crystalline

solid. 0.31g,16%

mpt.110-112°%

IR (KBr) 3300(broad),3000-2860,1690,1460,1420,1380,1280,1230,1180,
1130,1090,1020,950,910,870,840,810,790,690,660,630

1H NMR (CDC1l;) 1.25(2 singlets,3H,-CH,), 1.8-2.3(m,6H), 2.6-
3.1(m,4H), 3.7-4.3(m,2H), 6.5-7.2(broad singlet, 1H)

3¢ w~Mr (CDC1,) 13.2,21.6,23.3,23.7,25.5,30.7,36.4,62.5,63.3,

73.4,179.6
mass spec. 247.0712(¥M,C,,H,,NO,S, requires 247.0701 amu),218,

176,164,128,120,110, 85 (base peak), 84

177



REFERENCES

l.a)"An Introduction to the Chemistry of the Alkaloids®
A.McKillop
Butterworth, London (1969)

b) "An Introduction to the Alkaloids*®
G.A.Swan
Blackwell Scientific Publications (1967)

c¢)*"Alkaloid Biology and Metabolism in Plants®
G.R.Waller and E.Nowacki
Plenum Press, New York and London (1978)

d) "Pyrrolizidine Alkaloids®
D.J.Robins
Nat.Prod.Reports
(i) (1984),235 (ii) (1985),213 (iii) (1986),297

2.MTP International Review of Science
"Alkaloids®
Organic Chemistry Series 1 Volume 9
eds. D.H.Hey and K.F.Wiesner
Butterworth (1973)

3.D.J.Robins
Nat.Prod.Reports (1986),302

4 .A.R.Mattocks
J.Chem.Soc. C (1968),235

5.a)N.K.Kochetkov and A.M.Likhosherstov
Adv. Heterocyclic Chem. (1965),5,315
b)Aa.R.Mattocks
Nature (1968),217,723

6.J.W.Barrett and R.P.Linstead
J.Chem.Soc. (1936),611

7.C.C.J.Culvenor,M.L.Hefferman and W.G.Woods
Aust.J.Chem. (1965),18,1605

8.a)F.L.Warren and M.E.Von Klemperer
J.Chem.Soc. (1958),4574
b)R.Adams and B.L.Van Duuren
J.Amer.Chem.Soc. (1954),76,6379

9.D.J.Robins
Fortschr.Chem.Org.Naturst. (1982),41,115

10.R.B.Herbert
Nat.Prod.Reports (1990),105

11.a)*The Biochemistry of Plants : A Comprehensive Treatise®
Volume 5 : Amino Acids and Derivatives
ed B.J.Miflin
eds.-in-chief P.K.Stumpf and E.E.Conn
Academic Press (1980)

178



b)D.J.Robins and J.R.Sweeney
Phytochemistry (1983),22,457

12.D.J.Robins
J.Chem. Soc.Chem.Comm. (1982),1289

13.a)D.J.Robins and J.R.Sweeney
J.Chem.Soc. Perkin Trans. I (1981),3083
b)H.A.Khan and D.J.Robins
J.Chem,.Soc. Perkin Trans. I (1985),619

l14.a)R.B.Herbert
Nat.Prod.Reports (1987),423
b)H.A.Kelly and D.J.Robins
J.Chem.So¢. Perkin Trans. I (1987),177

15.E.K.Kunec and D.J.Robins
J.Chem.Soc. Perkin Trans. I (1987),1089

16 .R.B.Herbert
Nat.Prod.Reports (1985),163

17.H.A.Kelly and D.J.Robins
J.Chem. Soc.Chem,Comm, (1988),329

18.L.P.Brower,W.N.Ryerson, L.L.Coppinger and S.C.Glazier
Science (1968),161,1349

19.D.J.Robins
Adv. Heterocyclic Chem. (1979),24,248

20.D.J.Hart and T-K.Yang
Tet.Lett. (1982),23,2761

21.D.A.Burnett,J-K.Choi,D.J.Hart and Y-M.Tsai
J.Amer.Chem.Soc. (1984),106,8201

22.a)T.L.MacDonald and B.A.Narayanan
J.0rg.Chem. (1983),48,1129
b)D.J.Robins
Nat.Prod.Reports (1984),235

23.a)T.Kametani,H.Yukawa and T.Honda
J.Chem.Soc. Perkin Trans. I (1988),833

b) T.Kametani, H.Yukawa and T.Honda

J.Chem.Soc.Chem.Comm. (1986)651

24.D.J.Robins
Nat.Prod.Reports (1989),221

25.W.Flitsch and P.Russkamp
Liebigs Ann., der Chem. (1983),523

26.C.M.Boynton

PhD Thesis
Sheffield City Polytechnic (1988)

179




27.G.Wittig and U.Schollkopf
Chem.Ber. (1954),87,1318

28."0Organophosphorus Reagents in Organic Synthesisg®
ed. J.I.G.Cadogan
Academic Press, London and New York (1979)

29.a)L.Horner,H.Hoffman and H.G.Wippel
Chem.Ber. (1958),91,61
b) L.Horner,H.Hoffman,H.G.Wippel and G.Klahre
Chem.Ber. (1959),92,2499

30.A.T.Hewson
Tet.Lett. (1978) 13_51 3267

31.a)E.E.Schweizer and G.J.0'Neill
J.Amer.Chem.Soc. (1965),30,2082
b)E.E.Schweizer,C.J.Berninger and J.G.Thompson
J.0rg.Chem. (1968),33,336
c)E.E.Schweizer,L.D.Smucker and R.J.Votral
J.0rg.Chem. (1966),31,467
d)E.E.Schweizer and J.G.Liehr
J.0rg.Chem. (1968),33,583
e)E.E.Schwelzer,J.G.Liehr and D.J.Monaco
J.0rg.Chem. (1968),33,2416

32.K.B.Becker
Tetrahedron (1980),36,1717

33.A.G.Cameron and A.T.Hewson
Tet.Lett. (1982),23,561

34.A.T.Hewson and D.T.MacPherson
Tet.Lett. (1983),24,5807

35.K.A.Kon and S.Isoe
Tet.Lett. (1980),3399

36.A.T.Hewson and D.T.MacPherson
J.Chem.Soc. Perkin Trans. I (1985),2625

37.A.T.Hewson and D.T.MacPherson
Tet.Lett. (1983),647

38.I.Burley
PhD Thesis
Sheffield City Polytechnic (1990)

39.a)G.L.Buchanan
- Chem.Soc.Rev. (1988),17,91
b)Justus Liebigs Ann. der Chem. (1974),11,1753 .
(J.Lepschy, G. Hafle, L Wilsehowitz and Wi Swjlwl«)
40.M.J.Fray,E.J.Thomas and J.D.Wallis
J.Chem.Soc. Perkin Trans. I (1983),235

41.J.I.Grayson,S.Warren and A.T.Zaslona
J.Chem.Soc. Perkin Trans. I (1987),967

180



42 ,B.M.Trost and R.A.Kunz
J.0rg.Chem. (1974),39,2648

43.P.F.Cann,D.Howells and S.Warren
J.Chem.Soc. Perkin Trans. II (1972),304

44 .J.I.Grayson and S.Warren
J.Chem.Soc. Perkin Trans. I (1977),2263

45.B.M.Trogt and D.P.Curran
Tet.Lett. (1981),22,1287

46.J.Bremner,M.Julia,M.Launay and J-P.Stacino
Tet.Lett. (1982),23,3265

47.M.Julia,H.Lauron,J-P.Stacino and J-N.Verpeaux
Tetrahedron (1986),42, 2475

48.T.F.Buckley III and H.Rapoport
J.Amer.Chem.Soc. (1981),103,6162

49 .a)A.L.Wilds and C.H.Shunk
J.Amer.Chem.Soc. (1948),70,2427
b) J.Haddow, C.J.Suckling and H.C.S.Wood
J.Chem.Soc. Perkin Trans. I (1989),1297

50.a)F.Reber,A.Lardon and T.Reichstein

Helv.Chim.Acta (1954),37,45

b)A.Lardon and T.Reichstein
Helv.Chim.Acta (1954),37,443

c)Ch.R.Engel and G.Just
Can.J.Chem. (1955),33,1515

d)B.Penke, J.Czombos, L.Balaspiri,J.Petres and K.Kovacs
Helv.Chim.Acta (1970),53,1057

51.D.C.Dean,K.E.Krumpe and A.Padwa
J.Chem. Soc.Chem.Comm. (1989),922

52.a)N.KRolcouris
Bull.Soc.Chim.France (1973),3,1053
b)B.Rigo,D.Courtier and N.Kolcouris
J.Heterocycl.Chem. (1986),23,1769

53.W.H.Hartung
Org.Reactions (1953),7,263

54.J.S.Peterson,G.Fels and H.Rapoport
J.Amer.Chem.Soc. (1984),106,4539

§5.a)P.Quitt,J.Hellerbach and K.Vogler
Helv.Chim.Acta (1963),46,387
b)M.Ebata,Y.Takahashi and H.Otsuka
Bull.Chem.Soc.Japan,quGX 39,2535

56.I.Tabushi, I.Hamachi and Y.Kobuke
J.Chem.Soc. Perkin Trans. I (1989),389

181



57.G.W.J.Fleet,N.G.Ramsden, N.M.Carpenter, S.Petursson and
R.T.Aplin
Tet.Lett. (1990),31,405

58.I.Hughes,W.P.Nolan and R.A.Raphael
J.Chem.Soc. Perkin Trans. I (1990),2475

59.a)G.W.J.Fleet,N.M.Carpenter, S.Petursson and N.G.Ramsden
Tet.Lett. (1990),31,409
b)G.C.Kite,L.E.Fellows,G.W.J.Fleet,P.S.Liu,A.M.Scofield and
N.G.Smith
Tet.Lett. (1988),29,6483

60.T.Nigishiguchi,K.Tachi and K.Fukuzumi
J.0rg.Chem. (1975),40,237

61.A.J.Birch and D.H.Williamson
Org.Reactions (1976),24,26

62.a)H.Adkins and H.R.Billica
J.Amer.Chem.Soc. (1948),70,695
b)G.B.Spero,A.V.McIntosh Jr. and R.H.Levin
J.Amer,.Chem.Soc. (1948),70,1907

63.R.C.Fuson and B.H.Wojcik
Org.Syntheses (1943),coll.vol.2,260

64.a)C.B.Reese,J.C.M.Stewart,J.H.Van Boom, H.P.M.De Leeuw,J.Nagel
and J.F.M.De Rooy
J.Chem.Soc. Perkin Trans. I (1975),937
b)J.H.Van Boom,P.M.J.Burgers and C.A.G.Haasnoot
Recl.Trav.Chim.Pays-Bas (1977),96,61

65.D.C.Dean,K.E.Krumpe and A.Padwa
J.Chem. Soc.Chem.Comm. (1989),922

66.J.F.W.McOmie and M.L.Watts
Chem.Ind. (1963),1658

67.a) "Organometallic Compounds®, 3% Ed.
Volume 1 : The Main Group Elements
G.E.Coates and K.Wade
Methuen (1967)

b)F.G.Holliman and F.G.Mann
J.Chem.Soc. (1942),739

68.D.E.Pearson,D.Cowan and J.D.Beckler
J.0rg.Chem. (1959),24,504

69.a)H.Gilman and F.Schulze
J.Amer.Chem.Soc. (1925),47,4002
b) "Organometallic Chemistry : An Advanced Treatise®
Volume 1, 224 Ed.
H.Gilman
John Wiley and Son (1958)

182



70.R.D.Rieke and S.E.Bales
J.Amer.Chem.Soc. (1974),96,1775

71.Birchall and Rees
Can.J.Chem. (1971),49,921

72.D.J.Robins
Nat.Prod.Reports (1984),235

73."The Alkaloids*"
M.F.Grundon
Specialist Periodical Reports
The Royal Society of Chemistry, London
Volume 1 onwards

74.S.R.Johns,J.A.Lamberton,A.A.Simouis and R.J.Willing
Aust.J.Chem. (1969),22,775

75.N.K.Hart,S.R.Johns and J.A.Lamberton
Aust.J.Chem. (1972),25,817

76.J.W.Daly
Fortschr.Chem.Org.Naturst. (1982),41, 205

77.J3.Mann
Chem.Br. (1989) 12_51 9‘7’8

78.J.W.Daly, T.Tokuyama, T.Fujiwara, R.J.Highet and I.L.Karle
J.Amer.Chem.Soc. (1980),102,830

79 .T.Tokuyama, J.W.Daly and R.J.Highet
Tetrahedron (1984),40,1183

80.F.P.Guengerich,S.J.Dimari and H.P.Broquist
J.Amer.Chem.Soc. (1973),95,2055

81.M.J.Schneider,F.S.Ungemach,H.P.Broquist and T.M.Harris
J.Amer.Chem.Soc. (1982),104,6863

82.R.B.Herbert
Nat.Prod.Reports (1990),105

83.R.B.Herbert
Nat.Prod.Reports (1984),181

84.J.A.Lamberton
Nat.Prod.Reports (1984),245

85.M.J.Schneider, F.S.Ungemach,H.P.Broquist and T.M.Harris
Tetrahedron (1983),39,29

86.a)F.J.Leeper, P.Padmanabhan,G.W.Kirby and G.N.Sheldrake
J.Chem. Soc.Chem.Comm. (1987),505
b)R.B.Herbert
Nat.Prod.Reports (1988),523

183



87.S.M.Weinreb
Acc.Chem.Res. (1985),18,16

88.M.C.Lasne,J.L.Ripoll and A.Thuller
J.Chem.Res.Synopsis (1982),214

89.T.Shono,Y.Matsumara,K.Uchida,K.Tsubata and A.Makino
J.Org.Chem. (1984),49,300

90.M.Dartmann,W.Flitsch,B.Krebs,K.Pandi and A.Westfechtel
Liebigs Ann. der Chem. (1988),695

91.R.V.Stevens and A.W.M.Lee
J.Chem.Soc.Chem.Comm. (1982),102

92.J.P.Michael
Nat.Prod.Reports (1990),485

93.L.E.Overman and M.J.Sharp
Tet.Lett. (1988),29,901

94 .L.E.Overman and K.A.Bell
J.Amer.Chem.Soc. (1981),103,1851

95.M.J.Fray,E.J.Thomas and J.D.Wallis
J.Chem.Soc. Perkin Trans. I (1983),395

96.a)P.J.Maurer,H.Takahata and H.Rapoport
J.Amer.Chem.Soc. (1984),106,1097
b)C.G.Rnudsen and H.Rapoport
J.0rg.Chem. (1983),48,2260

97.B.M.Trost and A.C.Lavoie
J.Amer.Chem.Soc. (1983),105,5075

98.M.J.Jorgenson
Org.Reactions (1970),18,1

99.a)"Vogel's Textbook of Practical Organic Chemistry®, 5% Ed.
eds. B.S.Furniss,A.J.Hannaford,P.W.G.Smith and A.R.Tatchell
Longman (1989)
b)D.A.Shirley
Org.Reactions (1954),8 ,28
c)G.H.Posner and C.E.Whitten
Tet.Lett. (1970),4647

100.W.B.Smith
J.Chem. Soc.Chem.Comm. (1959),24,703

101.I.E.Marko and J.M.Southern
J.0rg.Chem. (1990),55,3368

102.H.E.Ramsden,J.R.Leebrick, S.D.Rosenberg,E.H.Miller,J.J.Walburn,

A.E.Balint and R.Cserr
J.Amer.Chem.So~. (1957),22,1603

184



103.Catalogue Handbook of Fine Chemicals
Aldrich Chemical Co.
Gillingham (1990-1991)

104.a)B.C.Challis and J.A.Challis
Comprehensive Org. Chem. (1979),2,1028
b)D.Caine
Org.Reactions (1976),23,1

105.R.Pappo,D.S.Allen Jr.,R.U.Lemieux and W.S.Johnson
J.0rg.Chem. (1956),21,478

106.E.T.Corey and B.W.Erickson
J.0rg.Chem. (1971),36,3553

107.a) "Mechanisms and Theory in Organic Chemistry®", 3¥d Ed.

T.H.Lowry and K.S.Richardson
Harper and Row (1987)
b) "Organic Ozone Reactions and Techniques®
The Welsbach Corporation
Philadelphia (1962)

108.a)C.E.Redeman,F.0.Rice,R.Roberts and H.P.Ward
Org.Syntheses (1955),coll.vol.3, 244
b)C.D.Gutsche
Org.Reactions (1954),8,389
C)W.D.McPhee and E.Klingsberg
Org.Syntheses (1955),coll.vol.3,121
d)J.A.Moore and D.E.Reed
Org.Syntheses (1961),coll.vol.5,351

109.Dictionary of Organic Compounds, 5% Ed.
(1982),1,623,chemical no.B-00870
Chapman and Hall
New York, London and Toronto

110.Dictionary of Organic Compounds, 5%® Ed.
(1982),2,1788, chemical no.D03247B
Chapman and Hall
New York, London and Toronto

185



ACKNOWLEDGEMENTS

I would like to extend my sincere gratitude to Dr. Alan Hewson
for his seemingly limitless support in the course of this degree.

I would also like to thank the Science and Engineering Research
Council for funding, and Glaxo Group Research, Ware, for sponsoring
the project. |

I would 1like to thank all the staff at Sheffield City
Polytechnic for their teaching, epcouragement, co-operation,
provision of equipment, analysis, assistance and advice during the
course of the degree.

I would 1like to thank. all the doctors, medical staff and
friends who nursed me through my nervous breakdown towards the end of
the project.

I would like to thank all the students at Sheffield City
Polytechnic for their friendship and support, and I wish them all the
very best for their future careers.

Finally, I would 1like to thank my faﬁily, particularly my
mother, for their invaluable and eternal encouragement, assistance
and support, without which the completion of this degree would not

have been possible.



