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Summary

The research undertaken in the present study focuses on the synthesis of lactones
via the intramolecular acylative cleavage reactions of tetrahydrofuran derivatives.
The thesis is divided into a number of sections: an introduction describing the
principle characteristics of, and synthetic routes to medium- and large-ring
lactones; studies on intramolecular reactions of 3-(tetrahydro-2’-furyl)propanoic
acid; synthesis of some ring-enlarged lactones via translactonisation processes; and
studies towards the development of a synthetic route to the precursors required for

the synthesis of two naturally-occurring lactones.

5-(3’-Iodopropyl)dihydro-3(2H)-furanone was prepared in good yield via the
intramolecular reaction of 3-(tetrahydro-2’-furyl)propanoic acid in the presence of
sodium iodide. Subsequent conversion of this iodolactone into [3-(5’-oxo-
tetrahydro-2’-furyl)propyl]triphenyl phosphonium iodide was achieved. It was not
possible to generate an ylid from this phosphonium salt. The behaviour of 3-
(tetrahydro-2’-furyl)propanoic acid was examined in some intramolecular reactions
that were conducted in the presence of trifluoroacetic anhydride in a variety of
solvents or in the presence of various nucleophiles. Results showed that in most
cases dihydro-5-(3’-trifluoroacetoxypropyl)-2(3H)-furanone was the predominant
product, however, when the reaction was carried out in acetone or tetrahydrofuran,

some novel compounds were isolated.

Ten-membered saturated and unsaturated lactones bearing hydroxyalkyl side-
chains of varying lengths situated adjacent to the lactone ether oxygen were
synthesised via the intramolecular acylative cleavage reaction of (tetrahydro-2-
furyl)alkanoic acid derivatives The ability of these lactones to undergo
tranlactonisation processes was explored. Ring-expanded lactones were obtained
from saturated ten-membered lactones. Optimum conversion (92%) was observed
in the ring-expansion of two saturated ten-membered lactones bearing hydroxyethyl
side-chains which resulted in the formation of derived twelve-membered lactones.

The unsaturated ten-membered lactones did not undergo translactonisation.



Various routes were explored for the preparation of two (Z)-(5’-methyltetrahydro-
2’-furyl)alkenoic acids that were required for the synthesis of two naturally-
occurring lactones, Cephalosporolide G and Patulolide C. The most successful
routes to these acids involved the employment of Wittig reactions. Isomeric
mixtures of both of the requisite acids were obtained in modest yields. Various
attempts to form related (Z)-configured acids via alkynoic acid derivatives were

unsuccessful.
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Chapter 1

1.1 Macrocyclic Lactones

Macrocyclic lactones are a large class of naturally occurring compounds

whose structural diversity is one of the richest in natural product chemistry.

In 1926, pioneering research by Ruzicka' initiated interest in the area of
macrocyclic compounds. His work involved the structure elucidation of the musk
components, civetone and muscone, and revealed them to be large-ring ketones.
This discovery disproved the inaccurate prediction of the von Baeyer strain theory
that such compounds would be too unstable to exist. Ruzicka’s work prompted the
elucidation of the structures of many more large-ring compounds, and in 1927 the

2 These were

first macrocylic lactones were discovered by Kerschbaum.
ambrettolide 1 and exaltolide 2 which were found in oils from ambrette seeds
Hibiscus abelmochus and from the roots of Angelica archangelica officinalis,

respectively.

Initially, interest in this area was due to the commercial importance of these
macrocyclic compounds in the fragrance industry; however, it was with the
isolation of antibiotic lactones during the ensuing years that the biological potential
and synthetic challenge of these compounds was genuinely appreciated. Thus, in
1950, the macrolide antibiotic picromycin 3 was isolated from an Actinomyces
culture by Brockmann and Henkel,? although the structure was not elucidated until
1968 when mass spectrometry and NMR techniques became available.* Shortly
afterwards, discovery of several structurally related antibiotics isolated from a
Streptomyces culture fuelled research into a synthetic route towards these desirable

macrocyclic compounds.
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N(CH3),

All the newly discovered antibiotics had similar structures featuring a
twelve- to sixteen-membered lactone ring bearing numerous substituents. The
antibiotics isolated from Streptomyces cultures included methymycin 4,
carbomycin A 5° and the erythromycins A 6 and B 7’ (erythromycins have recently
been identified as active elastase inhibitors with the ability to reduce mucus
hypersecretion and therefore are being considered as potential drugs in the
treatment of conditions such as cystic fibrosis).® Over the following decades these
lactones were joined by compounds isolated from a whole range of natural sources
and possessing diverse biological properties, but all structurally related as medium-
ring (eight- to twelve-membered) and macrocyclic (thirteen- to eighteen-

membered) lactones.

N(CHs),
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In the classical sense the term “macrolide”, which was coined by
Woodward,® initially described the class of antibiotics isolated from Streptomyces
cultures, but it has gradually been used in a broader sense to encompass all
macrocyclic lactones, and certain macrocyclic lactams have also been described as
macrolides.’ Structural, stereochemical and conformational studies of this steadily
growing family of compounds have been achieved by means of 'H and '>C NMR,

mass spectroscopic and, to a limited extent, X-ray crystallographic techniques.

The polyene macrolide antibiotics are a class of compounds that are
characterised by strong antifungal activity.”  They generally have complex
structures with large rings accommodating a conjugated polyene with up to seven
double bonds and some have sugars attached to the macrocyclic ring. There is also
a distinct area in the ring that is hydrophilic due to a concentration of hydroxyl
groups. Chainin 8,'! a substance containing a twentyeight-membered lactone ring,

is a typical example of a polyene macrolide antibiotic.

O OH oH . OH OB R O
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Macrodiolides and macrotetrolides are known to occur in nature and contain
two and four ester linkages respectively. Pyrenophorin 9'2 and vermiculine 10"

are diolides both of which have been successfully synthesised.

Boromycin 11, a twentyeight-membered ring diolide, which was first
described in 1967, is one of the rare boron-containing natural products.'* The boron

is bound, as borate, by a very hydrophilic area at the centre of the macrocyclic ring.

Nonactin 12" is an ionophoric macrotetrolide which has been successfully
synthesised and has been found to possess antibiotic qualities due to its hydrophilic
interior. This hydrophilic interior is capable of binding an alkali metal cation and

hence allows it to transport ions in biological systems.
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The secretions of the Rusty Grain beetles Cryptolestes ferrugineus have
been found to contain the twelve-membered ferrulalactone 13 as its (S)-enantiomer.
The (R)-enantiomer has been isolated from Oryzaephilus mercator. These beetles
are widely distributed pests and primarily infest stored grain, with the male beetles
producing aggregation pheromones that have been found to be attractive to both
sexes. It is believed that these pheromones serve to promote population growth in

suitable habitats.'®

O 13

Sesquiterpene lactones have been isolated from the aerial parts of Schkuhria
pinnata which grows mainly in the tropical areas of Central and South America.
The structures of the related schkuhripinnatolides A 14, B 15 and C 16 have been
determined and have been found to include eight- and five-membered lactone

rings.17

14 R=H

Chemical screening of a number of strains of fungi imperfecti resulted in the
discovery of a large family of related decarestrictines, many of which are
metabolites of Penicillium simplicissimum that show cholesterol biosynthesis
inhibition. Decarestrictine D, known as tuckolide 17, is a ten-membered lactone
isolated from Penicillium corylophilum' and independently from the Canadian
Tuckahoe fungus Polyporus tuberaster." Tt has been synthesised®® and has been

found to be a potent inhibitor of cholesterol biosynthesis. It has also been used in
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poultices and for treating rheumatism, but does not show any significant

antibacterial, antiprotozoal or antiviral activity.

HO 01
OH & e

1 18
HO

Botcinolide 18, is a novel, biologically active, nine-membered, highly
substituted lactone, isolated from a strain of Botrytis cinerea found on cultivated
raspberry fruit (Rubrus ideaus).”' Tt has shown significant phytotoxic properties,
inhibiting the growth of wheat and of greenhouse-grown bean, corn and tobacco

plants.

Marine organisms have provided a wealth of structurally related complex
lactones which have been studied extensively. Ascidiatrienolide A 19, a ten-

membered lactone, has been isolated from the colonial marine ascidian Didemnum

candidum which can be found off the Florida coast.?

The Red Sea sponge Latrunculia magnifica excretes the large-ring lactone,
(+)-latrunculin A 20 as part of its defence mechanism.”®  This particular
ichthyotoxic metabolite was among the first natural products that were found to

incorporate the 2-thiazodolinone moiety in their structures.
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Octalactin A 21, a lactone which possesses anticancer properties, has been
isolated from a marine Streptomyces sp.”* It has shown a significant in vitro
cytotoxicity towards a type of murine melanoma and also toward human colon

tumour cell lines.

Recently, a novel macrolide, spongidepsin 22, has been isolated from a
marine Spongia sp. found off the coast of the Vanuata Islands.”® This thirteen-

membered lactone has shown cytotoxic activity against cancer cell lines.

Another branch of the macrolide family is represented by the cytochalasins,
such as cytochalasin A 23 and cytochalasin B 24, isolated®® from cultures of
Helminthosporium dematioideum. These and other cytochalasins have attracted
considerable attention due to their novel biological activities. These include
antibiotic, antitumour and cytostatic activities, with some possessing the ability to

induce ejection of the cell nucleus.



Chapter 1

OH
=
HN—T] O AN
0, R
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23 R=0
24 R=H, OH

The diverse physiological properties exhibited by all these medium-ring and
macrocyclic lactones indicate that they or their congeners are of interest as potential
candidate molecules for the treatment or control of diseases and pests. Their
investigation in these respects is often limited by their natural origins which means
that only restricted supplies of pure materials are available. Furthermore, very
considerable effort may be required to obtain them from these sources and their
further chemical transformation into potentially more active compounds is not a
viable option. Hence, attention has focused on the search for a general and efficient

strategy for the synthesis of medium-ring and macrocyclic lactones.

1.2 Factors determining rate of cyclisation

The term “medium-ring” lactone is usually applied to any alicyclic
compound having a ring size in the range eight- to twelve-membered, while
thirteen- to eighteen-membered alicyclic compounds are referred to as “large-ring”
or “macrocyclic” lactones. In prinéiple, macrocyclic systems can be generated by
cleavage of internal bonds in polycyclic systems, or, more generally, by cyclisation
of acyclic, long-chain precursors. However, in the latter case the ring closure is
disfavoured entropically due to loss of entropy as a result of the formation of the,
usually more rigid, cyclic structure. Systematic kinetic studies on the formation of

1. Their work

medium-ring lactones have been carried out by Illuminati er a
involved the lactonisation of sodium salts of w-bromocarboxylic acids in DMSO-
H,O (99:1, v/v) solution at 50 °C. Rate studies on the cyclisation of ®-
bromocarboxylic acids leading to thirteen- to sixteen-membered lactones have also
been carried out by Davies et al.*® These studies proved that five- to seven-

membered rings are formed with relative ease whereas eight- to thirteen-membered
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rings are formed with difficulty. Cyclisation becomes easy again for fourteen-
membered and greater rings. The overall findings are illustrated in Figure 1.1”
and can be explained by ring strain considerations. The rate of cyclisation is
determined by the activation energy for the process that is controlled by the ground
state energy of the acyclic precursor and the energy of the transition state. The
conformation of the transition state will resemble that of the cyclic product and

hence will determine the stability of that cyclic product.

I(mm

log

it R | G B ] 1 1 T
0 4 8 12 16 20 24
Ring Size (n)
Figure 1.1

The ease of cyclisation will also be affected by the probability with which
atoms placed at the chain terminals will come within bonding distance and hence
the rate of cyclisation will decrease as the distance between chain terminals
increases i.e. as the chain length increases. Also, there is a negative change in
entropy when a ring-like transition state is approached due to the reduction in

rotational freedom of the open chain alicyclic precursor.

Originally, according to the von Baeyer strain theory, it was thought that
cyclic compounds were planar and hence it was the Baeyer angle strain that
determined the overall strain in both small and large rings. However, this theory
was disproved by the mere existence of medium and macrocyclic systems which
had previously been thought too unstable to exist. The medium and macrocyclic
compounds could indeed exist due to “puckering” of the ring to minimise the angle

strain.
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There are three determining factors effecting the overall strain of medium-
sized rings:
(D) torsional strain in single bonds (Pitzer strain);
2) deformation of ring bond angles from their preferred angles (Baeyer
strain);
3) transannular strain (non-bonding interactions) which occurs when atoms
on opposite sides of the ring are forced into close proximity.
The total degree of strain will be reflected in the energy of activation for the

cyclisation.

An additional problem involved in formation of medium and macrocyclic
i systems is polymerisation due to the entropically-favoured intermolecular rather
| then intramolecular interactions. This, however, can be controlled experimentally
by utilising high dilution conditions, an approach which was first described by
Ziegler.”® However, even under these conditions medium-ring formation was the

most difficult to achieve.

Kinetic studies on the hydrolysis of simple lactones ranging in ring size
from four- to sixteen-membered were carried out by Huisgen and Ott.>' It was
found that the rate of hydrolysis decreased as the size of the ring increased. These
results, and the results of further studies involving the physical properties such as
dipole moments and boiling points of the same lactones, suggested that the ester
functional group exists in a less stable and more polar cis conformation for ring
sizes of 7 or less as in lactone 25. For ring sizes of 10 or greater, lactone 26, it
exists in a more stable and less polar frans conformation. The intermediate eight-
and nine-membered ring sizes exist in cis-trans equilibrium conformations, with
the cis conformation being more predominant in the eight-membered and the trans

in the nine-membered ring.

()n (D

25 n=0-3 26 n=4-10

10
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Intramolecular cyclisation reactions can be affected by the presence of a
rigid group such as a heteroatom,’” or gem-dimethyl groups™ within the chain.
These rigid groups can substantially decrease entropy loss on cyclisation due
mainly to relief of non-bonding interactions and also by restriction of rotation along

the chains.

1.3  Synthetic methodologies for the preparation of medium-ring

and macrocyclic lactones

The literature reports methodologies for the synthesis of lactones that
include a number of general approaches which can be classified according to the

type of bond cleaved or formed in the key ring-forming reaction.
1.3.1 Methods involving C-O bond formation

1.3.2 Methods involving intramolecular cyclisation of bifunctional acyclic

precursors
1.3.3 Methods involving C-C bond formation
1.3.4 Methods involving cleavage of fused bonds in bicyclic systems

1.3.5 Miscellaneous strategies

1.3.1 Methods involving C-O bond formation

The Baeyer-Villiger reaction,>® which was reported in 1899, involves
conversion of cyclic ketones to the corresponding lactones in the presence of
Caro’s acid (peroxymonosulfuric acid) or a peroxy-acid via the insertion of oxygen
into the ring next to the carbonyl group. Reaction between a peroxy-acid
(R’COsH) and a ketone leads to an intermediate 27 which undergoes rearrangement

with loss of carboxylic acid to give the product lactone 28, Scheme 1.1.

11
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27 Scheme 1.1 28

Ruzicka and Stoll* used this classical method for lactone formation as early
as 1929 in the preparation of simple macrocyclic lactones. Many cyclic ketones
have been oxidised to give the corresponding lactones.’® However, although this
method provides' a facile route to simple macrocyclic lactones whenever the
requisite ketones are available, the method is not as successful when applied to the
formation of more complex naturally occurring lactones. Interference from other
functionalities and problems with regiospecificity result in the Baeyer-Villiger
reaction, in general, being limited to the formation of simple macrocyclic lactones,

although a small number of complex lactones have been synthesised successfully.

Binder and Tamm®’ report the application of this method to the formation of
a complex lactone. Phomin 30 was formed, in low yield, via treatment of

deoxyphomin 29 with peracetic acid and p-toluenesulfonic acid, Scheme 1.2.

OH
v
HN
00 OH
29
WC%H
OH
P
i SN
0 OH
0
30
Scheme 1.2
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Baldwin et al.’® synthesised the naturally occurring lactone (*)-

phoracantholide I 33 (n = 1) and (%)-dihydrorecifeiolide 34 (n = 3) from the
corresponding cyclic ketones 31 and 32 in yields that exceeded 90% by use of the

Baeyer-Villiger oxidation, Scheme 1.3.

0O Me O Me
mCPBA 0)
81 n=1 33 n=1
vkt Scheme 1.3 e

1.3.2 Methods involving intramolecular cyclisation of bifunctional acyclic

precursors

Originally, it was thought that preparation of macrocyclic lactones via
bifunctional acyclic precursors was impossible due to favourable intermolecular
reactions and the subsequent formation of linear polyesters.®® In 1933, Hill and
Carothers carried out pioneering research into a new method for the synthesis of
macrocyclic esters. At the time, the only generally applicable method known was
the oxidation of cyclic ketones with Caro’s acid, with lactones being formed in

poor yields and the requisite ketones difficult to obtain.

Hill and Carothers proposed an alternative synthesis involving the
preparation of large ester rings via thermal catalytic depolymerisation of the
corresponding linear polyester,” thus eliminating the need for the use of high-
dilution techniques which was an alternative solution to the polymerisation

problem.

Simple eleven- to seventeen-membered lactones 36 were obtained from
linear polyesters 35 in good yields using optimised temperatures (270 °C) and a
variety of catalysts (e.g. MgCl,), Scheme 1.4. The eleven- and fourteen-membered
lactones were formed with lower yields, and large amounts of the corresponding

diolides were also formed.
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il S

|
=HO—(CH i s O

catalyst
35 = Oa
n=9-15 36
Scheme 1.4

However, further research into high-dilution techniques showed that

lactonisation of long open-chain bifunctional acyclic precusors was indeed a direct
and general method of macrolide formation. Hence, numerous methodologies have
been developed and these can be classified according to the precursor employed for

the lactonisation step:

(i)  Intramolecular cyclisation of w-halocarboxylic acids
(i1))  Intramolecular cyclisation of w-hydroxycarboxylic acids

(iii)  Intramolecular cyclisation via oxidation of o, w-diols

The intramolecular reaction of long open-chain bifunctional acyclic
precursors is a popular method for the synthesis of lactones. However, it must be
noted that it is entropically disfavoured and, in general, is only successful under

highly dilute conditions to facilitate the intramolecular reaction.

(i) Intramolecular cyclisation of w-halocarboxylic acids

As mentioned previously, Illuminati et al.*’ and Davies et al.*® formed
medium and macrocyclic lactones by internal nucleophilic displacement of bromide
ion by carboxylate ions 38 derived from ®w-bromocarboxylic acids 37, Scheme 1.5.
Systematic rate and kinetic studies were carried out on these cyclisation reaction,
Section 1.2. Similar work was carried out by Hunsdiecker and Erlbach.*’ Ten- to
eighteen-membered ring lactones 36 were formed when the potassium carboxylates
38, generated from the corresponding w-bromocarboxylic acids 37 and potassium

carbonate, were refluxed in 2-butanone under highly dilute conditions, Scheme 1.5.
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0
o0 R et TR i BT Tt
v woor "
37 38 M=Na, K 36
n =8-16
Scheme 1.5

(ii) Intramolecular cyclisation of w-hydroxycarboxylic acids

The relative availability of hydroxy-acids has permitted extensive research
into this area, and thus, lactonisation via the internal esterification of hydroxy acid
precursors has become one of the most commonly-used methods to obtain these
compounds. Activation of either one or, in some cases, both functional groups of
the hydroxy-acid precursor allows cyclisation to occur under mild conditions,

permitting the synthesis of structurally complex lactones.

In 1934, Stoll and Rouvé*' synthesised a large number of simple
macrocyclic lactones 36 (up to twentyfour-membered rings) in good yields via acid
catalysis under highly-dilute conditions. Cyclisation of the requisite acids 39
occurred in refluxing benzene in the presence of benzenesulfonic acid over long

periods of time, Scheme 1.6.

HO—(CH,);-COOH 2
HO—(CH,);COOH i» O (CHy),
39
36
n=upto 22
Scheme 1.6

A Merck group,** which utilised the mixed trifluoroacetic anhydride method
of carboxyl activation, reported a total synthesis of the biologically active
macrolide zearalenone 42, Scheme 1.7. The mixed anhydride was prepared from
the hydroxy acid 40 by reaction with trifluoroacetic anhydride in benzene and the
cyclisation occurred at relatively low temperatures forming the dimethyl ether 41 in
poor yield. The dimethyl ether was subsequently treated with BBr; to give

zearalenone 42.
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42 Scheme 1.7

The trifluoroacetic anhydride method of carboxyl activation was also
employed in the synthesis of the novel prostaglandins 43 and 44.* Mixed
anhydrides were formed from the corresponding hydroxy acids and cyclisation
occurred in benzene at low temperature under dilute conditions in relatively good

yields.

-lllo

.‘\‘\ /

= CsHyy

O"I-'
e

43

HO™

.|||O
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e
il o) © A

-+

An alternative method of activation of the carboxyl group is conversion to

the corresponding N-acylimidazolide 46 by treatment of a hydroxy-acid 39 with N,
N’-carbonyldiimidazole 45. The imidazolide moiety has a very high degree of
reactivity in nucleophilic reactions.** Base-catalysed internal alcoholysis of the

imidazolide results in formation of the desired lactone 36, Scheme 1.8.
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Scheme 1.8

Steliou and Poupart® have reported a neutral method for effecting internal
macrocyclic esterification of m-hydroxycarboxylic acids 39 based on a tin
“templaté-driven” process. Various macrolides were successfully synthesised
including zearalenone 42 and pyrenophorin 9. The cyclisation was achieved using
catalytic amounts of di-n-butyltin oxide 47 which initially reacts with the hydroxyl
| group of 39 leading to a doubly-activated cyclic alkoxystannylene carboxylate 48,

Scheme 1.9. The combined nucleophilicity of the alkoxy group as a consequence
of being bonded to tin and the simultaneous activation of the carboxyl group leads

to lactonisation with elimination of di-n-butyltin oxide.
IiIlu,OH

ob 1
ILO Sn(Bu),
¥

HO—(CH,)—COOH + (Bu),Sn0 ———> /
” o @)

A

O\\/((;%Sn(Bu)z I
o Co
/ (& - (Bu),Sn0 /-
(C@n—) (CHy),
48 36
Scheme 1.9
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Stolle and Bolle*® formed pentadecanolide 2 (exaltolide) in approximately
50% vyield by heterogeneous gas-phase thermal reaction of the formate ester 49 (R
= H), formed from 15-hydroxypentadecanoic acid, over TiO; (or ZrO;) at 290 °C.
A similar result was obtained for the reaction of the methyl ester 49 (R = Me),
Scheme 1.10.

O (0]
Q 0 TiO,/ ZrO,
yo_(CHz)m
H _<OR A
49 R =H or CH3
Scheme 1.10 2

Corey and Nicolaou discovered a highly efficient method for the synthesis
of macrocyclic lactones. This involves simultaneous double activation of both the
carboxyl and hydroxyl groups of an w-hydroxy-acid 39 by internal proton transfer
from the hydroxyl to the carbonyl oxygen leading to cyclisation of these hydroxy
acids via 2-pyridinethiol esters.’ Thus, w-hydroxyacids 39 are converted to
pyridinethiol esters 51 via their reaction with dipyridyl disulfide 50 and
triphenylphosphine, Scheme 1.11.* The proton transfer from hydroxyl to carbonyl
in 51 is facilitated by the basic nature of the nitrogen atom in the pyridine nucleus
present in the thiol ester. The resulting dipolar intermediate 52 then cyclises to
form the tetrahedral intermediate 53 which collapses to form the lactone 36 and 2-
pyridthione 54. High-dilution techniques were employed to minimise

intermolecular reaction which would lead to the corresponding diolides.

18



Chapter 1

=
al | + HO—(CH,)-~COOH
N8
2

39
50
PPh,
| o
e 0
=
YT R
Hi = N S fCHZ)n
7 (cHy, 51 OH
i

o

B (0] B
CHa %
248 U i N~ s

oy

|
i ‘O o (C H2)n H
-5 36 54

53

Scheme 1.11
A modification of the Corey-Nicolaou lactonisation method was devised by
Gerlach and Thalmann,* who used silver ion (AgClO4 or AgBF,)*°, Scheme 1.12,

to activate 2-pyridinethiolesters by complexation, thus allowing lactones to be

formed in a mild and efficient manner at room temperature.
e 0) i (0]
| |
g S N \S
+N
| k | *
Ag X Ag

Scheme 1.12

The macrolide antibiotic methymycin was synthesised by Masamune et
al.’' employing S-tert-butyl thiolesters of hydroxy acids in the presence of
mercuric trifluoroacetate. Lactonisation proceeds rapidly at room temperature in

dilute acetonitrile. The required S-fert-butyl thiolesters 56 were obtained from the
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hydroxy acids 39 by reaction of the corresponding acid chlorides 55 with thallous

2-methylpropane-2-thioate, Scheme 1.13.

HO—(CH,);—COOH PRI HO—(CH,);—COCl

39 55
AISC@H});]

HO—(CH,);—COSC(CHs);
56

Scheme 1.13

This method has been used in the synthesis of the zearalenone derivative
595? which was formed in 90% yield when (+)-dimethylzealalenone seco-acid
ketal 57 was converted to the corresponding thiolcarboxylate 58, which was then
treated with two equivalents of mercuric trifluoroacetate, Scheme 1.14. The
mechanism of this reaction has not been clarified, and it may proceed via a mercury

complex or through the intermediacy of a mixed trifluoroacetic anhydride.

OCH;

COR
HO

o)
H;CO / o\>
57 R=OH

o R= SC(CH3)3

Hg(OCOCF3)2,
CH;CN

Scheme 1.14
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Mukaiyama et al.>® devised a procedure closely related to the double
activation method, involving cyclisation of hydroxy acids 39 via reaction of the
carboxylic function with 1-methyl-2-chloropyridinium iodide 60 in the presence of
triethylamine in refluxing dichloromethane or acetonitrile, Scheme 1.15. The

reaction proceeds via 61 which undergoes intramolecular attack by the hydroxyl

group.
I N
> +  HO—(CH,)—COOH
Lol
I I 39
ye Et;N
60
T 0
l | D> r\/u\
n=>5-14 3 +1|‘1 O ‘\('()CHZ)n
CH, H
/ 61
(0]
)J\ B
- T (o AR |
S G e
36 CH;3
Scheme 1.15

This procedure was carried out on a series of acids 39, where n = 5-14, and
the corresponding lactones 36 were formed in good yield together with varying

amounts of their diolides.

Mitsunobu et al.** reported a method for the preparation of lactones under
mild and neutral conditions. A series of ®w-hydroxy acids 39, where n =5, 7, or 11,
were utilised in the cyclisation studies, Scheme 1.16. The acids were treated with
diethyl azodicarboxylate (DEAD) and triphenylphosphine at room temperature,
giving the corresponding lactones 36 in reasonable yields, together with some
diolides. This cyclisation is thought to proceed via a dipolar intermediate 62 in
which the reacting sites are in close proximity, leading to intramolecular
lactonisation. However, in the case of hydroxy acid 39 (n = 7), none of the
anticipated nine-membered lactone was formed, but the corresponding diolide was
formed in 70% yield.
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0
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36
Scheme 1.16

This mild and efficient method for the synthesis of lactones can be applied
to the formation of complex lactones whose synthesis had previously proved
problematic.55 The Steglich modification®® of the Mitsunobu method has been
employed in the synthesis of such lactones and involves slow addition of the

precursor hydroxy-acid to the preformed Mitsunobu reagent.

Yamaguchi e al.’” and Yonemitsu ez al.’® also carried out research into the
cyclisation of hydroxy-acids. Treatment of the m-hydroxy acids with 2.4,6-
trichlorobenzoyl (TCB) chloride in the presence of triethylamine and a small
amount of 4-dimethylaminopyridine (DMAP) gave the corresponding lactones in
almost quantitative yield. A derivative 64 of erythronolide A, a fourteen-

membered lactone, was synthesised from the acid 63 in this way, Scheme 1.17.
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64
Scheme 1.17

Guillerm and Linstrumelle®® have reported a facile synthesis of an enediyne
twelve-membered lactone by simple acid-catalysed lactonisation of the
corresponding enediyne hydroxy-acid precursor with no need for activation of
either the hydroxy or carboxylic acid functional groups. The unusual ease of
reaction is due to the reacting ends being held relatively close to each other because
of geometrical constraints. This is demonstrated by the case of the (Z)-enediyne
system 65 which undergoes intramolecular reaction to give the twelve-membered

lactone 66 in 74% yield, Scheme 1.18.

OH

y Z
et PTSA I 0
I benzene, A "
A A
CO,H
65 66
Scheme 1.18
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(iii) Intramolecular cyclisation via oxidation of o,w-diols

Ishii and co-workers® reported a convenient method for the preparation of
lactones involving oxidative dehydrogenation of a wide variety of o,w-diols with
aqueous hydrogen peroxide and the metal catalyst tris(cetylpyridinium)Il2-
tungstophosphate, (CWP), [n-C5H5N+—(CH2)15CH3]3(PW12040)3'. Lactones 68 of
various sizes (up to fourteen-membered) were formed in good yield from the
corresponding precursor diols 67, although a decrease in yield was observed as

chain length increased, Scheme 1.19.

CWP, H,0, 0 -0
n

t-BuOH

67
n=248,10 68

Scheme 1.19

1.3.3 Methods involving C-C bond formation

Open, long chain structures with ester linkages have been cyclised by C-C
bond formation to give macrocyclic lactones by a variety of techniques, one of
which is acetylenic coupling. The sixteen-membered lactone exaltolide 2 has been
synthesised in this way by Eglinton et al.®! Ring-closure was achieved by a high-
dilution intramolecular oxidative coupling62 involving the terminal ethynyl groups
of 69 in the presence of cupric acetate in pyridine-ether, Scheme 1.20. Catalytic

hydrogenation of the resulting lactone 70 gave pure exaltolide 2.

(0]
(HzC)s Cu(OAc)2 (HZC)SJJ\O
| pyr- ether
70
Scheme 1.20

Corey and Kirst® devised a novel approach to macrolides involving a nickel
carbonyl-catalysed coupling of terminal allylic bromides. The thirteen-membered

(E,E)-dienyl macrolide 72 was formed by slow addition of the dibromoester 71 to

24



Chapter 1

nickel carbonyl in N-methylpyrrolidone at 50 °C, Scheme 1.21. The corresponding

saturated lactone was also formed by catalytic hydrogenation of 72. This method

has been successfully applied to the formation of other complex lactones.**

TR
O PR 7 O
f\/\/ /
Br 71 72
Scheme 1.21
Corey et al.”® also devised a method for the synthesis of macrocyclic

lactones via the Diels-Alder reaction. Open chain diester 73 which contains both
diene and dienophile units separated by 10 atoms was synthesiszd, and the desired
intramolecular reaction was accomplished by its slow addition to refluxing
benzonitrile to yield a mixture of bicyclic lactones consisting mainly of 74 and 75
in a 1:1 ratio, Scheme 1.22. A noteworthy observation was that the product
| distribution in this intramolecular Diels-Alder reaction was similar to that found in
‘ a related intermolecular reaction, suggesting that during cyclisation the two

mutually reactive units in 73 behaved almost as though they were not part of the

same molecule.

73 74 75

Scheme 1.22

Hurd and Shah,®® while completing studies towards the total synthesis of

zearalanone, discovered an approach involving an adaptation of the Dieckmann
condensation reaction. Cyclisation of the o,w-diester 76, whose structure contains a
third functional group (the lactone function) that was susceptible to basic cleavage,

|
was accomplished by using sodium bis(trimethylsilyl)amide, [(CH3);Si],NNa in
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refluxing ether under high-dilution conditions, forming the fourteen-membered
lactones 77 and 78 in good yield, Scheme 1.23. Subsequent saponification to the
corresponding B-keto acids followed by decarboxylation gave the dibenzyl ether of
(+)-zearalanone 79. The mild reaction conditions employed, coupled with the
preservation of the lactone function under basic conditions at moderate
temperatures, suggest that this method may be valuable in the synthesis of other
complex macrocycles with base-reactive functions. However, the fact that it can

lead to a mixture of products does curtail its effectiveness.

OBz O CH,

COOCH,;
O
COOCH,
BzO
76
wshsuzNNa
OBz O CH,
o Ra
BzO (6]
R,
/ Y1 Ry =COCH3 Ry =H
/ 78 R, =H, R, = CO,CH;
OBz 0 CH,
O
BzO O
79

Scheme 1.23

7 carried out studies on macrolide formation via

Trost and Verhoeven,6
palladium(0)-catalysed intramolecular allylic alkylation reactions. For example,
the sodium salt derived from the acetate 80 was cyclised in the presence of
tetrakis(triphenylphosphine)palladium(0) leading to the formation of the twelve-
membered lactone 81 in 78% yield, Scheme 1.24. Subsequent decarboxylation
followed by reductive desulfonylation, yielded the naturally-occurring lactone
recifeiolide  82. The naturally-occurring macrolides exaltolide 2 and

phoracantholide 33 were also synthesised in this manner.
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Scheme 1.24

A novel approach to medium-sized lactones has been reported by Pirrung et
al.,®® employing a Cu(bpy)Cl catalyst for the cyclisation of trichloroacetates.
Alkenyl trichloroacetates were heated in dichloroethane in the presence of the
catalyst to effect cyclisation via a chlorine-transfer process, leading to eight- and
nine-membered lactones in moderate to good yields. Thus, precursor 83, on
treatment with the Cu(byp)Cl catalyst, cyclised to form the eight-membered lactone
84 in 74% yield, Scheme 1.25. Interestingly, only a single diastereomer was
obtained. This method gave promising results with rigid acyclic precursors.
However, attempts to cyclise flexible chains to give ring systems larger then nine-

membered met with failure.

" &

Cu(bpy)Cl
e

0COCCly e

Scheme 1.25
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Intramolecular free-radical addition to propiolate esters leads to the
formation of (E)-o.,B-unsaturated macrocyclic lactones.* w-Bromoalkyl-propiolate
esters 86 were formed from the respective mw-bromoalcohols 85 and were then
converted into the corresponding iodides 87 by reaction with sodium iodide,
Scheme 1.26. Cyclisation was then achieved in the presence of triphenyltin
hydride and azobisisobutyrolnitrile (AIBN) under high-dilution conditions to give
the (E)-o,B-unsaturated macrocyclic lactones 88 (n = 10-12) in moderate yields
(48-60%), along with some of the reduced products 89 (29-37%). The reactions
were both regio- and stereospecific, and led to the (E)-o,-unsaturated lactones due
to preferential endo-attack. This method failed for the synthesis of 6- to 9-

membered lactones. Instead, large amounts of the reduced products 89 were

formed.
0, O
ropiolic acid Nal
HO/('“)}; Br . L O)J\\\ __a__> O)J\\\
DCC/DMAP Acetone /J
85 /J)n )n
Br I
86 87

AIBN
ASDH

Scheme 1.26

A similar method was devised by Porter et al. o Cyclisation was achieved
by intramolecular free radical addition to acrylate or fumarate esters. Thus, o,w-
halo alcohols were converted to their acrylate esters and the lactones 91 were
formed by treatment of the derived iodoalkyl acrylates 90 with tributyltin hydride
and a catalytic amount of AIBN. A variety of saturated medium- and large-ring

lactones were obtained in moderate yields, Scheme 1.27.
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Scheme 1.27

The same conversion of iodoalkyl acrylates to lactones was achieved by
Abe et al.” via photostimulation in the presence of metal hydride complexes such
as sodium cyanoborohydride, sodium borohydride or potassium borohydride.
Lactones varying in ring size from ten- to sixteen-membered were formed in
excellent yields (80-93%), together with small amounts of diolides and reduced

starting materials.

More recently, olefin metathesis has been recognised as an attractive tool
for general organic synthesis. In particular, ring-closing olefin metathesis (RCM),
Scheme 1.28, has emerged as a straightforward entry into large ring systems and
has received a high degree of attention in the last ten years. Carbocyclic and
heterocyclic ring systems with sizes varying from five to several dozens of atoms
have been synthesised successfully. Furthermore, the smooth reaction conditions
of metathetic processes are compatible with almost all functional groups, even in

sensitive molecules.’?

H,C [Ru]
i’
SA L
H,C CH,
[Ru=CH,
/{ H,C [Ru]
[Ru] = see 92
[Ru}
Scheme 1.28
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Transition metal complexes are employed as catalysts for this process.
Amongst these, the ruthenium carbene (PCy3),Cl,Ru=CHCH=CHPh 92, introduced
by Grubbs et al. g particularly noteworthy as it is insensitive toward oxygen and
moisture yet highly reactive in metathetic reactions. However, it is somewhat

unstable at elevated temperatures.

pC Ph
CL' lu_y;;/=/
Ru=
ars
PCy3
Cy = Cyclohexyl
92 .

Fiirstner, among others, has widely applied RCM in concise, elegant
syntheses of naturally-occurring macrocyclic lactones. One such lactone is
lasiodiplodin 95, a twelve-membered lactone isolated from a culture broth of the
fungus Botrysdiplodia theobromae. The precursor diene 93, in dichloromethane,
was combined slowly with Grubbs catalyst (6 mol %), also in dichloromethane, via
two dropping funnels, while argon was bubbled through the reaction mixture in
order to ensure complete evaporative loss of the ethene formed as the by-product
and hence drive the conversion, Scheme 1.29. Thus, a mixture of (E)- and (Z)-
isomers of the twelve-membered lactone 94 was formed quantitatively.

Hydrogenation and deprotection then produced the desired lactone lasiodiplodin 95.

OMe O =

Wgzcnzf{u:mcn:cphz

OMe O H

Scheme 1.29
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Fiirstner has also synthesised zearanol 96,75 zearalenone 42,76 a truncated
analogue 97 of salicylihalamide,” and the sophorolipid lactone 98”7 in a similar

fashion.

OH O QHS O

HO OH HO 6]
96 42

98

Other naturally-occurring lactones synthesised in this way from the
corresponding acyclic dienes include halicholactone 99,”® coronane 100,”
octalactin 101%° and brefeldin A 102%' to name but a few, Table 1.1. Grubbs’s
catalyst was employed in all syntheses and all lactones were formed in relatively

good yield.
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Final Product

% Yield of RCM

Acyclic Diene Precursor

Lactone
H OH
Halicholactone = CsHy
T2 =
O OAc 99
0 O
Coronane 100" 45 100
/W
(0]
0 )
O
MPMO,, HOu,,
Octalactin 101* 86 5 5
Me Me e
101
Brefeldin 102 42 MOMOn+
HOw-
&
2
Table 1.1 Synthesis of naturally-occurring lactones via RCM =2
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Although Grubbs’s catalyst 92 exhibits a remarkably wide scope and
excellent compatibility with a range of functional groups, it is very sensitive toward
the substitution pattern on the alkene. Tri- and tetrasubstituted alkenes cannot be
formed in this way. Hence, a new generation of ruthenium catalysts 103 bearing
one bulky imidazol-2-ylidene ligand is under investigation.82 The presence of the
sterically encumbered ligand does not only impart a significantly increased stability
of the reactive species in solution but also brings more highly substituted products

within reach.

Ph
ki I':CyJ:/
Ru=
o o
y = Cyclohexyl
g I i R = mesityl
103

This derivative of Grubbs’s reagent is in fact less reactive then the parent
catalyst at room temperature; however, the reactivity increases dramatically at
slightly higher temperatures. Extensive studies have been carried out and results
show that the reactivity of 103 in toluene, at 80 °C (5 mol %) is sufficiently high to
allow the preparation of di-, tri-, and even tetrasubstituted cycloalkenes in good to
excellent yields, Table 12590 ring sizes including medium and macrocyclic

rings can be accessed by this route.
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Table 1.2
The synthesis of di-, tri-, and tetrasubstituted cycloalkenes via RCM.%®

All reactions were carried out with 5 mol % of catalyst 103 in toluene at 80 °C

time Yield C

Acyclic Diene Precursor Product
(h) % (mmol/l)

(0] 0. O
YJ\ j__I\ 40 63 100
(0)

1.3.4 Methods involving cleavage of bicyclic systems

Borowitz et al.%*

devised a method for lactone formation from bicyclic enol
ethers. Ketolactones with ring sizes varying from ten- to sixteen-membered were
synthesised® by oxidative cleavage of the corresponding bicyclic ethers 104 using
a variety of reagents, Scheme 1.30. Treatment with three equivalents of m-
chloroperoxybenzoic acid (MCPBA) in dry solvent, or, alternatively, by ozonolysis
followed by work-up with zinc and acetic acid or chromic acid, produced

ketolactones 105. According to Mahajan,*® the same cleavage of 104 to 105 (n =0,
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m = 1) was effected by treatment with n-butyl nitrite in the presence of aqueous
acetic or hydrochloric acid to afford the oximinolactone 106, which on hydrolysis

gave the ketolactone 105 (n = m = 1) in almost quantitative yield.
O

MCPBA
—_—
or O3
n O n O
n=1-3 0]
104 o
105
n-BuN02
=10
ms=
NOH
O
(0]
106
Scheme 1.30

Schreiber et al.¥’ described a synthesis of ketolactones by cleavage of
bicyclic alkenes 107 and 108 via ozonolysis of the fused double bond to form the
o-methoxyhydroperoxides 109 and 110, Scheme 1.31. Treatment of these
hydroperoxides with acetic anhydride and triethylamine then effected their Criegee
rearrangement to yield the eleven-membered lactones 111 and 112. The
regioselective lactone formation observed for the case of unsymmetrically
substituted cycloalkene 108 is attributed to the directing ability of the electron-

withdrawing acetoxy group.

R
Rz o R2 o 2
0, Ac,0
MeOH Et;N 5
I R Mot OOH K] 0
1
107 109 111
108 110 112

107,109,111 R;=R;=H
108,110,112 R; = Me, R, = OAc

Scheme 1.31
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The red algal metabolite laurencin 115, is an eight-membered biologically
active marine natural product containing a cyclic ether framework. Murai ez al.®®
have devised a total synthesis for this desirable molecule involving the formation of
lactone 114 as a key intermediate. This ketolactone 114 was formed by oxidative
cleavage of protected triol 113 with Pb(OAc)y in toluene, Scheme 1.32. The key
intermediate was then transformed to the cyclic ether laurencin in a total of 10

steps.

Pb(OAc),
—————

0 o
OH 0

iy T POt Sl

)A steps

0]

115
Scheme 1.32

1.3.5 Miscellaneous methods

(i) Ring-enlargement processes

In 1977, Corey et al. carried out pioneering research into translactonisation
reactions that resulted in the formation of large-ring lactones from medium ring
lactones. The intramolecular transesterification reaction can be catalysed by either
acid or base and proceeds under thermodynamic control. The driving force for
these transformations is the release of ring strain of the thermodynamically unstable
medium sized ring. Thus, the nine-membered hydroxy lactone 116 reacts rapidly at
room temperature and in the presence of p-toluenesulfonic acid (1 mol%) forming
the corresponding twelve-membered lactone 117 in 97% yield, Scheme 1.33.% In
comparison, the eight-membered hydroxy lactone 118 undergoes ring expansion (3

mol% p-toluenesulfonic acid in methylene chloride, 24 hr, 0 °C), somewhat more
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slowly and less efficiently, to form the eleven-membered lactone 119 in 69% yield.

Very polar by-products, quite possibly linear polyesters, were also formed.

+H = =
(o "

/\ PTSA
—_— —_—

OH
n L n % OH
116 n=2 117 n=2
i ol Scheme 1.33 119 n=1

An additional influencing factor associated with these rearrangement
reactions is the length of side chain that can be incorporated into the ring system.
The reaction rate decreases with increasing chain length. Thus, an attempt by
Corey to incorporate four carbon atoms, via an eight-membered intermediate,
failed. The aforementioned successful rearrangements involved a relatively more
favoured seven-membered intermediate.

Stach and Hesse have utilised the electron-withdrawing ability of the nitro
group in a lactonisation process. When the alcohol 120 (n = 7, 8, 12) was treated
with base, the lactone 122 was formed via the oxyanion intermediate 121, Scheme
1.34.° The key ring-enlargement step occurs by charge delocalisation from the
oxyanion to the electron-withdrawing nitro group via the bicyclic intermediate

shown.

(o) (O

OH o
base
NO,
120 121
ni=<7R 12
i 5 i
» e Q
<—
n NO,
NO, 4 i £
122
Scheme 1.34
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In the case of 2-aminomethyl-2-(3-hydroxypropyl)cyclododecanone 123 a
fragmentation reaction occurs following conversion to the corresponding
trimethylammonium chloride 124, resulting in the formation of the fourteen-

membered lactone 125, Scheme 1.35.°!

OH OH
(0] 0
Mel, KHCO;
-_— + o
NH, NMe; Cl
123 124
NaH, DMF
® 95 i
O
o i
& g
_NMe3 NMC3 Cl
-— s
125 i T
Scheme 1.35

Mahajan and Resck have developed a synthesis of medium- and large-ring
acetylenic lactones by a ring-enlargement process, Scheme 1.36.°> Bicyclic
tosylhydrazones 126 were treated with N-bromosuccinimide (NBS) in a mixture of
water and f-butanol to form the acetylenic lactones 127 in excellent yield.
Hydrogenation then led to the known compounds phoracantholide 33 (n = 1),
dihydrorecifeiolide 34 (n = 3) and 15-hexadecanolide 128 (n = 7).
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N-NHTs
NBS =
i +-BuOH, H,0 : 5
126n=1,3,7 7

H
de/C 127n=1,3,7

@)
0O

S n=1
34 n=3
128 n=7

Scheme 1.36

(ii) Cyclisations via polymeric supports

Transition metals such as palladium are often employed to catalyse the
formation of macrocyclic lactones. However, two disadvantages are associated
with these types of intramolecular cyclisations: 1) the formation of dimers, trimers
and, more commonly, oligomers; 2) the use of high dilution techniques involving
large quantities of solvents and long reaction periods. A method has been devised
whereby one end of a potential ring system is anchored to a fixed polymer or resin.
Hence, unwanted side reactions are avoided, however, the anchoring sites must be a
suitable distance apart, but not so near as to allow the free ends to undergo
intermolecular reactions. At first, solid-phase methods incorporated a heteroatom
within the linker between the substrate and the polymeric support. Cleavage from
the polymer was then achieved by deprotecting the heteroatom, which remained
part of the final product. However, cyclative-cleavage strategies have been devised
where release from the polymer support is obtained as a consequence of the natural
reactivity of the connecting functionality, thus leaving no traces on the target
molecules. Also, since detachment from the resin is a step associated with the
desired reaction sequence, only substrates that possess the correct functionality and
react in the expected way are released into the solution in high purity, leaving all

unreacted systems and by-products in the solid-phase.
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The palladium catalyst Pd(dppf)Cl, (dppf = 1,2-bis(diphenylphosphino
ferrocene)) has been used in carbonylative couplings and gives reasonable yields
(ca. 55%). However, when this catalyst is incorporated into poly(vinylpyrrolidine)
together with palladium(0) (in the form of [Pd(PPhs)4]), yields are markedly
improved. Stille et al.” have studied the palladium-catalysed carbonylative cross-
coupling reaction of organotin reagents with a variety of organic electrophiles.
Here, fourteen- to sixteen-membered lactones 130 were formed from the substrate

129 in yields of over 70%, Scheme 1.37.

0
;o 0 CO (L atm), PdL,_ ||
(CHz)n)j\O/\/\/SnBlh LiCl, K,CO; (CHy),
n=6-8
129 o
Scheme 1.37 130

Nicolaou et al.’* have developed a solid-phase synthesis of naturally-

‘ occurring lactones via a cyclorelease mechanism that employs Stille coupling.
‘ Here, the final step involves simultaneous cyclisation and release of the product
from the solid support, Scheme 1.38. A total synthesis of zearalenone 42 was
achieved when the polymer-bound precursor 131 was exposed to [Pd(PPhs),]

followed by treatment with acid to induce deprotection.

ll. Pd(PPhs),

2.HEI
@H. O
(0)
L
HO 0
42
Scheme 1.38
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A number of reactions have been adapted to fit this valuable carbon-carbon
bond forming cyclorelease process, namely, ring-closing metathesis,” the Wittig-

Horner reaction’® and Suzuki coupling.”’

(iii) Intramolecular alkylation of dianions

Takahashi and co-workers devised a synthetic method for macrolides based
on intramolecular alkylation of dianions, Scheme 1.39.%8 Thus, dianion 132 could
be generated from a phenylthiomethyl group and a protected cyanohydrin. The
anions differ in reactivity, and since anion (B) is more reactive to alkyl halides or
tosylates then anion (A) it takes part in the cyclisation. The fact that both anions
are contained in a single chain restricts the rotational conformations of the chain
and hence increases the likelihood of the reacting centres approaching one another.
Anion (A) protects the neighbouring or conjugated ester group from nucleophilic
attack by exerting electronic and steric effects before and after the cyclisation. An
additional advantage to this strategy is the presence of two negatively charged
carbons in the same molecule which causes larger intermolecular ionic repulsions
and hence decreases the likelihood of intermolecular reaction thus eliminating the
need for high-dilution conditions. Hence, the dianion 132 cyclised to form lactone
133 in 95% yield, which was then converted to zearalenone 42 in a further three

steps.

CN

Scheme 1.39
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This methodology has also been used to form fourteen- to sixteen-
membered B-ketolactones 135 by formation of the dianions of 134 with excess
lithium diisopropylamide (LDA) followed by intramolecular cyclisation, Scheme

1.40.”°

(o) (0] 8 (0]
/U\/U\ LDA, THF
B G 9
~(CHy), (CHp)p
Br
n=9-11
134 135
Scheme 1.40

(iv) Iodolactonisation

Lactonisation of unsaturated acids mediated by iodine is a powerful process
in synthetic organic chemistry.'® This methodology involves the treatment of
metal carboxylates in either water'"! or organic solvents,'* or carboxylic acids in
organic solvents,103 with electrophilic iodine sources such as iodine, N-
iodosuccinimide, cyanogen iodide, or bis(sym-collidine)iodine(1)
hexafluorophosphate. The accepted mechanistic scheme of van Tamelen and
Shamma'® involves attack by positive halogen on the double bond of an
unsaturated acid 136 affording a halonium ion 137. This then undergoes
intramolecular displacement by carboxylate anion to give one of the two possible
iodolactone products 138 and 139, Scheme 1.41. Research has shown that, in
general, lactone product 138 is obtained; its formation is thought to proceed by an
exo mode of closure, thus favouring the formation of products having a smaller ring

size.
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Scheme 1.41

Medium-ring lactones have been synthesised in this manner by Rousseau et
al.'® Todolactonisation of w-alkenoic acids 140 was achieved using bis(sym-
collidine)iodine(1) hexafluorophosphate 141 to afford seven- to eleven-membered
rings 142 in various yields (76% for seven-membered and 4% for eleven-

membered lactones), Scheme 1.42. High-dilution conditions are not necessary for

this methodology.
(0]
141, CH,Cl, 4
n
140 142
b -+
HN, . 4 PF¢
2

0 3

Scheme 1.42
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1.4 Intramolecular acylative cleavage of tetrahydrofuran

derivatives

The ring-opening reactions of tetrahydrofurans which occur when they are
treated with acyl halides'® or anhydrides'” in the presence of Lewis acids provide
convenient routes to (4-halobutyl)alkanoates 143 and to diesters of butane-1,4-diol

144, respectively, Scheme 1.43.

MHal, X
+ RCOX —I»

O :O
R
143 X = Hal
144 X = OCOR
Scheme 1.43

This understanding led to the consideration of a possible intramolecular
reaction of tetrahydrofuran derivatives to form lactones. Thus, a novel, facile,
intramolecular route for the formation of lactones from ®-(2-tetrahydrofuryl)-
alkanoic acids has been reported by Grayson and Roycroft.'® This research led to
the discovery of the ability of the ethereal oxygen atom of the tetrahydrofuryl ring
to efficiently trap tethered acylium ions in an intramolecular manner. Thus, an
acylium ion such as 146, derived from 3-(tetrahydro-2’-furyl)propanoic acid 145
reacts to give a bicyclic acyloxonium species 147 which then reacts with
nucleophiles which are present in the reaction mixture to yield S5-substituted
dihydro-2(3H)-furanones 148, Scheme 1.44.
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o) o
L ) 4
147
146

Scheme 1.44

To investigate the scope of this reaction it was necessary to develop an
efficient route to the acylium species 146 which was free from side-reactions. An
acylium precursor was required which, ideally, would be easily generated,
relatively stable and have the ability to form the acylium species under mild
conditions. Acyl halides were the first precursors to be investigated. However,
reaction of 3-(tetrahydro-2’-furyl)propanoic acid 145 with thionyl chloride did not
lead to isolable quantities of the expected acyl chloride 149 but gave instead
dihydro-5-(3’-chloropropyl)furan-2(3H)-one 150 in 83% yield, Scheme 1.45. It
was presumed that this conversion occurred due to the presence of the liberated
hydrogen chloride which could promote the formation of the corresponding
acylium ion from the acyl chloride which could then undergo an intramolecular

rearrangement resulting in the formation of the chlorobutanolide 150.
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150

Scheme 1.45

However, this was not the only possible mechanism. The presence of
hydrogen chloride could possibly result in cleavage of the tetrahydrofuran ring of
145 or 149 to afford the intermediate compound 151, Scheme 1.46. This could
then cyclise to yield the chlorobutanolide 150. Consequently this approach to the
generation of the desired acylium ion was discarded as it was not possible to clarify

which reaction mechanism was employed.

O\/\ — Cl
CO,H o

0)
cr
145 g 149 O
Cl
-HCl H
C]\/\/& \O
el cl
150
0
151
Scheme 1.46

Alternative syntheses of the acyl chloride 149 were also investigated.
Reaction'?” of the acid 145 with CCly - PPhjs resulted in the successful formation of
isolable 149, and even better yields were obtained when the lithium salt of 145 was

treated with 0.33 equivalents of PCls in dry chloroform."'°
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However, practical disadvantages were encountered in both of the
procedures mentioned above. Furthermore, the acid chloride 149 could not be
stored for any length of time as the presence of even minor amounts of hydrogen
chloride resulted in its rapid decomposition. Hence it was clear that an alternative

precursor to the acylium ion 146 was necessary.

Since Friedel-Crafts acylation reactions may be carried out using carboxylic
acids, carboxylic anhydrides and ketenes as alternative reagents to acyl halides,
attention was drawn to the possibility of employing an anhydride as an alternative

acylium precursor.1 i

Mixed anhydrides can be prepared easily using trifluoroacetic anhydride
and a carboxylic acid, thus the trifluoroacetic-carboxylic mixed anhydride 152 was

considered as an acylium ion prcacursor.”2

oy

(0]
152
The equilibrium strongly favours the mixed anhydride and the trifluoroacetic acid,
Scheme 1.47.

O 0}

i B J\)k )L)k i K

R OH

Scheme 1.47

Thus, the mixed anhydride 152 was investigated'®

as an acylium ion
precursor, and it was subsequently found that the use of such mixed anhydrides
avoided all of the difficulties associated with the labile acyl chlorides.
Furthermore, because of the poor nucleophilicity of the trifluoroacetate ion, the use
of mixed anhydrides could permit the introduction of a wider variety of
functionality into the product butanolides if stronger nucleophiles were present in

the reaction mixture.

Treatment of 3-(tetrahydro-2’-furyl)propanoic acid 145 with one equivalent
of trifluoroacetic anhydride at O °C in dry chloroform resulted in the formation of

the mixed anhydride 152 in almost quantitative yield, Scheme 1.48. Isolation was
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achieved simply by evaporation of the solvent and the trifluoroacetic acid by-
product. The mixed anhydride was found to be quite stable and survived after
prolonged refluxing in dry chloroform. However, if a catalytic amount of
trifluoroacetic acid was introduced into the system, or if the trifluoroacetic acid was
not removed after formation of the anhydride, then the dihydrofuranone 153 was

rapidly formed as the sole product of the reaction in 86% yield.

TFA,O
Ol e CF;
o 0

" ¥

/ 152
& g
CF;CO, = O};‘

+Z

5 & N ¥

\ 146

>
.

|

Scheme 1.48

To probe the mechanism of this conversion, an enantiomerically enriched
starting acid 154 was employcd.108 Thus, if the reaction proceeded via the acylium-
acyloxonium reaction mechanism outlined in Scheme 1.49, the dihydrofuranone
156 formed should exhibit retention of configuration at the C-2’ methine carbon of

the starting acid 154.
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\\H
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155
H,, H,,
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(0) (0] O 0]
157 156
Scheme 1.49

However, if the reaction proceeded via a mechanism involving the
protonation of the tetrahydrofuryl ether oxygen followed by neighbouring group
participation by a carbonyl group located on the side-chain, then the
dihydrofuranone 159 formed should exhibit inversion of configuration at the C-2’

methine carbon of the starting acid 154, Scheme 1.50.

OCOCF,
H TFA,O v
< T S o NP & 1
o CO,H ( o \n/
O (0]
154 e
F,COC Ha, = ¥ COCO\/\H\&
= :
; o~ Yo ol i -
159
Scheme 1.50
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Treatment of (+)-(S)-3-(tetrahydro-2-furyl)propanoic acid 154 with
trifluoroacetic anhydride gave (-)-(S)-156. Mild hydrolysis gave the (-)-(S)-alcohol

3 As the intramolecular lactonisation

157 whose configuration was known."!
reaction proceeded with retention of configuration at the C-2’ methine carbon, the

mechanism involving formation of an acylium ion was adequately accounted for,

Scheme 1.49.

It was noted that nucleophilic attack of bicyclic intermediates such as 147
occurred exclusively at the exposed C-5’ o-carbon (route a) and not at the C-2’
bridgehead carbon (route b) which would have resulted in the formation of the
seven-membered lactone 160, Scheme 1.51. This is understandable, as the
stereoelectronic requirements for this process are incompatible with the rigid

butterfly conformation of systems such as 147.

Scheme 1.51

The method was applied to 5-(tetrahydro-2-furyl)pentanoic acid 161 which
was obtained from the propanoic acid derivative 145, Scheme 1.52."* In this case,
the more flexible bicyclic acyloxonium intermediate 163 formed from acylium ion
162 undergoes reaction at its bridgehead carbon to yield a 4:1 mixture (85%) of the
ten-membered lactone 164 together with the unsaturated ten-membered lactone 165
formed by competitive regioselective -elimination of a proton. The alternative

heptanolide 166 is not formed.
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Scheme 1.52

The same intramolecular acid-catalysed lactonisation rearrangement
reaction was applied to the homologous w-(tetrahydro-2-furyl)alkanoic acids 167 (n
= 1-6), Table 1.3."" For all of the acids 167 (n = 1-6) it was found that attack by
trifluoroacetate ion always occurred at the bridgehead carbon leading to the
formation of nine- to fourteen-membered lactones 168, with a small amount of the
corresponding unsaturated lactones 169 also being formed in most cases due to -
elimination of a proton, Scheme 1.53. Attack at the a-carbon, which would have
led to six- to eleven-membered lactones 170, did not occur. This was presumed to
be due to the flexible nature of the bicyclic acyloxonium ions formed as opposed to
the rigid ion formed in the case of acid 145 which led to exclusive attack at the o-

carbon.
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Scheme 1.53
Table 1.3
Yields of lactone(s) from acid 167 (n = 1-6)''* !5
Acid Product Bridgehead attack f-elimination % Yield t  Solvent
n= ring size product (%) product (%) (total)  (hrs)
1 9 60 - 60 1 CHCl;
2 10 48 12 60 1 CHCl,
o 1 26 34 60 72  Toluene
4 12 38 13 51 72  Toluene
0 13 s’ 1 7S 132 Toluene
6 14 3 1 4 168 Xylenes

An alternative nucleophile to trifluoroacetate can be introduced into the

reaction mixture to give the corresponding substituted lactone. Thus, when the

mixed anhydride 171, formed from acid 161, was treated with titanium(IV)

chloride in dry chloroform the chlorolactone 172 was obtained (73%). Also, when

the mixed anhydride 171 was formed in acetone in the presence of sodium iodide

the corresponding iodolactone 173 was produced (75%), Scheme 1.54.''* !¢
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Scheme 1.54

The synthesis of a number of natural products was achieved via this route.
Thus, (£)-phoracantholide-I 33, isolated from the metasternal gland of Phoracantha

"7 was synthesised, Scheme 1.55.''° The

synonyma by Moore and Brown,
precursor acid 174 was treated with trifluoroacetic anhydride in acetone and then
refluxed in the presence of sodium iodide giving the expected mixture of ten-
membered lactones 175 and 176, which were separable by column
chromatography. Treatment of the iodolactone 175 with 1,8-diazabicyclo-
[5.4.0]Jundec-7-ene (DBU) eliminated hydrogen iodide to give a mixture of
unsaturated lactones 177 which, upon hydrogenation, led to the desired product (1)-

phoracantholide-I 33.
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Scheme 1.55

The intramolecular acid-catalysed lactonisation rearrangement reaction was
also employed to synthesise the fungal metabolite dihydrorecifeiolide 34.'" Thus,
7-(5’-methyltetrahydro-2’-furyl)heptanoic acid 178 was subjected to the usual
lactonisation conditions. Yields of the expected twelve-membered lactones were
very low so an alternative synthesis was carried out involving the formation of an
acid precursor that contained a double bond of (Z)-configuration which would
encourage formation of the Ihandatory nine-membered ring of the bicyclic
acyloxonium intermediate, Scheme 1.56. Thus, when the acid 181 was refluxed in
toluene in the presence of trifluoroacetic anhydride, a mixture of twelve-membered
lactones 179 and 180 was formed that, on catalytic hydrogenation, gave the desired

product dihydrorecifeiolide 34.
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1.5 Strategy

The research undertaken in the present study focuses on the synthesis of
lactones via the intramolecular acid-catalysed lactonisation rearrangement reaction
described in Section 1.4 above. Chapter 2 is concerned with intramolecular
reactions of 3-(tetrahydro-2’-furyl)propanoic acid which are further probed with
regard to the synthesis of functionalised butanolides by the introduction of various
nucleophiles into the reaction mixture. These functionalised butanolides might be
manipulated to facilitate the synthesis of desirable naturally-occurring lactones.
The behaviour in a variety of solvents of the acylium species derived from 3-

(tetrahydro-2’-furyl)propanoic acid is also examined.

The primary focus of Chapter 3 centres on the synthesis of ten-membered
lactones, which bear hydroxyalkyl side-chains of varying lengths situated adjacent
to the lactone ether oxygen atom, with a view to later ring-enlargement via an
intramolecular translactonisation process. The synthesis of some ring-expanded

lactones from these precursors is reported.

Chapter 4 is concerned with the development of a synthetic route towards
the precursors required for the synthesis of two naturally-occurring lactones,

Cephalosporolide G and Patulolide C.
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