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Abstract

Part 1. Synthesis of Stereodefined Heterocyclic Rys.

We wish to report the development of novel methoggl for the synthesis of

stereodefined heterocyclic rings, which could bedugor the synthesis of natural
products containing for example tetrahydrofuran ifeptsuch as members of the
pamamycin family. Due to their ambivalent propestierganoaluminium reagents can
easily react with acetals by transfering an alkgup after prior coordination with the

substrates. This work has led to the developmeatradvel cascade reaction. It involves
the reaction of acetals with trialkylaluminium reags, which is followed by a

cyclisation reaction, generating consequently bsteofuran or tetrahydropyran rings.
In addition, investigation towards the synthesipyfolidines was also carried out.

Part 2. Investigation and Development of a Novel Geade Reaction.

The Bergman cycloaromatisation reaction is basedhenformation of a biradical
intermediate species and has been, over the yeaanstant source of inspiration for
scientists. Continued efforts over the last 40 ygaermitted, among other things, a
better understanding of the mode of action of tiede/ne antibiotics, a class of natural
compounds with exceptional biological activitiesheT Parsons group recently
developed a novel cyclisation reaction, which alemerates a biradical species, and
which could, after being trapped with a suitablesak, lead to the formation of tricyclic
molecules containing heterocyclic cores. As a tesed wish to further investigate this
novel reaction and develop a tandem reaction, umwglthis reaction combined with a
Diels-Alder reaction in order to generate pentacycholecules, in one synthetic

operation, and from an acyclic precursor.
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Part 1

Synthesis of Stereodefined Heterocyclic
Rings




Chapter 1

|NTRODUCTION

Heterocyclic rings, such as tetrahydrofurans arichltgdropyrans are widely
found in natural products. These rings are ustsllystituted at different positions and
scientists are driven to develop novel and if gdesenantioselective methodologies in
order to synthesise these ring systems. Of paatidnterest were the members of the
pamamycin family. Their isolation and interestiriglbgical activities are described in
Section 1.1.1 In addition, in order to illustrate different rhetologies to synthesise
tetrahydrofuran rings, the key steps of their taahtheses and also, the developed
methodologies to synthesise these rings are raporteection 1.1.2
Finally, Section 1.2will be dedicated to the functional use of thetakgroup in organic
chemistry. The novel methodologies to synthesistads are reported i8ection 1.2.1
and their possible reactions with nucleophiles wheacted in the presence of Lewis
acid is discussed iBection 1.2.2 In addition, a short paragraph on organoaluminium

reagents has been included in this section.



1.1 TETRAHYDROFURAN : A MOTIF FOUND IN NATURAL PRODUCTS.

1.1.1PAMAMYCIN FAMILY .
1.1.1.1 Isolation and Structure Determination.

i. History and Isolation of Pamamycin Antibiotics

Actinobacteria, also known as actinomycetes areoapgof Gram positive bacteria,
which can produce a range of interesting seconaietabolites” They germinate from
spores and expand by forming filamentous vegetatiyeelia similar to that of fungi,
into and on the agar medium. Their life cycle isvgqmed by two morphological
differentiations: firstly, there is the formatiorf aerial mycelia from the substrate
mycelia and secondly, there is the production afrep by the division of the aerial
mycelia. It was observed that the formation of @lemycelia was accompanied by the
production of secondary metabolites. McCann ancePsfowed that antibiotics could
regulate the formation of mycelia in streptomycetash asSteptomyces albonig€t
They showed that a low concentration of the antibiincomycin induced the growth
of the aerial mycelia, although a higher conceitnadf this antibiotic had an inhibitory
effect. Consequently, a better understanding ofmieehanism of differentiation of the
mycelia and of the role of the secondary metal®lteduced by the bacteria, could
lead to the improvement of the fermentation proidmctAs a result, the isolation of the
active substances frorSteptomyces albonigeATCC 12461 was achieved and new
compounds, named pamamycin, with antibiotic agtieithd with molecular weights of
621, 635, 649 and 663 were isolated.

The major member of this family, pamamycin 621, \mative against Gram positive
bacteriaMycobacteriaandNeurospora Their structures were not determined, but they
found that pamamycin of molecular weight 621 haalftilowing formula: GgHgsNOs.
The infra-red spectra showed the presence of aogrigroup and no aromatic, OH or
NH and amide groups. The absence of OH or NH fanatities was also confirmed by
NMR analysis, which showed no exchangeable protgen addition of deuteriated
water. They concluded that pamamycin was a hightyrated molecule containing a

tertiary aming®



Pamamycin 621 was also isolated from myceliunstweptomyces aurantiacUMET

43917 and its structure was elucidated in 1991 18y MMR and chemical degradation
experiments?

ii. Pamamycin 607 and Homologues: Structures awng\Bithesis.
* Structurel®>*

To date, fourteen members of the pamamycin famiti wolecular weights ranging
from 593 to 649 have been isolated from differeatirses of Streptomycesand
structurally characterised. Their structures amwshin Figure 1.

They all share a similar backbone, which is coutgd of threesyndisubstituted
tetrahydrofuran motifs with two of them containeda sixteen membered macrocycle
ring system linked by two ester functionalities. eThlifferent members of the
pamamycin family are substituted at the 2, 7, @il 5’-positions with methyl or ethyl

groups. In addition, one common features amongethestabolites is the presence of a
dimethyl amino group at the 15-position.

Figure 1. Pamamycin 6071 and Homologue2-14.

R, R, R3; Ry Rs
1 Pamamycin 607: Me Me Me Me H

Pamamycin 593: Me H Me Me H
Pamamycin 621AMe Me Me Me Me
Pamamycin 621B:Et H Me Me Me
Pamamycin 621CMe Me Et Me H
Pamamycin 621D Et Me Me Me H
Pamamycin 635A:Me Me Et Me Me
Pamamycin 635BMe Me Me Et Me
Pamamycin 635CEt Me Me Me Me
Pamamycin 635D:Et Me Me Et H
Pamamycin 635E:Me  Me Et Et H
Pamamycin 635F:Et Me Et Me H
Pamamycin 649A:Et Me Et Et H
14 Pamamycin 649B:Et Me Et Me Me

* Biosynthesig®!

Feeding experiments, using labellé#C and *®N units in Streptomyces alboniger
showed that the skeleton of pamamycin @Was derived from six acetates, four
propionates and three succinates. The amino gragpdsrived from glutamic acid or
valine and the two methyl groups on the nitrogeamfrmethionine. Addition of
cerulenin, an inhibitor of the fatty acid and stdrbiosyntheses, reduced the formation



of pamamycin 6071. It was consequently postulated that the biosyheof
pamamycin 6071 occurredvia the polyketide pathway and by polymerisation o th
different subunits. The subunits used to biosynfigepamamycin 607 are shown in
Figure 2.

Figure 2. Biosynthesis of Pamamycin 6Q7

/

Acetate

[

Propionate

[l

Succinate

)

Decarboxylation Amino Acid

1.1.1.2 Structure-Activity.
i. Effect of the Alkyl Group$”

The different members of the pamamycin family pessateresting biological activity.
They can induce the formation of aerial mycelianadl as inhibit their growth. They
also exhibit antibacterial properties. The effedt tbe alkyl substituents on the
autoregulatory activity inStreptomyceslboniger and the antibiotic activity against
Bacillus subtiliswas studied. The activities of the different agalkes were determined

as pamamycin 607 equivalents and are summarishe kgure 3 below.

Figure 3. Relative Activities of Pamamycin Homologués.

300

W Aerial mycelium-inducing activity
% Grrowth-inhibitory activity
’Z  Antibictic activity

250

o
3
3

Relative activity (%)
g

100

593 607 621A ~ 621B  621C 621D 635C 635D 635E  635F

Pamamycin homologues

Pamamycin 592 was the most active compound towards the produatio aerial
mycelia and it was observed in general that théviactof the other homologues
decreased when their molecular weights increasegdlaBement of a methyl group by

an ethyl group at the 9 or 2’-position 3(Rr R;) suppressed any aerial mycelium-



inducing activity (sedrigure 3). Pamamycin 635A7 and a mixture of pamamycins
649A 13 and 649B14 (with R; = Et) have also been previously reported to have n
activity on the differentiation and production ofriml mycelid® Observation of the
pamamycin 635A.C#£0O.D using a space filling CPK model showed that s
sticking out the folded molecul®.It was speculated that this dramatic effect wastdu
the introduction of a bulkier group, which prevehtthve molecule in fitting into the
active site and consequently in activating the fatron of aerial mycelia.

However, these modifications led to the loss 0§ lggn 50% of the growth-inhibitory
and antibacterial activities. This suggested thase¢ biological activities were due to a
different mechanism of action than the inducingadenycelia properties. Substituting
the pamamycin skeleton with different alkyl growgmaild result in the modification of
the hydrophobic properties of the molecules ansl tbnsequently explains the different

activity observed’!

ii. Role of the Dimethyl Amino Group and of the Madiolide Ring™®

The role of the amino group on the aerial myceliaducing activity ofS. alboniger
has also been studied. Compoub8l was obtained by Hoffman degradation and
subsequent hydrogenation of the double bond. Tesatraf pamamycin 607 with
sulfuric acid in methanol led to the cleavage diyame ester linkage to give compound
16. Fragmentsl7 and 18 were obtained by hydrolysis of both ester groups o
pamamycin 6071 with aqueous hydrochloric acid in dioxane and rylaetion of the

carboxylic acids previously formed with diazomethan

Scheme 1Amino Group and Ring Effects: Synthesis of thagfnents.

1. CHyl, MeOH, 120°C
in a sealed tube

2. Ag,0, aq. MeOH

3. 120°C at 8 mmHg
4. H,, Pd/BaSQ, EtOH
18%

5% H,SOy,

0,
MeOH 59%

S
SRR )
18 100%



The removal of the amino group in pamamycin @0@sulted in the suppression of the
aerial mycelium-inducing activity. Ring-opened panyain 16 showed half of the
activity of pamamycin 607 and fragmentl7 possessed 1/30 of its activity. Finally
fragment18 showed no activity at all. Thus, the presencehaf amino group was
essential for the molecule to exhibit any activifR studies showed that the coupling
constantJy.io of fragmentl7 was different to the one of pamamycin 6Dand ring-
opened pamamycinl6. The values obtained for this coupling constantrewe
J(pamamycin 6071) = 10.2 Hz,J(ring-opened pamamycin 60I6) = 10.3 Hz and
J(fragmentl7) = 8.4 Hz. The value obtained for fragméitcorresponds to the value
of vicinal proton rotating freel{¥! It was consequently suggested that fragni@nas
fixing the conformation of the molecule and that ttecrease in activity of fragmehi

was due to the flexibility at thes@ 10 bond within this region of the molecufé.

1.1.1.3 Mode of Action.

i. Aerial Mycelium-Inducing Activity

Marumo and co-workers observed tHatreptomyces ambofacienshen grown on
inorganic salt-starch agar, could produce aeriataghig although when grown on yeast
extract-malt extract agar only substrate myceligeviermed? They isolated the active
substance, calcium acetate, and postulated thatC#ié ions, from the calcium
carbonate used in the agar, as neutralisation agen¢ inducing the formation of the
aerial mycelia. To verify this hypothesis, they adda C&" specific chelating agent,
EGTA (ethylene glycol bigtamino ethyl etherN,N,N’,N-tretraacetic acid) and
observed that the aerial formation of mycelia wdshited. Similar result was obtained
with S. albonigef®

The formation of the aerial mycelia was also inteiliwhen C& channel blockers
(verapamil hydrochloride, diltiazem hydrochloridenifedipine) and calmodulin
inhibitors (ophiobolin A, prenylamine lactate andlaropromazine) were used. In the
presence of EGTA, pamamycin 607 did not induce the production any aerial
mycelium!*®

The pamamycin antibiotics possesses large macegydonstructed with oxygen
containing functional groups (tetrahydrofuransidaes) and have a structure similar to
those of ionophore antibiotics, such as mononesinactin and etc... As a result, it was
expected that the members of the pamamycin famélisevable to form complexes with

cations and would therefore be able to transpernthcross cell membranes.



Nevertheless, it was shown that pamamycin 6@&buld not transfer NaK* or C&*
from the aqueous to the organic phase (toluene:BuD8). But, it could transport
MnO, anion under neutral and acidic condition, suggestinat this was possible only

when the amino group was changed as an ammonitiseaFigure 4).4

Figure 4. Transfer Ability of Pamamycin 60, Valinomycin, TBACI*!

1:0.01 x HCI, 2: H,0, 3: 0.01 N KOH.

100 T wnou

anic phase ()%

pmol of MOy~ or K¥ transferres
to benzene

3= % 100
0.2 pmol of a phase transfer compound
added in benzene layer

Therefore, it was concluded that the aerial myecelinducing activity was provoked by
a change in the concentration of the*Cmns and that this was regulated by the
pamamycin metabolites. The antibiotics proved toiriedfective in the transport of
cations and as shown Bection 1.1.2.structure-activity: effect of the substituents),
the most plausible mechanism of action was thairafing to an active site, resulting in
the activation of the mycelia growtH!

ii. Antibacterial Activity.'#*34

Studies orStaphyloccus aureuyshowed that pamamycin 6Q7inhibited the intake of
nucleosides, adenine, uracil and inorganic phogspRaand because of its ability to
transport anions, this suggested that the primargenof action was by inhibition of the
oxidative phosphorylation pathway within bacterMore recently, Contenet al

showed that pamamycin 6QF was active against different strains of mycobaater
(Mycobacterium tuberculosis, Mycobacterium bovis BCHBd Mycobacterium
smegmatis and being therefore a potential lead molecule tfer development of

antituberculous drugs.

1.1.1.4 Conclusion.
Work in order to better understand the mechanisrmactibns of the different members
of the pamamycin family is still ongoing. The laok material and the difficulty of

producing and purifying the metabolites are a diskband a limitation to the work of



any biologists or/and biochemists. It is then thbke rof synthetic organic chemists to
synthesise when possible the natural products aatbgues in order to generate the

few necessary milligrams to pursue the research.

1.1.2PAMAMYCIN : TOTAL SYNTHESES AND METHODOLOGY .

Numerous methodologies have been developed to esisth stereocontrolled and
substituted tetrahydrofuran rings and have beeniqusly reviewed in the literature
(Figadéré™® Boivin,*® Elliott"'®). In order to illustrate the formation of these
heterocyclic rings, we wish to highlight the keythw@ologies used in the synthesis of
the natural products from the pamamycin family.

Up to date, six total syntheses of the membershefgamamycin family have been
published in the literature. Efforts have been iyafocused toward the synthesis of
pamamycin 6071, which resulted in the publication of its totalnflyesis by three
research groups in 2001, Thom&e¢tion 1.1.2.p Lee Section 1.1.2.3 and Metz
(Section 1.1.2.» This was shortly followed by the work of Kang 2002 Section
1.1.2.9. Finally, Hanquet reported the total synthesepashamycins 607, 5932 and
621D 6 in 2007 Gection 1.1.2.% Methodologies to construct the tetrahydrofuran
motifs have also been developed by Calter-(Go of pamamycin 621A3, Section
1.1.2.9, Pelmutter (¢-Cy1r and G-C,g synthons of pamamycin 6d7 Section 1.1.2.2
Bloch (G-Cy1 and G-Cyg of pamamycin 602, Section 1.1.2.8and Walkup (GCi4

of pamamycins 607 and 63588, Section 1.1.2.p

Figure 5. Pamamycins 60%, 5932, 621A3, 621D6 and 635BE8.

Ri R R R R
Pamamycin 607: Me Me Me Me H

[

Pamamycin 593: Me H Me Me H
Pamamycin 621A:Me Me Me Me Me
Pamamycin 621D:Et Me Me Me H
Pamamycin 635B:Me Me Me Et Me

wowWwN

1.1.2.1 Cyclisation of 1,4-Diol.
Displacement of a leaving group, such as a mesphatan alcohol is a very effective
method to generate tetrahydrofuran rings. The ctiiemistry of the different centres at

the 2 and 5-positions is therefore controlled by skereochemistry of the alcohols and



methodologies have been designed to obtain thengtanaterials with high degree of
stereocontrol at these centres.

Calteret al synthesised C;o of pamamycin 621 by intramolecular displacement
of the mesylate group by the alcohol at the@sition!*® The fragmen®1 could be
synthesised by reaction oeff-unsaturated keton&9 with a higher order cuprate,
generated by transmetallation of alkoxystanna2@ with n-butyllithium and
subsequently reacted with ThCuCNLi. Transmetallatb alkoxystannan20 occurred
with retention of configuration. This was then évlled by the reduction of the ketone
group using potassium triethylborohydride to gilie torresponding-hydroxyamide,
which was then reacted with mesylchloride to affthré intermediat@2 in 79% yield.
After removal of the MOM and PMB protecting groupsth hydrochloric acid and
deprotonation using sodium hydride (60% in mineal), the corresponding

tetrahydrofurar24 was obtained in 99% yiel&¢heme 2

Scheme 2Formation of Tetrahydrofuran Ring by Displacemeina Mesyl Alcohol.

o o PMBO  OMOM PMBO OMOM O O
AN .OMe - 1. n-Buli ~ .OMe
\)H)\ll\l + (Y\SHBL!; 2. ThCUCNLI MH\'
19 20 45% 21 |1. KBEGH
2. MsCl
79%
OH OH  OMs O PMBO OMOM OMs O
- - N-OMe _ HCl 3 A N-OMe
| 62% |
23 22
NaH
99%
OH o}

It should also be noted that alkoxystanna@evas obtained by reaction of the aldehyde
28 (Scheme 3 with tributyltin hydride when deprotonated withithium
diisopropideamide. The stereochemistry observedtdog explained using the Felkin-
Ahn model. Compound&7 and19 were both synthesised frofdactone25, which was
obtained from bromopropionyl bromide. Opening gflactone 25 with N,O-
dimethylhydroxyamine gave ami@®, which was then reduced using KBi#tto afford
hydroxyl-amide27. p-Lactone25 could also be opened with lithium amide and the
enolate could be trapped with trimethylsilyl chttei Oxidation of silyl enol etheé29
was achieved using a stoechiometric amount of ghialta (II) acetate to give the

intermediatel 9.
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Scheme SSynthesis of Fragmenl@ and27.

1. HN(OMe)Me, KBEt,H oH TBO
10 mol% /OMe OMe =
pyridone
— o 40% from bromoproplonyl ﬁ
bromide, > 95% d.e., 99%
25 ce. PMBO  OMOM
TMSO O Pd(OA O O SnBu

_ L. = _ome PAOAD _OMe
1. LIN(OMe)Me N 40% from N 20
2. TMSCI | bromopropionyl |

29 bromide 19

Synthesis op-lactone25 was achieved by an asymmetric dimerisation of giétktene
31, which was obtained by treatment of bromopropidmgmide30 with zinc, in the
presence of a catalytic amount of a chiral basehis case, the enantiopure alkaloid
quinidine was used. The mechanism of the reactodeiscribed irScheme 4 The
chiral tertiary amine discriminates the faces ofnanium enolate32, which when
reacted with a second equivalent of methyl ket8deleads to the formation of
intermediate 33 (Claisen condensation). This intermediate can tlhewergo an

intramolecular cyclisation to give the opticallytiae p-lactone252%

Scheme 4 Synthesis of-Lactone25.*”!
i Jl\ JL
\’)J\ Br N R3
Br
30
z NR
n‘ S N Rs
f0) 0.3 mol% o 33
quinidine | \— o
55% vyield, \)()_J(
H] 98%e.e. \)i
31 25

1.1.2.2 Cyclisation of Unsaturated Alcohol.

i. lodoetherification

Kang et al reported the total synthesis of (+)-pamamycin-80#h 2002!?) Kang

showed previously that it was possible to obtagistetrahydrofurans by

11



iodoetherification ofy-triethylsilyloxyalkenes when treated with iodine,the presence
of sodium carbonate and in acetonitfifé Consequently, cleavage of the ester linkages
gave fragment86 and38 (Scheme %. The tetrahydrofuran motifs could be synthesised
from alkenes37 and39. The double bondsg=Cy4, and G=C; were introduced using

the Julia-Kociensky’s sulfone olefination methodpto

Scheme 5Retrosynthetic Analysis.

Alkene 39 was obtained as a mixture of andtransisomers, which upon treatment
with iodine gave iodo-tetrahydrofuratl as a mixture of isomers. Removal of iodine
was achieved using triphenyltin hydride to giverdbydrofuran42 as a single
enantiomer. Similarly, when alken®&/ was treated under similar conditions, both
tetrahydrofuran motifs were obtained in a singleeragion and fragmen#3 was

obtained as a single enantiom8clieme 8.

Scheme 6lodoetherification.

OBn OTBS OBn OTBS OBn OTBS
< RO |2 A92C03 Etzo < o, Phg,SﬂH, EEB, = 0
n-p = RT THF,0°C n-P
H 92% [ 90%
39 ’ a1 ° 42

81%

Cleavage of the acetal group of intermediéBeusing 2 N hydrochloric acid followed
by a basic treatment with potassium carbonate gésatepoxidé4, which could, after
removal of the iodine group with triphenyltin hydiei be opened using lithium

dimethylcuprate in order to introduce a methyl graa the G-position. Hydrogenation

12



using palladium on carbon cleaved the benzyl ané® Eotecting groups to give
intermediate45. Introduction of the azide group was achieved lyrying out a
Mitsunobu reaction on the least hindered alcoholally, the diol functionality was

then oxidatively cleaved to furnish carboxylic a8@l(Scheme 7.

Scheme 7 Synthesis of FragmeB®é.
[

1. 2 N HCI, MeOH, reflux

0 then K,CO;, RT, 86% Q
>< 2. PhSnH, EtB, THF, 0°C,
o) il 96% TES
3. TESOTH, E4N, CH,Cl,,

BnO™ “n-Pr_0°¢, 89% BnO" n.pr
Me,Culi, Et,0, 5°C then
H,, Pd(OH)/C, EtOH,
RT, 88% for 2 steps

1. HN,, PhP, DEAD,

PhH, 0°C, 97% HO

2. NalQ,, t-BuOH, H,0,

RT, then 1.25 M NakPQ,, HO
1 M KMnQ,, RT, 87%

n-Pr 45 HO™

\‘\\

n-Pr

Fragments36 and 38 were coupled using the Yamaguchi conditions. TB& Group
was then removed using TBAF in THF and the subssquemary alcohol oxidised to
give carboxylic acidd7. The second lactonisation was achieved by syrdimgsithe
corresponding thiopyridyl ester wusing 2,2-dipyfidydisulfide (PyS) and
triphenylphosphine, followed by coupling with copgeomide. Hydrogenation using
10% palladium on carbon gave the free amine, wiviah reacted with formaldehyde to

afford under the reductive reaction conditions pamyin 6071 (Scheme § %

Scheme 8Esterification and Synthesis of Pamamycin 607

1. n-BuyNF, THF, RT, 94%

2. TEMPO, NaClQ, NaH,PO,

buffer (pH 6.7), NaOCI, MeCN, RT,
91%

n-Pr— 0
//\&( N3 n-Pr

2,4,6-trichlorobenzoyl 0
chloride, E4N, THF, RT, then
38, DMAP, PhH, RT, 90%

H,, 10% Pd/C, MeOH, =
RT then 37% aq. 7
H,CHO, AcOH, RT,0
89%

z o,
n-P

Pamamycin 601
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ii. Mercuricyclisation

Intramolecular oxymercuration of alkenes can leadhe stereoselective synthesis of
tetrahydrofurans. Perlmuttest al. showed thaftcis-alkene bearing a remote allylic
protected alcohol, when treated with mercury (dgtate could give the corresponding

tetrahydrofurans in good yield and with good steedectivity Scheme 912324

Scheme 9Mercuricyclisation.

H.  HgOAcy RT,18h Sy 5 5051
¥ OR then ag. NaCl OR N OR CHCl, 76% 7:1
OH S _NH 0 R o gt . CHCL 92% 10:1
R' H Al R
HgCl HgCl
49 50 51

The stereochemistry of the tetrahydrofurans obthinsing thecis-alkene can be
explained by the repulsion of the different substiits at the allylic position with the
protons in bold inScheme 10 As a result only one rotamer is favoured. Duehi®
presence of the protected allylic alcohol, therals® a coordination controlled with the
mercury acetate, which leads to the formation dermediate52. Reaction in
chloroform increased the stereoselectivity of thaction. But it was observed that the
best result was obtained when acetonitrile was asexblvent.

As expected, the reaction wittans-alkene gave a low stereoselectivity. This is due t
the possible formation and reaction of the différetamers.

The proposed mechanism is showrstheme 10

Scheme 10Proposed Mechanism.

H H Ho
COR LM o
OH S N'H OH N "'(I)Ré OH -"'IgR

R
49 49 52 OAc

T «—X—
—

H H
,H -,H = H
(I/?\R OR " aq. NaCl 7 H
(O ! 0] . + VR
R: R H R (H) OR
HgCl HgCl HgOAc
51 50 53

This methodology was then applied for the synthedigshe G-C;; synthons of
pamamycin 607L% The chiral methyl group was obtained using thethgieboron

enolate of Oppolzer's camphor-derivéttpropionylsultam to give the majosyn
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product55, upon reaction with aldehyd®} (Scheme 1L When intermediat&5 was
reacted with mercury (ll) acetate in acetonitrii@owed by sodium chloride, a 6:1
mixture of tetrahydrofurans56:57 was obtained. Finally, demercuration of
tetrahydrofurarb6 was achieved using tributyltin hydride and AIBMig was followed
by the cleavage of the chiral auxiliary with hydeogperoxide and lithium hydroxide in
THF to give a carboxylic acid, which was then, smdently alkylated using
diazomethane to afford the corresponding methyresiinally, cleavage of the silyl
group was performed using tetrabutylammonium flderin THF to give the target
intermediates8, Cg epimer of the ¢-C;;: fragment of pamamycin 60%Y. It is hoped
that the inversion of configuration at this centmild be achieved when coupling this

fragment with the corresponding-C;s fragment or before the macrolactonisation step.

Scheme 11Synthesis of the &£Epimer of the &C;1- Fragmen68.

Hg(OAc),,
P N L*X IO A n-Pr + *X - n-Pr
XN T 5 OH NPrthenag.Nacl” " ¢ H ~H IélgCI NI HRTH MoCl
55 56 6:1 57
1. BSnH, AIBN, toluene,
OBEL |CH.Cl, -78°C, | X, * 93%.
Clo, ; N s .
S
oy 4% ; Q| | 2. 30% ag. HO,, LiOH,
THF then CHN,, ELO, 46% ( OH
OTBDPS after 2 steps. B
Oé/—\\/:\ 3. TBAF, THF, RT, 56%Me 20 n-Pr
n-Pr H

54
A similar strategy was applied for the synthesigh&f G-C,s fragment of pamamycin

6071, which employed an allylic nitrogen precursor @t of an allylic alcohol. It was
hoped that a similar stereoselectivity could beeoked®® Unfortunately, under similar
conditions, the undesirdthnstetrahydrofurar60 was the major product obtained. This
was overcome by the use of mercuric triflate int@airile and thecis.itransisomers

were obtained a 4:1 ratio.

Scheme 12Synthesis of the £Cig Intermediates 1.

HI(OACk:  oBn OH
OBn OH QHBOCCHSCN' 0°C

"z

HBoc OBn OH NHBoc

n-Pr then ag. NaCl :
92%

Hg (O,CCRy)»,
CH,Cl,, -78°C 1:4
then ag. NaCl

51%
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ii. Tandem Mercuration, Transmetallation and Metyzarbo-

nylation!?’ 28 2

Walkup and co-workers developed a one-pot procedum@der to generateis-2,5-

disubstituted tetrahydrofurans. This methodologys waed to synthesise the-Ci4
subunit of pamamycin 6071, pamamycin 635B3. The reaction involved first, the
mercuration ofy-siloxy allene 64 using mercuric trifluoroacetate, which after an
intramolecular attack of the alcohol generated tweresponding vinyl mercuric
trifluoroacetate oxacycle. This intermediate wasnttiransmetallated using palladium
(1) (via oxidation by cupric chloride) and reacted withbmar monoxide and methanol
to give the methyl este65 Reduction of the double bond was achieved using
magnesium in methanol and tetrahydrofué&nwas obtained in ayn:anti 86:14 ratio.
This can be explained by the possible coordinatibthe substrate with Mg (Il) and
protonation from the least hindered face. Aftettar functional group manipulations,
aldehyde67 was reacted with chiral boron enol&®to give the aldol produ@9 as a

single isomer, suggesting that a kinetic resolutias taking placeScheme 13

Scheme 13Synthesis of the 8C;o Subunit69.

o i : racemic 1. Hg(OCOCH), racemic
| OLi 1. 55%anti:syn: 95:5 2. PAC}, CuCh, CO, -
o - : . , CO,
. AonrZ TMSCL EWN, 100% > MeOH §
AIO,C  OTMS ~10096  ATOL COMe
62 63 64 65 cis:trans: 98:2
Mg, MeOH
1 Bum ~100%
2/ N 068 racemic
PhiL,C g -~
2 R0, AOC ©  CHO A0,C 9 coMe
Ne  41% o _ .
Kinetic resolution 67 66 syn:anti: 84:16

Ar = 2',6'-ditert-butyl-4'-methoxyphenyl
The G-Cy4 synthon74 was finally obtained after cleavage of the chaakiliary with
sodium methoxide to give the methyl estéin 80% yield, protection of the alcohol
group with a TBS group using TBSOTTf (98% vyield)duetion of the ester groups with
DIBAL-H and oxidation using the Swern proceduragiee the corresponding aldehyde
72 in 84% after two steps, which was finally reactsith 3-buten-1-ylmagnesium
bromide. The major compouniB and undesired isomer was obtained in accordance
with the Felkin Ahn model. Synthesis of the corrésimer 74 could possibly be
achieved by changing the silicon protecting groupain alkyl group. This would indeed
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favour the chelation-controlled product when ald#hy2 was reacted with the
Grignard reagent.

Scheme 14Synthesis of the 8C;4 Subunit of Pamamycins 6d7and 635B8.

-
- -
- -

NaOMe + TBSOTf / S B
\80% ArOC o = 98% ArOC S
c 70 HO  COMe 71 TBSO  COMe

1. DIBAL-H, 92%
2. Swern oxidation, 91%

3-buten-1-yimagnesium
- bromide ArO,C

Reaction of allene&’5 with mercury (ll) trifluoroacetate led to the foation of two
intermediatesy6 and77. The excellent stereoselectivity observed for teection can
be explained by the ability of the bulky siliconogp to interact with the different
substituents of the molecule, and therefore toadmir the formation of three of the
four possible transition stat&®, 80 and 81 (Scheme 1k Consequently, after loss of
the TBS group, the reaction of intermedid@® led to the formation of theis-2,5-
tetrahydrofura®® This model can also explain the formation of ¢ieoxacycle in the
iodocyclisation previously described $®ction 1.1.2.2-i

Scheme 15Proposed Mechanisi’

* R
FsCCOO XHg-~
Hg o7 H T8

+

H ] B
/\/\rR Tes TBSX .
OTBS
76 + Q B R
XHd- X 79
TBSQ  Hg(ocock), 07 H

. R —— H

=/

+ H R
75 XHg~ 80
F4CCOO 07 H
H
+% o j TBS -TBSX
7 B

OTBS + H

77 XHg- >< 81
0”7 H

|
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iv. Selenoetherification

Thomaset al. reported the total synthesis of pamamycin 6&7 20015% The threecis-
tetrahydrofurans were synthesised by selenoetbatidin using phenylselenyl
phthalamide. The methodology was first tested @ensynthesis of the methyl ester of
nonactic acidB9 and then applied for the construction of the défe fragments of the
natural product. Reaction of stanna3awith tin (IV) chloride gave the intermediaié,
which reacted with aldehyd®? via a 6-membered transition st&8B to give alkeneB6

in 82% vyield. When alken®6 was treated with the phenyl selenyl electrophile,
tetrahydrofuran88 was obtained as a single isomer after reductioth wibutyltin
hydride Scheme 1% This was consistent with the formation of thensition state37

shown below.

Scheme 16Selenoetherification.
O OTBDPS

e 1. PhSePhth,
H "Cho gy OH OTBDPS20 mol% SnGj, OBn OTBDPS
+opn 82 -78°C, 1h : 62% L)
n —_—— — —_— = -
82% 2. BuSnH, A%R
0,
SnBy 86 AIBN, 85% -
83
R R
- =g |
n
c, H el H o} OH
Sn éJ\ Ph
ClsSn—OR OR>T-O077~R 87 HO N
L= 2O
: “IH
5 84 R 85 89

1.1.2.3 1,4-Cyclisation.

i. Radical Cyclisation

Lee and co-workers were the first to publish th&alteynthesis of pamamycin 607
1.3132 Retrosynthetic disconnection of pamamycin 60¥sing a strategy similar to the
one of Kang $cheme % gave intermediate80 and92. The key step involved in the

synthesis is a radical cyclisationalkoxyvinyl ketone®9©3 andg-alkoxyacrylate91.

Scheme 17Retrosynthetic Analysis.

z I I
j OR 0

—
ROZCW/\O 5 O/\)J\n-Pr

OH H BocHN n-Pr

91
o
(@) COMe n-Pr O :
Pamamycin 601 —— n-PW — \n/\//j/\COZMe
o
92 93 |
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In the case of thg-alkoxyvinyl ketone®©3 and97, when treated with tributyltin hydride
in the presence of AIBN and under high dilution ditions, the corresponding
tetrahydrofuran®2 and98 were obtained in excellent yield and as ¢ieecompounds.
Similar reaction withg-alkoxyacrylate94 gave also the corresponding tetrahydrofuran
96 and as shown before, th@s-compound was obtained. In addition the reaction
allowed the control of the stereocentre outsideottecycle and led preferentially to the
formation of thethreo-compound. Thecis-relationship observed in both casgs,
alkoxyvinyl ketones ang-alkoxyacrylate, can be explained by the prefereiocehe
“outside alkoxy” conformation, which results in thelief of the allylic strain and the
minimisation of the electronic repulsion. Finaltile formation of thehreo-compound

in the case of-alkoxyacrylate94 is possibly due to the hydrogen abstraction oicedd

intermediate95 from the least hindered face.

Scheme 18Radical Cyclisation.

=} =~ _O. : BusSnH, AIBN,
" r\n/\/ COMe benzene, reflux
) 97%
| 93
I
OBn OBz BusSnH, EtB,
Me! X i
OZCY\O ; op, toluene, -76C  MeO,
H 96%
94 @%@Me
R 95

BugSnH, AIBN,
benzene, reflumeo2

89%

98 97

ii. Michael Addition
Bloch et al reported the synthesis of the-C;;- synthon of pamamycin 6ar> The

methodology involved an intramolecular Michael aidei onto anx,f-unsaturated ester
in order to generate the corresponding tetrahydaofu In order to perform the
cyclisation, a wide range of bases were testechemtodel systeri9 and it was found
that TBAF gave the best stereoselectivity in favotithe tetrahydrofurariO0 The

results are summarised Tiable 1
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Table 1.Intramolecular Michael Addition.

q o M iy o Hf

on e M " M(
72 / /

CH,OH o COMe o COMe
99 100 101

Entry Base Conditis Ratio

1 BnMgNOMe MeOH, 268C, 6 h 50:50
2 MeONa MeOH, ) 6 h 50 : 50
3 R-t-Bu THF, &, 5 min 60 : 40
4 RBU,NF THF, 28C, 1 h 80:20
5 KF, 18C6 QEN, reflux, 6 h 80: 20

Synthesis of the £C;1- fragment started with compoud®2, which was first obtained
by enzymatic transesterification of the correspogddiol. After further protecting
group manipulations, oxidation of the primary alobto an aldehyde and reaction with
the kinetic lithium enolate of 2-pentanone, hydrdegone 103 was obtained.
Reduction of the ketone group to taeti-diastereoisomet04 was achieved using the
Evans procedure using tetramethylammonium triagétosohydride and compound
105was obtained in five steps frob®4. The intramolecular Michael addition was then
performed using TBAF as base and the correct desmsomerl06 was majoritary
obtained. The stereoselectivity proved to be highethe case of the real system.
Compound106 was then subjected to a flash thermolysis (2D010-13 torr) to give
the retro-Diels-Alder cyclisation product, which svdinally hydrogenated using
platinum on carbon to give the-€C,;: fragmentl8 of pamamycin 607 (Scheme 1%

Scheme 19Synthesis of the £C;;: Fragment of Pamamycin 6Q7

CH OH CH,OTBS CH,OTBS
2 OH o Me4NBH(OAc)3 ; OH OH
CHzoAC = 81%

102
o H i,
OH 1. Heat, 80% - — ~CO,Me
: COMe 2. Hy, PY/C, 79%/ o COMe TBAF OH OH
n-P A OH 93% ’
18 106 HO™ 105 n-Pr

n-Pr
A similar strategy was used for the synthesis ef@C,s fragment of pamamycin 607
1 from the common intermediat®3*
1.1.2.4 From a Chiral Lactone
Recently, Hanquet and co-workers reported the teyathesis of pamamycin 6QI

from (S)-methyl p-tolyl sulfoxide 109 (Scheme 2pE®¥ Cleavage of the two lactones

20



moieties gave as before fragmeh@¥ and110. Disconnection of the £Cg bond gave
intermediate111, which could be obtained by employing an aldolctea with
aldehydell2 Finally, fragmentsl07 and112 could be synthesised from the common
intermediatel08 (Scheme 2.

Scheme 20Retrosynthesis Analysis.

2n 2n '
f o, CO,t-Bu z (o} o O
n-P — [n-P — — o_ O I
Sip-Tol
CO,t-Bu n-P \ P
107 108 109 .
Pamamycin 607 (;DTBS O, 0
1 n-Pris 8

110 Me,N7 n-Pr 11 =

The methodology used can be outlined by the syrstloéshe precursor of fragmengC
C15%%" The synthesis started wifhy-diketosulfoxide109, which could be obtained
from ethyl butyryl acetate andSfmethyl p-tolyl sulfoxide anion. Reduction of the
ketone group using DIBAL-H gave hydroxy-sulfoxi@l#3 as a single diastereoisomer.
The opposite diastereocisomer could be obtainecagtion of compound09 with zinc
chloride and DIBAL-H. The acetal group was then eged using oxalic acid to give
hydroxyl-ketonell4, which was subsequently subjected to a chiral ol using the
Evans procedure. Reduction of the sulfoxide grodpintermediate 115 to the
corresponding sulfide followed by its methyl alkyten and displacement gave
hydroxy-epoxidel16. The alcohol group was then protected as a ditdrethe epoxide
opened with the ethyl malonate anion and after be@cglation using magnesium
chloride hexahydrate, lactodd7 was obtained. Reaction of lactoh&7 with tert-butyl
propionate anion and dehydration under acidic dammigave compound18 with the
most stable geometry as thansalkene. Finally, after removal of the silicon gpou
with TBAF and hydrogenation over rhodium on alumitiee G-C,s fragment108 was
obtained $cheme 2L
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Scheme 21Synthesis of SubunitgZi5 108

\ Oxalic acid,
pBAL-H & o $F @ THF, H,0 Q OH O
r><)J\/ "p Tol n_pMS\'”p-Tol 80% overall n_p,)J\/k/S\"p Tol
113 - 114
Me,NBH(OAC),,
AcOH, 97%
1. TBDPSCI, OH OH OH O
- U
2. Ethyl malonate)-P 2. Me;0'BF,, P \P Tol
gt?ANfé oo 116 CH,ChthenkCO, 115
1. ﬁ(msu,LDA gCh-6 Hy 75%
o Ry, DMF
2. Oxalic acid, 73%
CH,Cl,
OH
TBDPD COt-Bu
m © 1. TBAF, THE. BUO,C
2. Hy, MeOH, Rh, AjO; o n-Pr
73% 108

The key step of the synthesis was the chiral réolucif the carbonyl of-ketosulfoxide
119 with DIBAL-H or with zinc chloride and DIBAL-H inorder to obtain hydroxy-
sulfoxide 121 or its opposite diastereoisomE23 The different 6-membered transition
statesl20and122are outlined in the scheme bel6{.

Scheme 22Reduction of the Ketone Group.
i-Bu

DIBAL-H, THF, -78°C IH\AI///O OH O
R/ ' p-Tol — S
| m?/ R 70
0 9 0 .. 120 121
g |
pToI i-Bu
119 . X
| (ndem P9
O~ - AN - T
DIBAL-H, ZnCl,, p-Tol %QO X No-Tol
THF, -78°C g O 122 123

1.1.2.5 Sultone Methodology.
The total synthesis of pamamycin 6D%as also achieved by Metz and co-workers in
2001B°% As before, dismantlement of the ester linkage deagmentsl24 and125
Further simplifications of fragmern24 gave tetrahydrofurah26 (Scheme 2R The key
fragmentsl25and127 were synthesised by using a sultone template,hwees easily

formedvia a Diels-Alder reactioncheme 23
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Scheme 23Retrosynthetic Analysis.

Pamamycin 60& HO,C

= = n-Pr
! AR9A
125
OH
o'z n-Pr
H H
126 127

The key step of this total synthesis can be ilatstt by the synthesis of tetrahydrofuran
127. The synthesis started with alcod@9, which was synthesised from fura@8 and
(9-epoxypentane. This was followed by a tandem atikyh and cycloaddition with
vinylsulfonyl chloride to give sultond30, as a single enantiomere. Treatment of
sultonel30with methyl lithium generated a 89:3:8 mixturecoinpounds31:132133
The addition of the nucleophilic methyl to the deubond was directed by the bridging
oxygen ring, with subsequent ring opening. The orxtof the three isomers was
reacted with ozone. It was observed that only campe131 and132 could undergo
the ozonolysis and it was possible to remd88 by flash column chromatography from
the productl34. Finally, after hydrogenation over Raney nickéle tcorresponding

tetrahydrofurari27 was obtained as a 18:1 mixture with gpeisomer Scheme 24

Scheme 24Synthesis of Fragmet7.

0
n-BuLi, THF, CH,=CHSOCI, E&N, 4
-78°C to -15°C OH THE, 0°C to RT I Q
j o\, -f8Ct-15¢C 7\ _
o then §-epoxypentaneny nPr  81% o \O
-15°C to RT n-Pr
128 % 129 1301 MeLi, THF, -78°C to 0°C
66%| then NH,CI, H,0, -78°C
to RT
(¢ o N
OH OH
O é(’) i. 03, NaHCQ, ¢
Q CH,Cl,, MeOH,
n-Pr 0 Ho, H
MeO,C_A 8 %C 0, 055 0,57
A OH ii. Ac50, pyc,) (l) o o)
134 CH,Cl,, 25°C : ! :
PhSH, B O, 1% 131 7 p, 132 A-Pr 133 f-Pr
CH,Cl, 829 /(/3 89 3 8
570 Raney Ni (W2), 50 bar OH
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1.1.2.6 Conclusion

The structural complexity and the interesting bigital properties (autoregulatory,
anionophoric, antifungal activities as well as batterial activities against Gram-
positive bacteria and especially against antibiogisistant strains ofycobacterium
turberculosi3 of the members of the pamamycin family represenéxciting synthetic
challenge and currently, five total syntheses ahaaycin 6071 and other homologues
have been reported. But the most striking feata® leen the intense development of
novel and highly selective methodologies for thentlsgsis of the tetrahydrofuran

fragments.
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1.2ACETALS IN ORGANIC CHEMISTRY .

Cyclic acetals, such as 1,3-dioxanes (6-memberad) rand 1,3-dioxolanes (5-
membered ring) are useful intermediates in orgamthesis. Acetal groups are stable
to strong reducing agents such as sodium in ligumanonia and lithium aluminium
hydride in boiling THF as well as catalytic hydrogéion. They are also resistant to
strong oxidants such as chromium trioxide-pyridaoenplex. But they can be easily
removed using mild acidic conditions and are counseatly excellent protecting groups
for diols, aldehydes and ketori&d.0n another side, acetal rings in the presence of
Lewis acids can open to form oxonium ions. Thisegiaccess to whole new dimension
of possible reactions as the oxonium ion can redttt a wide range of nucleophiles
such as hydrides, organometallics and silane régagen

1.2.1ACETALS AS PROTECTING GROUP.
1.2.1.1 Protection of Aldehydes/Ketones Using Alcols or Diols.

i. Acid Catalysed Acetal Formation.

Aldehydes and ketones can react with alcoholsenptiesence of a catalytic amount of
acid to give acetals or ketals. Cyclic acetals lsarobtained by using 1,2-diols or 1,3-
diols. The mechanism of the reaction is descrilmethe Scheme 25All the steps are
reversible and a large excess of alcohol has tadeel for the reaction to complete.
Alternatively, displacement of the equilibrium cha achieved by removal of water.
This can be performed by addition of mild dehyargtagents such as orthoformates or
by azeotropic distillation when the reaction isteelaunder reflux in toluer&! Finally,

it should be noted that the mechanism for the deption is the reverse of the

protection mechanisnstheme 2h

Scheme 25Acetal Formation: Mechanism.

Ry +R;OH R; OH H* Ry 'OH, -H,0 R;
© Fon dlor, Tw Wlor, o f O
R, “R3 R, OR; -H R, OR, 2 R,
136 137 138 139
+RsOH
-R;OH
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Acetal formation can be catalysed tptoluenesulfonic aciff? triflic acid or
pyridinium salt. Sheu and co-workers reported tletalisation ofa,f-unsaturated
aldehydes and ketones usimgoluenesulfonic acid or oxalic acid with ethylegigcol
in refluxing toluene and with the presence of ambyd magnesium sulfat&! Under

these conditions no double bond migration was ofesker

Brgnsted acid ionic liquids such as [hmim][BEan promote the formation acet¥f.

In this particular case, the removal of water walsacessary as water was soluble in the
ionic liquid while the starting materials and protdwere immiscible in [hmim][BE.
The products were then separated by decantatiom tine ionic liquid, which could be
recovered and reused up to eight times withoutifstgnt loss of activity.

ii. The Noyori Procedure

In 1980, Noyoriet al reported the acetalisation of ketones under naibtotic
conditions!*® By treatment of ketones with alkoxytrimethylsilaria the presence of a
catalytic amount of trimethylsilyl trifluoromethasidfonate (1 mol%) (TMSOTTf) in
CH.CI, at -78°C, the corresponding acetals were obtained in krtelields. For
instance, under these conditions, ketd® when reacted with alkoxysilan&43
afforded the corresponding acetkd4 in 99% vyield and no product involving the
migration of the double bond was obtain&tleme 2k It should be noted that the
formation of a stable intermediate hexamethylsitexanade the reaction become
irreversible and the equilibrium was consequentiftad toward the formation of the
desired acetals.

Scheme 26 The Noyori Procedure.

0 : 0o, ©
[OSI(CFb)a TMSOTf, CH,Cl, 99%
+ 0 0
0Si(CH)s 37: C->-20"C,
142 143 144

Kim and co-workers modified the Noyori procedure avere able to acetalise ketones
in favour of aldehyde’$® Thus, treatment of ketoaldehydd5 with TMSOTf and
dimethyl sulfide allowed a first protection of tr@dehyde by formation of 1-
silyloxysulfonium saltl46. The ketone could then be protected as the abgthlrther
reaction with TMSOTf and 1,Big(trimethylsilyl)oxy]ethane to give acetal47.
Finally, the corresponding aldehydd8 could be isolated in excellent yield upon an

aqueous work-up.
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Scheme 27Chemoselective Dioxolanisation.
o) 0 [\

TMSOT, . TMSOT, 4. 0
Me,S, -78°C é\:s( -oTf | (TMSOCH),, -78°C g
o oTMS OTMS
145 146 147
Jaq. KCOs
80%
o__0

Ly,

148
Although TMSOTf is commercially available, it is rather expensive material and
efforts have been made to develop inexpensive nésgsource of TMS Lipshutzet
al. reported the use trimethylsilyl sulfonate (TMSQBP as an alternative to
TMSOT*! Trimethylsilyl sulfonate can be easily forméd situ by reaction of
fluorosulfonic acid (FS@H) and allyltrimethylsilane in CkCl, at -78°C. Thus, reaction
of aldehydel49 under the Noyori conditions with TMSOS®©and MeOTMSL50 gave
the corresponding dimethyl acefd&llin 89% yield Gcheme 28

Scheme 28Acetalisation using TMSOS®.
TMSOSGF (1 eq.),

0 CH,Cl,, -78°C OMe
+ MeOTMS (2 eq.) W OMe

149 150 151

jii. Acetal Formation Catalysed by Nucleophil&%

The Angeli-Rimini reaction is a qualitative testdetermine the presence of aldehydes.
The treatment of aldehydes withydroxybenzene sulphonamid&3in the presence
of base can give hydroxamic acids, which can thercdmplexed with ferric ions to
give a characteristic purple colouration.

Alternatively, without the presence of basK;hydroxybenzene sulfonamide in
methanol reacts with aldehydes to give the cormdipg dimethyl acetals. For
instance, benzaldehydé&?2 in methanol and witiN-hydroxybenzene sulfonamidés3
was converted into the corresponding dimethyl ac&i8 in 87% yield, and within 15
minutes only. The mechanism of the reaction is mlesd in Scheme 29 Only a
catalytic amount oN-hydroxybenzene sulfonamidé3is required as it is regenerated
during the reaction.
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Scheme 29Acetal Formation Catalysed Bi¥Hydroxybenzene Sulfonamide.

OH OMe

R_//o+ @js?—ﬂ L R)\’I\I,OH ‘LR/%lﬁ’OH MeOH R)\’I\I,OH
I oH 0=S=0 0=$=0 0=5=0

152 153 154 @ 155 @ 156 @

TV meon +|O'V'e 2
R)\OMe R) + TR
H* O OH

158 157 153

iv. Acetalisation Using Heterogeneous Catalysts

The use of heterogeneous catalysts such as clessisy zeolites or metals for the
reaction of acetalisation has been widely studidet main advantage is that reactions
under these conditions can benefit from easy wak-generally a high purity of the

products and the possibility of reusing the catalys

Clays are inexpensive, easy to handle, non compsineir acidity can be easily modify
by cations exchange and they can be regenéfatéd They can catalyse reactions of
acetalisation effectively and under very mild cdimis. For example cation exchange
clays such as G&Montmorillonite (C&*-Mont.) can promote the formation of
dimethyl acetal160 in excellent yield when reacted with cyclohexand9 in
methanol Scheme 3!

Scheme 30Use of C&-Mont.

Q MeOH, Cé€*-Mont., MeQ_  OMe
25°C, 30 min Ej
ij o
159 160

Similarly, in 2004, Wakharkar reported the acetabt@ction of 1,2-diols and\-

(Boc)amino alcohols using 2,2-dimethoxypropane Witmtmorillonite K10 clay®?

Dry silica gel or alumina can be used to acetaliskectively aldehydes into the
corresponding 1,3-dioxolan&8! Zinc chloride on alumina proved to be also a usefu
method for the tetrahydropyranilation of alcoh8ts. Mesoporous silica
(aluminosilicated}® as well as sulfonic acid-functionalised silt€acan form dimethyl

acetals by reaction of aldehydes with methanol leP Protect alcohols. Sulfonic acid-
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functionalised silica represents also a novel mdteve to sulfonic resins for
acetalisation of aldehydes and ketones as resggeps several drawbacks such as low

surface area and thermal stabilf.

HSZ-360 zeolite can catalyse acetalisation of ketowhen heated under reflux in
toluene with diols and for instance acetél3 was obtained from ketont61 in 95%
yield when treated withR, R)-dimethyltartrate162 in the presence of the catalyst
(Scheme 31 It should be noted that HSZ-360 is commerciailable and can be
reused after being drié¥f!

Scheme 31Acetalisation over HSZ-360 Zeolite.
CO,Me  HSZ-360 zeolite, toluene, CO,Me

HO/,, O,

ph_<:>:o . 1 oo Ph_<:><£

HO™ “co,Me 0 0
161 162 163

COMe

Finally, mild Lewis acids such as cobalt (1) ctit®® and ruthenium (I11) chlorid€”

have been reported to chemoselectively promotadbtalisation of aldehydes.

v. Acetalisation Under Basic Media

symDichlorotetrafluoroacetof®’ and ketonel64 *? can react with 2-chloroethanol
165 in the presence of potassium or lithium carbonategive the corresponding
dioxolanel66in 45% yield Echeme 32

Scheme 32Reaction with 2-Chloroethanol.

| AN = | Li,CO, | AN = |
= N + HO Cl — 800 =z X
N N~ “Br 45% N <6 N~ “Br
o)
164 165 166

This can be related to the formation of acetalsrdnction of ketones (for example
ketonel67) with ethylene oxide in the presence of bororuofide Scheme 3R The

corresponding acetdb8was obtained in 79% vyieltf!

Scheme 33Reaction otert-Butylcyclohexanone with Ethylene Oxide and;BPE®.

O/>
o)
Ethylene oxide, BEOE®, CH,Cl,, RT g
79%
167 168
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Porta and co-workers reported the acetal proteci@idehydes using a Lewis acid and
under basic conditior&” A typical experiment involved the treatment of gubstrates

with triethylamine in methanol and in the preseoatgtanium chloride $cheme 3

Scheme 34Reaction with a Lewis Acid under Basic Conditions

OMe
MeOH, TiCl, (1 mol%),
©Ao EtN, RT OMe
96%
152 158

1.2.1.2 Transacetalisation and Acetal Exchand&"
Transacetalisation is a useful process permitiingynthesise cyclic acetals. McElvain
and Curry showed that halogenated acetals coultt vagh glycol in the presence of
sulfuric acid®® Similarly, Piantadoziet al. reported the formation of aceta¥1 by
reacting the dimethyl acetd69 with glycerine 170 using a catalytic amount of

sulfosalicylic acid 8cheme 35°°

Scheme 35Transacetalisation.

pMe [fosalicylic acid i
\M)\OMe . HO/\/\OH Sulfosalicylic acid (cat.) g
. OH 95% 16 OH
169 170 171

Under acidic conditions (for instanpeoluenesulfonic acid), acetal exchange can occur
between a ketone and and ac&faf® 2,2-Dimethyl-1,3-dioxolan&72 has been widely
used to perform this type of reaction. An exam@m@ microwave technology using a

clay catalyst is described $theme 36

Scheme 36Acetal Exchange under Microwave Irradiation.

0/>
AN
o, d 4 KSF, MW o}
Pat 80%
152 172

1.2.1.3 Deprotection of the Acetal Groups
Cleavage of the acetal group is performed undeli@conditions and the mechanism is
the reverse of the one of protection (Ssxtion 2.1.1.1 Numerous acids, including
hydrochloric acid,p-toluenesulfonic acifl® acetic acii have been employed to

perform the reactions of deprotection. Howeverd a@nsitive substrates can lead to
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decomposition or formation of by-products when tedainder these conditions. That is
why novel methodologies using neutral and/or apradnditions have been developed.

i. Using Less Acidic Conditions

Clay catalysts are well known to promote acetaimftion (seeSection 2.1.1.1 and
Montmorillonite K10 has been widely used to caruy these reactions. Taylor and co-
workers reported the cleavage of acetals under aoidlitions using clay K10 as acid
catalyst and when heated under refluxing condition€H,Cl,."? Thus, bis-epoxide
174 was cleaved using this procedure and diketbng was obtained in good vyield
(Scheme 3Y. It should be noted that only poor yields weréaoted when aqueous acid
was used. This was due in this case to the waleabitity of the compound.

Scheme 37Cleavage Using Montmorillonite K10.

(@]
K10, CHCl,, reflux, 4 h
@) @] 82% O. @]
MeO OMe 0
174 175

DDQ is a neutral molecule which can in acetonitaled water (9:1) also deprotect a
wide range of acetals. The mechanism of this readtas not been report€d.

ii. Using Phosphorus Compounds
Phosphorustri-iodide and diphosphorutetra-iodide in CHCl, at RT have been

reported to deprotect acetf8.

More recently, Kerret al. showed that triphenylphosphine and carbon tetralre
under anhydrous conditions could deprotect acetajsod yield. Deprotection of acetal
176 under these conditions gave aldehgd@in 80% yield Gcheme 38"

Scheme 38Cleavage Using Triphenylphosphine and Carbonabebmide.

o/_\o Pthr,] CBy, CH,Cl,, 0°C, o
140
A
(:5H11/\>< H 80% C5H11/\)J\ H
176 177

iii. Using Halosilanes

Trimethylsilyl iodide179as well as trichloromethylsilane and sodium iodida cleave
acetal groups. The mechanism of this reaction scrilged in the scheme below.

Dimethyl acetall78 can react with trimethylsilyl iodid&79 to generate intermediate
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180 and after loss of MeOTMS and formation of an oxomispecies 81, the iodide

can attack the methyl group to generate the coorefipg ketone 82 [76 77!

Scheme 39Cleavage with TMSI-Mechanism.
SiM
MeQ +('3Me3 oM Q
MeO><OMe s eR>< € -MeOSiMe O R)L
K OR + R | R)\R R
178 179 180 181 182

iv. Using Transition Metals and Lewis Acids

Acetal exchanges can be carried out over ruthéfffliamd palladiuti” catalysts. The
reactions are carried out in acetone in order amsfier the acetal goup from the
substrates to the solvent. For example, acé&8 was deprotected under these
conditions to afford keton&34in 90% yield Scheme 40

Scheme 40Deprotection by Acetal Exchange with Acetone.

[\ . (0]
o_ O Ru(CH;CN)4(triphos)](OTf),
(1/2000 eq.), acetone, RT, 6 h
90%
183 184

Ferric chloride adsorbed on silica §8l and ferric chloride hexahydr&t® can
deprotect acetals. It has been observed that fehlmride on silica was milder than
ferric chloride hexahydrate and that under theselitons TBS and trityl ethers reacted
slowly. Reaction with ferric chloride hexahydrat@aswvcarried out in CHCl, although
FeCk was poorly soluble in this solvent. It is stillalear if the results obtained were
due to the Lewis acidity of Feg§dH,O or to the acid catalysis promoted by an acidic

sub-species present in anhydrous ferric chloride.

Bismuth nitrate pentahydr&t8 and bismuth triflaté® have been reported to catalyse
the cleavage of acetal groups. Bismuth compoundefliefrom several advantages.
They are relatively non-toxic, inexpensive, nonrosive, air/moisture stable and
consequently easy to handle and have Lewis acigepties. In addition bismuth nitrate
is commercially available and the synthesis of hbigmtriflate has been well
documented in the literature. Only acyclic acetatse cleaved with bismuth nitrate
(25 mol%) in CHCI, although the cleavage of cyclic and acyclic asetes observed
in the case of bismute triflate (1 mol%) in THEM For example diethyl acetaB5
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gave the corresponding aldehyt@6 in 87% yield when reacted with bismuth triflate
(Scheme 41 It should be noted that in both cases, underehetion conditions, TBS
ethers were stable. It was postulated that a d¢atagnount of nitric acid and triflic acid
formed during the reaction and was consequentlgoresible for the cleavage of the

acetal moietie%®

Scheme 41Cleavage using Bismuth Triflate.
Bi(OTf)3.xH50 (1 mol%),

_ OEt THF:H,O / 80:20, 12 h, reflux 0
e— 0 —
<:> <0Et 87%

185 186

Tin (II) dichloride dihydrate in dichloromethanencaatalyse the cleavage of a wide
range of acetal§? It was observed that leaving the reaction mixtwer an extended
period of time led to the reprotection of the carydayroup. This was overcome by the
addition of sodium bicarbonate in order to trap &mages of acidity possibly produced
by the tin species. Roskamp and Ford describedtheuirst acetal cleavage under mild
basic conditions. This procedure was then optimesadl it was found that the addition
of naphthalene to the reaction mixture dramaticatiproved the yields and reduced
significantly the time of the reactions; the depobion of dimethyl acetal87 to
aldehyde 188 occurred in quantitative yield when reacted witke tpresence of
naphthaleneersus62% yield without it 8cheme 42! A possible explanation is the
formation of an arene complex between tin dichlerahd the aromatic compound,

which acts as a phase transfer catafyst.
Scheme 42Cleavage Using Tin Chloride Dihydrate.

OMe SNCh.2H,0, CH,Cl,, 2 h,
0,
OMe 62% Xo
SnCh.2H,0, naphthalene (cat.),
187 188

CH,Cl,, 40 min, 100%

Marc6 and co-workers reported the cleavage of Bcbtaa catalytic amount of cerium
ammonium nitrate (CAN) under midly basic conditi$iis Reaction in a borate-HCI
buffer (pH 8) in the presence of CAN led to therégction of acid sensitive molecules
and for example acetdl89 was cleaved to afford hydroxy ketod®0 in 90% vyield
(Scheme 43 but the formation o#,f-unsaturated keton®91 was not observed under
these conditions. Unprotected secondary and teriil@ohols, ketones and enones were

also stable under these conditions, as well ashgttes, which were not oxidised into
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carboxylic acids. Finally, no epimerisation of thkiral centres was observed. This
reaction was studied by cyclic voltammetry and dhly (IV) species was detected. This

suggested that CAN was not acting as oxidant batlaswis acid®®

Scheme 43Cleavage using CAN.

H CAN (3 mol%), borate-HCI bulffer,
HO Zj CHLCN:H,0 (1:1), 60°C HO H .
O

189 190 100% 191 0%

v. Using Oxidation Technigues

Trityl fluoroborate193 is a very effective hydride acceptor and has hbegorted to
cleave acetal group¥: ®! The proposed mechanism of the reaction is destribe
Scheme 44 Hydrogen transfer of acetdl92 to trityl fluoroborate 193 generates
triphenyl methand 95 and theintermediatel94, which upon hydrolysis furnishes the
corresponding ketonE96 and hydroxyl-keton&97.

Scheme 44Cleavage Using Trityl Fluoroborate-Mechanism.
R
R!
R 5\ %o
I . H,0
o @ )\ BFy — J| BFy + CHPR —2 + OH
< PK " Ph R R R
R R
R
192 193 194 195 196 197

Using this methodology, acetéab8 was deprotected and ketoh89 was obtained in
80% yield and without isomerisation of the doubteth Scheme 45!

Scheme 45Cleavage Using Trityl Fluoroborate.

O/ \O Me O Me
@fMCOZMe PhCBF, WCOZME
80% COMe
OMe COMe OMe Oz
Cr(CO) 198 Cr(CO) 199

Nitrogen dioxide is known to oxidise benzylic aloté into benzaldehydes. When
adsorbed on silica gel, it can promote acetal deption and for instance using this
methodology, aceta?00 was quantitalively cleaved into ketor2®3°® A possible

mechanism involves a first hydrogen abstractiortr@ndioxolane ring to give radical

34



201, followed by reaction withNO, to give the intermediat®02 which after
fragmentation generates the desired kefige

Scheme 46Acetal Cleavage Using Nitrogen Dioxide on Sil@al!*”
o o NO,/SIO,, CCl, ;f\
i-Pr><i-Pr 100% i-Pr” i-pr
200 203
H-abstractio 'H [-'NO
_ ofNo
o__0O : 0.L0
N02 1%
i-Pr><i-Pr i-Pr” i-pr
201 202

Magtrievé", a magnetically removable chromium oxidant knowen its oxidation
properties of alcohols into aldehydes and ketohas,also been reported to cleave also

acetals into their corresponding ketones/ aldeh{des

1.2.1.4 New Protecting Groups.

Protecting groups are essential for the synthdsmatural products. The discovery of
new molecules with original and unique structuresves the research towards the
creation of novel protecting groups, which can hstalled and removed under very
mild conditions, but also adapted to specific fum@l groups or structural motifs.
Several modified 1,3-dioxanes and 1,3-dioxolanes Hzeen reported in the literature.
For example, Averet al. reported 4-trimethylsilyl methyl-1,3-dioxolar95 to be a
useful protecting group for carbonyié. It can be easily introduced using the Noyori
procedure (se&ection 1.2.1.1 and removed using lithium borofluoride or hydroge
fluoride in acetonitrile 206—204, Scheme 4). The protecting group is resistant to

TBAF, consequently permitting the orthogonal pratecof alcohols with silyl ethers.

Scheme 47Modified 1,3-Dioxolane as New Protecting Group.
SiMe;

o__O o__O o__0
Me;SiO  OSiMeg 20° HF, CH,CN, RT, 85%
TMSOT, CH,Cl, 0 or LIBF,, CH,CN, refiux,
R~ -78°C, 70% }o H 97% H-
204 Me;Si 206 204
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New protecting groups (Dispokz07 ®® and cyclohexane-1,2-diace@208 ), which
permit the protection ofrans-diequatorial vicinal diols have been reported. yT'aee
very useful for the protection of diols in carbohgte chemistry such as compou2@®
and 211 (Scheme 48 The corresponding aceté240 and 212 were obtained in 64%

and 48% respectively.

Scheme 48Dispoke and CDA Protecting Groups.

OH CSA (cat.), toluene, o] OH
reflux /&&
Ho o =2 64% 9
Q
Dispoke 207 209 210
OMe HO OH

OMe Same reaction with
OMe H : 0,
CDA 208 OMe OMe Dispoke : 0%

OMe OH fﬂsgﬁcat%l, CH(OMs) OMe OH + 2,3-protected:
(0] eOH, reflux Q 11%
OMe | HOTQ 5% ﬁ/oo

211 212

1.2.2CHEMISTRY OF THE ACETAL GROUP.

1.2.2.1 Catalytic Hydrogenation
Acetal and ketal groups are stable under hydrogematonditions and required in
general very harsh conditions (high temperature mm@$sure) to be reduced to the
corresponding ethers. Work by Howards and Browns9®l showed that ketals could
be mildly reduced using metal catalysts in the gmes of acid and at RT when
secondary alcohols where used or alG8T<80°C with primary alcohol§® The best
results were obtained with a rhodium (5%) catatystalumina and with a drop of
concentrated hydrochloric acid. Palladium catalyst®wed some activity while

platinum and ruthenium catalysts proved to be imact

1.2.2.2 Reduction Using Hydride Sources
I. Lithium Aluminium Hydride

In 1951, Doukas and Fontaine showed that the agetalp of spirostan213 could be
reduced when lithium aluminium hydride was addec teaturated solution @13 in

anhydrous hydrochloric acid to give compo@idi°®!
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Scheme 49Reduction of Spirostane with LiAlHand Anhydrous HCI.

d o LiAIH 4, .EtZO,- HCl gas J H OH
HO No yield given HO
213

214

In 1962, Elielet al. postulated that a lithium aluminium hydride coukhct with
hydrochloric acid in order to form aluminium chidei, which would then be the active
species in the reduction of compoudt3®” Consequently, the reductive cleavage of
acetals in the presence of lithium aluminium hyerighd aluminium chloride was
investigated. Elielet al found that when a 4:1 ratio of AIILIAIH , was used, the
corresponding ethers were obtained in good yiettifan example dimethyl acetab9
afforded methyl ethe215in 88% yield Gcheme 5]

Scheme 50Reductive Cleavage of Acetals with AKLIAIH 4.
LiAIH 4 (0.5 eq.),

©_<0Me AICl, (2 eq.), ESO @_/OMe
OMe 88%

159 215

Finally, Abdum-Nur and Issidorides showed that Eamreductions could be obtained
when a mixture of BEOEL and LiAlH, was used and that higher yields were

obtained® Another advantage is the easier handle of BEt in comparison to AlGI

ii. Sodium Cyanoborohydride

Horne and Jordan reported in 1978, the use of sodyanoborohydride in MeOH with
hydrogen chloride gas in order to reduce acetats katals to their corresponding
methyl ether§® For instance, reduction of dimethoxymethyl benz&6 occurred

cleanly (ether215 was obtained in 88% yield) and the formation dtiéae was not
observed. In addition, 1,1-dimethoxy-2,4-pentaciadi216 gave the corresponding
ether 217, without the isolation of rearranged products oodpicts with addition of

hydrogen chloride§cheme 5L

Scheme 51Reduction with Sodium Cyanoborohydride and HG&.ga

NaCNBH,, HCI (g), oM
<> (OMe MeOH <> oM
0,
OMe 88%
\ 159 \ 215
NaCNBH,, HCI (g),
\ PMe MeOH \
0,
216 OMe 46% 217 OMe
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iii. DIBAL-H .
Bicyclic acetals can be reduced with DIBAL-H to gineterocyclic systems, such as
tetrahydrofurans and tetrahydropyr&i¥. This methodology has been recently applied
by Crimminset al. to the enantioselective total synthesis of (tcbscandrolide A
macrolactone, which possesses antifungal activéres cyctotoxicity against KB and
P388 cells. The key step of the synthesis, thectedu cleavage of acet&l8 with
DIBAL-H, is described inScheme 52 Tetrahydropyrar219 was obtained in 93%
yield 1%

Scheme 52Reductive Cleavage Using DIBAL-H.
H

: -, B ,—OH
o) < \
3 DIBAL-H, CH,C, O
H

93%
OTBS OTBS

218 219

Enantioselective reduction of propargylic ketones/eh been of wide interest. The
optically pure propargylic alcohols are valuablatigtic intermediates and can be used
for example for the synthesis of insect pheromamgzostaglanding®"

Cleavage of acetals such as compouz@isformed by reaction of a ketor#20 with
(2R, 29-2,4-pentandiol is an effective method to obtaiiral alcohols after removal of
the template. DIBAL-H or dibromoaluminium hydridarcbe used as hydride source.
The vyields obtained for ether@22 and 223 were excellent, as well as the
enantioselectivity Table 2). In order to generate the chiral alcohols, thengounds

could be treated by pyridinium chlorochromate fadal by potassium carbonate.

Table 2 Chiral Reduction of Propargylic Ketones.

O ’/Y O(Y H ‘\\O OH H//' O

= R OH OH / /Rz + /Rz
R TsOH.py Ry Rl R{

222 223

220
Conditions Ratio Yield
R, = Bu DIBAL-H (6 eq., 0°C, 1 h) 96 : 4 90%
R, = Me Br,AlH (6 eq. -20°C, 1 h) 93 : 7 100%
R, =Ph DIBAL-H (6 eq., 0°C, 2 h) 90 : 10 86%
R, =Me BrAlH (6 eq. -20°C, 2 h) 90 : 10 92%
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The stereochemistry observed can be explainedilas/§3°* °* The acetylinic group,

which is the smallest group is positioned in thelagosition. In the presence of the
aluminium reducing agent, cleavage of the acetsj dccurred to give intermediates
224 and225 (Scheme 53 The formation of intermedia®24 is disfavoured due to the
axial interaction between the methyl group anddbetylinic group and consequently

only alcohol222is formed!®!

Scheme 53Proposed Mechanism.
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| \|‘|/ ﬁMe % /<
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Ry /\Rz
R{
222

~+ Me
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iv. Trialkylsilane Reagents in the Presence of wiké\cid.

Homochiral acetals formed for instance by reactidra ketone with (R, 4R)-2,4-
pentandiol can also be reduced using hydride sewggeh as trialkylsilane and a Lewis
acid™® As previously shown, after removal of the chiraimplate, optically active
alcohols can be obtained. Acetal of 1-cyclohexilbebne226 could give alcohoR27
as the major product by reaction with titanium cide and triethylsilane at -7&C
(Scheme 54

Scheme 54 Reduction of Homochiral Acetals with Triethylsi and Titanium
Chloride.

m TiCl4 (1.2 eq.), B§SiH (1.2 eq.), H 9 A |—|/O
CH,Cl,, -78°C, 0.5 h X >
85% HO 7
226 227 98:2 228
The proposed mechanism of this reaction is destiib&cheme 55° As previously
shown, the formation of intermedic280is disfavoured due the axial repulsion between
the methyl and R’ groups and intermedia2@4 and 232 formed preferably. An \&-

like mechanism is also plausible and the Lewis &icbordinated to the less hindered
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oxygen atom (intermedia282). Finally, nucleophilic attack of the hydride soemgives

alcohol 234. This methodology complements the one describethénprevious part

when DIBAL-H or dibromoaluminium hydride was usékhus by the choice of the

reducing reagent and with the use of only one tiganis possible to obtained both

optically pure alcohols.

Scheme 55Proposed Mechanism.
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1.2.2.3 Reaction with Organometallic Reagents

i. Reaction with Grignard Reagents

Luh et al. reported the regioselective acetal opening ofosmiges andbis-acetonides

with methylmagnesium iodide in refluxing benzene@uene?®® *°! Coordination of

the magnesium to the oxygen atomes in the caséhebis-acetonides237 gave

preferentially diols with the less hindered alcopobtected by dert-butyl group238

Conversely, opening of the acetal ring in acetamigave the corresponding hydroxy-

alkyl ethers with the most hindered alcohols pre@cby atert-butyl group 236

(Scheme 5§ A similar regioselectivity was observed by Taaand Barton when

ketals were reacted with trimethylaluminium in tbBowing section.

Scheme 56Reaction with Methylmagnesium lodide.

A

o MeMgl (4 eq.), benzene, reflux
235 2%

= o MeMgl (10 eq.), toluene, reflux, 72 h
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ii. Reaction with Organoaluminium Reagents

* Organoaluminium Reagents: Properties and PosBib&etions.

Organoaluminium reagents are strong Lewis acids @d coordinate strongly to
oxygen and halogen atoms. They are useful chitalysds and have been recently used
for instance by Jacobsen to perform conjugate aeddf nucleophiles such as nitriles,
nitroalkanes and hydrozoic acid to acydlig-unsaturated keton&$” The catalyst
[(salen)AlLO 239did not required inert atmosphere and was eagilthesised from the
salen ligand and a solution of trimethylaluminium.the example shown below in
Scheme 57 methyl cyanoacetate attacked fRe face of the keton@40 to give the
product241in excellent yield and as a 1.7:1 mixture of ddasbisomers.

Scheme 57Michael Addition Using an Aluminium Catalyst.

_ _ O (R, R)-[(salen)AlLO Ph O
N N N 239(1.0 mol%) NCM
B OH HO t-Bu NC_ COMe(12eq) H 1n 0
240 cyclohexane 241
tBu  t-BuU 91% 27% d.e.
(R, R)-salen 93% e.e.

Modified lithium aluminium hydride reagents, suGhBINALH-Li 242, are very useful
reagent and can perform efficiently chiral reductiof acetylenic ketones andf-
unsaturated ketones to give the corresponding pggli@ and allylic alcohols in good
yield and with high enantioselectivity. The redoatiof acetylenic ketone&43-245 and
their corresponding produc2d6-248are shown ifmable 3°®

Table 3 Reduction Using BINALH-Li.

(0] OH
(9-BINALH-Li
OO z R = R
O\ , H R{” 243-245 R{ 246-248

Li* Al -

OO o \OMe R1 R, e.e.  Yield

243 H 84%  87%
(9-BINALH-Li 242 244 H n-CgHi;  96%  80%
245 n-CHg n-CsHy; 90%  85%

Organoaluminium reagents and especially trivaldomaium reagents possess an
ambivalent character. Due to their oxophilocitygytrare excellent Lewis acid and can

consequently very easily coordinate to substratdsch contain oxygen atoms. This
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results in the formation of an ate complex and afualeophilic aluminium species,
which can then react with the substrate. For irtgatrialkylaluminium have been used
as alkylating agents for ketones, epoxides andasttf

Because of their dual action, Lewis acidity and leopghilicity, aluminium reagents
have also been used to promote Beckmann rearramgerhexime sulfonateg% 1!
Yamamoto and co-workers reported the synthesisacémic pumiliotoxin C, an
alkaloid found in the skin of neotropical frogs, ialh belong to the family of
Dendrobatidrae. The synthesis started with the dgelmation of enon®49 using
palladium black as catalyst and in the presengaragionic acid to give keton250 in
95% vyield. The key step involved a Beckmann regeament of oxime sulfonat2s],
obtained in two steps from keto880, using tripropylaluminium followed by reduction
of the imine253 with DIBAL-H. The attack of the hydride source aoedvia theexo
face (se@55 Scheme 58

Scheme 58Beckmann Rearrangement.

H,/Pd H 1. H,NOH.HCI, H
cat. CHCH,COH AcONa, 84% Al(n-Pr)
dioxane 2. TsCl, Py, 93% ( A,
N
0 H
29 © e "o N~oTs )
H
H H H
DIBAL-H
NS 4—0 P
N N n-pr 60% N n-Pr
H H 255 HHH H
254 253

Claisen rearrangements followed by a nucleophttizc to the carbonyl group formed
in situ can be performed under mild condition when aluminiteagents are us€d®
As before, this shows the dual properties of aliunmn species. It is possible to
introduce methyl or ethyl substituents when usingndthyl or triethylaluminium as
well as other alkenyl or alkynyl groupScheme 59 For instance the aluminium
species shown ischeme 59an be synthesised from diethylaluminium chlorichel

lithium phenyl acetylene.

Scheme 59Claisen Rearrangement.

Et,Al—=-Ph Ph
1,2-dichloroethane, &
RT, 15 min

o~ 88% OH

256 257
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More recently, Maruokaet al developed methodology to perform chiral Claisen

reaction using a chirdlis(organoalumium) Lewis acid**!

Aluminium reagents and especially igdoutyl aluminium in the presence of
iodomethane can undergo cyclopropanation of alkefbg reaction proved to be
regioselective and gave opposite results (cyclagme@59 than under the Simmons-
Smith conditions (cyclopropar260 (Scheme 60 It should be noted thatigobutyl
iodide was isolated. This suggested the formatiodiisobutyl(iodomethyl)aluminium

during the reactiof**!

Scheme 60Cyclopropanation.

ﬂOH \Pr\(/OH + ﬂona + \PKE/OH
258 259 260 261

i'BUgAl/CHzlz 76 . 1
ZnEtz/CH2|2 2 . 74

w b

* Reaction with Acetals.

Reaction of acetals with trialkylaluminium is againother example, which illustrates
the ambivalent property of aluminium reagents. hakand co-workers showed that
acetals with an adjacent oxygen atom could undergegioselective nucleophilic
cleavage by trimethylaluminiufi® Trimethylaluminium reacts first with the free
alcohol262 to give alkoxide263 shown inScheme 61 The aluminium metal can then
coordinate to the internal oxygen atom of the do#t@ to its close proximity. This
leads to the regioselective cleavage of the rirtjtha generation of an oxonium species
264. Finally after delivery of a nucleophilic methylipl 265 could be obtained.

Scheme 61Reaction with Trimethylaluminium.

/“* AMe2 - AlMe; Me
0 AlMe(10 eq. ) \( O~AlMe,| then HO OH
RN

0 OH CH, 0 ga%% ~ O~ OH

262 263 264 265

On the other hand, if there is no internal coortiomasuch as in starting materi266
(Scheme 62, then trimethylaluminium coordinates to the lagsdered oxygen atom of

the acetal as in intermedic2é7. This leads to the cleavage of the acetal byrternal
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oxygen atom (intermediat®68) and as before after nucleophilic attack of the
aluminium species the more substituted etB6® is obtained® Therefore, the
regiochemistry of the reaction of an acetal withnahium reagent is similar to the

reaction of acetals with Grignard reagents Geetion 1.2.2.R8

Scheme 62Reaction with Trimethylaluminium.

Me
WZ‘ ™ N\ AlMe3
O AlMe;(3eq.) S 0] O+ | then HO @)
O N, Gho, . MeA- O A [T [mea-o A SN
266  -7/8°CtoRT 267 268 269

R=GHs 83%
R=n-C4Hy 86%

Other organoaluminium reagents can be used to mpertbis reaction. For example,
Castellino and co-workers reported the use of giathminium chloridé*'”! As before,
the chelation controlled reaction furnished thestidaindered ethe275 In addition,
NMR studies of this reaction showed the formatibthe five-membered chelag¥2 as
well as the oxonium ior273 Nevertheless, it was not possible to determinéhdf
reaction mechanism occurredh a four-membered transition state fr@w2 (Sy2 like
mechanism) owvia a seven-membered transition state involving thenaxn species
273 (Sy1 mechanism).

Scheme 63Proposed Mechanism.
MBQ)J\I:O EtzAICl WO O)W\‘\O Rle)

CH2C|2 >< 44

© -80°C ¥

270 l 273
o \ o - —A\lEtCl
|
Meo)H/\o/;\ NH,CI MeO)W:O Et
Et

OH 1)
275 274

* a,f-Unsaturated Acetals.

a,f-Unsaturated acetals are interesting substratashwian, depending on the reaction
conditions, react with organoaluminium reagentshata or y-position!*'® ! The
reaction is consequently regioselective but alsyesselective if chiral acetals are

employed. Chiral acetél77 could be obtained by transacetalisatiorxgfunsaturated
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diethyl aceta76 with (R,R-N,N,N’,N-tetramethyltartaric acid diamide. Reaction with
trimethylaluminium proved to be highly dependanttbé solvent and temperature.
When the reaction was performed in 1,2-dichloroe¢hat room temperature with
trimethylaluminium (5 equivalents), and after atsipn with acetic anhydride and
pyridine compoun®78 was isolated in 84% yield and with an enantiomewricess of
88%. The 1,2-adduct was obtained in 13% yield. H@rewhen the reaction was
carried out in chloroform and under similar coratis, only the 1,2-addu@&80 was
obtained in 85% yield and with an enantiomeric escef 88% $cheme 64 After
removal of the chiral template, this could leadtie formation offf-substitued chiral
aldehyde279and chiral allylic alcoho?81

Scheme 64Reaction ofy,f-Unsaturated Acetal with Trimethylaluminium.
AlMeg, CICH,CH,CI, RT

followed by AgO-py, DMAP, AcO.__,CONMe,
RT, 1h Me Me
: T > A__CHO
| conme, R N07 "CoNMe, R
OEt o) 278 84% (e.e. 88%) 279
R/\)\ N "''CONMe,
OEt o 0._.CONM
276 277 | Meoj’ © Me
AlMes, CHCl, RT R/\/k “CONMe, = NOH
followed by AgO-py, 280  85% (e.e. 88%) 281
DMAP, RT, 1 h

1.2.2.4 Coupling Reactions in the Presence of a LissAcid.

i. Lewis Acid Mediated Acetal-Alkene Cyclisation.

Alper et al. reported the stereospecific synthesis of tetradpygtans by reaction of
alkene-acetals with Lewis acids such as titaniuM) (¢hloride or titanium (1V)
bromide*®” The trans-alkene 282 gave predominately theanstetrahydrofurar283
while the cis-alkene286 afforded thecis-heterocyclic ring284 as the major product
(Scheme 6% The stereoselectivity observed can be ratioedlisy the fact that the
carbon-carbon bond formation occurréd a six-membered ring transition state (see
intermediate285and287).
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Scheme 65 Formation of Tetrahydropyran by Lewis Acid Meé@itAcetal-Alkene

Cyclisation.
TiCls (1.2 eq.),
o CH,Cl,, -45°C, o o H
ZINS0" 0 30 min Et Et
/\/\) Et i E X%// -
= : t o ~0
Cl Cl + H
282 283 86% 284 8% 285 283
TiCl,s (1.2 eq.),
CH,Cl,, -45°C,
o} o o)
NS00 30 min J/\j . H
= B Y Et Q — Xﬁﬁ
Cl cl Et+ £°
286 2835% 28487% 287 284

A similar strategy has been used for the synthagist-membered cyclic ethers, which
are important structural motifs found for examplemarine natural products such as

brevetoxin A and laurencif?!!

ii. Coupling Using Organosilane Reagehtd

* Aldol Reaction.

Dimethyl acetals288 can undergo aldol reaction when treated with ititian (1V)

chloride and silyl enol eth&89™?®! The strong affinity of titanium with oxygen atom
allowed the formation of the oxonium species, whsttbsequently reacted with the
nucleophilic silyl enol ether. Upon heating, thbromo ketone290 generated from the

aldol reaction could be converted into tetrasubtgd furan291 (Scheme 6%

Scheme 66Aldol Reaction.

. O
Br o(,gllsl OSi(CHy)3 TiCl,, CH,Cl, Me R Toluene, he heatRt
> e e 4 — - T Rl
R, R g <R Ry 32-82% after 2
! 2 3 4 Br R steps
288 289 290

* Alkylation.

Acetals can also be alkylated using allyl silanegents (for instanc93). In order to
generate the oxonium ion, Lewis acids such titantatrachloride or boron trifluoride
etherate can be used. The reaction can also berped using catalytic amount of
trimethylsilyl  trifluoromethansulfonate Sgheme 6), iodotrimethylsilane or

tritylperchlorate or diphenylboryl triflaté?* 2% 12¢]
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Scheme 67Alkylation.

OMe

OMe
, TMSOTY, CH,CI
R—< + _~_-Si(CHy)3 ’ 2
OMe Z 78-98% Rl)\/\

292 293 294

1.2.3CONCLUSION.

Acetals are very versatile functional groups. Tlaeg stable for example to strong
reducing agents, but on the other hand, they casabdy cleaved under mild acidic
conditions. They are consequently widely used aks dir carbonyls protecting groups.
More recently, the chemistry of acetals starte@rnerge, giving access to interesting
applications, such as for example the chiral radocbf ketones using homochiral

acetals as seen 8ection 1.2.2.2
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Chapter 2

‘ ResuLTs& Discussion

As seen inChapter 1, due to their ambivalent properties, organoaluommni
reagents can easily coordinate and subsequentlywath acetals by transferring alkyl
groups. We wish to report the development of a hovethod for the synthesis of
stereodefined heterocyclic rings, which could bedugor the synthesis of natural
products containing tetrahydrofurans, such asetample, members of the pamamycin
family. This novel cascade reaction involved theact®n of acetals with
trialkylaluminium reagents, which was subsequeftlpwed by a cyclisation reaction,
consequently generating tetrahydrofur&edtion 2.} or tetrahydropyran ringsséction
2.2). In addition, investigation towards the synthedipyrrolidines was also carried out

and is summarised Bection 2.3
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2.1SYNTHESIS OF STEREODEFINED TETRAHYDROFURANS.

2.1.1PREVIOUS WORK AND AIM WITHIN THIS THESIS.

Previous work within the Parsons group towardstthal synthesis of rapamyciZf5
also known as Sirolimus, a new immunosuppressarg dsed to prevent rejection of
organ transplant?” led to the discovery of some interesting resuftaias hoped that
synthesis of the bottom right part of rapamycinx@sb in Scheme 68 could be
achieved by protecting group manipulations and tional group interconversions of
fragment2962® This intermediate could be synthesised by a nptiiic attack onto
the epoxide group of epoxid@97. Aluminium reagents have previously been employed
to open epoxidé¥? and as a result, trialkylaluminium seemed to be rbagent of

choice to perform this reaction.

Scheme 68Rapamycir295

HO,

Asymmetric Sharpless
Epoxidation

AlMe; ?

However, reaction of epoxy-aceta®7 with trimethylaluminium did not lead to the
formation of diol296 and, on the contrary tetrahydrofur2® was isolated in excellent
yield and with control of all the stereocentr&slieme 691> As seen irChapter 1,

the control of the stereoselectivity can be a tdiskcult to achieve, and developing

high selective methodologies is essential for tmeleesis of natural products.

Scheme 69Formation of Tetrahydrofura2f9.

?L? O AMe;  tBu OH
W CH,Cl,, -20°C 0
o 85%

297 299 HO
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As seen inScheme 69tetrahydrofurar299 possesses tart-butyl ether and a 1,2-diol
group, each being useful functionalities as symthéfindles in synthetic organic
chemistry. A diol functionality can for instance beidatively cleaved to generate an
aldehyde, which can then be further olefinated gigsphosphorus ylide reagents or
reacted with Grignard reagents. In addititert-butyl group is an excellent protecting
group for alcohols, being liberated to the corresiig alcohol by treatment with mild

acid.

Figadére and co-workers showed tteat-butyl andtert-amyl groups could be cleaved
under mild condition§3”! Treatment with a catalytic amount teft-butyldimethylsilyl
triflate in dichloromethane at RT, could deprotest-butyl ortert-amyl groups (TAM)
of protected alcohoBOO to give the corresponding free alcohd®1l When one
equivalent oftert-butyldimethylsilyl triflate was used in the presenof a base, 2,6-
lutidine, the alcohol generated from tleet-butyl ethei302 was subsequently protected
as the corresponding TBS ett383 (Scheme 7D The TAM protecting groups could be
installed by reaction of the free alcohol with 2thydbut-1-ene and a catalytic amount

of boron trifluoride etherate in dichloromethanel an RT3

Scheme 70tert-Butyl andtert-Amyl Deprotections.

TBSOTf (10 mol%),
CH,Cl,, RT

/\/\/\/OTAM /\/\/\/OH
Br 82% Br
300 301
TBSOTf (1 eq.),
CH,Cl,, RT, then
tBUQ o6lutidine (Leq) TBSQ
= 89% /\ o
302 303

As a result, both sides of tetrahydrofura@9 can be selectively extended through
functional group interconversions and consequentlythis methodology could be
further developed, this would give access to vdkialilding blocks for the synthesis

of more complex tetrahydrofuran containing natpralducts.

Therefore, the aim of the project was to develoghaowology for the synthesis of
stereodefined heterocyclic rings such as tetratliydaos, tetrahydropyrans and
pyrrolidines, based on the initial results obtaimethin the Parsons groug¢heme 6%

Formation of stereodefined tetrahydrofurans west focussed upon, and the developed
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methodology was then employed for the synthesistedhydropyransSection 2.2 and
pyrrolidines Gection 2.3

2.1.2SYNTHESIS OF THE PRECURSORS

2.1.2.1 Initial Target Molecules and Retrosyntheses
In order to examine the scope and limitations of tdascade reaction, a range of epoxy-
acetals were synthesised. Epoxy-ac8@ was chosen, as without any substituents, it
was the simplest of the possible precursors onwtdcdevelop this chemistry on. To
supplement the initial study trisubstituted epoxa®® as well as epoxy-1,3-aceta6

were selected as target precurséiigire 6).

Figure 6. Initial Target Molecules.

7L0 WLO (oo
304 © 305 © 306 O

Compound304 had been previously synthesised by the group of laed it was
decided to use their synthesis as a guidélie>
Compounds304 and 305 could be synthesised from protected glyceralde30®
which in turn could be prepared frobmannitol 309, a cheap, already available and
enantiopure starting materi@d@¢heme 7L Extension of the chain to give allylic alcohol
307, could be obtained by carrying out the followingnisformations from aldehyde
308 a Horner-Wadsworth-Emmons olefination using kyétphosphonoacetate and
sodium hydridé****3¥ an alkene hydrogenation, an ester to aldehydectiety again
an olefination using the same conditions and finalh ester to alcohol reduction.
Finally, the epoxide moiety could then be introdlieesing the Sharpless asymmetric
epoxidation proceduré® to afford the desired target precursors with high

enantiomeric excess.

Scheme 71Epoxy-AcetaB04 Retrosynthetic Analysis.

o o Lo
O\)\/\(NOH = O\)\/\/\/OH —> O _0O [

T304 o ‘ 307 308 Diol
ﬂ Protection and

Asymmetric Sharpless Horner-Wadsworth-Emmons Oxidative
Epoxidation Reaction- Ester Reduction©H OH Cleavage
Hydrogenation HO s

OH

OH OH
309
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Similarly, the epoxide group of epoxy-acetad6 could be introduced using the
Sharpless asymmetric epoxidation procedure on i@llglcohol 310. The latter
compound could have been obtained by a cross-nestatreactiofi®® between alkene
311 and methyl acrylate followed by an ester reductkinally, the 1,3-dioxane group
could be obtained by a double reduction of the ketand ester groups of keto-ester
312 In addition, compound806 could also be obtained as a single enantiomeciiral
reduction of the ketone moiety was to be perforrfgedet of conditions known for the

chiral reduction, seBection 2.1.2 ¥+,

Scheme 72Epoxy-AcetaB06 Retrosynthesis Analysis.

> > >

O O @) 0] (0] (0]
K/K/\(’\/OH = MOH = W ]
(0]
306 310 311 Carbonyl
T ‘ T ‘ ﬂ Reductions
Asymmetric Sharpless Grubbs' Metathesis
o O O
Epoxidation )J\/IW
EtO -

312

2.1.2.2 Synthesis of Epoxy-Acetals 304 and 305.
i. Formation of Protected Glyceraldehy8ies from D-Mannitol 309.

Protection of D-mannitol 309 was achieved by refluxing compour0D9 in 2,2-
dimethoxypropane and dimethyl ethylene glycol andthe presence of a catalytic
amount of tin(ll) chloride and pyridif&® However, it was observed byd NMR
analysis thatris-acetalisation ob-mannitol 309 occurred and that the corresponding
product was difficult to remove from the desireshgurct 313 Higher purity of the
desired producdl3was obtained wheb-mannitol was treated with a saturated solution
of anhydrous zinc chloride in acetdh&' After a work-up with potassium carbonate
and recrystallisation from dichloromethane and gletrm ether bis-acetal 313 was

afforded in 59% yield and as a white so&theme 7R

Scheme 73Protection ob-Mannitol 309.
ZnCl,, acetone
oH 9” then2K2C303 WLO OH

\/'\5/\‘/\OH 59% o\)\/f\(\
OH OH H o
OH 07/\
309 313

HO
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Cleavage of dioB13 with sodiummetaperiodate in THF/water afforded the desired
aldehyde308in 82% vyield (crude) on a 5 g scal® On a 25 g scale, the crude yield
tended to decrease dramatically and aldel8@®was generally obtained in 10-40%
yield. Using this method, we found issues with oglcibility between reaction runs.
Cleavage of dioB13 could also be achieved with sodiunetaperiodate in CkICl, or
diethyl ether and water in presence of sift¢d. However, aldehyde&08 was still
obtained in a moderate yield of 40%. Finally, thestbresult was achieved when diol
313 was treated by sodiumetaperiodate in dichloromethane and in the presence of
sodium hydrogen carbonate, and after purificatipulistillation, aldehyd&08 could be
isolated in 60-70% yieldScheme 74M*? Under these conditions, the reaction was

reliable, even on large scale synthesis (the @aetas tested on a 30 g scale).

Scheme 74Cleavage of DioB13

ZLO (?)H NalQ,, sat. NaHCQ,
\)\/Y\ CH2C|2 Q
I O O
o Of 60-70% A

313 308
Although aldehyde308 was stable, it was usually reacted straightawayavoid
decomposition and/or racemisation. The next stepghe synthesis consisted in

elongating the chain of four carbons and are desdrin the following sections.

ii. Olefination of Aldehyde808and Hydrogenation.

Using the Horner-Wadsworth-Emmons reaction, olé¢ioma of the glyceraldehyde
derivative 308 was carried out. The phosphorus ylide was inytidibrmed by
deprotonation of triethyl phosphonoacetate withiwodhydride (60%w/w in mineral
oil) in dry THF at 0°C and a solution of aldehy@®®8 was then added to the reaction
mixture. The corresponding est8t4 was afforded in 51% vyield and mainly as the

transisomer Gcheme 75133 134

Scheme 75Reaction of Aldehyd808with Triethyl Phosphonoacetate.

WLO (EtO),P(O)CHCOLEL, WLO
NaH, THF
O\)\¢O 51% O\)\/\COZEt

314

Ester 314 could also be obtained, when reacted with (cadagtmethylene)-
triphenylphosphorane in dichloromethane at RT, ynetd of 68% and as 1:1.2 mixture
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of cis and transisomers?*" ¥4 Stabilised phosphorus ylides when reacted with
aldehydes under the Wittig conditions, usually e E-alkenes. However, the
presence of the chiral centre in the case of alleBQ8 favoured the formation of the
cis-alkene. Finally, it should be noted that no defiséeteochemistry was required at
this point, as hydrogenation of the double bond ldkaemove this stereochemistry

information.

Thus, esteB14 was treated with platinum (IV) oxide in ethyl aattet in a flask fitted
with a balloon of hydrogen at RT for 20*#" The corresponding saturated e3&b
was afforded in 92% yieldScheme 7%

Scheme 76Hydrogenation of Unsaturated EsBA5,

WLO WLO
H,, PtO,, EtOAC
O 2 ' O
\)\/\COzEt 9% \)\/\COZEI

314 315

iii. Formation of EsteB18

Several routes were tested in order to synthestr #18 as a key precursor for the
synthesis of the epoxy-acetals required for theslbgment of this new chemistry. Ester
315 was either reduced to the free alcoBbb oxidised to the corresponding aldehyde
317 and then further olefinated, or alternatively e#5 was reduced directly to the
aldehyde317 before being olefinated as before. Although theeehstep route gave
better overall yield, in this synthesis, the secoodte was preferred as it was more
convenient (shorter reaction time and easy putibod even if the desired est8d8
was afforded in a lower overall yield (249ersus38%). Problems were encountered
during the oxidation step and, although this wasrceme by using the second route,
we gained insight on the chemistry of these comgdsuwhich proved to be useful later
on for the synthesis of similar substrates. Heraretliat reason, both routes will be
described.

Starting with the first route, est8d5 was reduced using lithium aluminium hydride in
dry THF to give alcohoB16in 83% yield™*3"

Scheme 77Reduction of Esteé815with Lithium Aluminium Hydride.

7L o | 7L o
d UAHLTHE Y
\)\/\COZEt 83% o

315 316
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Oxidation of alcohoB16 with IBX in DMSO afforded the corresponding alddey817

in a disappointing yield of 37% (yield of the crudaterial)™*"! Aldehyde317was not
purified and subsequently olefinated using (carbwyimethylene)triphenylphosphorane
to give ester318 in 70% yield. Alcohol316 could be also oxidised using the Dess-
Martin periodinane in the presence of pyridine iohtbromethane to give aldehyde
317, which was subsequently reacted without any matifon with triethyl
phosphonoacetate and sodium hydride in dry THFffiarda ester318 as thetrans
isomer only, in 46% yield after two stefcheme 78

Scheme 780xidation of AlcohoBB16 Followed by Olefination.

WLO WLO (F;EP(;CHCQELWLO
37% (crude) 70% CO,Et

316 317 318T

Dess Martin Periodinane, py, GEl, followed by (EtO)P(O)CH,CO.Et, NaH, THF,
46% after 2 steps

As can be seen, the IBX reagent afforded aldel3idein a disappointing yield, but
could be improved through the use of the Dess-Mariodinane. However, the use of
pyridine and also the cost of the Dess-Martin mBrniane reagent were the major
drawbacks to this reaction and, as a result, th@semethods were abandoned and,
instead, a two-step in one transformation was eyeglo

Therefore, reduction of est845 using DIBAL-H (1 M, hexanes) in dichloromethane
and at -78C afforded aldehyd&17 in 67% yield after purification by flash column
chromatography. Esteé818 was then obtained in 46% yield and as tt@sisomer

using the Horner-Wadsworth-Emmons proced@eheme 79133 134

Scheme 79 DIBAL-H Reduction Followed by Horner-Wadsworth-Brans
Olefination.

WL o DIBAL-H, WLO (EtO) p(o)c:l—bcozEtﬁLO
O\)\/\ CHChL, -187C 78°C O\)\/\/O NaH, THE OM
COLE 2 T e 7 cog

315 67% 317 46% 318

iv. Formation of Epoxy-Acetal3044db.
Ester318 was reduced using DIBAL-H (1 M, hexanes) in drghdibromethane (-26C
to RT, 3 h) and the corresponding alcoB0V was obtained in 57% yielf™ The yield
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of the reaction was improved when es8&B8 was reduced at -2 for 20 minutes and
allylic alcohol307 was afforded in 98% yieldScheme 8]

Scheme 80Reduction of Este318Using DIBAL-H.

DIBAL-H,

WLO CH,Cl,, -20°C, WLO

O\)\/\/\ 20 min O\)\/\/\/
F COEt _~_-OH

318 98%

Finally, the desired epoxy-acetals were synthesibgd utilising the Sharpless
asymmetric epoxidation methodology using cataltitenium (IV) isopropoxide, (+)-
diethyl tartrate or (-)-diisopropyl tartrate, a wbn of tert-butyl hydroperoxide in
dichloromethane and in the presence of activated #nolecular sieve8®® The
Sharpless epoxidation is an enantioselective @actvhich produces the corresponding
epoxides with high e.e.. The catalyst has a dinsdriecture (structur819) as shown in
Scheme 81The mechanism of the reaction can be describédllasys: there is first a
ligand exchange with the allylic alcohol anert-butyl hydroperoxide to give
intermediate320. This is then followed by activation o¢rt-butyl hydroperoxide and
the transfer of an oxygen atom with liberation lo¢ fproduct and regeneration of the

catalyst319 (seeScheme 8p!*4% 144

Scheme 81Asymmetric Sharpledspoxidation.

COJEt EtO,C I
RO, COsEt )_\T\O COzEt

O——TI ‘O) —_— O—-TI ‘O/TI‘
ﬁ/ I/)\OEt _y"| l/ OEt e
=0 319 =0 320

EtO EtO

EtO,C EtO,C
COzEt I COzEt I R
O?;O)TI\ - O?;O)TI‘O
o © B cog eor © B com
322 321

As a result, following the literature proceduree tbesired epoxy-acet@d04a was
afforded in 27% $cheme 82!
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Scheme 82Sharpless Asymmetric Epoxidation.
Ti(Oi-Pr)y, (+)-DET,

TBHP, CHCI,,
o . o
4 \)\/\/\/ oK 4 A molecular sieves, -Z& O\*/\?}\/OH

27%
307 304a

The reaction was sluggish, affording the correspaneépoxide in low yield. This was
probably due to a wet solution tdrt-butyl hydroperoxide in dichloromethane, which
consequently deteriorated the titanium complex laaddto the recovery of the stating
material. In addition, the product seemed to besisga to the work-up conditions. In
the case, of compoun804g a mixture of iron sulfate and tartaric acid werged,
followed by dilute sodium hydroxide in brine. Hovesy it is believed that the acetal
groups of the starting material and product weeawtd when the compounds were
treated with tartaric acid and hence the low yigiderved for compoun804a As a
result, the crude material was only treated withnisulfate in order to remove the
excess ofert-butyl hydroperoxide. The products were easily fipedli from the ligands
and the unreacted starting material by flash colwmmmatography. As a result, the
desired epoxy-acetaB)4aand304bwere afforded in 71% and 63% when treated with
(+)-DET and (-)-DIPT, respectivelys¢heme 83

Scheme 83Asymmetric Sharpless Epoxidations with a Modifi#drk-Up Procedure.

O

@
WLO Ti(OiPr), TBHP,  (D-DET, O\ _~J>_OH  71%
O\)\/\/\/OH CH,Cly, / 304a

4 A molecular WL
(@
()-DIPT O
O N _~Z_OH  63%

304b

sieves, -25C

2.1.2.3 Synthesis of Epoxy-Acetal 305.
Following the same strategy for the synthesis afxgpacetals304db, aldehyde317
was reacted with 1-carbethoxyethylidene triphengfhorane to give est823in 78%
yield. Reduction of the ester group with DIBAL-HM1 hexanes) gave allylic alcohol
324in 87% vyield, which was then subjected to the Bleas asymmetric epoxidation
procedure using (+)-DET to give the correspondipgxg-acetal305 in 55% vyield
(Scheme 84

57



Scheme 84Synthesis of Epoxy-Acet&05

jLo P@PTC(Me)CQEtﬁLO DlBAT-H, . WLO
O\)\/\/O C—>H2C 2 O\)\/\)\ —»CHZC 2 20 C O\)\/\)\/
Pz = COEt = OH

0 0
317 8% 323 87% 324

Sharpless
epoxidation with

(+)-DET, 55%
7L o

2.1.2.4 Synthesis of 1,3-Epoxy-Acetal 306.
I. Introduction.
As previously described iBection 2.1.2.1the key steps of this reaction are: a cross
coupling metathesis, a Sharpless asymmetric epoxidand chiral reduction of the

ketone group. The retrosynthesis is summaris&tireme 85

Scheme 85Retrosynthetic Analysis of Epoxy-1,3-Ace®4l6.

>< Sharpless asymmetric epoxidation
o~ "o / o}

MOH e Etozc\)wﬁ Grubbs' metathesis

306 ’ 312
Chiral reduction of ketone using Baker's y.

ii. Synthesis of Keto-Este312

* Via a Claisen Condensation.

Keto-ester312 can be synthesisada a Claisen condensation. Reaction of hept-5-en-2-
one 325 with diethyl carbonate and sodium hydride (6@% in mineral oil) afforded
the producB12in 36% yield 6cheme 851!

Scheme 86Claisen Condensation.

0] NaH, diethylcarbonate, o 0
THF
)J\/\/ T TYEEEE )J\/U\/\/
36% EtO 7
325 312

The mechanism of the reaction is described irSitieeme 87and is as follows: sodium
hydride can deprotonate the protango the ketone generating two possible anions.
They both can react with diethyl carbonate to dghwe intermediate812 and327 and
can also enolise to give compour26 and 328 Because of the double bond, all the
substituents have to fit in the same plane, anda&m826, which is less hindered than
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enolate328 is consequently the most stable. The reactiorhésetore displaced in
favour of the formation of the less substituted poomd312

Scheme 87Mechanism of Formation of Keto-Est&t2

O (@] (@] O O-

325 312 326

NaH,
o] ﬂ diethylcarbonate - lWOfk-up
7 N NF O O
O)UW

(@] OEt O OEt Et

327 328 312

* Via the Formation of the Dianion.

Keto-ester312 can be also synthesised by reaction of ethyl acetate329 with
sodium hydride followed by-BuLi and reaction with allyl bromidg&*®! This gave the
product312in 53% yield Gcheme 88 The first equivalent of base (one equivalent of
sodium hydride (60%v/w in mineral oil)) deprotonates the most acidic pnoproton

in a to the ester moiety) and the second equivalenbasfe (one eq. of-BuLi)
deprotonates the methyl group to give the corredipgndianion, which is characterised
by formation of an orange solution. The latter aniormed is the most reactive and is
quenched by the addition of allyl bromide and coosatly to generate the

corresponding keto-estai.2

Scheme 88Synthesis of Keto-Est&12

O O NaH (1 eq.)n-BulLi (1 eq.), O O

allyl bromide, THF, #C )J\/U\/\/

EtO)J\/U\ EtO %
329 53% 312

Finally, the best result was obtained when two emjants of LDA were used as base
and compoun@12was afforded in 69% yieldScheme 831X+

Scheme 89Deprotonation with LDA.
O O LDA (2 eq.), allyl bromide, O O

EtO)J\/U\ EtO =

0
329 69% 312

iii. Racemic Synthesis of Epoxy-Acet36.

The synthesis of epoxy-acetdD6 was first tested and optimised on the racemic
material. Thus, reduction of keto-estgt2 with lithium aluminium hydride under
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standard procedure gave di881 in 36% vyield*® The formation of diol331 was
improved by using a two-step procedure: reductibthe ketone moiety of keto-ester
312 with sodium borohydride, followed by reduction tbe ester moiety with lithium
aluminium hydride and the corresponding d@8IL was afforded in 67% yield after two

steps cheme 9p**®!

Scheme 90Synthesis of DioB31

)(J)\/l(])\/\/ NaBH,, EtOH e LIAIH ,, THF e =
71% 94%
EtO 312 0 EtO 330 Y

LiAIH 4, THF, 36%

Diol 331 was then protected with an acetal group usingditiffethoxypropane and a
catalytic amount of camphorsulfonic acid in dicloethané*® Acetal 311 was
afforded in 85% vyield. A Grubbs metathesis, usimg $second generation catalyst and
ethyl acrylate was carried out and e82 was afforded in 90% vyield® % Finally,
reduction with DIBAL-H gave allylic alcohoB10 in 91% yield, which was then
subjected to a Sharpless asymmetric epoxidatigiveothe desired epoxy-ace@06in
51% yield Gcheme 9L

Scheme 91Synthesis of Epoxy-Acet&06.

+ /d .
2,2-dimethoxy- Grubbs' 2 generation

propane, CSA (cat.M catalyst (5 mol%), ><
OH OH CH,Cl, o o CH,Cl,, reflux, 1h O O
F 9 W W
85% 90% COSE
331 311 332

Q O DIBAL-H,
Q CH,Cl,, -20°C
Clg Sharpless

o =, >< Epoxidation with >< 91%

PCy, o o )-DIPT o o
Grubbs' 84 generation K/K/\:O}\/OH 0 =T MOH
5 0
talyst
catalys 306 310

Hydroboration of alken&11 using disiamylborane in THF with NaOH and@j,*%!
followed by a Parikh-Doering oxidatiBrf’ of alcohol333with SQ;-pyridine with EsN

in DMSO/CHCI, were performed in order to explore the possibtenfdion a precursor
for the synthesis of tetrahydropyrar&cfieme 92 These reactions were, however, not

optimised.

60



Scheme 92Chain Extension of Alken&l1by Hydroboration and Oxidation.

>< HB[CH(Me)CH(Mez)]2,>< SO;.py, DMSO, ><

o "0 NaOH, HO,, THF O~ ~O CHCL,E,N O ™0
W 21% K/K/\/\OH 33% MO
311 333 334

iv. Chiral Reduction of Keto-Est&12 with Baker’s Yeast.

* Introduction.

Introducing another chiral centre would give acdesa stereodefined precursor, which
would consequently afford the desired tetrahydnfurwith a high degree of

stereocontrol. As a result, the asymmetric redactibthe ketone group of keto-ester
312 was investigated and Baker's yeaSa¢charomyces cerevisjagas chosen as it

could offer an inexpensive way to achieve this 8aheme 93

Scheme 93Reduction of Keto-Est&12 with Baker's Yeast.

Baker's yeast,

0] 0] water or PE, O OH
additives )J\/:\/\/
EtOJ\/U\M EtO 7
312 (R)-330

* Results.

Three reactions following different literature pedcres were carried out. The solvent
(aqueous or organic), and the presence of glucosadditive such as methyl vinyl
ketone have been varied in order to find the bestitions (compromise between yield

and e.e.). The different conditions and yieldssarmmarised in the table below.

Table 4. Results.

Entry Conditions T(C) Yield Reference
[ Yeast, glucose, KHPOy, MgSQ,, water 30 49% [153]
i Yeast, glucose, methyl vinyl ketone, water 28 47% [154]
ii Yeast, petroleum ether:water/ 50:1 30 30% [155]

The poor yield obtained for entry iii led us to abdan this procedure and concentrate on
entries i and ii, which gave much better yieldsti€yb rotatory power proved to be
higher in the case of procedure ii. This was cdestswith the literature and we decided

to scale-up this reaction in order to continue gipethesis epoxy-acetdD6. However,
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scaling-up this reaction proved to be difficult doghe large amount biomass generated
and in order to extract the produ®)-330 of the reaction, a continuous extraction
apparatus was used.

Enantiomeric excess of the two procedures and iffereht methods (use of a chiral

NMR shift reagent and formation of the Mosher'ssesk are described below:

Use of a Chiral NMR Shift Reagent

Europiumtris[3-(trifluoro-methylhydroxymethylene)-(+)-camphoegt was used as the

chiral shift reagent in order to determine the ¢ioameric excess e.e. of compoufir)-
330™°! A shift of the CH signal was observed By NMR. Unfortunately, the signal
overlapped with the CHsignal of the ester, and consequently the detextiom of the

e.e. was not possible.

Mosher’s Ester§®”]

The introduction of another chiral centre to molec(R)-330 would form two

diastereoisomers, which possess distifidt NMR data. It is then possible, by
integration of the different signals to give thastereomeric excess, which is equal to
the enantiomeric excess (e.e.) of the corresponatiix¢ure of alcohols (given a pure
reagent and complete reaction). Consequently, stiveged that reaction of alcoH&)-
330with the §-Mosher’s acid chloride would permit the deterntioi of the e.e..

Thus, R)-Mosher acid335 was reacted with oxalyl chloride and a catalytivoant of
DMF in CHCI, in order to form the §-Mosher acid chloride, which was reacted
directly with a solution of alcoho|R)-330 in the presence of a catalytic amount of
DMAP and triethylamine. This reaction was perfornvgth alcohols(R)-330 obtained
from entry i and entry ii and the corresponding Nkrss esters were obtained in 77%

and 81% vyields respectively.

Scheme 94Synthesis of the Corresponding Mosher’s Esters.

MeO C oxalyl chloride, DMF, MeO C
R CH,Cl, R
COH cocl
335 336 0 pp
.\\\CF3
EtO 7 EtO Z
(R)-330 337
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Due to overlapping of the signals in t& NMR spectra, the characterisation of the two
diastereoisomers was difficult and the determimatad the e.e. was not possible.
However, accurate determination of the e.e. mightobtained by analysis of the

Mosher's ester§F NMR spectra.

* Discussion.

The stereochemistry obtained by microbial reductiepends on the substrates and is
generally difficult to predict. Most of the time n@icrobe/enzyme screening is necessary
in order to establish the conditions for the fororatof the desired chiral centre.
However, in the case of ketones and keto-estersgnapirical rule also known as
Prelog’s rule, can predict the stereochemistryhef product'®® It has been observed
that the hydrogen transfer occurs on Reface of the ketone. Consequently, reduction
of keto-ester312 afforded compoundR)-330 with a R)-configuration. Reduction of
keto-esters using baker’s yeast can often leattthals with low enantiomeric excess.
This can be explained by the opposite action ofdifierent enzymes present in the
whole cell (the first type leading to thB){alcohol whilst the second one giving tI&-(
alcohol). Enhancement of the stereoselectivity ¢en achieved by for example
modifying the substrate (by increasing the stetlk lof one of the substituent), adding
additives such as glucose or immobilising the niberan a hydrophobic network of
polymer!'®® Nakamuraet al have observed that reduction of methyl 3-oxopesdse
with baker’s yeast was obtained with high seletstiwwhen glucose and methyl vinyl
ketone where added during the fermentation stegyTdoncluded that the glucose
activated the enzymes producing tH®)-Kydroxy-ester whilst methyl vinyl ketone

inhibited the enzymes producing the opposite enargi!*>"

2.1.3RESULTS AND DISCUSSION.

2.1.3.1 Results
Epoxy-acetals 304-306 were reacted at -20°C with a 2 M solution of
trimethylaluminium. We were delighted to observe thrmation of the corresponding

tetrahydrofuran838g 338band339in 59%, 70% and 43%, respectively. Epoxy-acetal
305did not react and only starting material was reced (sed able 5).
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Table 5. Results.
Starting M aterial Product Yield

%O
ii O\)\/\;}\/OH 304b o 338b 70%

ii o} WOH 305
v K/s\/\?O//\/OH 306 H

Conditions AIMe; (3 eq.), CHC,, -25°C

T

OH
339 43%

X

I
o]
T

The reaction of epoxy-acetab4awith triethylaluminium was also investigated ahe t
desired tetrahydrofuraB40 was obtained in 19% yiel®S¢heme 9% Difficulties were

encountered during the purification and the malteeguired purification twice by flash
columns chromatography to separate the product ftben starting material. No
optimisation was carried out on this reaction, ke low quality of the

organoaluminium reagent was possibly responsibslehilow yield obtained.

Scheme 95Reaction of Epoxy-Acet@04awith Triethylaluminium.

WLO AlEt; (3 eq.), CHC,, -25°C
o o
O\)\/\'}\/OH 19% 2/ (0] OH

Et H™H bH
304a 340

2.1.3.2 Regioselective Reaction and Proposed Meclsn.

The opening of the epoxide rings with trialkylalumaum and the subsequent formation
a diol (seeScheme 638 was never observed and only the tetrahydrofunagsrwere
obtained. The reaction of organoaluminium reageuiitis acetals is well known in the
literaturé'*> ' and has been described for example by Takano amwebrkers, who
reported the deprotection of a range of acetalkalcwith trimethylaluminium to give
1,2 diol, bearing a 8ert-butyl group (see Takan&ection 1.2.2.8 We postulated that
there was an association of the organoaluminiumgers with the oxygen atoms of the
acetal and also with the epoxide. This consequéadyto the cleavage of the ring and
the formation of an oxonium speci842 Then, after attack of a nucleophilic alkyl

64



group to the oxonium ion and attack of the epokigehe alkoxide, the corresponding
tetrahydrofuran could be obtained. The proposechar@sm is described fcheme 96

Scheme 96Proposed Mechanism.
OAIR,

MRs-0,
@%3 _

341 342 R 343

2.1.4CONCLUSION.
To conclude, target moleculed04db-306 have been successfully synthesised and
reacted with trimethyl and triethylaluminium. Theresponding tetrahydrofurans
338db-340 were isolated in good yield and we showed thatréaetion was possible
with 1,2-epoxy-acetals but also with 1,3-epoxy-aceReaction with a more hindered
epoxide (epoxy-acetéB05 was however unsuccessful and the proposed mehani
described irBcheme 9&loes not explain recovery of the starting mat&el

Overall the development of this methodology carniled® applied to the synthesis of
natural products containing these motifs.
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2.2SYNTHESIS OF STEREODEFINED TETRAHYDROPYRANS.

2.2.1SYNTHESIS OF EPOXY-ACETAL 345.

The promising results obtained with the formatioh tetrahydrofurans led us to
investigate the formation of tetrahydropyrans udimg methodology developed so far.
As before, we decided to focus initially on targeblecules which were easy to
construct in order to test the methodology. Basethe point of view, racemic epoxy-
acetal345,with no substituent was chosdfigure 7).

Figure 7. Target Molecul&45.

The synthesis started with commercial availablge6it2xan triol346. Protection of the
diol functionality was achieved using 2,2-dimethpsgpane and a catalytic amount of
camphorsulfonic acid in dichloromethane and theresmponding acetaB47 was
afforded in 96% yield:**! Oxidation of the primary alcohol was carried osing the
Parikh-Doering proceduf®? using sulfur trioxide-pyridinium complex, triettahine

in dichloromethane and DMSO. The correspondinghglde 348 was isolated in 76%
yield. As seen irSection 2.1.2.2the use of IBX or the Dess-Matrtin periodinaneegav
the products in moderate yield. For this type obstrates, the Parikh-Doering
procedure was the most successful. Olefinatioridefteyde348 afforded thedrans-ester
349 in 82% vyield and the ester group was then reduagsthg DIBAL-H in
dichloromethane at -XT to give the corresponding allylic alcot®@80 in 73% vyield.
Finally, the Sharpless asymmetric epoxidation pdacel*® using (+)-DET was

performed and the desired prod@d6was afforded in 60% vyield.

Scheme 97Synthesis of Epoxy-Acet8U5s.

HO 2,2-dimethoxypropané7Lo SO;.py, EgN, WLO
Ho. \)\M/\CSA, CHC, 4 DMSO/CHCl, V\M/\
3 OH  96% 3 TOH 76% 30

346 347 348

Sharpless DIBAL-H, (EtO)ZP(O)CI;bCOzEt
epoxidation Witl‘\% CH,Cl, NaH, THF, 0°C
} o (MPET o 20°C o) 82%
(0] -~ 0 - 3
\)\WOH 60% \)\WOH‘—B% \)\(\/)g\/COZEt

345 350 349
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2.2.2RESULTS.

Reaction of epoxy-acetdl45 with a 2 M solution of trimethylaluminium (3 egat
-20°C for 2-3 h led only to the recovery of the unredcstarting material and upon
warming to RT and then refluxing for few hours, tstarting material decomposed.
When an excess of trimethylaluminium was used (9, efiol 351 and triol 32 were
isolated in 58% and 26% vyields, respectively, bue formation of the desired

tetrahydropyran was not observed. The resultsiarerarised irScheme 98

Scheme 98Reaction of Epoxy-Acet&l45with AlMes.

AlMe; (3 eq.),

CH,Cl,, -20°C °C to RT, reflux

Starting material O_)(_> Decomposition

~o e
O\)\/\/\‘/\OH 351 58%
AlMe; (6 eq.),

CH,Cl,, -2°C + ©

H
OH Me
>(o\)\/\/‘\‘/\OH 352 26%
OH

Consequently, the opening of the epoxide moiety mage favorable than those of the

acetal group and di@d51was the major product obtained. This showed tiatistance
between the epoxide and the acetal moieties wagieakcfactor for this reaction. A
shorter distance may allow a better coordinatiothef organoaluminium reagent with
the two oxygens and favour the intramolecular sgation.

In order to facilitate the opening of the acetad mvestigated the addition of a Lewis
acid to the reaction mixture. Thus, by reaction epoxy-acetal345 with boron
trifluoride etherate (1 eq.) and trimethylaluminig&eqg.) at -36C in dichloromethane,
we were not able to isolate the correspondinghgtieopyran. However, a compound of
same molecular weight of the starting material veatated in 29% vyield. The NMR
analysis showed the presence of the acetal graughé disappearance of the epoxide
moiety. It was tentatively concluded, based ondlaeta, that the free alcohol attacked

the epoxide ring to give oxetaB&3 (Scheme 9%
Scheme 99Reaction of Epoxy-Acetdl45with BR;.OEtL and AlMes.
BF3OEt2 (1 eq),
%O AlMe; (3 eq.), WLO 0
A~ <D~ CH,Cly, -25°C OM
345 oH 29% 353

OH
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It is noteworthy that similar results were obtainvelgen only boron trifluoride etherate
(2 eq.) was reacted with epoxy-acet@45 We showed previously that
trimethylaluminium probably reacted extremely slpwi¥ith the starting material and
hence no reaction was observed after 2-3 h at éompérature. Consequently, in the
reaction described ischeme 99 boron trifluoride etherate seemed to be the only

reagent responsible of the formation of the oxetarge

Finally, epoxy-acetal 345 was reacted with trimethylaluminium (3 eq.) in
dichloromethane for 7 days at -26. The starting material was mainly recovered but
we were delighted to observe the formation of tesiréd tetrahydropyraB54, but in a
poor yield of 12% $cheme 101

Scheme 100Formation of Tetrahydropyra&3b4.

% AlMe; (3 eq.),

Q 0 CH,Cly, -25°C, 7 days o

O\)\/\/<'/\ 22 i Y >‘/ O OH
OH H H

12%

2.2.3CONCLUSION.

We showed that the formation of tetrahydropyransguthe methodology developed for
the synthesis of tetrahydrofurans is possible, iBuextremely slow and also low
yielding. However, the yield and rate of this réactcould possibly be improved by
adding substituents onto the chain. Utilising théofpe-Ingold effect® the
intramolecular cyclisation could therefore beconmmerfavourable leading to increased
conversion of the starting material into tetrahygmans.
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2.3TOWARDS THE SYNTHESIS OF PYRROLIDINES .

2.3.1TARGET MOLECULE AND RETROSYNTHESES.

We then focused our interest towards the formatibpyrrolidines using the strategy
developed so farScheme 101 As previously seen, the formation of a five-mendual
ring was more favourable than the synthesis oktkenembered ring and consequently
we hoped that the cyclisation could again be pssibthis particular case. The choice
of the protecting group on the nitrogen was esakatid we opted for a Boc group. Due
to the oxophilicity of organoaluminium reagent, th#erent oxygen atoms of the Boc
group could coordinate to trimethylaluminium andsgibly direct the opening of the

acetal by the oxygen atom alone.

Scheme 101Strategy.

m AlMes, CH,Cly, -25°C qo(
OH 5 N OH
B

o OH
355 356

Synthesis of target molecuB55 can be achieved using a strategy similar to ththe
tetrahydrofuran precursor. The epoxide group caniriedduced by a Sharpless
asymmetric epoxidation procedure of allylic alcol3&l7, which can be obtained by
modification of the Garner aldehy@&0. This chiral aldehyde can be synthesised from
D or L-serine §cheme 10

Scheme 102Retrosynthesis.

%NBOC OH %NBOC ?LNBOC
° O\)\/\/\/ \)\/\/
\//L\¢/\\\_7/J — Z OH  — OH

355 G 357 358 ﬂ

%NBOC %NBOC
Serine  —— O\)vo — o\)\/\cOzR
359

361 360

However, alcohoB58 could also be easily synthesised by modificatiohs-glutamic
acid, which is an inexpensive and an enantiopuadisy material and we decided to

proceedvia this route. The retrosynthetic analysis is degttiimScheme 103
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Scheme 103Retrosynthetic Analysis.

%NBOC OH %NBOC %NBOC
O\/K/\w) — o\)\/\/\/o"“:(> O\)\/\/OH

3s5 O 357 ﬂ 358
L-Glutamic acid <——— MGQCWCQMe ! HOWOH
364 NBoc 363 NBoc 362

2.3.2SYNTHESIS OF THE TARGET MOLECULE 355,

2.3.2.1 Synthesis of Alcohol 358*1Attempt.
The synthesis started with the esterification-@lutamic acid364, using methanol and
thionyl chloride®® Reaction for 20 minutes at -£@ afforded the mono-est&65 in
80% vyield. Because of the difference of reactiigfween an ester and carboxylic acid
group, it was hoped that the carboxylic acid cdmddselectively reduced to form the
alcohol in order to synthesise thgO-acetal group. Before attempting any reductions,
the amine group was Boc-protected using Boc antgdiriethylamine in THF and

water giving carboxylic aci866in 77% yield 6cheme 104!

Scheme 104Formation of Carboxylic Aci@66.

SOCh, MeOH, Boc,O, E&N,
HO,C_~_COH _-10°C,20min Ho,c _~__coMe THFHO  Ho,c _~_ COMe
: 80% : 7% :
NH, NH,.HCI NHBoc
364 365 366

Different methods were investigated in order tesely reduce the carboxylic acid
group in the presence of the ester and carbamadepgr Borane is a very
chemoselective reagent and can reduce very ramdhpoxylic acid even in the
presence of esters. It reacts with the carboxylid o generate a triacylborate, which is
very reactive as the lone pair of the oxygen atstabilises the empty p orbital of the
boron atom. As a result, reduction of carboxylid&66 using a 1 M solution of borane
in THF was attempted. However, no desired alcoB®@f was obtained Scheme
105).[162]

Scheme 105Reduction of Carboxylic Aci866 with Borane in THF.

HOLC_~_-COMe  BHyTHF o~ COMe
NHBoc NHBoc
366 367
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Formation of a mixed anhydride followed by its sedpsent reduction is another way to
reduce carboxylic acid. Consequently, the mixedydnte was synthesisad situ by
reaction of carboxylic aci®66 with N-methylmorpholine and ethylchloroformate in
THF and was subsequently reacted with sodium bahaty in methanol cheme
106).%1 Unfortunately, no desired product was obtainederafflash column

chromatography.

Scheme 106 Formation of Mixed Anhydride Followed by am situ Reduction with

NaBH,.
1. N-methylmorpholine,

HO,C COMe
2 \_/\/ Oz ethylchloroformate Ho/\;/\/COZMe
NHBoc 2. NaBH, MeOH NHBoc
366 367

Finally, carboxylic acid366 was reacted with DCC ardthydroxysuccinimide in ethyl
acetate in order to give the succinate €368 which was expected to be stable enough
for purification Scheme 10Y. Although dicyclohexylurea formed during the réac (a
white precipitate was observed), it was not clédne formation of compound68 had

occurred®4

Scheme 107Formation of Succinate Este68

DCC, N-hydroxysuccinimide,
HO,C COM
N ACOMe g0 % g )J\/VCOzMe

NHBoc NHBoc
366 368

2.3.2.2 Synthesis of Alcohol 358”2 Attempt.
Reduction of the carboxylic acid seemed to be gpi@blematic and we therefore
decided to change strategy. Instead, we decidddrin dimethyl estel369 from L-
glutamic acid364 using the Fischer procedure described previdifshyBy controlling
the reaction conditions (time and temperature)as yossible to synthesise either the
mono or diester. As seen previously, reactionL-@lutamic acid364 with thionyl
chloride and methanol at -£C for 20 minutes gave est865 However, when it was
reacted for 12 h at RT, dimethyl esB&9was obtained in 77% yiel&¢heme 108

Scheme 108Dimethyl Este369 Formation Using the Fischer Procedure.

HOZC\/\/COZH SOCh, MeOH, RT, 24 h MeOZC\/\/COZMe

7%
H, ’ NH,.HCl

364 369

Zhe
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The amine group was then protected with a Boc gnamipg BogO, triethylamine in
dichloromethane and water or in methadh%l. The corresponding produ@63 was
obtained in 92% vyield. Following the literaturegtlster groups were reduced using
sodium borohydride in ethanol to give the desired 862, which without purification,
was subsequently reacted wghlsOH and 2,2-dimethoxypropane in dichloromethane
at RT for 12 h. AlcohoB58 was obtained in only 2% yield after 2 steps (40%&he

literature) Scheme 109!

Scheme 109Formation of AlcohoB58

1. NaBH,, EtOH, 20 h, RT
2.p-TsOH (cat.),

Boc,O, EGN, 2,2-dimethoxypropane,
ME()ZC\/\/C()ZMe CH2C|2, Hzo Meozc\_/\/COZMe CH2C|2, RT, 12 h HO/\/\/\OH
NH, HCl 92% NHBoc 2% after two steps NHBoc

369 363 362l
VA NN
g OH

)Tl\:IHBoc

358
In order to improve the yield of the reactions,| @62 was purified and was obtained as
a white solid in 72% vyield after recrystallisati®cheme 11}

Scheme 110Reduction of Dimethyl Est&63 with NaBH..

MeO,C._~_ COMe NaBH,, EtOH, 20 h, RT PN
H 72% HO H OH
NHBoc NHBoc
363 362

Different reaction conditions were performed in@rtb introduce the acetal group. The
addition of freshly activated 4 A powdered molecutgeves in order to remove
methanol formed during the reaction led to decontipos of the starting material
and/or the products of the reaction and the yiblskoved was lower. When the reaction
mixture was heated under reflux in toluene, tharddsproduct was obtained in 30%
yield. The best result was obtained when the rdagesre heated under reflux in
dichloromethane for 2 h. Acet8b8 was obtained in 74% yield on a 100 mg scale and

~60% on a 5 g scale (sé&able 6).
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Table 6. Formation ofN,O-Acetal 358

Entry Conditions Yield and Observations
i Toluene, RT, 2 h 32% + starting material
il Toluene, reflux, 30 minutes 30% + slight decompositior

i Toluene, reflux, 4 A ms, 30 minutes 13% + decomposition
Y CH.ClIy, reflux, 2 h, 100 mg 74%
v CH.CIy, reflux, 2 h,5¢g 60%

2.3.2.3 Synthesis of Epox¥,0-Acetal 355
To complete the synthesis, the primary alcol3&8 was then oxidised to the
corresponding aldehyd870 using the Parikh-Doering procedure and using sulfur
trioxide pyridinium complex, triethylamine in DMS@nd dichloromethan&®® The
corresponding aldehyd&O0was afforded in 83% vyield. This was followed biarner-
Wadsworth-Emmons reaction using sodium hydride (6084 in mineral oil) and
triethyl phosphonoacetate in dry THF to give e8®t in 70% vyield**® Reduction of
the ester moiety was achieved using a 2 M soluifoRIBAL-H in dichloromethane to
give allylic alcohol357in 54% vyield. Finally, a Sharpless asymmetric egaton was
carried out with 4 A molecular sieves, (+)-DErt-butyl hydrogen peroxide and
titanium isopropoxide in dry Cil, to give epoxyN,O-acetal 355 in 57% yield
(Scheme 1111

Scheme 111Formation of EpoxyN,O-Acetal 355

SO3.py, Et3N, (EtO),P(O)CH,CO,EL COE
A VNN 3 NN 2 NN t
o Y OH DMSO, CHCl, o" ) O NaH, THF o : >
)TNBOC 83% )V'NBOC 70% )TNBOC
358 370 371
DIBAL-H,
o~ | 54%
CH.Cl,, -30°C
/\/\/\\:O/\ Sharpless with X
z NN
o OH  (+)-DET g OH
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2.3.3RESULTS.

2.3.3.1 Reaction of EpoxyN,O-Acetal 355 with Trimethylaluminium.
Epoxy-acetal355 was reacted with trimethylaluminium (3 eq.) for B4at -25°C.
Unfortunately, the desired compound, pyrrolidi3®6, was not isolated, but, on the
contrary, we observed the formation of a seven-negath carbamat872 which was
obtained in 37% yieldScheme 11p

Scheme 112Carbamate Formation.

AlMe3, CH.Cl,, -25°C \(L/
X N OH 356
‘ H Bodd

OH

(0]
#\NBOC o AlMeg, CHZC|2, -25°C O><NJJ\O

0 OH 37% 3 372
OH
OH

355

2.3.3.2 Proposed Mechanism.
The result obtained can be explained by the attdidke epoxide ring by the oxygen
atom of the carbamate followed by the loss of tée-butyl group. The proposed
mechanism is described &theme 113

Scheme 113Proposed Mechanism.
\k AlMe, (%
03 Q NoN OAIMe, Q OAIMe,
o : >0, o,
WL\N b \\\\\A_IMe3 N O/A_\l Me3 N O/A-IMQS

o) o, o} o
373 374 375
AlMe; CMe, onrk-up
ot ) OH
with 4<+ N>‘O//.
OH OH
RO\ g 7LO

372

2.3.3.3 Protecting Group Screening.
I. Choice of the Protecting Group

This result led us to revisit the protection of Hmine in order to synthesise the desired
pyrrolidine ring. As previously seen, an electroitharawing group on the nitrogen
seemed to be the best option to perform the reaetsoit could lead to the opening of
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the mixed acetal from the oxygen atom (formatiomtérmediate8377) (Scheme 114
However, as seen in the previous section, havi@p@ group introduced too much
stability on the acetal ring and consequently liéaeage was not observed when reacted

with trimethylaluminium.

Scheme 114Electron-Withdrawing Protecting Group.

(‘% \( q OH
o NP +O -NP
P = EWG L& —_— \_M —_— >L
R L,O o IEI OH
378

376 377 OH

Conversely, having an electron-donating group caldstabilise the ring, leading to its
cleavage, but possibly by the nitrogen atom andcéefew reaction paths are
consequently possibl&s¢heme 115 The alkoxide can attack the epoxide and lead to
the formation of an heterocyclic ring containing exygen atom (compound82).
However, as seen in the case of the tetrahydropyianntramolecular cyclisation can
be difficult. The formation of an enamine spec38§ could also be possible and could
lead to the nucleophilic attack of the epoxide mgvin this case, an heterocyclic ring

containing a nitrogen atom (compouB®ll) (seeScheme 11k

Scheme 115Electron-Donating Protecting Group and PossihlecGme.

H
(

a \H
Enamine
m
% |

\—kR ) fi{_jjo)f OH Formation \}?

p=gpg< 376 379

5
>(“
(@]
382 OH

Finally, another possibility could happen if thecgon is carried out in the presence of
a mild Lewis acid. The presence of this epoxidehmlge a driving for the opening of

the acetal ringgcheme 115

Scheme 116Electron-Donating Protecting Group.

LA OH OH
e

}LP 4\0 #\P_'_ OH \( OH
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383 384 385
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ii. Protecting Group Models.

In order to verify these hypotheses, a model stbdsed on serine derivatives was
carried out. The compounds were synthesised witlerdnt protecting groups, Boc,
tosyl and benzyl groups and reacted with trimetlyfanium.

The synthesis of compoun@89 and 392 started with racemio,L-serine methyl ester
386 Protection of the amine was carried out using Bobydride, triethylamine in
dichloromethane to give Boc protected serine medisyr387 in 82% vyield!*®® The
acetal group was then installed using 2,2-dimethoxyane para-toluenesulfonic acid
and when heated under reflux in toluene for[’f%FinaIIy, reduction of the ester group
of acetal388 was achieved using sodium borohydride in ethamgjite alcoholB89in
82% yield**® Simirlarly, b,L-serine methyl este386 could be protected with a tosyl
group and the reaction was carried out using tobidride, triethylamine in THE®"!
The formation of the mixed acetal was difficult am@ction withpara-toluenesulfonic
acid did not lead to the isolation of the desireddpct391 However, reaction using
pyridinium paratoluenesulfonate gave the corresponding acg®dl in 59% yield.
Finally, reduction of the ester group was achieusithg sodium borohydride in ethanol

and compoun@92was obtained in 61% yiel&¢heme 11Y.

Scheme 117Synthesis of Model Systems with Electron-WithdrayGroups.

2,2-dimethoxypropane, >(

HQ ~ NHBoC , 150H, toluene Q NBoc  NapH, EtOH  Q  NBoc
Boc,0O, 0 0
EtN, |gpo 387 )=O 68% 388 =0  B82% 389 “—OH
CH.Cl, MeO MeO
HO  NH,.HCI
O 386
MeO

TsCl, .
EN,[69% HO NHTs 2'2'd'mem‘”‘y'o'“"Da‘”e’o>(NTs NaBH,, EtOH O>(NTS

THE PPTS, toluene

390 =0 59% 391 =0 0% 392

MeO MeO

OH

Introduction of a benzyl group on the amine wasexdd by carrying out a reductive
amination.D,L-Serine methyl este386 was reacted with benzaldehyde in the presence
of triethylamine in methanol for 12 h and the reactmixture was then treated with
sodium borohydride to afford benzyl amig@3in 87% yield}’” Acetal formation was

performed using 2,2-dimethoxypropane wthra-toluene sulfonic acid in toluene and
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acetal 394 was obtained in 10% yield onfff” Reduction of the ester group with
sodium borohydride led mainly to the cleavage efdhbetal ring (only formation of diol

396) and the formation of compourd®5 proved to be unsuccessf@lgheme 118

Scheme 118Synthesis of a Model System with an Electron-DimigaGroup.
1. Benzaldehyde, BN, MeOH

HO NH,.HcI followed by NaBH, 393(87%)
2.393 2,2-Dimethoxypropane, 0~ NBn >(
o _P-TSOH, toluene, 10% NaBH,, EtOH O NBn
(@]
386 MeO 394 395
MeO OH
NaBH,, EtOH \yéH
HO NBn
396 \—QOH

Compounds389 and392 were then reacted with trimethylaluminium. As peged, the
presence of a Boc or tosyl group stabilised théahceng and no cleavage of the ring
was observedScheme 119

Scheme 119Reaction with Trimethylaluminium.

0,

O>(NBOC AlMesz, CHCl, -20°C B0 NHBoc
toRT

389 “—OH 397 “—OH

O>(NTS 5 +BuO  NHTs

392 OH 398 OH

It was observed that reaction of compowBf#t with sodium borohydride led to the
opening of the ring§cheme 118 As a result, the presence of an electron dogatin
group destabilised the acetal ring and favoureajisning. As expected, the opening

was due to the action of the nitrogen atom andhtte oxygen atom as desired.

2.3.4CONCLUSION.

The synthesis of pyrrolidines, using the methodpldgveloped for the synthesis of
tetrahydrofurans, was unsuccessful and led insteatle formation of a 7-membered
carbamat&72 This could be an efficient strategy to synthesisantiopure 1,4-amino-
alcohols upon cleavage of the carbamate groupofklide seen from the model study,
the protecting group on the amine is the key elénrerthis reaction and should be

choose carefully for the reaction to proceed.
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Chapter 3

CoNCLUSION&
Future WoRK

To conclude, the desired epoxy-acet@84db, 305 and 306 were successfully
synthesised and we were delighted to observe tdatmeation of the corresponding
tetrahydrofurans 338a/8 339 and 340 in good vyield when reacted with
trialkylaluminium reagents. We showed that 1,2 ariRlacetals could both be opened

under these conditions.

The formation of tetrahydropyraB54 from epoxy-acetal345 was also successful

although the product was obtained in low yield.

Finally, reaction of epoxy¥,O-acetal355 with trimethylaluminium led to the formation
of a 7-membered carbama@@2 This could provide, after removal of the carbanat

group, an useful methodology for the synthesid@escontrolled 1,4-amino-alcohols.

Future work could include the total synthesis ahpanycin 6071 in order to apply the
method having been developed. The retrosynthesigtismed inScheme 120Cleavage
of the ester bonds gives fragmed39, 400 and 18. Theses intermediates coud be
synthesised from the common tetrahydrofurédl, which could be obtained by
treatment of epoxy-acet@02 with trimethylaluminium. Epoxy-acetad02 could be
synthesised from the commercially available methyH)-(+)-3-hydroxy-2-
methylpropionat&03
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Scheme 120Pamamycin 607 Retrosynthesis.

Other type of epoxy-acetals such as compatiwishown inScheme 12Xould also be
investigated. Reaction with trivinylaluminium coulgenerate tetrahydrofurad05
which upon heating could undergo a Claisen reagameyt to give advanced precursor
406.

Scheme 121Tandem Cyclisation-Claisen Rearrangement.

o><o AT %
PO PP %OH

o
404 405 OH

Further work on the serine derivatives could alsoperformed in order to find a

suitable protecting group. As seenSaction 2.3.3.3the protecting group on the amine
should be chosen carefully in order to be able yothesise the corresponding
pyrrolidines. A carbamate protecting group staedighe acetal ring and makes it
unreactive. It should then be possible to syntleesie target molecule without loss of
the acetal. However, the protecting should be yasitl selectively removable in order
to activate the acetal group and allow the cydtigato take place. As a result, the use
of a sulfone ethylene carbamate protecting groagét molecul@07 shown inFigure

8) could possibly be investigated. This protectingup could be easily removed under

basic conditions.

Figure 8. Sulfone Ethylene Carbamate Protecting Group.
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Chapter 4

‘ EXPERIMENTAL

Except where specified, all reagents were purch&éeed commercial sources
and were used without further purification. Whercessary, diethyl ether and THF
were distilled from sodium/benzophenone immediabafore use and dichloromethane
from calcium hydride. Petroleum ether refers to tteetion with boiling range 40-
60°C.

Reaction were monitored by tlc, using Merck glaasked tic plates pre-coated with a
250 um layer of 60 ks4 silica gel containing a fluorescent indicator amglalised with
ultraviolet light at 254 nm and/or KMnOor vanillin dips. Flash column
chromatography was carried out using Merck Kiesl6® silica gel, 35-7@m, using
the eluent specified.

Yields refer to chromatographically and spectrosmly pure compounds, unless
otherwise stated.

Infra-red (IR) spectra were recorded on a Perkimegl 1710 Fourier transform
spectrometer with NaCl plates. Optical rotationgemeecorded using a Perkin Elmer
241 polarimeter with a 1 cm-path length cell. Th&gon concentrations are given in
g.100mL* and optical rotations of a mixture of diasterenises were not recordetH
NMR and**C NMR spectra were recorded using a Briilker Advah€e300 at 300
MHz and 75 MHz respectively or a Varian-500 at B0idz and 125 MHz respectively.
Chemical shifts are quoted in ppm, using residoalent peaks as internal standards
(On 7.26 for CDC4 anddc 77.0 for CDCY). Full proton and carbon assignment has been
made when possible, however where signal idensitambiguous no assignment is
offered. Mass spectra were recorded on a Fison M@spec mass spectrometer (low
resolution EI) or on a Bruker Daltonics APEX 111$B.
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4.1 GENERAL PROCEDURES.

Procedure 1 Hydrogenation of Alkene.

A solution of alkene (1.0 mmol) in ethyl acetatenfb) was treated by platinum oxide
PtO, (2 mmol) under a ballon of +and the reaction mixture was stirred at RT foh20

The solution was filtered through Celite®, the desi washed with ethyl acetate
(10 mL), the solution evaporated under reduced spres and the crude material
purified by flash column chromatography.

Procedure 2 Ester Reduction Using Lithium Aluminium Hydride.

To a suspension of lithium aluminium hydride (2méol) in dry THF (25 mL) under
an atmosphere of nitrogen was added & @ solution of ester (2.76 mmol) in dry THF
(5 mL) and the resulting mixture was stirred &0for 1 h. Water (0.5 mL), followed
by a 15% aqueous solution of sodium hydroxide (0L} and water (1 mL) were added
and the reaction mixture was stirred at RT for @hier 4 h. The solution was filtered
and partitioned between water (5 mL) and diethiileet(20 mL). The aqueous layer
further extracted with diethyl ether (3 x 20 mL)dahe combined organic extracts were
washed with brine (30 mL), dried (Mg@Qfiltered, evaporated under reduced pressure

and purified by flash column chromatography.

Procedure 3 Reduction with DIBAL-H.

To a solution of ester (0.25 mmol) in dry & (2 mL) under an atmosphere of
nitrogen was added at -2C a 1 M solution of DIBALH in hexanes (0.55 mmohda
the reaction mixture was stirred for 1 h at thisperature. An agueous solution of
potassium-sodium tartrate (600 mg in 2 mL of wategs added and the reaction
mixture was stirred at RT overnight. The reactioixtore was partitioned between
CH.CI; and the aqueous layer and the aqueous layer whagrfextracted with CyCl,

(3 x 5 mL). The combined organic extracts were dli(®IgSQ), filtered, evaporated
under reduced pressure and purified by flash colammamatography

Procedure 4 Acetal protection.

To a solution of diol (11.75 mmol) in dry G&l, (30 mL) was added freshly distilled
2,2-dimethoxypropane (14.10 mmol) and a catalytoant of camphorsulfonic acid or
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p-toluenesulfonic acid. The solution was stirred emditrogen at RT for 1.5 days,

evaporated under reduced pressure and purifiethbly €olumn chromatography.

Procedure 5 Reaction with Organoaluminium Reagent.

To a solution of epoxy-acetal (0.77 mmol) in dry & (6 mL) under an atmosphere
of nitrogen was added at -2C a 2 M solution of trimethylaluminium in heptar(@s30
mmol) and the reaction mixture was stirred for ath20°C. A saturated solution of
MgSO, was added (2 mL), the reaction mixture was dilwttht CH,Cl, (15 mL), dried
(MgSQy), filtered, evaporated under reduced pressure panmdied by flash column

chromatography.

Procedure 8 Horner-Wadsworth-Emmons Reactions.

To a suspension of sodium hydride (60¢v in mineral oil; 401 mg, 16.70 mmol) in
dry THF (40 mL) under an atmosphere of nitrogen added triethyl phosphonoacetate
(3.75 g, 16.70 mmol) at « and the reaction mixture was stirred for 40 masuat this
temperature. To the solution was added a soluti@idehyde (2.40 g, 15.19 mmol) in
dry THF (30 mL) and the reaction mixture was stirgeh at ®C and for a further 2 h at
RT. A saturated solution of NaHGJ10 mL) and water (30 mL) were added, the
solution partitioned between water and THF and dheeous layer further extracted
with diethyl ether (3 x 30 mL). The combined orgaaktracts were washed with brine,
dried (MgSQ), filtered, evaporated under reduced pressure mridfied by flash
column chromatography.

Procedure 7 Ester Reduction Using Sodium Borohydride.

To a solution of ester (37.2 mmol) in EtOH (150 munder an atmosphere of nitrogen
was added at 6C sodium borohydride (297.7 mmol) and the reactitirture was
stirred for 2 h at this temperature. The reactiortune was quenched with brine (100
mL), filtered and the residue washed with@&t%(100 mL). The reaction mixture was
then partitioned between water and ether and tlveacs layer was further extracted
with ELO (3 x 100 mL). The combined organic extracts wanied (MgSQ), filtered,
concentrated under reduced pressure and purifieithbly column chromatography or

recrystallisation.
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4.2 EXPERIMENTAL .

(253569)-{3-[2-(2,2-Dimethyl-[1,3] dioxolan-4yl)-ethyl]-okxanyl}-methanol

O\)\/\'>\/OH

304a

To a suspension of freshly activated 4 A powderedenular sieves (20 mg) in dry
CH.Cl; (5 mL) under an atmosphere of nitrogen was add¢dET (34 mg, 0.17
mmol) followed by titanium isopropoxide (40 mg, 8.tnmol) and a 6 M solution of
tert-butyl hydroperoxide in CpCl, (0.35 mL, 2.09 mmol) at -38C and the resulting
reaction mixture was stirred for 30 minutes at tt@sperature in order to age the
catalyst. A solution 0807 (259 mg, 1.39 mmol) in Ci€l, (2 mL) was added and the
reaction mixture was kept at -Z5for a further 16 h. The solution was warmed fi€0
and a solution of ferrous sulphate was added. €salttng mixture was partitioned
between water and GBI, and the organic layer was further extracted wikth@, (4 x
20 mL). The combined organic extracts were driedyda,), filtered and evaporated
under reduced pressure. The residue was purifiedasih column chromatography
eluting with petroleum ether: ethyl acetate/ 1:2atfwrd the title compoun804aas a
pale yellow oil (200 mg, 71%). Spectroscopic dataagreement with the literature

values*3!!

[0]p??? = -56.3 (CHCJ, ¢ 1.83).

HRMS (+ESI) [MNa]® CioH1g0sNa requires 225.1097. Found 225.1090 (3.1 ppm

error).

IR (neat, crit) vmax 3436, 2984, 2925, 2870, 1749, 1456, 1380, 13748,12216, 1160,
1096, 1063, 982, 926, 881, 857, 792, 721, 666.

'H NMR (CDCh, 300 MHz) &; 4.20-4.08 (1H, m, #) 4.08-4.00 (1H, m,
OCHH'CHO), 3.93-3.84 (1H, m, BH'OH), 3.68-3.58 (1H, m, CH'OH), 3.56-3.46
(IH, m, OCHH'CHO), 3.05-2.97 (1H, m, CHECH,OH), 2.97-2.91 (1H, m,
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CHCHCH,0OH), 1.77-1.59 (4H, m, B,CH, and CHCH,), 1.40 (3H, s, ), 1.34 (3H,
s, (H3), OH not observed.

3C NMR (CDCk, 75 MHz) 8¢ 109.3 C), 75.6 CHO), 69.6 CH»0), 62.0 CHOH),
58.7 CH), 55.7 CH), 30.1 CH.CH,CHOCH), 28.1 (CHCH,CHOCH), 27.3 CHs),
26.0 CH>).

(2R,3R,69)-{3-[2-(2,2-Dimethyl-[1,3] dioxolan-4yl)-ethyl]-okxanyl}-methanol

O\)\/\?}\/OH

304b

To a suspension of freshly activated 4 A powderedeoular sieves (200 mg) in dry
CH.Cl, (10 mL) under an atmosphere of nitrogen was adged-DIPT (42 mg, 0.18
mmol) followed by titanium isopropoxide (45 mg, 6.tamol) and a 4.6 M solution of
tert-butyl hydroperoxide in CkCl, (0.77 mL, 3.54 mmol) at -38C and the resulting
reaction mixture was stirred for 30 minutes at teimperature. A solution &07 (300
mg, 1.61 mmol) in CKCl, (5 mL) was added and the reaction mixture wasestiat -
25°C for 2 days. The solution was warmed td0and a solution of ferrous sulphate (4
g) and tartaric acid (1.2 g) in water (10 mL) wakled. The resulting mixture was
stirred for 1 h at 6C and partitioned between water and,CH. The organic layer was
removed and the organic layer was further extragtgd CH,Cl, (4 x 20 mL). The
combined organic extracts were treated by a 30%@episolution of NaOH in brine,
partitioned between brine and gH, and the aqueous layer was further extracted with
CH.Cl; (4 x 10mL). The combined organic extracts weredli(MgSQ), filtered and
evaporated under reduced pressure. The residue pwaBed by flash column
chromatography eluting with petroleum ether: ethgktate/ 1:2 to afford the title
compound304b as a pale yellow oil (205 mg, 63%). Spectroscajaita in agreement
with the literature value’$®!

[a]p>>° = 20.2 (CHC}, ¢ 2.31).
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HRMS (+ESI) [MNa]® CjoH1g0sNa requires 225.1097. Found 225.1098 (0.4 ppm

error).

IR (neat, crit) vmax 3436, 2985, 2930, 2871, 1733, 1456, 1377, 13746,12216, 1160,
1093, 1063, 980, 920, 876, 857, 793, 721.

'H NMR (CDCk, 300 MHz) &4 4.15-4.01 (2H, m, 8 and OG{H’CHO), 3.89-3.81
(1H, m, (HH'OH), 3.69-3.60 (1H, m, CH'OH), 3.53 (1H, dd,J 7.5, 6.6 Hz,
OCHH’'CHO), 3.00-2.91 (2H, BCHCH,OH and CH®&CH,OH), 1.80-1.56 (4H, m,
CH,CH,; and CHCHy), 1.40 (3H, s, €l3), 1.34 (3H, s, E3), OH not observed.

%C NMR (CDCk, 75 MHz) 3¢ 109.4 C), 76.2 CHO), 69.8 CH,0), 62.1 CH,OH),
58.9 CH), 56.2 CH), 30.5 CH,CH,CHOCH), 28.8 (CHCH,CHOCH), 27.3 CHs),
26.1 CHa).

(253S,69-{3-[2-(2,2-Dimethyl-[1,3]dioxolan-4-yl)-ethyl]-2nethyl-oxiranyl}-

methanol

To a suspension of freshly activated 4 A powderedeoular sieves (200 mg) in dry
CH.Cl; (5 mL) under an atmosphere of nitrogen was add¢dDET (107 mg, 0.52
mmol) followed by titanium isopropoxide (134 mg4®.mmol) and a 4.6 M solution of
tert-butyl hydroperoxide in CkCl, (0.22 mL, 1.03 mmol) at -38C and the reaction
mixture was stirred for 30 minutes at this tempeetA solution 0324 (94 mg, 0.47
mmol) in CHCl, (2 mL) was added and the reaction mixture wasestiat -25°C for 5
days. The solution was warmed td© and a solution of ferrous sulphate (4 g) and
tartaric acid (1.2 g) in water (10 mL) was addele Tesulting mixture was stirred for 1
h at 0°C and partitioned between water and>,CH and the organic layer was further
extracted with CHCI, (4 x 20 mL). The combined organic extracts weeated by a
30% aqueous solution of NaOH in brine, partitiobetiveen brine and GBI, and the
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aqueous layer was further extracted with,CH (4 x 10 mL). The combined organic
extracts were dried (MgS{and evaporated under reduced pressure. The eegids
purified by flash column chromatography eluting hwietroleum ether: ethyl acetate/

1:2 to afford the title compour@D5 as a colourless oil (57 mg, 55%).

[0]o?? = 51.2 (CHCY, ¢ 0.41).

HRMS (+ESI) [MNa]® CiiH»gOsNa requires 239.1254. Found 239.1249 (1.9 ppm

error).

IR (neat, crit) vmax 3453, 2984, 2926, 2871, 2856, 1457, 1380, 13749,12216, 1159,
1064, 858, 737.

'H NMR (CDCk, 300 MHz)8y; 4.19-4.09 (1H, m, OCKCHO), 4.05 (1H, ddJ 7.6, 6.0
Hz, OCHH'CHO), 3.71-3.62 (1H, m, BH'OH), 3.61-3.55 (1H, m, CH'OH), 3.53
(1H, dd,J 7.6, 7.2 Hz, OCH’'CHO), 3.07 (1H, tJ 5.3 Hz, G40), 1.92-1.58 (4H, m,
CH,CH, and CHCH,), 1.40 (3H, s, €l3), 1.34 (3H, s, €l3), 1.29 (3H, s, E5C), OH

not observed.

%C NMR (CDC}, 75 MHz) 8¢ 109.4 C), 75.6 CHO), 69.6 CH,0), 65.7 (CH,0H),
61.4 €), 59.9 CH), 30.7 CH,CH,CH=C), 27.3 CHs), 26.0 (CHs), 24.8
(CH,CH,CH=C), 14.6 CH>).

(2R,3R 6R)-{3-[2-(2,2)-Dimethyl-[1,3] (2R,3R 69-{3-[2-(2,2)-Dimethyl-[1,3]
dioxan-4-yl)-ethyl] oxiranyl}methanol dioxan-4-yl)-ethyl] oxiranyl}methanol
o><o Q><O
HO\/M HO\/<?/\/T\)
(2R,3R,6R)-306 (2R,3R,65)-306

To a suspension of freshly activated 4 A powderedenular sieves in dry Gi€l, (15
mL) under an atmosphere of nitrogen was added ®HEI (58 mg, 0.22 mmol)

followed by titanium isopropoxide (57 mg, 0.20 minahd a 4.6 M solution dkert-
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butyl hydroperoxide in CkCl, (0.96 mL, 4.4 mmol) at -38C and the resulting reaction
mixture was stirred for 45 minutes at this tempe®atA solution 0f310 (400 mg, 2.00
mmol) in CHCI, (5 mL) was added and the reaction mixture wasestiat -25C for 2
days. The solution was warmed td© and a solution of ferrous sulphate (4 g) and
tartaric acid (1.2 g) in water (10 mL) was addelde Tesulting mixture was stirred for 1
h at 0°C, partitioned between water and £Hp and the organic layer was further
extracted with CHCI, (4 x 20 mL). The combined organic extracts weiedd(MgSQ)
and evaporated under reduced pressure. The residsepurified by flash column
chromatography eluting with petroleum ether: ethgktate/ 1:2 to afford the title
compound306 as a pale yellow oil (220 mg, 51%) and as a 1sképarable mixture of

two diastereoisomers.

HRMS (+ESI) [MNa]® Ci1H»004Na requires 239.1254. Found 239.1252 (0.6 ppm

error).

IR (neat, crit) vmax 3436 (OH), 2995, 2951, 2873, 2250, 1459, 1448313872, 1275,
1239, 1200, 1165, 1101, 909, 732, 649.

There was difficulty in assigning signals to a givisomer, but the following was
observed:

'H NMR (CDCk, 300 MHz)3y 4.00-3.75 (4H, m, 8O, CH,O and G{H'OH)), 3.62-
3.58 (1H, m, CH{’,0), 2.98-2.90 (2H, m, B-O-CHCH,OH and CH-O-EGICH,0OH),
1.80-1.46 (6H, m, CHOB,CH,O, CH,CH,CHO and CHCH,CHO), 1.43 (3H, s, 83),
1.36 (3H, s, Ei3), OH not observed.

3C NMR (CDC}, 75 MHz)3¢ 98.7 ), 98.6 (), 68.9 CHO), 68.4 CHO) 62.0 CH,),
60.3 CH-), 58.9 CH), 58.8 CH), 56.3 CH), 56.0 CH), 33.2 CH,), 32.8 CH,), 31.6
(CH,), 31.5 CH,), 30.3 CH3), 27.8 CH>), 27.3 CH,), 19.6 CHa).
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(2E,69)-5-(2,2-Dimethyl-[1,3]-dioxolan-4-yl)-pent-2-en-dl-

Following generalprocedure 3 ester318 (53 mg, 0.25 mg) in dry Ci€l, (2 mL)
under an atmosphere of nitrogen was reacted with M solution of DIBAL-H in
hexanes (0.54 mL, 0.55 mmol) at -ZDfor 5 h and for a further 1 h at RT. The residue
was purified by flash column chromatography elutiwwgh petroleum ether: ethyl
acetate/ 1:1 to afford the title compouB@7 as a colourless oil (26 mg, 57%).

Spectroscopic data in agreement with the literatatees>"
[0]o?*®= 17.7 (CHCY, ¢ 2.01).

HRMS (+ESI) [MNa]® CyoH1g0sNa requires 209.1148. Found 209.1146 (1.2 ppm

error).

IR (neat, crit) vmax 3412 (OH), 2987, 2930, 2868, 1671 (C=C), 1456,113248, 1215,
1157, 1063, 1011, 969, 856, 791.

'H NMR (CDCk, 300 MHz) &; 5.71-5.61 (2H, m, B=CHCH,OH and
CH=CHCH,0H), 4.11-3.97 (2H, m, & and OGHH'CHO), 3.50 (1H, ddJ 7.2, 6.9,
OCHH’'CHO), 2.23-2.00 (2H, m, I8,0H), 1.79-1.49 (4H, m, B,CH, and CHCHy,),
1.39 (3H, s, El3), 1.34 (3H, s, E3), OH not observed.

3C NMR (CDCE, 75 MHz) 3¢ 132.3 CH=CHCO,Et), 130.0 (CHEHCO,Et), 109.1
(C), 75.9 CHO), 69.7 CH,0), 63.9 CH,OH), 33.4 CH,CH,CH=CHCH,OH), 28.8
(CH,CH,CH=CHCHOH), 27.3 CH3), 26.1 CHa).

88



(29-2,2-Dimethyl-[1,3] dioxolane-4-carbaldehyde

To a solution of 1,2-5,6-dB-isopropylidenes-mannitol313 (10 g, 38.46 mmol) in dry
CH,CI, (100 mL) was added a saturated solution of sodmydrogen carbonate (3.6
mL). This was followed by the addition of sodiumetaperiodate (16.45 g, 76.92
mmol), portionwise and over a period of 30 minufBse reaction mixture was stirred
for a further 2 h, then filtered and distilled damaspheric pressure to give the title
compound308 as a colourless oil (6.67 g, 67%). Spectroscopta th agreement with

the literature valugs?*?
b.p.= 150°C, 760 Torr.

'H NMR (CDCk, 300 MHz) &y 9.66 (1H, d,J 1.7 Hz, Gi(O)), 4.31-4.28 (1H, m,
CHCH(O)), 4.12-3.95 (2H, m, 18,), 1.43 (3H, s, €3), 1.38 (3H, s, El3).

(+/-)-2E-5-(2,2-Dimethyl-1,3-dioxan-4+ (2E,6R)-5-(2,2-Dimethyl-1,3-dioxan-4-
yl)pent-2-en-1-ol yl)pent-2-en-1-ol
o><o o><o
Ho\/\/\)\) HO A~ A
310 (2E,6R)-310

Following generaprocedure 3 a solution of este332 (1.71 g, 7.51 mmol) in CiCl,
(40 mL) under an atmosphere of nitrogen was reaestdfda 1 M solution of DIBALH
in hexanes (22.53 mL, 22.53 mmol) for 50 minutes2 °C under nitrogen. The
residue was purified by flash column chromatograpsiyting with petroleum
ether:ethyl acetate/ 1:1 to afford the title commb310 as a colourless oil (1.37 g,
91%).

[a]p?® = 20.0 (CHCY, ¢ 0.50). [2E,6R)-310; obtained from(2E,6R)-332.
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HRMS (+ESI) [MNa]® CiiH2gOsNa requires 223.1305. Found 223.1305 (0.4 ppm

error).

IR (neat, crit) vmax 3400 (OH), 2993, 2940, 2868, 1670, 1456, 1434213871, 1272,
1252, 1237, 1200, 1162, 1124, 1096, 1058, 1001, 834, 870, 846.

'H NMR (CDCE, 300 MHz)3, 5.68-5.63 (2H, m, B=CHand CH=GH), 4.08 (2H, d]

45 Hz, Gi,0H), 4.00-3.78 (3H, m, BO and Gi,0), 2.17-2.02 (2H, m,
CHOCH,CH,0), 1.76-1.70 (1H, brs, ), 1.64-1.30 (4H, m, CHO®,CH, and
CHOCHCH;), 1.43 (3H, s, €l3), 1.37 (3H, s, E3).

%C NMR (CDC}, 75 MHz) &¢ 132.9 CH), 129.8 CH), 98.7 C), 68.5 CHO), 64.1
(CH,OH), 60.4 CH20), 36.0 (CH@H,CH,0), 31.6 (CAH,CH,), 30.4 CH3), 28.0
(COCH,CH,), 19.7 CHs).

(+/-)-4-But-3-en-1-yl-2,2-dimethyl-1,3; (3R)-4-But-3-en-1-yl-2,2-dimethyl-1,3;
dioxane dioxane
o o
W \/\/K)
311 (3R)-311

Following generalprocedure 4 a solution of diol331 (1.53 g, 11.75 mmol) in dry
CH.Cl; (30 mL) was reacted with 2,2-dimethoxypropane {1g4 14.10 mmol) and a
catalytic amount of camphorsulfonic acid for 1.%slat RT. The residue was purified
by flash column chromatography eluting with petuoteether: ethyl acetate/ 13:1 to
afford the title compoun@11as a colourless oil (1.70 g) in 85% yield.

[a]p® = 12.4 (CHC}, ¢ 1.61). [3R)-311; obtained from(3R)-331].

HRMS (+ESI) obtained wrong mass.
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IR (neat, crit) vmax 2994, 2944, 2866, 1641 (C=C), 1458, 1444, 1387013273,
1251, 1237, 1200, 1168, 1113, 1100, 1057, 994, T2, 845, 757.

'H NMR (CDCk, 300 MHz) &4 5.79 (1H, ddtJ 16.8, 10.2, 6.6 Hz, I8=CH;), 5.00
(1H, dd,J 16.8, 1.2 Hz, CH=BlyandH), 4.94 (1H, ddJ 10.2, 1.2 Hz, CH=CHyg), 4.00-
3.74 (3H, m, €O and G1,0), 2.20-2.04 (2H, m, CHOE,CH,0), 1.66-1.35 (4H, m,
CHOCH,CH, and CHOCHCHS,), 1.43 (3H, s, €3), 1.37 (3H, s, €l).

¥C NMR (CDCE, 75 MHz) &: 138.7 CH=CH,), 115.1 (CH€H,), 98.6 (), 68.4
(CHO), 60.4 CH,0), 35.8 (CH@H,CH,0), 31.6 (CA@H,CH,), 30.4 CHs), 29.5
(COCH,CH,), 19.6 CHa).

Ethyl 3-oxo-hept-6-enoate

To a suspension of sodium hydride (60%v in mineral oil; 1.54g, 38.4 mmol) in dry
THF (40 mL) under an atmosphere of nitrogen waseddat 0°C a solution of ethyl
acetoacetate (5.0 g, 38.4 mmol) in dry THF (10 rahyl the reaction mixture was
stirred for 30 minutes at this temperature. A 2M5olution ofn-BuLi in hexanes was
added dropwise and the reaction mixture was stifwec further 30 minutes at .
Freshly distilled allyl bromide (4.65 g, 38.4 mmulas added and the reaction mixture
was stirred for a further 4 h at RT. An aqueousitsmh of hydrochloric acid (2 mL in
50 mL of water) was added, the reaction mixture wagitioned between water and
ether and the aqueous layer was further extractdddiethyl ether (3 x 50 mL). The
combined organic extracts were washed with bringedd (MgSQ), filtered and
evaporated under reduced pressure. The residue pweBed by flash column
chromatography eluting with petroleum ether: ethgktate/ 10:1 to afford the title
compound312as a pale yellow oil (3.47 g, 53%).

IR (neat, crit) vmax 3080, 2982, 2936, 2913, 1743 (CO ester), 1717 K&One), 1643,
1446, 1412, 1368, 1317, 1242, 1200, 1157, 1116;,10834, 1001, 917, 737.
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'H NMR (CDCk, 300 MHz) &, 5.78 (1H, ddtJ 16.8, 10.2, 6.6 Hz, 8=CH,), 5.03
(1H, dd,J 16.8, 1.2 Hz, CH=BandHcis), 4.98 (1H, dd;) 10.2, 1.2 Hz, CH=ClnHcis),
4.19 (2H, g,J 7.2 Hz, CQCH,CHs), 3.43 (2H, s, COB,CO,Et), 2.64 (2H, tJ 7.5 Hz,
COCH,CHy), 2.33 (2H, dt,J 7.5, 6.6 Hz, COCkCH,), 1.26 (3H, t,J 7.2 Hz,
CO,CH,CHy).

5C NMR (CDC}, 75 MHz) &: 207.0 CO), 167.5 CO,Et), 136.9 CH=CH,), 115.9
(CH=CH,), 61.8 (CQCH,CHs), 49.7 (CQH,COEt), 42.4 (CGH,CH,), 27.8
(COCHCH,), 14.5 (CQCH,CH).

(25354S59-1,2-5,6-Di-O-isopropylidene-D-mannitol

To D-mannitol309(18.22 g, 100.0 mmol) under an atmosphere of g@inovas added a
filtered solution of ZnGl (35.44 g, 260 mmol) in acetone (180 mL) and tHetsm was
stirred at RT for 17 h. An aqueous solution of getam carbonate (1:/w, 40 mL)
was added, the mixture was filtered and the sotutieaporated under reduced pressure
to give a white solid. The white precipitate wasstived with CHCI, (100 mL) and the
filtrate used to dissolve the white solid. The sioluwas partitioned between water and
CH.Cl, and the aqueous layer further extracted with@}(2 x 50 mL). The combined
organic layers were washed with brine, dried (MgS&hd evaporated under reduced
pressure. The title compouBd3was recrystallised from petroleum ether: ethykate?
45:5 and isolated as a white solid (15.51 g, 58pgctroscopic data in agreement with
the literature value’$3?

HRMS (+ESI) [MNa]® C;sH20OsNa requires 285.1314. Found 285.1309 (1.8 ppm

error).
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'H NMR (CDCk, 300 MHz) &, 4.09 (4H, m, @, x 2), 3.98 (2H, dd,] 8.3, 5.6 Hz,
CHCH(OH) x 2), 3.74 (2H, dJ 6.3 Hz, GI(OH) x 2), 2.17 (2H, s, B), 1.42 (6H, s,
CHs x 2), 1.36 (6H, s, B3 X 2).

(2E,49-Ethyl 3-(2,2-dimethyl-[1,3]- (2Z,49)-Ethyl 3-(2,2-dimethyl-[1,3]-
dioxolan-4-yl)acrylate dioxolan-4-yl)acrylate
o © 7
W cis-314
trans-314

To aldehyde308 (2.48 g, 19.09 mmol) in Ci€l, (300 mL) under an atmosphere of
nitrogen was added (carbethoxymethylene) triphdmodphorane (15.96 g, 45.80
mmol) and the resulting reaction mixture was dtira¢ RT for 2.5 days. The reaction
mixture was evaporated under reduced pressure landesidue purified by flash

column chromatography eluting with ethyl acetatetrgdeum ether/ 1:10 to afford the
titte compounds in a 1:1.2 mixture ok andtrans-alkene (2.59 g, 68%). Spectroscopic

data in agreement with the literature valti&s.

cis-314:
HRMS (+ESI) [MNa]® CioH160sNa requires 223.0941. Found 223.0938 (1.3 ppm

error).

IR (neat, crif) vmax 2983, 2926, 2851, 1720 (CO), 1644 (C=C), 1454013870, 1256,
1188, 1155, 1061, 1029, 829, 817, 666.

'H NMR (CDCE, 300 MHz)3y 6.36 (1H, dd,J 11.5, 6.6 Hz, CH=CH), 5.84 (1H, dd,
11.5, 6.6 Hz, CH=CH), 5.49 (1H, dd#i13.5, 6.9, 1.5 Hz, ), 4.38 (1H, ddJ 8.4, 7.2
Hz, CHb), 4.16 (2H, gJ 7.2 Hz, O®,CHs), 3.62 (1H, ddJ 8.1, 6.9 Hz, ©,), 1.45
(3H, s, GH3), 1.39 (3H, s, Els), 1.29 (3H, t,) 7.2 Hz, OCHCHy).
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%C NMR (CDCE, 75 MHz) 3 166.0 CO), 149.6 CH=CHCOEt), 121.1
(CH=CHCO,Et), 110.0 €), 73.9 CHO), 69.7 CH,0), 60.8 (QCH,CHs), 26.9 CHs),
25.7 CHs), 14.5 (OCHCHj).

trans-314:
[0]o?? = 41.0 (CHCY, ¢ 3.7).

HRMS (+ESI) [MNa]® CioH160sNa requires 223.0941. Found 223.0935 (2.5 ppm

error).

IR (neat, cri) vmax 2987, 2935, 2873, 1724 (CO), 1663 (C=C), 1372313261, 1217,
1178, 1155, 1063, 1034, 978.

'H NMR (CDCk, 300 MHz)3y 6.86 (1H, dd,) 15.6, 5.7 Hz, =CHCO:E), 6.09 (1H,
dd, J 15.6, 1.2 Hz, CH=BCO,Et), 4.69-4.62 (1H, m, B), 4.19 (2H, q,J 7.2 Hz,
OCH,CHs), 4.16 (1H, ddJ 7.2, 2.1 Hz, €H’), 3.66 (1H, dd,J 8.1, 7.2 Hz, CHY’),
1.44 (3H, s, €ls), 1.40 (3H, s, €3), 1.28 (3H, t,) 7.2 Hz, OCHCH,).

%C NMR (CDCk, 75 MHz) & 166.4 CO), 145.0 CH=CHCOEL), 122.8
(CH=CHCO;Et), 110.6 C), 75.3 CHO), 69.2 CH,0), 61.0 (QCH,CHz), 26.8 CHa),
26.1 CHs3), 14.6 (OCHCHS>).

(49-3-(2,2-Dimethyl-[1,3]-dioxolan-4-yl) propionic atethyl ester

315

Following generaprocedure 1, ester314 (120 mg, 0.6 mmol) in ethyl acetate (3 mL)
was treated by platinum oxide Rt(B mg, 0.013 mmol) under a balloon of fidr 3 h.

The residue was purified by flash column chromaipby eluting with ethyl acetate:
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petroleum ether/ 1:10 to afford the title compowBib as a colourless oil (115 mg,
92%). Spectroscopic data in agreement with thealitee value§->"

[a]p?® = 0.2 (CHC}, ¢ 2.0).

HRMS (+ESI) [MNa]® CioH1s04Na requires 225.1097. Found 225.1084 (6.0 ppm

error).

IR (neat, crif) vmax 2986, 2936, 1736 (CO), 1371, 1303, 1256, 1214811757, 1075.

'H NMR (CDCE, 300 MHz) & 4.12 (2H, q,J 7.2 Hz, OG1,CHs), 4.10-4.02 (2H, m,
OCHH'CHO and @), 3.55 (1H, dd, 7.8, 6.6 Hz, OCH’'CHO), 2.51-2.33 (2H, m,
CH,CO,Et), 1.91-1.82 (2H, m, B,CH,CO:Et), 1.40 (3H, s, €3), 1.33 (3H, s, E3),
1.25 (3H, tJ 7.2 Hz, OCHCHs).

3C NMR (CDCE, 75 MHz) 8¢ 173.6 CO), 109.4 C), 75.3 CHO), 69.4 CH,0), 60.8
(CO,CH,CHs), 30.8 CH.CH,COEt), 29.1 (CHCH,CO:EL), 27.3 CHa), 26.0 CHa),
14.6 (CQCH,CH3).

(49-3-(2,2-Dimethyl-[1,3]-dioxolan-4-yl) propan-1-ol

Following general procedure 2 a solution of esteB15 (557 mg, 2.76 mmol) in dry
THF (5 mL) under an atmosphere of nitrogen was teghavith lithium aluminium

hydride (105 mg, 2.76 mmol) in dry THF (25 mL) 8€0for 1 h and for a further 3 h at
RT. The residue was purified by flash column chrwmgeaphy eluting with petroleum
ether: ethyl acetate/ 1:1 followed by 5:1 to affthnd titte compoun@16 as a colourless

oil (368 mg, 83%). Spectroscopic data in agreemithtthe literature value®!

[0]o?>3=16.7 (CHCY, ¢ 1.67).
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HRMS (+ESI)[MNa]" CgH160sNa requires 183.0992. Found 183.0991 (0.6 ppm)error

IR (neat, crit) vmax 3427 (OH), 2986, 2937, 2872, 1377, 1303, 1248612158, 1057,
995, 851.

'H NMR (CDCk, 300 MHz) &y 4.13-4.02 (2H, m, 8 and OGHH'CHO), 3.68-3.64
(2H, m, (H,CH,CH,0H), 3.52 (1H, dd, 7.5, 7.2 Hz, OCH’' CHO), 2.36-2.26 (1H,
brs, CH), 1.70-1.55 (4H, m, B,CH,OH and CHCH,OH), 1.40 (3H, s, 63), 1.35 (3H,
s, (Hy).

5C NMR (CDCE, 75 MHz) 8¢ 109.4 C), 77.0 CHO), 69.9 CH,0), 63.0 CH,OH),
30.6 CH2CH,CO:Et), 29.6 (CHCH,CO:Et), 27.3 CH3), 26.1 CHa).

(49-3-(2,2-Dimethyl-[1,3]dioxolan-4-yl)-propionaldetg

To a solution of the Dess-Martin periodinane (103123.9 mmol) in dry CKCl, (100
mL) under an atmosphere of nitrogen was added ipgriflO mL, 123.6 mmol) and a
solution of alcohoB16 (3.48 g, 21.8 mmol) in C}&l, (5 mL) at 0°C and the resulting
reaction mixture was stirred at this temperature3fd. Diethyl ether (180 mL) and a
saturated solution of N&OQO3 (25 mL) were added, the solution was partitionetivieen
water and ChKCl, and the aqueous layer was further extracted wWipGE (3 x 30 mL).
The combined organic extracts were dried (MgS@iltered and evaporated under
reduced pressure. Aldehy@a7 was not purified and used directly for the nexpst

Spectroscopic data in agreement with the literatatees "
[a]p™® = -1.0 (CHC}, ¢ 3.3).

HRMS (+ESI)[MNa]* CgH140sNa requires 181.0835. Found 181.0833 (1.0 ppm)error
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IR (neat, crit) vmax 2987, 2935, 2874, 1726 (CO), 1380, 1371, 1245512158, 1088,
1059, 735, 666.

'H NMR (CDCk, 300 MHz)3y 9.79 (1H, s, COH), 4.16-4.08 (1H, mH{, 4.05 (1H,
dd,J 7.5, 6.3 Hz, OBIH'CHO), 3.54 (1H, ddJ 7.8, 6.3 Hz, OCH’'CHO), 2.63-2.55
(2H, m, H,CH,CHO), 2.00-1.75 (2H, m, Ci&H,CHO), 1.39 (3H, s, 83), 1.33 (3H,
s, (Hj).

3C NMR (CDCk, 75 MHz) 3¢ 207.4 CO), 104.0 €), 80.1 CHO), 69.9 CH,0), 67.7
(CH,0H), 34.2 CH,CH,COEt), 31.3 CHs X 2), 23.8 (CHCH,CO,EY).

(2E,69-5-(2,2-Dimethyl-[1,3]dioxolan-4-yl)-pent-2-enoaxid ethyl ester

318

Following generabprocedure 6 aldehyde317 (2.40 g, 15.19 mmol) in dry THF (30
mL) was reacted with a solution of sodium hydri@8% w/w in mineral oil; 401 mg,
16.70 mmol) and triethyl phosphonoacetate (3.756g70 mmol) in dry THF (40 mL).
The residue was purified by flash column chromadpgy eluting with petroleum ether:
ethyl acetate/ 10:1 to afford the title compowBiB as a colourless oil (1.71 g, 46%

after two steps). Spectroscopic data in agreemihtthe literature value$®
[0]o>t = 9.9 (CHC}, ¢ 3.27).

HRMS (+ESI) [MNa]® CisHagOsNa requires 251.1254. Found 251.1251 (1.0 ppm

error).

IR (neat, crif) vmax 2985, 2936, 2874, 1719 (CO), 1656 (C=), 1455, 14880, 13609,
1308, 1265, 1211, 1158, 1065, 1046, 986, 860.
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'H NMR (CDCk, 300 MHz)3y 6.95 (1H, dt,J 15.6, 6.9 Hz, B=CHCO:Et), 5.83 (1H,
dt, J 15.6, 1.2 Hz, CH=BICO,EY), 4.17 (2H, q,) 7.2 Hz, CQCH,CHs), 4.12-4.00 (2H,
m, CH and OGHH'CHO), 3.52 (1H, dd,] 7.2, 6.9 Hz, OCH’' CHO), 2.43-2.17 (2H, m,
CHOCH,CH,), 1.82-1.55 (2H, m, CHOC}EH,), 1.40 (3H, s, €3), 1.34 (3H, s, E3),
1.27 (3H, tJ 7.2 Hz, CQCH,CHb).

%C NMR (CDCE, 75 MHz) 3. 167.4 CO), 148.4 CH=CHCOEt), 122.2
(CH=CHCO,Et), 109.4 C), 75.5 CHO), 69.6 CH,0), 60.6 (COCH,CHs), 32.4
(CH,CH,CH=CHCGQEY), 28.8 (CHCH,CH=CHCQEY), 27.3 CHs), 26.0 CH3), 14.7
(CO,CH,CHs).

(2E,69)-5-(2,2-Dimethyl-[1,3]dioxolan-4-yl)-2 methyl petenoic acid ethyl ester

323

To a solution of aldehyd&17 (184 mg, 1.16 mmol) in Ci€l, (10 mL) under an
atmosphere of nitrogen was added (carbethoxyetmdiitriphenylphosphorane (504
mg, 1.39 mmol) at 6C. The reaction mixture was stirred for 17 h at RVaporated
under reduced pressure and purified by flash colwmmmatography eluting with
petroleum ether: ethyl acetate/ 6:1 to afford te tompound323 as a colourless oil
(220 mg, 78%).

[a]p%® = -19.3 (CHC}, ¢ 3.08).

HRMS (+ESI) [MNa]® CisH»04Na requires 265.1410. Found 265.1392 (6.8 ppm

error).

IR (neat, crit) vmax 2985, 2935, 2868, 1711 (CO), 1651 (C=C), 1456713369, 1264,
1240, 1217, 1189, 1155, 1134, 1068, 858, 746, 666.
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'H NMR (CDCk, 300 MHz)3y 6.74 (1H, dd,J 7.2, 6.3 Hz, €i=(Me)CO:EL), 4.18 (2H,
g, J 7.2 Hz, CQCH,CHg), 4.12-4.00 (2H, m, B and OGIH'’CHO), 3.53 (1H, dd,]
7.2, 6.6 Hz, OCH’CHO), 2.36-2.18 (2H, m, CHQ&:CH,), 1.83 (3H, s, El), 1.78-
1.57 (2H, m, CHOChCH,), 1.41 (3H, s, €l5), 1.34 (3H, s, €l5), 1.28 (3H, tJ 7.2 Hz,
CO,CH,CHa).

3C NMR (CDCk, 75 MHz) 3¢ 168.5 CO), 141.2 CHC), 128.9 €), 109.3 C), 75.7
(CHO), 69.6 CH,0), 60.9 (CQCH,CHs), 32.9 CH,CH,CHC), 27.3 CHs), 26.1 CHs),
25.4 (CHCH,CHC), 14.7 CH3), 12.7 (CQCH,CHs).

(2E,69-5-(2,2-Dimethyl-[1,3]dioxolan-4-yl)-2-methyl-pei2-en-1-ol

324

Following generaprocedure 3 ester323 (185 mg, 0.76 mmol) in dry Gi&l, (5 mL)
under an atmosphere of nitrogen was reacted with M solution of DIBALH in
hexanes (1.7 mL, 1.68 mmol) for 2 h at -ZD. The residue was purified by flash
column chromatography eluting with petroleum etleghyl acetate/ 1:1 to afford the
titte compound324 as a pale yellow oil (132 mg, 87%).

[a]p?"®= 24.0 (CHC}, c 1.7).
HRMS (+ESI)[MNa]* Cy1H200sNa requires 22.1305. Found 223.1300 (2.2 ppm error)

IR (neat, crit) vmax 3413 (OH), 2986, 2934, 2868, 1671 (C=C), 1455713370, 1243,
1216, 1155, 1101, 1068, 1015, 858, 666.

'H NMR (CDCk, 300 MHz) & 5.41 (1H, t,J 7.2 Hz, Gi=C), 4.11-4.01 (2H, m,
CHH’'O and GHO), 4.00 (2H, s, CB,0H), 3.52 (1H, dd)) 7.5, 6.9 Hz, CHI’0), 2.20-
2.04 (2H, m, ©,CH,C), 1.76-1.44 (3H, m, C}H,C and G{), 1.66 (3H, s, €5C),

1.41 (3H, s, €ls), 1.34 (3H, s, E3).
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%C NMR (CDC}, 75 MHz) 3¢ 135.9 C), 125.3 CH=C), 109.1 €), 76.0 CHO), 69.8
(CH,0), 60.2 CH,OH), 33.8 CH,CH,CH=C), 27.4 CHs), 26.1 (CHs), 24.3
(CHzCHzCH:C), 14.1 CHg)

(+/-)-Ethyl 3-hydroxy-hept-6-enoate (3R)-Ethyl 3-hydroxy-hept-6-enoate
OH O OH O
X o ~ o
330 (3R)-330

e Reduction with sodium borohydride.

To a solution of keto-este312 (3.09, 18.18 mmol) in EtOH under an atmosphere of
nitrogen was added at°C a suspension of sodium borohydride (690 mg, 168l)

in EtOH over a period of 20 minutes. The reactidrtune was stirred for a further 10
minutes at this temperature and a saturated solwicammonium chloride (10 mL)
followed by a 1 N aqueous solution of hydrochloaicid (5 mL) were added. The
reaction mixture was partitioned between water athetr and the aqueous layer was
further extracted with diethyl ether (3 x 30 mLhel combined organic extracts were
dried (MgSQ), filtered and evaporated under reduced pressline. residue was
purified by flash column chromatography eluting hwietroleum ether: ethyl acetate/

3:1 to afford the title compour2BOas a colourless oil (2.23g, 71%).

e Chiral reduction with Baker’s yeast.

To Backer's yeast (22 g) was added water (600 mk-ylucose (22 g) and methyl
vinylketone (400 mg, 5.71 mmol) and the reactiontare was stirred for 2 h at RT. A
solution of keto-esteB12 (2.2 g, 12.94 mmol) in ethyl acetate (3 mL) wadeatiand
the reaction mixture was stirred for 3 days at R8-20 °C). The mixture was then
continuously extracted with diethyl ether for 5 gathe organic extract was evaporated
under reduced pressure and the residue was pubfidthsh column chromatography
eluting with petroleum ether: ethyl acetate/ 3:afford the title compoun(R)-330as a
pale yellow oil (1.13 g, 51%).

[0]p?®°=-21.7 (CHC}, ¢ 2.07).
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HRMS (+ESI)[MNa]" CgH160sNa requires 195.0992. Found 195.0994 (1.3 ppm)error

IR (neat, crif) vmax 3445 (OH), 3079, 2980, 2934, 1734 (CO), 1641 (C4@%6, 1416,
1374, 1302, 1180, 1118, 1094, 1061, 1032, 996, 914.

'H NMR (CDCk, 300 MHz) & 5.82 (1H, ddtJ 16.8, 10.2, 6.6 Hz, 8=CH,), 5.05
(1H, dd,J 16.8, 1.2 Hz, CH=BanH), 4.98 (1H, ddJ 10.2, 1.2 Hz, CH=CHg), 4.17
(2H, q,J 7.2 Hz, CQCH,CHs), 4.07-3.97 (1H, m, BO), 2.60-2.50 (1H, brs, i), 2.51
(1H, dd, J 16.5, 3.3 Hz, CHOBH'CH,O), 2.41 (1H, dd,J 16.5, 9.0 Hz,
CHOCHH’ CH,0), 2.28-2.04 (2H, m, CHOCHy), 1.67-1.52 (2H, m, CHOCIEH,),

1.27 (3H, tJ 7.2 Hz, CQCH,CHs).

3C NMR (CDCk, 75 MHz) 8¢ 173.4 €O), 138.5 CH=CH,), 115.4 (CH€H,), 67.8
(CHO), 61.1 (CQCH,CHs), 41.6 (CQH,COEt), 35.9 (C@H,CH,), 30.1
(COCH,CH,), 14.6 (CQCH,CHy).

(+/-)-Hept-6-ene-1,3-diol (3R)-Hept-6-ene-1,3-diol
OH  OH OH OH
\/\/‘\) N
331 (3R)-331

Following generaprocedure 2 a solution alcoha330(2.20 g, 12.8 mmol) in dry THF
(20 mL) was reacted with lithium aluminium hydri#/1 mg, 35.6 mmol) in dry THF
(30 mL) at 0°C for 40 minutes. The residue was purified by flastlumn
chromatography eluting with 100% diethyl ether tio@ the title compoun@®31 as a
colourless oil (1.56 g, 94%).

[0]p?® = 7.1 (CHC}, ¢ 0.42). [3R)-331; obtained from(3R)-330.

HRMS (+ESI)[MNa]" C;H140.Na requires 153.0886. Found 153.0871 (9.9 ppm)error

IR (neat, crit) vmax 3350, 2937, 2884, 1641, 1445, 1417, 1375, 13467,12098, 1059,
996, 975, 912, 738.
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'H NMR (CDCE, 300 MHz)&, 5.83 (1H, ddt,] 16.8, 9.9, 6.6 Hz, B=CH,), 5.05 (1H,
dt, J 16.8, 1.5 Hz, CH=ClHuand, 4.97 (1H, dd)) 9.9, 1.5 Hz, CH=Bl¢isHang, 3.93-
3.75 (3H, m, GIOH and Gi,0H), 2.64 (2H, brs, 8 x 2), 2.26-2.04 (2H, m,
CHa(OH)CH,CH(OH)), 1.72-1.66 (2H, m,CH,CH,CH=CH,), 1.66-1.52 (2H, m,
CH,CH,CH=CH).

13C NMR (CDC}, 75 MHz) 8¢ 138.5 CH=CHy), 115.3 (CHE€H,), 72.1 CHOH), 62.1
(CH,OH), 38.6 CH,), 37.1 CH,), 30.3 CHy).

(+/-)-Methyl (2E)-5-(2,2-dimethyl-1,3- (2E,6R)-Methyl-5-(2,2-dimethyl-1,3-
dioxan-4-yl)pent-2-enoate dioxan-4-yl)pent-2-enoate
o><o o><o
OY\/\)\/‘ OY\/\/k/‘
O\ O\
332 (2E,6R)-332

To a solution 0f311 (1.45 g, 8.53 mmol) in dry Ci€l, (30 mL) was added freshly
distiled methyl acrylate (2.94 g, 34.12 mmol) &lled by the 2 generation of
Grubb’s catalyst (88 mg, 0.10 mmol). The reactiartane was heated under reflux for
1h, evaporated under reduced pressure and ptioficaby flash column
chromatography eluting with petroleum ether: ethgktate/ 7:1 to afford the title

compound332as a colourless oil (1.75 g, 90%).
[a]p™° = 26.3 (CHCY, ¢ 1.64). [2E,6R)-332 obtained fron{3R)-311].

HRMS (+ESI) [MNa]® CisH20OsNa requires 251.1254. Found 251.1245 (3.7 ppm
error).

IR (neat, crit) vmax 2993, 2950, 2867, 1727 (CO), 1657 (C=C), 1459714381, 1371,
1325, 1312, 1273, 1250, 1238, 1199, 1173, 1163,11707, 1043, 972, 836.

'H NMR (CDClk, 300 MHz)& 6.96 (1H, dt,J 15.6, 6.9 Hz, B=CHCQO,Me), 5.82 (1H,
dd, J 15.6, 1.2 Hz, CH=BCO;Me), 4.00-3.91 (1H, m, BH'O), 4.85-3.78 (2H, m,
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CHO and CHH'O), 3.72 (3H, s, C&Hs), 2.41-2.18 (2H, m, CHOE,CH,0), 1.75-
1.48 (4H, m, CHOE@,CH, and CHOCHCH,), 1.42 (3H, s, €3), 1.37 (3H, s, B3).

%C NMR (CDCk, 75 MHz) d: 167.5 CO), 149.4 CH=CHCOMe), 121.6
(CH=CHCO;Me), 98.7 (), 68.2 CHO), 60.3 (CH0), 51.8 (CQCHj), 34.9
(CHOCH,CH,0), 31.6 (C@H,CH,), 30.3 CH3), 28.1 (COCHCH,), 19.6 CHs).

(+/-)-4-(2,2-Dimethyl-1,3-dioxan-4-yl)butan-1-ol

To a 1 M solution of borane in THF (6.0 mL, 6.0 nijnonder an atmosphere of
nitrogen was added a 2 M solution of 2-methyl-2eletin THF (6.0 mL, 12.0 mmol) at
-5 °C and the resulting mixture was stirred for 2 h0afC. To the solution of
disiamylborane in THF previously made was addedlatisn of alkene311 (882 mg,
5.18 mmol) in dry THF (3 mL) and the reaction wésrad at 0°C for 1 h and for a
further 1.5 h at RT. A 3 N aqueous solution of sadihydroxide (2.0 mL, 6.0 mmol)
followed by a 35%v/v aqueous solution of hydrogen peroxide (0.40 mD, remol)
were added, the reaction mixture partitioned betweater and diethyl ether and the
aqueous layer further extracted with diethyl etfex 20 mL). The combined organic
extracts were washed with brine, dried (Mgg@iltered and evaporated under reduced
pressure. The residue was purified by flash colehmomatography eluting with 100%

diethyl ether to afford the title compouB83as a colourless oil (216 mg, 21%).

HRMS (+ESI) [MNa]® CioH2003Na requires 211.1305. Found 211.1305 (0.2 ppm

error).

IR (neat, crit) vmax 3401 (OH), 2993, 2940, 2865, 1478, 1461, 1429113869, 1273,
1244, 1199, 1164, 1101, 1062, 971, 947, 869, 852, 7
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'H NMR (CDCk, 300 MHz)3y 4.00-3.60 (5H, m, BO, CH,O and G4,0H), 1.60-1.40
(8H, m, (H,x 4), 1.43 (3H, s, B3), 1.37 (3H, s, E3), OH not observed.

%C NMR (CDCE, 75 MHz) &c 98.6 €), 69.3 CHO), 63.1 CH,0), 60.4 CH,OH),
36.5 CHy), 32.9 CH,), 31.6 CH,), 30.4 CHs), 21.6 CH>), 19.6 CHa).

(+/-)-4-(2,2-Dimethyl-1,3-dioxan-4-yl)butanal

To a solution of alcohoB33 (176 mg, 0.94 mmol) in Ci€l, (1.41 mL) under an
atmosphere of nitrogen was added DMSO (1.34 mL871.8nmol) followed by
triethylamine (0.72 mL, 4.7 mmol) and $@yridine (748 mg, 4.7 mmol) at . The
reaction mixture was stirred for 45 minutes at teisperature, diluted by diethyl ether
(10 mL), quenched with water (10 mL) and partitidmetween water and diethyl ether.
The aqueous layer was further extracted with dlegttyer (3 x 15 mL). The combined
organic extracts were washed with brine, dried (MgSfiltered and evaporated under
reduced pressure. The residue was purified by feadamn chromatography eluting
with petroleum ether: ethyl acetate/ 3:1 to affde title compound334 as a pale

yellow oil (58 mg, 33%). Spectroscopic data in agnent with the literature valu€g!

IR (neat, crit) vmax 2993, 2945, 2868, 1725 (CO), 1450, 1436, 1411118870, 1271,
1199, 1163, 1132, 1101, 1062, 970, 948, 912, 854, 839.

'H NMR (CDCk, 300 MHz)& 9.76 (1H, tJ 1.2 Hz, G10), 4.00-3.76 (3H, m, BO,
CH,0), 2.45-2.42 (2H, m, B,CHO), 1.73-1.36 (8H, m, &, x 4), 1.43 (3H, s, B3),
1.37 (3H, s, El3).
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(2R,3R,69)-1-(51ert-Butoxymethyl-tetrahydro-furan-2-yl)-ethane-1,24dio

5 4
1
9%0\/6@3\2(%
7
H™H oH

338a

Following generaprocedure 5 epoxy-acetaB04a (68 mg, 0.34 mmol) was reacted
with a 2 M solution of AIMeg (0.52 mL, 1.04 mmol) in dry Cil, (2 mL) for 3 h at -20
°C under an atmosphere of nitrogen. The residue matfied by flash column
chromatography eluting with hexane: ethyl acetaté&/followed by 1:2 to afford the

title compound338aas a colourless oil (43 mg, 59%).

[a]p?°= 7.2 (CHC}, ¢ 0.6).

HRMS (+ESI) [MNa]® Ci;H»04Na requires 241.1410. Found 241.1403 (2.9 ppm

error).

IR (neat, crit) vmax 3401, 2975, 2934, 2876, 1725, 1464, 1391, 13655,12237, 1197,
1072, 1028, 888, 736, 702.

'H NMR (CDCk, 300 MHz)&y 4.15-4.09 (1H, m, H-6), 4.08-4.01 (1H, m, H-38%-.
3.83 (1H, m, H-2), 3.60 (2H, d,5.4 Hz, H-7), 3.63-3.58 (1H, m, H-1), 3.32 (1H, dd
9.6, 2.7 Hz, H-1'), 2.96 (2H, brs,HDx 2), 2.03-1.83 (4H, m, H-4 and H-5), 1.21 (9H, s,
H-9).

3C NMR (CDCE, 75 MHz) 3¢ 81.8 (C-3), 78.7 (C-6), 74.0 (C-8), 73.9 (C-2),164nd
64.0 (C-1 and C-7), 28.3 (C-4 or C-5), 27.7 (CZH.,6 (C-4 or C-5).
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(2R,3S,69)-1-(5-1ert-Butoxymethyl-tetrahydro-furan-2-yl)-ethane-1,24dio

5 4 1
(@]
7
H OH

338b

T

Following generaprocedure 5 epoxy-acetaB04b (158 mg, 0.78 mmol) was reacted
with a 2 M solution of AlMeg (1.20 mL, 2.39 mmol) in dry Cil, for 3 h at -20°C
under an atmosphere of nitrogen. The residue wasigation by flash column
chromatography eluting with petroleum ether: ethgktate/ 1:1 to afford the title

compound338bas a colourless oil (120 mg, 70%).

[0]o?® = -8.2 (CHC}, ¢ 0.82).

HRMS (+ESI) [MNa]® Cy1H2OsNa requires 241.1410. Found 241.1407 (1.3 ppm

error).

IR (neat, crit) vmax 3401, 2974, 2925, 2872, 1728, 1463, 1388, 13654,12235, 1198,
1069, 1026, 887, 737, 702, 666.

'H NMR (CDCk, 300 MHz)& 4.15-4.06 (1H, m, H-6), 3.99-3.92 (1H, m, H-38B.
3.75 (1H, m, H-2), 3.69 (1H, dd,11.4, 3.6 Hz, C-1), 3.60 (1H, ddi11.4, 6.5 Hz, H-
1), 3.39-3.27 (2H, m, H-7), 2.81 (2H, brsHX 2), 2.06-1.80 (2H, m, H-4 or H-5),
1.71-1.61 (2H, m, H-4 or H-5), 1.18 (9H, s, H-9).

%C NMR (CDC}, 75 MHz) &: 80.3 (C-3), 79.2 (C-6), 73.6 and 73.5 (C-2 and)C-8
65.1 and 64.2 (C-1 and C-7), 29.0 and 27.2 (C-4G4#), 27.8 (C-9).
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(2R,35,6R)-1-(5-(21tert-Buthoxy)- (2R,35,69)-1-(5-(2tert-Buthoxy)-

tetrahydro-furan-2-yl]-ethane-1,2-dio tetrahydro-furan-2-yl]-ethane-1,2-dio
10 10 5 4
THOR by
(2R,3S,6R)-339 (2R,3S,65)-339

Following generaprocedure 5 epoxy-acetaB06 (178 mg, 0.82 mmol) was reacted
with a 2 M solution of AlMe (1.24 mL, 2.47 mmol) in dry Cil, (10 mL) for 3 h at -
20°C under an atmosphere of nitrogen. The residue puaied by flash column
chromatography eluting with petroleum ether: ethgktate/ 1:3 to afford the title
compound339 as a colourless oil (82 mg, 43%) and as a 1:1parable mixture of
both diastereoisomers.

HRMS (+ESI) [MNa]® CisH240sNa requires 255.1567. Found 255.1555 (4.7 ppm

error).

IR (neat, crit) vmax 3400, 2973, 2936, 2874, 1649, 1464, 1446, 13983,18251, 1233,
1198, 1073, 1023, 937, 905, 875, 734.

'H NMR (CDCk, 300 MHz) 3y (Due to overlapping signals, there was difficLitty
assigning signals to a given isomer, but the falhgwas observed) 4.10-3.85 (4H, m,
H-3 x 2 and H-6 x 2), 3.80-3.39 (6H, m, H-1 x 2 &h@ x 2), 3.46 (3H, tJ 6.3 Hz, H-
8), 3.42 (3H, tJ 6.3 Hz, H-8), 2.55 (4H, brs,KDx 4), 2.06-1.52 (12H, m, H-4 x 2, H-5
X 2,H-7x2),1.18 (9H, s, H-10), 1.17 (9H, s, Bi}.1

%C NMR (CDCE, 75 MHz) 8¢ 81.0 CH), 80.1 CH), 78.1 CH), 77.6 CH), 73.6
(CH,), 73.4 CH,), 73.2 CHy), 73.1 CH,), 64.5 CH,), 64.2 CH,), 59.5 CH,), 59.1
(CH,), 37.1 CH2 x 2), 32.5 CH,), 31.7 CH.), 28.1 CHy), 27.9 (C-9), 27.8 (C-9), 26.3
(CHy).
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(2R, 38,68)-1-[5-(1,1-Dimethyl-propoxymethyl)-tetrahydrofur-zﬂqyl]-ethane-l,z-diol

AL

OH

Ill

340

Following generaprocedure 5 epoxy-acetaB04a (200 mg, 1.0 mmol) was reacted
with a 1 M solution of triethylaluminium (3.0 mL,Bmmol) in dry CHCI, (10 mL) for
24 h at -20°C under an atmosphere of nitrogen. The residue pusisied by flash
column chromatography eluting with petroleum ethethyl acetate/ 1:2 then by a
second flash column chromatography eluting withhaebl: chloroform/ 1:30 to afford

the title compoun@®40as a pale yellow oil (45 mg, 19%).

[a]p> = 6.0 (CHC}, ¢ 1.1).

HRMS (+ESI) [MNa]® Ci-H24:04Na requires 255.1567. Found 255.1564 (0.9 ppm

error).

IR (neat, crit) vmax 3400, 2971, 2923, 2878, 1463, 1380, 1364, 13961,12193, 1179,
1158, 1069, 1058, 1000, 930, 917, 893, 865.

'H NMR (CDCk, 500 MHz)&y 4.17-4.10 (1H, m, H-6), 4.10-4.02 (1H, m, H-39B.
(1H, m, H-2), 3.68-3.58 (2H, app. brs, H-1), 3.8H(app. dJ 9.7 Hz, H-7), 3.30 (1H,
app. dJ 9.7 Hz, H-7"), 2.41-2.20 (1H, brs,H), 2.08-1.82 (4H, m, H-4 and H-5), 1.79-
1.51 (1H, brs, @), 1.51 (2H, qJ 7.3 Hz, H-10), 1.15 (6H, s, H-9 x 2), 0.88 (3HJt,
7.3 Hz, H-11).

3C NMR (CDC}, 125 MHz)3c 81.5 (C-3), 78.7 (C-6), 75.6 (C-8), 73.5 (C-2),%Band
63.2 (C-1 and C-7), 32.4 (C-10), 27.9 (C-5), 2&34), 24.9 (C-9), 24.7 (C-9), 8.2 (C-
11).
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(2R,3R,79-{3-[3-(2,2-Dimethyl-[1,3] (2R,3R,7R)-{3-[3-(2,2-Dimethyl-[1,3]
dioxolan-4-yl)-propyl]-oxiranyl}- dioxolan-4-yl)-propyl]-oxiranyl}-
methanol methanol

11 11

9 10 9 10
HO -,,/(i) 7 5 7 5 HO -,,/(:) 7 5 7 6
(2R,3R,7S)-345 (2R,3R,7R)-345

To a suspension of freshly activated 4 A powderadenular sieves in dry Gi€l,
(15 mL) under an atmosphere of nitrogen was add@ET (34 mg, 0.17 mmol)
followed by titaniumiso-propoxide (43 mg, 0.15 mmol) and a 4.6 M solutafrtert-
butyl hydroperoxide in CkCl, (0.72 mL, 3.30 mmol) at -3 and the reaction mixture
was stirred for 45 minutes at this temperatureoltson of 350 (300 mg, 1.50 mmol)
in CH,Cl, (5 mL) was added and the reaction mixture wasestiat -25°C for 1 day.
The solution was warmed to°C and a solution of ferrous sulphate (4 g) in wtér
mL) was added. The resulting mixture was stirredifd at 0°C, partitioned between
water and CHCI, and the organic layer was further extracted withCl, (4 x 20 mL).
The combined organic extracts were dried (MgS@iltered and evaporated under
reduced pressure. The residue was purified by feadamn chromatography eluting
with petroleum ether: ethyl acetate/ 1:2 to affthrd title compound$2R,3R,7S) and
(2R,3R,7R)-345as a pale yellow oil (196 mg, 60%).

HRMS (+ESI) [MNa]® CiiH»0OsNa requires 239.1254. Found 239.1253 (0.3 ppm

error).

IR (neat, crit) vmax 3436, 2986, 2936, 2867, 1457, 1434, 1379, 13749,12216, 1159,
1095, 1062, 990, 887, 858.

'H NMR (CDCk, 500 MHz)&, 4.10-3.98 (2H, m, H-7 and H-8), 3.91-3.82 (1H,Hin,
8, 3.64-3.54 (1H, m, H-1), 3.52-3.45 (1H, m, B;12.97-2.86 (2H, m, H-2 and H-3),
2.21 (1H, brs, ®), 1.72-1.42 (6H, m, H-4, H-5, H-6), 1.38 (3H, 18 or H-11), 1.32
(3H, s, H-10 or H-11).
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3C NMR (CDCE, 125 MHz)dc 108.7 €), 75.8 and 75.7 (C-7), 69.31 and 69.30 (C-8),
61.7 and 61.6 (C-1), 58.4 and 58.3 (C-2 or C-3)7%hd 55.6 (C-2 or C-3), 33.3 and
33.1 (C-4 or C-6), 31.5 and 31.4 (C-4 or C-6), 288 25.6 (C-10 and C-11), 22.3 and
22.2 (C-5).

(+/-)-4-(2,2-Dimethyl-1,3-dioxolan-4-yl)butan-1-ol

Ho/\/\/okj/g

347

Following generaprocedure 4 1,2,6-trihydroxyhexand46 (1.34 g, 10.0 mmol) in dry
CHCl, (20 mL) under an atmosphere of nitrogen was réactgth 2,2-

dimethoxypropane (1.56 g, 15.0 mmol) and a catabmnount of camphorsulfonic acid
at RT for 2 h. The residue was purified by flastuom chromatography eluting with
petroleum ether: ethyl acetate/ 1:1 to afford tHhe tompound347 as a colourless oil

(1.49 g, 96%). Spectroscopic data in agreementtiéthiterature values’
HRMS (+ESI)[MNa]* CoH1s0sNa requires 197.1148. Found 197.1150 (1.0 ppm)error

IR (neat, crit) vmax 3401, 2986, 2940, 2937, 2867, 1457, 1379, 13748,12216, 1248,
1216, 1157, 1092, 1080, 856.

'H NMR (CDCk, 300 MHZz)& 4.12-4.05 (1H, m, BO), 4.02 (1H, ddJ 7.2, 6.9 Hz,
CHH'O), 3.64 (2H, t,J 6.4 Hz, Gi,0H), 3.50 (1H, ddJ 7.2, 6.9 Hz, CH’O), 1.46
(1H, brs, @), 1.75-1.21 (6H, m, B, x 3), 1.39 (3H, s, B3), 1.34 (3H, s, Ely).

3C NMR (CDCE, 75 MHz) & 109.1 €), 76.4 CHO), 69.8 CH.0), 63.0 CH,0H),
33.6 CH>), 33.0 CH>), 27.3 CH3), 26.1 CHs), 22.4 CH>).
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(+/-)-4-(2,2-Dimethyl-1,3-dioxolan-4-yl)butanal

348

To a solution of alcohoB47 (1.39 g, 7.99 mmol) in DMSO (11 mL) Gal, (12
mL)under an atmosphere of nitrogen was added wteatiine (5.6 mL, 39.95 mmol)
and SQ@-py (6.36 g, 39.95 mmol) at « and the resulting reaction mixture was stirred
for 1 h at this temperature. The reaction mixtuees wliluted with diethyl ether (100
mL) and water (40 mL), partitioned between ethet water and the aqueous layer was
further extracted with diethyl ether (3 x 20 mLhel combined organic extracts were
washed with water (1 x 40 mL), dried (MgQ(filtered and evaporated under reduced
pressure. The residue was purification by flaslurmol chromatography eluting with
petroleum ether: ethyl acetate/ 3:1 to afford the tompound348 as a pale yellow oil

(1.05 g, 76%). Spectroscopic data in agreementtwéhiterature values’?

HRMS (+ESI)[MNa]* CoH160sNa requires 195.0992. Found 195.0992 (0 ppm error).

IR (neat, crit) vmax 2986, 2937, 2872, 2724, 1727 (CO), 1457, 14120138870, 1249,
1216, 1158, 1095, 1060, 856.

'H NMR (CDCk, 300 MHz)3y 4.12-4.05 (1H, tJ 1.2 Hz, G4=0), 4.11-3.99 (2H, m,
CHO and G4H'0), 3.50 (1H, ddJ 7.2, 6.9 Hz, CH'0), 2.25 (2H, dtJ 7.2, 1.2 Hz,
CH,CH=0), 1.60-1.28 (4H, m, 18, x 2), 1.38 (3H, s, B3), 1.32 (3H, s, E3).

3C NMR (CDCk, 75 MHz) 3¢ 202.5 CO), 109.2 €), 76.0 CHO), 69.6 CH20), 44.0
(CH,), 33.2 CH,), 27.3 CH3), 26.0 CHs), 18.7 CH,).
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(+/-)-Ethyl (2E)-6-(2,2-dimethyl-1,3-dioxolan-4-yl)hex-2-enoate

Following generaprocedure 6 aldehyde348(0.99 g, 5.76 mmol) in dry THF (5 mL)

was reacted with sodium hydride (60&w in mineral oil; 276 mg, 6.91 mmol) and
triethyl phosphonoacetate (1.55 g, 6.91 mmol) iy THF (40 mL). The residue was

purified by flash column chromatography eluting lwgetroleum ether: ethyl acetate/
5:1 to afford the title compourg9 as a pale yellow oil (1.15 g, 82%).

HRMS (+ESI) [MNa]® CisH20sNa requires 265.1410. Found 265.1408 (1.0 ppm

error).

IR (neat, crit) vmax 2985, 2937, 2870, 1721 (CO), 1655 (C=C), 1458913369, 1267,
1212, 1193, 1163, 1057, 1049, 982, 854.

'H NMR (CDCE, 300 MHz)&, 6.92 (1H, dt,] 15.4, 6.9 Hz, B=CHCO,EY), 5.80 (1H,
dd, J 15.4, 0.9 Hz, CH=BICO,EY), 4.16 (2H, g,) 7.2 Hz, OG1,CHs), 4.12-4.01 (1H,
m, CHO), 4.01 (1H, ddJ 7.2, 6.6 Hz, GH'0), 3.49 (1H, dd,J 7.2, 6.6 Hz, CHI'O),

2.23 (2H, dt,J 6.9, 6.8 Hz, €&,CH=CHCQEY), 1.67-1.43 (4H, m, B, x 2), 1.39 (3H,
s, (Hs), 1.33 (3H, s, €3), 1.27 (3H, t,) 7.2 Hz, OCHCHy).

%C NMR (CDCE, 75 MHz) 3. 167.0 CO), 148.9 CH=CHCOEt), 122.1
(CH=CHCO,Et), 109.2 €), 76.1 CHO), 69.9 CH.0), 60.6 (QCH,CHs), 33.3 CH,),
32.4 CHy), 27.3 CHs), 26.1 CHs), 22.6 CH>), 14.6 (OCHCH,).
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(+/-)-(2E)-6-(2,2-Dimethyl-1,3-dioxolan-4-yl)hex-2-en-1-ol

Following generaprocedure 3 a solution of compoun849 (1.04 g, 4.31 mmol) in dry
CH.Cl, (5 mL) under an atmosphere of nitrogen was reaate?0°C with a 1 M
solution of DIBAL-H in hexanes (12.92 mL, 12.92 mijnfmr 45 minutes. The residue
was purified by flash column chromatography elutiwgh petroleum ether: ethyl
acetate/ 1:1 to afford the title compouwDas a colourless oil (630 mg, 73%).

HRMS (+ESI) [MNa]® CyiH»gOsNa requires 223.1305. Found 223.1305 (0.3 ppm

error).

IR (neat, crit) vmax 3401 (OH), 2986, 2935, 2865, 1670, 1457, 1438913371, 1249,
1216, 1156, 1086, 1059, 1002, 971, 859.

'H NMR (CDCk, 300 MHz) &; 5.66-5.62 (2H, m, B=CHCH,OH and
CH=CHCH,0H), 4.07-3.99 (4H, m, BO, CHH'O and (H,OH), 3.49 (1H, tJ 7.1 Hz,
CHH'O), 2.10-2.03 (2H, m, B), 2.00-1.98 (2H, m, B,), 1.55-1.40 (2H, m, B,),
1.39 (3H, s, El3), 1.34 (3H, s, E3), OH not observed.

3C NMR (CDC}, 75 MHz) 3¢ 132.9 CH), 129.8 CH), 109.1 C), 76.3 CHO), 69.8
(CH,0), 64.0 CH,OH), 33.3 CH,), 32.5 CHy), 27.3 CHa), 26.1 CHs), 25.6 CH).
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(25,35, 7R)-6-(2,2-Dimethyl-[1,3] (2535, 79-6-(2,2-Dimethyl-[1,3]
dioxolan-4-yl)-3-methyl-hexane-1,2- dioxolan-4-yl)-3-methyl-hexane-1,2-
diol diol

~a v o Ve
O - O ~ -
OH \/\/\/\‘/\OH

CH OH
(25,3S,7R)-351 (25,3S5,79)-351

Following generalprocedure 5 epoxy-acetal345 (166 mg, 0.77 mmol) under an
atmosphere of nitrogen was reacted with a 2 M mwlubf trimethylaluminium
(2.30 mL, 4.60 mmol) in dry C¥l, (6 mL) for 1.5 h at -26C. The residue was
purified by flash column chromatography elutinglwptetroleum ether:ethyl acetate/ 1:3
to afford the title compoun®51 as a colourless oil (104 mg, 58%) and as an

unseparable mixture of both diastereoisomers.

HRMS (+ESI) [MNa]® Ci-H24:04Na requires 255.1567. Found 255.1562 (1.8 ppm

error).

IR (neat, crit) vmax 3401, 2982, 2935, 2869, 1647, 1456, 1382, 13720,18249, 1216,
1160, 1063, 982, 958, 861, 666.

'H NMR (d-DMSO, 300 MHz)3&y 4.41-4.19 (1H, m, BO), 4.08-3.79 (1H, m,
CHH'0), 3.45-3.05 (4H, m, CH'O, CH,OH, CHOH), 1.61-1.10 (7H, m, B, X 3,
CH), 1.29 (3H, s, E3), 1.24 (3H, s, E3), 0.80 (3H, d,J 6.5 Hz, Gi5), OH not

observed.
“C NMR (ds-DMSO, 75 MHz)dc 108.1 C), 75.8 CHO), 75.4 CHO), 69.1 CH;0),

63.8 CH.0), 35.5 CH), 33.9 CH,), 31.5 CH,), 27.2 CHa), 26.0 CHs), 23.4 CH,),
16.1 CHa).
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(25,35 7R)-8-tert-Butoxy-3-methyl- (25,35 79)-8-tert-Butoxy-3-methyl-
octane-1,2,7-triol octane-1,2,7-triol
HO Me HO Me
% OM % SN T
OH OH
(2S,3S,7R)-352 (2S,3S,79)-352

Following generalprocedure 5 epoxy-acetal345 (166 mg, 0.77 mmol) under an
atmosphere of nitrogen was reacted with a 2 M mwlubf trimethylaluminium
(2.30 mL, 4.60 mmol) in dry C¥l, (6 mL) for 1.5 h at -26C. The residue was
purified by flash column chromatography eluting hwgetroleum ether: ethyl acetate/
1.3 to afford the title compoun852 as a colourless oil (50 mg, 26%) and as a

unseparable mixture of both diastereoisomers.

HRMS (+ESI) [MNa]® CisH2s04Na requires 271.1880. Found 271.1878 (0.8 ppm

error).

'H NMR (CDCk, 300 MHz) 8y 3.72-3.35 (6H, m, B,0H, CH,Ot-Bu, CHOH x 2),
3.20-2.90 (3H, brs, B x 3), 1.63-1.27 (7H, m, &, x 3, CH), 1.19 (9H, s, El5), 0.85
(3H, d,J 6.9 Hz, GHa).

13C NMR (CDC}, 75 MHz) 8¢ 76.4 CHO), 76.3 CHO), 74.4 C), 71.9 CHO), 71.8
(CHO), 65.6 CH,0), 65.5 CH,0), 64.9 CH,0), 36.3 CH), 36.2 CH), 33.9 CHy),
33.0 CH>), 29.0 CH3), 23.1 CHy), 15.7 CHa), 15.6 CHa).
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(2R,3S7R)-2-[3-(2,2-Dimethyl- (2R,3579-2-[3-(2,2-Dimethyl-
[1,3]dioxolan-4-yl)-propyl]-oxetan-3-o0 [1,3]dioxolan-4-yl)-propyl]-oxetan-3-o0

CH OH
(2R,3S,7R)-353 (2R,3S,75)-353

To a solution of epoxy-acet@45 (103 mg, 0.47 mmol) in Cil, (2 mL) under an

atmosphere of nitrogen was added at °GOboron trifluoride etherate (67 mg, 0.47
mmol) followed by a 2 M solution of trimethylalumim in heptanes (0.71 mL, 1.42
mmol) and the reaction mixture was stirred for 3utes at this temperature. The
reaction mixture was quenched with water (2 mL) antew drops of concentrated
hydrogen chloride, diluted with GBI, (5 mL), partitioned between water and
dichloromethane and the aqueous layer was furtttescted with dichloromethane (3 x
5 mL). the combined organic extracts were dried $Kg, filtered and concentrated
under reduced pressure. The residue was purifiedasih column chromatography
eluting with petroleum ether: ethyl acetate/ 1:lafford the title compoun853 as a

colourless oil (30 mg, 29%) and as an unseparabitira of both diastereoisomers.

HRMS (+ESI) [MNa]® CiiH»0OsNa requires 239.1254. Found 239.1253 (0.4 ppm

error).

IR (neat, crit) vmax 3403, 2992, 2930, 2863, 2243, 1458, 1439, 1381018256, 1212,
1153, 1099, 1068, 1047, 910, 731.

The title compound was obtained as a mixture of drastereoisomers. The following
was observed:

'H NMR (CDCk, 300 MHz)dy 4.21-3.20 (14H, m, H-3, H-4, H-8, H-9, H-10), 200
1.30 (14H, m, H-5, H-6, H-7, ), 1.40 (3H, s, H-1), 1.39 (3H, s, H-1), 1.36 (3HH-
1), 1.35 (3H, s, H-1).

13C NMR (CDCF, 75 MHz) 1* diastereoisomesc 109.8 (C-2), 75.8, 73.1, 73.0 (C-4,
C-8, C-9), 67.6, 63.9 (C-3, C-10), 27.1 and 25.81J(26.5, 26.3, 18.5 (C-5, C-6, C-7).
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2" diastereoisomefic 109.7 (C-2), 78.9, 78.6, 78.5 (C-4, C-8, C-9)26B6.5 (C-3, C-
10), 28.1, 27.4, 22.8 (C-5, C-6, C-7), 27.0 and@ 26-1).

(2R,3R,79)-1-(6+ert-Butoxymethyl- (2R,3R,7R)-1-(6-tert-Butoxymethyl-
tetrahydro-pyran-2-yl)-ethane-1,2-dig

tetrahydro-pyran-2-yl)-ethane-1,2-dig
6 6 4

10 7 3, 1 10 7l 3, L

>9<08H0H2 OH >9<08|54on OH

CH OH

(2R,3R,79)-354 (2R,3R,7R)-354

Following generalprocedure 5 epoxy-acetal345 (300 mg, 1.39 mmol) under an
atmosphere of nitrogen was reacted with a 2 M wswlubf trimethylaluminium
(2.08 mL, 4.17 mmol) in dry C}&l, (5 mL) for 7 days at -28C. The residue was
purified by flash column chromatography eluting lwietroleum ether: ethyl acetate/
1:2 to afford the title compound54 as a colourless oil (40 mg, 12%) and as an

unseparable mixture of both diastereoisomers.

HRMS (+ESI) [MNa]® CisH240sNa requires 255.1567. Found 255.1573 (2.5 ppm

error).

IR (neat, crit) vmax 3401, 2964, 2924, 2868, 1458, 1442, 1385, 136%6,12231, 1196,
1114, 1085, 1048, 1031, 877.

'H NMR (CDCk, 500 MHz)&, 3.96-3.90 (1H, m, H-7), 3.90-3.84 (1H, m, H-3)/3.
3.59 (4H, m, H-1, H-2, H-3), 3.28 (1H, dd5.7, 2.8 Hz, H-1), 2.87 (1H, § 4.0 Hz,
OH), 2.06 (1H, d,J 4.0 Hz, ®H), 1.80-1.50 (6H, m, H-4, H-5, H-6), 1.21 (9H, s1H).

3C NMR (CDCE, 125 MHz)3¢c 73.3 (C-9), 72.9, 72.4, 71.9 (C-2, C-3, C-7), 6515
(C-1, C-5), 27.5 (C-10), 26.5, 26.0 (C-4, C-7),8L&-5).
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(2R,3559)-4-[2-(3-Hydroxymethyl-oxiranyl)-ethyl]-2,2-dimeyth-oxazolidine-3-

carboxylic acidert-butyl ester

“\\Q
VNG NS N
e) K OH
)VN Boc

355

To a suspension of freshly activated 4 A powderedenular sieves in dry Gi€l, (2
mL) under an atmosphere of nitrogen was added &J-p' mg, 0.11 mmol) followed
by titanium isopropoxide (5 mg, 0.11 mmol) and a 4.35 M solutidntert-butyl
hydroperoxide in CkCl, (74 pL, 2.0 mmol) at -36C and the reaction mixture was
stirred for 45 minutes at this temperature. A sotutof 357 (46 mg, 0.16 mmol) in
CH,Cl, (1 mL) was added and the reaction mixture wasestiat -25°C for 1 day. The
solution was warmed to C, a saturated solution of ferrous sulphate wasa@dthe
resulting mixture stirred for 30 minutes at’C and partitioned between water and
CH.Cl, and the organic layer was further extracted witH,@, (4 x 5 mL). The
combined organic extracts were dried (Mgp@ltered and evaporated under reduced
pressure. The residue was purified by flash colurhmomatography eluting with
petroleum ether: ethyl acetate/ 1:1 to afford the tompound355 as a pale yellow oil
(27 mg, 57%).

[0]o>? = 5.1 (CHC}, 0.6).

HRMS (+ESI)[MNa]® CisH,/NOsNa requires 324.1781. Found 324.1779 (0.8 ppm

error).

IR (neat, crit) vmax 3419, 2979, 2930, 2871, 1695, 1677, 1481, 14583,18313, 1257,
1208, 1174, 1092, 1049, 847, 770.

'H NMR (300 MHz, CDC}) 3 4.00-3.54 (5H, m, 8,0, CH and (H,OH), 3.02-2.86
(2H, m, AHOCH and CHOG@l), 2.05-1.99 (1H, m, BH"), 1.92-1.77 (1H, m, CH’),
1.68-1.38 (17H, €3 x 2, O((H3)3, CH2), OH not observed.
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3C NMR (75 MHz, CDCJ) 3¢ 152.7 €O), 94.2 and 93.7Q), 80.7 and 80.0Q), 67.1
(CH,OH), 62.3 and 61.90H.0), 58.3 CH), 57.2 CH), 56.2 CHNBoc), 30.5 and 29.8
(CHy), 28.8 CH3 x 3), 28.5 CH,), 27.1 and 26.4GHs), 24.8 and 23.5GQH>).

(2E,69)-4-(5-Hydroxy-pent-3-enyl)-2,2-dimethyl-oxazolidifrB-carboxylic acidert-

butyl ester

357

Following generaprocedure 3 a solution of este371 (110 mg, 0.34 mmol) in Ci€l,

(5 mL) under an atmosphere of nitrogen was reaate80°C with a 1 M solution of
DIBAL-H in hexanes (0.81 mL, 0.81 mmol) for 45 mias. The residue was purified
by flash column chromatography eluting with petoofe ether: ethyl acetate/ 1:1 to

afford the title compoun@57 as a colourless oil (53 mg, 54%).

[0]o?® = 21.1 (CHCY, 2.3).

HRMS (+ESI) [MNa]® CisH,/NOsNa requires 308.1832. Found 308.1829 (0.9 ppm

error).

IR (neat, crit) vmax 3416, 2980, 2936, 2863, 1694, 1672, 1476, 14583,18313, 1258,
1208, 1175, 1148, 1090, 1021, 972, 846, 806, 769.

'H NMR (300 MHz, CDC)) o4 5.64 (2H, m, EI=CHCH,OH and CH=GICH,OH),
4.10-3.66 (5H, m, 8,0, CH and H,OH), 2.11-1.94 (4H, m, B, x 2), 1.60-1.33
(16H, O‘|3 X 2, O(G"g)g, OH)

3C NMR (75 MHz, CDCJ) 8¢ 152.7 CO), 132.1 CH), 130.1 CH), 94.0 and 93.6Q),
80.5 and 79.9Q), 67.2 and 66.9GH,0), 63.8 CH,), 57.4 and 57.2GH), 33.3 and 32.4
(CH,), 29.3 CH,), 28.8 CH3 x 3), 27.1 and 26.60H5), 24.8 and 23.6QH-).
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(29)-4-(3-Hydroxy-propyl)-2,2-dimethyl-oxazolidine-3aboxylic acidtert-butyl ester

Following generalprocedure 4 a solution 0f362 (5.0 g, 22.83 mmol) in C}l,
(50 mL), p-toluene sulfonic acid (434 mg, 2.28 mmol) and daethoxypropane (2.7
mL, 22.23 mmol) under an atmosphere of nitrogen esged under reflux for 2 h. The
residue was purified by flash column chromatographyting with petroleum ether:
ethyl acetate/ 1:1 to afford the title compous®B as a colourless oil (3.45 g, 58%).
Spectroscopic data in agreement with the literatatees"!

[a]p%® = 29.8 (CHCY, ¢ 1.3)

HRMS (+ESI)[MNa]® Ci3HosNOsNa requires 282.1676. Found 282.1660 (5.6 ppm

error).

IR (neat, crit) vmax 3436, 2979, 2939, 2871, 1693, 1479, 1456, 1392),18315, 1258,
1207, 1175, 1148, 1087, 1030, 845, 769.

'H NMR (500 MHz, CDCJ) &y 4.00-3.61 (5H, m, B,0C, CH, CH,0H), 1.83 (1H, brs,
OH), 1.65-1.32 (10H, m, B, x 2 and Gz x 2), 1.46 (9H, s, B3 x 3).

3C NMR (125 MHz, CDGJ) & 152.9 and 152.400), 93.6 and 93.2Q(CHs),), 80.2
and 79.5 C), 66.9 CH,0), 62.3 and 62.10H,0H), 57.1 CH), 30.0 and 29.5GH.),
29.3 and 28.9GH.), 28.4 and 28.3 (@Ha3)s), 27.5 and 26.7QH3), 24.5 and 23.2
(CHa).
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(29-(4-Hydroxy-1-hydroxymethyl-butyl)-carbamic adielrt-butyl ester
H O/\;/\/\ OH

Following generaprocedure 7, a solution of este363 (10.23 g, 37.2 mmol) in EtOH

(150 mL) under an atmosphere of nitrogen was tdelayesodium borohydride (11.26 g,
297.7 mmol) at 6C and the reaction mixture was stirred for 2 tit temperature and

for a further 2 days at RT. The crude oil was dis=t with EtO and petroleum ether

was added in order to induce the crystallisatidre $olid was filtered and washed with
petroleum ether to afford the title compouR as a white solid (5.9 g, 72%). Data in
agreement with literature valugg”

m.p.: 62-63C

[0]o?? = -13.6 (CHCY, ¢ 2.1).

HRMS (+ESI) [MNa]® CigH.:NOsNa requires 242.1363. Found 242.1351 (5.0 ppm

error).

IR (nujol, cm') vmax 3344, 1680, 1530, 1367, 1315, 1299, 1252, 11674,10005, 989,
902, 871.

'H NMR (300 MHz, CDCY) & 5.03 (1H, brs, M), 3.70-3.11 (7H, m, B,0H x 2, CH
and QH x 2), 1.70-1.33 (4H, m, I8, x 2), 1.42 (9H, s, B3 x 3).

13C NMR (75 MHz, CDCY) 3¢ 156.9 CO), 80.0 €), 65.4 CH,0), 62.6 CH,OH), 52.6
(CH), 29.1 CH,), 28.8 CH3 x 3), 28.3 CH,).
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(29-2-tert-Butoxycarbonylamino-pentanedioic acid dimethykest
M 602C\/\/C02M €

KlHBoc
363

To a solution 0f369 (10 g, 50.66 mmol) in C¥€l, (60 mL) was added triethylamine
(21.2 mL, 151.98 mmol), water (10 mL) and BOc(12.16 g, 55.72 mmol) and the
reaction mixture was stirred for 20 h at RT. Thact®n mixture was partitioned
between water and dichloromethane and the aqueyes Was further extracted with
CH.ClI; (3 x 30 mL). The combined organic extracts welieddl(MgSQ), filtered and
concentrated under reduced pressure. The residige pwdfied by flash column
chromatography eluting with petroleum ether: ethgktate/ 1:1 to afford the title
compound363 as a pale yellow oil (12.8 g, 92%). Data in agreetrwith literature

values®®

[0]o?® = 13.7 (CHCY, ¢ 1.8)

HRMS (+ESI)[MNa]® Ci,H,iNOgNa requires 298.1267. Found 298.1238 (9.7 ppm

error).

'H NMR (300 MHz, CDCJ) & 5.10 (1H, brs, M), 4.39-4.27 (1H, m, B), 3.74 (3H, s,
CO,CHs), 3.67 (3H, s, CGCH3), 2.44-2.37 (2H, m, B,CO,Me), 2.33-2.11 (1H, m,
CHH"), 1.97-1.87 (1H, m, CH’).

%C NMR (75 MHz, CDC)) 8¢ 173.6 CO), 173.1 CO), 80.4 ), 53.2 CH), 52.8
(CHs3), 52.2 CH3), 30.4 CHy), 28.7 CHs x 3), 28.2 CH,), (CO of Boc group not

observed).
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(29-2-Amino-pentanedioic acid dimethyl ester hydractie
MeOZC\/\/C02Me
Kle .HCI
369

To a flask containing MeOH (100 mL) was added dnspwhionyl chloride (24.8 mL,
339.90 mmol) at -36C. L-Glutamic acid364 (10 g, 67.98 mmol) was added in one
portion and the reaction mixture stirred at RT I6rh and concentrated under reduced
pressure. Triturating the viscous oil with acetosmed diethyl ether induced the
crystallisation of the product. The title compouB69 was then recrystallised from
acetone and diethyl ether and isolated as a wbiig @3.77g, 77%). Data in agreement

with literature value&®®

m.p.: 92-93C

[a]p™ = 24.3 (HO, ¢ 0.6)

HRMS (+ESI[MH]* C;H14NO, requires 176.0923. Found 176.0903 (11.4 ppm error)

IR (nujol, cm") vmax 2014, 1728, 1638, 1606, 1589, 1416, 1348, 12347,11045, 994,
974, 953, 918, 889, 849, 806, 768, 747.

'H NMR (300 MHz, CDCJ)) & 8.92 (2H, brs, M), 4.33 (1H, brs, €), 3.81
(CO,CH3), 3.66 (CQCH3), 2.86-2.28 (4H, m, B, x 2).

13C NMR (75 MHz, CDCJ) 8¢ poorly soluble in CDGI
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(29-2,2-Dimethyl-4-(3-oxo-propyl)-oxazolidine-3-carbgic acidtert-butyl ester

To a solution 0858(3.0 g, 11.58 mmol) in Cil, (50 mL) and DMSO (15 mL) under
an atmosphere of nitrogen was addesNEB.1 mL, 57.92 mmol) followed by S®y
(9.2 g, 57.92 mmol) at 6C and the reaction mixture was stirred for 1 hha$ t
temperature. The reaction mixture was then panttibbetween ether and water and the
aqueous layer was further extracted with diethileet(3 x 50 mL). The combined
organic extracts were washed with brine (50 mL)iedlr(MgSQ), filtered and
concentrated under reduced pressure. The residige pwdfied by flash column
chromatography eluting with petroleum ether: ethgktate/ 4:1 to afford the title
compound370 as a colourless oil (2.46 g, 83%). Spectroscopta th agreement with

the literature valugs’

[o]o?! = 19.9 (CHCY, ¢ 1.2)

HRMS (+ESI) [MNa]® Ci3H.3NOsNa requires 280.1519. Found 280.1500 (7.0 ppm

error).

IR (neat, crit) vmax 2980, 2937, 2877, 1725, 1694, 1479, 1455, 1396718309, 1258,
1207, 1175, 1150, 1084, 1053, 846, 770.

'H NMR (CDCE, 300 MHz)&, 9.77 (1H, brs, €0), 4.00-3.65 (3H, 8,0, CH), 2.52-
2.43 (2H, G1,CHO), 2.02-1.82 (2H, m, I8,), 1.59 (3H, s, €l3), 1.55 (3H, s, El3),
1.46 (9H, s, €3 X 3).

13C NMR (CDCE, 75 MHz)3c 202.0 (CHO), 80.7G-acetal), 80.0G-Boc), 67.4 CHy),
57.0 and 56.7GH), 40.9 CH,), 28.8 CHs x 3), 28.0 CHa), 27.1 CHy), 26.3 CHs3),
24.8 CHa).
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(2E,69)-4-(4-Ethoxycarbonyl-but-3-enyl)-2,2-dimethyl-oxaiine-3-carboxylic acid

tert-butyl ester

Following generaprocedure 6 aldehyde370 (2.0 g, 7.78 mmol) in dry THF (10 mL)
under an atmosphere of nitrogen was reacted sodyamnde (60%w/w in mineral oil,
375 mg, 9.34 mmol) and triethyl phosphonoaceta@(8, 9.34 mmol) in dry THF (30
mL). The residue was purified by flash column chatography eluting with petroleum
ether: ethyl acetate/ 4:1 to afford the title conmnpeb371 as a colourless oil (1.78 g,
70%).

[a]p* = 23.6 (CHCY, ¢ 1.3)

HRMS (+ESI) [MNa]® Ci7HogNOsNa requires 350.1938. Found 350.1927 (3.0 ppm

error).

IR (neat, crit) vmax 1980, 2937, 2874, 1717, 1693, 1479, 1455, 13883,18261, 1202,
1176, 1089, 1046, 986, 947, 853, 807, 769.

'H NMR (300 MHz, CDCY) &, 6.94 (1H, dtJ 7.1, 15.6 Hz, E=CHCO,EY), 5.83 (1H,
d, J 15.6 Hz, CH=GICO,EY), 4.16 (2H, g,) 7.0 Hz, CQCH,CHs), 3.97-3.88 (1H, m,
CHH'O), 3.84-3.68 (2H, m, 8 and CHH{’0), 2.28-2.10 (2H, m, B,), 1.81-1.62 (2H,
m, CH), 1.62-1.40 (15H, m, Bs x 2 and O(®s)s), 1.27 (3H, t,J 7.0 Hz,
CO,CH,CHa).

%C NMR (75 MHz, CDC)) &: 166.8 CO), 152.1 CO), 148.4 and 148.2
(CH=CHCGQEY), 122.3 and 122.0 (CH=CHGEY), 94.2 and 93.7Q), 80.6 and 80.1
(C), 67.1 and 67.0QH,), 60.6 (CQCH,CHs), 57.5 and 56.9QH), 32.3 and 31.7GH.),
29.2 CH,), 28.8 CHs x 3), 28.0 CH3), 27.1 CHs), 24.8 CHs), 23.5 CHs), 14.6
(CO,CH,CHb).
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(2R,35,69)-6-(1,2-Dihydroxy-ethyl)-3,3-dimethyl-tetrahydrq52dioxa-3a-aza-azulen
4-one
o)

\/L >a OH
N

o) OH

372

Following generalprocedure 5 epoxy-acetal355 (133 mg, 0.44 mmol) under an
atmosphere of nitrogen was reacted with a 2 M swiubf AlMe; (0.66 mL, 1.33

mmol) in dry CHCl, (2 mL) for 24 h at -20C. The residue was purified by flash
column chromatography eluting with dichloromethamethanol/ 1:20 to afford the title

compound372as a colourless oil (40 mg, 37%).

[0]o?® = -13.5 (CHCY, ¢ 0.9).

HRMS (+ESI)[MNa]® CiiH1gNOsNa requires 268.1155. Found 268.1152 (1.4 ppm

error).

IR (neat, crit) vmax 3381, 2982, 2934, 3884, 1660 (C=0), 1409, 13756713323,
1292, 1253, 1238, 1208, 1157, 1080, 1055, 1039, 8&3%, 748.

'H NMR (CDCk, 500 MHz)3y 4.49-4.40 (1H, m, BOCO), 4.08-3.95 (2H, m,lgH'O
and GHN), 3.84-3.69 (3H, m, CH'O, CHOH, CHH'OH), 3.59 (1H, dd,J 7.8, 7.5 Hz,
CHH'OH), 2.08-1.74 (4H, m, B, x 2), 1.60 (3H, s, B3), 1.53 (3H, s, €3).

3C NMR (CDC}, 125 MHz)&¢c 152.7 €O), 96.0 C), 78.7 CHOH), 73.2 CHOCO),
68.8 (CH,0), 62.7 CH,OH), 55.8 CHN), 26.4 CH.), 25.5 CH.), 24.6 CHs), 24.4
(CHs).
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(+/-)-2+tert-Butoxycarbonylamino-3-hydroxy-propionic acid mdtkegter

NHBoc

HO.
COMe

387

To a solution ofb,L-serine methyl ester hydrochlorid86 (5.0 g, 32.14 mmol) in
CH.Cl; under an atmosphere of nitrogen was added traathiple (9.0 mL, 64.28 mmol)
followed by ditert-butyl dicarbonate (7.72 g, 35.35 mmol) and thetiea mixture was
stirred for 3 days at RT. The reaction mixture weashed with a 1 M solution of
hydrochloric acid (30 mL), followed by a saturatedlution of sodium hydrogen
carbonate (30 mL), dried (MgSQJ filtered and concentrated under reduced pressure
The residue was purified by flash column chromaipgy eluting with petroleum ether:
ethyl acetate/ 1:1 to afford the title compou®l7 as a colourless oil (5.74 g, 82%).
Spectroscopic data in agreement with the literatatees*®!

HRMS (+ESI) [MNa]® CoH;:70sNNa requires 242.0999. Found 242.0996 (1.0 ppm

error).

IR (neat, crit) vmax 3397, 2979, 2886, 1739, 1716, 1705, 1516, 14539,14393, 1368,
1349, 1288, 1249, 1215, 1165, 1062, 1029, 979,824,852, 780, 760.

'H NMR (CDCk, 300 MHz)&y 5.60 (1H, d,J 7.2 Hz, NH), 4.38-4.27 (1H, brs, &),
3,91 (1H, ddJ 11.0, 2.4 Hz, H'OH), 3.81 (1H, dd,) 11.0, 3.6 Hz, CH), 3.72 (3H,
s, CQCHba), 3.27 (1H, brs, @), 1.40 (9H, s, €3 X 3).

3C NMR (CDCk, 75 MHz) 8¢ 171.9 CO), 156.2 CO), 80.6 C), 63.6 CH.), 56.1
(CH), 52.9 (CQCHj3), 28.6 CHs x 3).
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(+/-)-2,2-Dimethyl-oxazolidine-3,4-dicarboxylic acB-tert-butyl ester 4-methyl ester

\/L‘NBOC

ol
CO,Me
388

Following generaprocedure 4 a solution of amino alcoh@87 (4.76 g, 21.73 mmol)
in toluene (40 mL), 2,2-dimethoxypropane (5.35 mi&3.47 mmol) andp-
toluenesulfonic acid (380.mg, 2.0 mmol) under ancsphere of nitrogen was heated
under reflux for 2 h. The residue was purified ash column chromatography eluting
with petroleum ether:ethyl acetate/ 2:1 to affdrd title compoun®88 as a colourless

oil (3.6 g, 68%). Spectroscopic data in agreemétht the literature valug’®®

HRMS (+ESI)[MNa]® Ci-H,;0sNNa requires 282.1311. Found 282.1308 (1.2 ppm

error).

IR (neat, crit) vimax 2980, 2932, 2882, 1759, 1744, 1707, 1533, 147583,14438, 1391,
1288, 1267, 1250, 1205, 1174, 1094, 1063, 105511946, 870, 848, 770, 659, 638.

(+/-)-4-Hydroxymethyl-2,2-dimethyl-oxazolidine-3+t@xylic acidtert-butyl ester

W\"NBOC

O\)\/OH

389

Following generaprocedure 7, a solution of esteB88 (1.0 g, 3.86 mmol) in EtOH

(5 mL) under an atmosphere of nitrogen was trebtedodium borohydride (292 mg,
7.72 mmol) and the reaction mixture was stirredRat for 12 h. The residue was
purified by flash column chromatography eluting lwgetroleum ether: ethyl acetate/
2:1 to afford the title compour2B9 as a white solid (733 mg, 82%). Spectroscopic data

in agreement with the literature valu&é!

m.p.: 39-40°C.
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HRMS (+ESI) [MNa]® Ci1H»:04NNa requires 254.1363. Found 254.1363 (0 ppm

error).

IR_(nujol, cm") vmax 3460, 1696, 1668, 1456, 1401, 1296, 1251, 1199111105,
1073, 1050, 1020, 857, 843, 767.

The title compound389 was obtained as a mixture of rotamers (M and nije T
following was observed:

'H NMR (CDCl, 300 MHz)&y 4.00-3.20 (5H, m, B,0H, CH,0, CH), 1.49 and 1.44
(15H, s x 2, El3 x 5).

3C NMR (CDCE, 75 MHz) 3¢ 154.3 €O, M and m), 94.4G, M and m), 81.4C, M),
80.4 (C, m), 65.6GH,OH andCH;0, M), 65.0 CH,OH andCH0, m), 59.7 CH, M),
58.7 CH, m), 28.7 CHs x 3, M and m), 27.5GHs, M), 27.0 CHs, m), 14.9 CHs, M),
23.3 CH3, m).

(+/-)-3-Hydroxy-2-(toluene-4-sulfonylamino)-propieracid methyl ester

To a solution obD,L-serine methyl ester hydrochlori@86 (5.0 g, 32.14 mmol) in dry
THF (100 mL) under an atmosphere of nitrogen wadeddtriethylamine (9.0 mL,
64.28 mmol) followed by tosylchloride (7.35 g, 3B.Bimol) and the reaction mixture
was stirred for 2 days at RT, filtered and conadett under reduced pressure. The
residue was purified by flash column chromatographyting with petroleum ether:
ethyl acetate/ 1:1 to afford the title compoud@D as a white solid (6.09 g, 69%).

Spectroscopic data in agreement with the literatatees

m.p.: 84-85°C.
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HRMS (+ESI)[MNa]® Ci1H150sNNaS requires 296.0563. Found 296.0559 (1.4 ppm

error).

IR_(nujol, cm") vmax 3490, 3273, 1747, 1406, 1310, 1288, 1228, 1216111133,
1091, 1067, 1026, 966, 912, 856, 820, 685.

'H NMR (CDCk, 300 MHz)8y 7.73 (2H, dJ 8.1 Hz,0-Ar-H), 7.27 (2H, dJ 8.1 Hz,
m-Ar-H), 6.15 (1H, dJ 8.0 Hz, NH), 4.11-3.95 (1H, m, B), 3.94-3.78 (2H, m, B),
3.55 (3H, s, C@CH5), 3.31-3.23 (1H, brs, B), 2.39 (3H, s, €l).

3C NMR (CDCE, 75 MHz) 8¢ 170.8 CO), 144.2 C-Me), 137.0 C-SO2), 130.1¢-Ar-
C), 127.6 (n-Ar-C), 64.0 CH), 58.0 CH), 53.2 (CQCHs3), 21.9 CHy).

(+/-)-2,2-Dimethyl-3-(toluene-4-sulfonyl)-oxazolik-4-carboxylic acid methyl este

WL\N/S\\

0
O\)\COZMe

391

Following generalprocedure 4 a solution of compound90 (1.0 g, 3.66 mmol) in
toluene (5 mL), 2,2-dimethoxypropane (0.90 mL, 7/32o0l) and pyridiniump-
toluenesulfonic acid (184 mg, 0.73 mmol) under smogphere of nitrogen was heated
under reflux for 6 h and stirred at RT for a furti2 h. The residue was purified by
flash column chromatography eluting with petroleether: ethyl acetate/ 3:1 to afford
the title compoun@91as a colourless oil (676 mg, 59%).

m.p.: 85-86°C.

HRMS (+ESI)[MNa]® Ci4H1dNOsNaS requires 336.0876. Found 336.0869 (2.2 ppm

error).
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IR (nujol, cm") vmax 1732, 1599, 1496, 1456, 1435, 1367, 1344, 1308312238,
1222, 1161, 1125, 1099, 1081, 1034, 1016, 1002, 838, 855, 824, 802, 666.

'H NMR (CDCk, 300 MHz)3y 7.74 (2H, dJ 8.1 Hz,m-Ar-H), 7.27 (2H, d,J 8.1 Hz,
0-Ar-H), 4.44-4.38 (1H, m, B), 4.10-4.00 (2H, m, B,), 3.59 (3H, s, C&CHj3), 2.40
(3H, s, Ar-C(H3), 1.68 (3H, s, €3), 1.55 (3H, s, E3).

3C NMR (CDC}, 75 MHz) 3¢ 171.3 CO), 144.1 (ArCMe), 138.0 (SGC), 129.9
Ar-C), 128.1 ¢-Ar-C), 99.3 ), 67.6 CH,), 60.4 CH), 52.9 (CQCHs), 28.0 CH3),
25.9 CHa), 21.9 (ArCHa).

(+/-)-[2,2-Dimethyl-3-(toluene-4-sulfonyl)-oxazoli4-yl]-methanol

Following generaprocedure 7, a solution of este8391 (575 mg, 1.84 mmol) in EtOH

(3 mL) under an atmosphere of nitrogen was trebtedodium borohydride (139 mg,
3.67 mmol) and the reaction mixture was stirredRadt for 15 h. The residue was
purified by flash column chromatography eluting lwgetroleum ether: ethyl acetate/
1:1 to afford the title compour22 as a white solid (322 mg, 61%).

m.p.: 57-58C.

HRMS (+ESI)[MNa]® CisH1gNOsNaS requires 308.0927. Found 308.0928 (0.2 ppm

error).
IR (nujol, cm®) vmax 3551, 1597, 1461, 1403, 1371, 1349, 1337, 12851,12238,
1207, 1146, 1097, 1012, 958, 937, 924, 839, 816, 887, 709, 682, 660.

'H NMR (CDCE, 300 MHz)& 7.20-6.92 (4H, m, AH), 3.93 (1H, app. t] 8.1 Hz),
3.78 (1H, ddJ 8.1, 5.4 Hz), 3.77 (1H, d,13.1 Hz), 3.50 (1H, d] 13.1 Hz), 3.43 (1H,
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d, J 13.1 Hz), (&0, CHO CH,OH), 3.22 (3H, s, Ar-B), 1.19 (3H, s, E3), 1.11
(3H, s, Ga).

3C NMR (CDCE, 75 MHz) 3¢ 173.4 C), 139.4 C), 129.2 (ArC x 2), 128.5 (ArC x
2), 127.5 (ArC), 96.7 €), 67.1 CH,0), 64.3 CH), 52.9 CH3), 52.3 CH,OH), 27.0
(CHa3), 22.7 CHba).

(+/-)-2-Benzylamino-3-hydroxy-propionic acid mettegter

¢

HN

HO.
COoMe

393

To a solution ofD,L-serine methyl ester hydrochloridé86 (1.0 g, 6.43 mmol) in
methanol (8 mL) under an atmosphere of nitrogen wwdded freshly distilled
benzaldehyde (750 mg, 7.07 mmol) followed by ty&imine (0.90 mL, 6.43 mmol)
and the reaction mixture was stirred for 1 h at Rffe reaction mixture was then cooled
to 0 °C and sodium borohydride was added portionwise @veeriod of 1 h. The
reaction mixture was diluted with a 3 M solution lydrochloric acid (5 mL) and
diethyl ether (20 mL), partitioned between wated alethyl ether, the organic layer
discarded and the aqueous layer basified with dojidrogen carbonate and further
extracted with diethyl ether (3 x 20 mL). The condd organic extracts were dried
(MgSQy), filtered and concentrated under reduced predsuaéord the title compound
393 (1.17 g, 87%) as an oil/solid. The title compoB88 was used for the next step
without further purification. Spectroscopic data agreement with the literature

valuest’®

HRMS (+ESI)[MNa]® C;1H1sNOsNa requires 232. 0944. Found 232.0940 (1.8 ppm

error).
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IR (neat, crit) vmax 3323, 3029, 2951, 2864, 1730, 1645, 1603, 14535,18201, 1174,
1135, 1055, 1024, 915, 747, 699.

'H NMR (CDCk, 500 MHz) &y 7.30-7.18 (5H, m, AH), 3.81 (1H, d,J 12.9 Hz,
CHH’Ph), 3.72 (1H, ddJ 10.8, 4,5 Hz, CH'OH), 3.68 (3H, s, C@CHj3), 3.66 (1H, d,
J 12.9 Hz, CHH’'Ph), 3.57 (1H, ddJ 10.8, 6.3 Hz, CH’), 3.37 (1H, ddJ 6.3, 4.5 Hz,
CH), 2.41 (1H, brs, €).

3C NMR (CDCk, 125 MHz)&¢c 173.9 CO), 139.5 C), 128.9 (ArC x 2), 128.7 (ArC
x 2), 127.7 (Ar€), 62.9 CH,OH), 62.2 CH), 52.6 (CQCHs3), 52.4 CH,Ph).

(+/-)-3-Benzyl-2,2-dimethyl-oxazolidine-4-carboxylacid methyl ester
4
O\)YO

OMe
394

Following generalprocedure 4 a solution of compoun@93 (7.49 g, 35.8 mmol) in
toluene (50 mL), 2,2-dimethoxypropane (5.29 mL,83t,mol) andp-toluenesulfonic
acid (1.36 g, 7.16 mmol) under an atmosphere obgéin was heated under reflux for 3
h. The residue was purified by flash column chrageiphy eluting with petroleum
ether: ethyl acetate/ 10:1 to afford the title connpd 394 as a colourless oil (929 mg,

10%). Spectroscopic data in agreement with thealitee value&.””

HRMS (+ESI) [MNa]® Ci4sH1gNOsNa requires 272.1257. Found 272.1253 (1.6 ppm

error).

IR (neat, crit) vmax 3449, 3086, 3063, 3029, 2951, 2886, 2850, 17396,14458, 1435,
1381, 1364, 1328, 1283, 1263, 1199, 1179, 10537,1925, 938, 912, 863, 844, 822,
748, 700.
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'H NMR (CDCk, 300 MHz)3y 7.35-7.10 (5H, m, AH), 4.09 (1H, dd,) 8.4, ,7.5 Hz,
CH), 3.95 (1H, ddJ 8.4, 5.4 Hz, €&H’), 3.93 (1H, d,J 13.8 Hz, GiH'Ph), 3.67 (1H, d,
J 13.8 Hz, CHH'Ph), 3.60 (1H, dd,) 7.5, 5.4 Hz, CH’), 3.82 (3H, s, CGCH3), 1.36
(3H, s, Gs), 1.27 (3H, s, E3).

13C NMR (CDC}, 75 MHz) 3¢ 173.4 CO), 139.3 ), 129.4 (ArC x 2), 129.1 (Ar€ x
2), 127.5 (Ar€), 96.7 C), 67.0 CH,0), 64.3 CH), 52.9 CH,Ph), 52.1 (CGCH3), 27.0
(CHs), 22.7 CHa).

(+/-)-2-(Benzyl-isopropyl-amino)-3-hydroxy-propianacid methyl ester

o7

HO\)\cone

396

Following generaprocedure 7, a solution of este394 (670 mg, 2.69 mmol) in EtOH

(5 mL) under an atmosphere of nitrogen was trebtedodium borohydride (204 mg,
5.38 mmol) and the reaction mixture was stirredl@f’C for 4 h. The residue was
purified by flash column chromatography eluting hwietroleum ether: ethyl acetate/
5:1 to afford the title compour2b6 as a white solid (31 mg, 5%).

HRMS (+ESI)[MNa]® Ci4sH,:NOsNa requires 274.1414. Found 274.1418 (1.7 ppm

error).

IR (neat, crit) vmax 3446, 3064, 3029, 2967, 2929, 2850, 2251, 1733514455, 1435,
1393, 1366, 1286, 1236, 1164, 1112, 1075, 1050, 232, 699, 648.

'H NMR (CDCk, 300 MHz) &y 7.31-7.15 (5H, m, AH), 3.90 (1H, d,J 14.4 Hz,
CHH'Ph), 3.80 (1H, d)J 14.4 Hz, CHH'Ph), 3.69 (3H, s, C&CHs3), 3.69-3.54 (3H, m,
CH, CHH’ and CHH’), 3.13-3.04 (1H, m, €(CHs)), 1.06 (3H, d,) 6.7 Hz, Gi3), 0.99
(3H, d,J 6.7 Hz, GH3), OH not observed.
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13C NMR (CDC}, 75 MHz) 3¢ 173.4 CO), 140.4 C), 129.0 (ArC x 2), 128.9 (Ar€ x
2), 127.5 (ArC), 60.3 CH), 59.9 CH,OH), 52.0 (CQCHs), 50.6 CH,Ph), 49.2
(CH(CHs),), 22.8 CHs), 18.0 CHa).
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Chapter 1

|NTRODUCTION

In the 1960’s, the two independent research groopsSondheimer and
Masamune were working on the chemistry of annuleraenocyclic polyenes).
Interesting observations were made regarding ttfemistry, which at the time were
not fully understood. These results were only ralsed a decade later, after the
publication of Bergman’s work on the formation @nzenoid biradical occurring upon
thermolysis of suitable constructed enediyne compsuSection 1.). His work
however did not gain full attention by the sciantéommunity and stayed an isolated
case of scientific curiosity until the isolation ehediyne antibiotics from bacteria, a
class of highly complex natural products with exaepal biological activities $ection
1.2). Their mode of action was based upon the diseesdéxy Bergman and proved to be
possible under mild, physiological conditions. Tdeéscoveries led to an effervescence
of work from scientists of all domains in order letter understand the phenomena
surrounding these enediyne antibiotics. From a ateyrpoint of view, this culminated
in the total syntheses of these challenging natprabucts, as well as synthetic,
computational and theoretical studies to understaeddriving forces of the thermal
Bergman reactionSection 1.3. This led to the design of mimics of these seeond
metabolites and also non natural enediynes (prgsdnwith anticancer properties. More
recently, this reaction proved to be feasible unatesto irradiation and novel photo-
activated enediynes started to emer§ecfion 1.4. Their further development could

find use as agents for the treatment of cancer wiked in photodynamic therapy.
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1.1 THE BERGMAN REACTION.

1.1.1ANNULENE CHEMISTRY .

1.1.1.1 Sondheimer.
Annulene chemistry started to emerge only in th€019 although benzene, the [6]-
annulene and cyclooctatetraene, the [8]-annulerfgs® synthesis was reported in
1911, were well known. As a result, the synthe$ithe next compounds of the series
was highly desired, with the aromatic annulenesigeif particular interest. Based on
the “(4n + 2)z-electrons rule”, also known as the Hickel's rulege next aromatic
compounds of the series, in accordance to the ieqsatwere the [10]- and [14]-
annulenes,1 and 2. However, due to proton interactions in these ammgs, the
planarity requirement for aromaticity cannot be awed [18]-annulen8 appeared to be
the first compound of the series to fulfil thiseul

Figure 1. [10], [14] and [18]-Annulenes.

[10]-Annulenel [14]-Annulene2 [18]-Annulene3

A landmark in annulene chemistry was the synthesishe [18], [24] and [30]-
annulenes by Sondheimer and co-workers in 1962.The synthesis of the [18]-
annulene3 was carried out by oxidative coupling of 1,5-hayaeB-ol 4 with cupric
acetate in pyridine, followed by reduction of thegargylic alcoholss with lithium
aluminium hydride. Dehydration of compoufidvith potassium bisulfate in acetic acid
and acetic anhydride and selective hydrogenatidgheficetylene bonds of macrocycle

7 using palladium on carbon afforded annul8ne 0.04% overall yieldgcheme )
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Scheme 1[18]-Annulene3 Synthesis.
HO

HO
OH Cu(OAc), py, KHSO,,
_ 40°C LiAH ;, THF N\  AcOH, Ac,0
0.12% after
3 steps
Il OH OH
= — HO —
4 HO 5 6 \
Hy, PA/C /]
32%
X
3 7

This was then followed by work on the [14]-annuleswed it was hoped that the
synthesis could be achieved by treatment of comp@innder basic conditiorts.*
However, when this compound was reacted with patas$iydroxide in methanol at
room temperature, the bicyclic systelfi was the major compound isolated. Under
harsher conditions i.e. when the mixture was heatader reflux, the tricyclic
compoundd ], 12 or 13 and14 were obtained (se&cheme 2.

Scheme 2Towards the Synthesis of [14]-Annulene.

/
== KOH, MeOH \ —

8

9 1% 10 15-20%
: CH,OH
KOH, MeOH, refiux O
& SO YRS
R
11 25% 12 R=OMe, R'=H5% 14 9%

13 R=H, R"=0OMe

It was postulated that bicyclic systdidwas an intermediate of the reaction and that the
formation of these tricyclic compounds occurredabgossible hydrogen transfer from
methoxide to the bicyclic systed0. As a result, aniorl5 was generated and was
subsequently protonated or reacted with formaldehgbducedin situ during the
reaction to give the tricyclic systeris and14 (seeScheme 3.

In addition, the formation of compounti and13 was explained by the direct attack of

methoxide onto bicyclic systefr.
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Scheme 3Proposed Mechanism.

H+
| :

1.1.1.2 Work by Masamune.
The group of Masamune was also interested in anauteemistry and particularly in
the synthesis of the ten-membered ring of the sElELO]-Annulene can exist in three
geometrical forms, structurd$-18 (Figure 2), which are all very reactive and proved

to be difficult to isolate.

Figure 2. [10]-Annulene.

. . .
16 17 18

In order to overcome these issues, the Masamung geported the use of modified
apparatus for the facile purification of unstabtempounds at temperatures below -
50°C. This included sublimation and chromatographyaaatus and are represented in
Figure 3.°

Figure 3. Techniques to Handle Compounds Below °G(f
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o
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oRY Nz—\ﬁ

LQuiD
N

PNl DRY ICE-
I ACETONE

d TEMPERATURE
: CONTROLLED
(T Te~COOLANT

LOW TEMPERATURE CHROMATOGRAPHY SUBLIMATION APPARATUS

In an attempted to synthesise 1,5-didehydro[10}sbeme derivatives, enediyd® was
reacted with potassium hydroxide in methanol. Tigaction gave also surprising
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results. Indeed, the tri and bicyclic systeisand 22 were isolated, witt22 being
obtained in a yield of 30-409&¢heme 4"

Scheme 4Towards the Synthesis of [10]-Annulene.

00
— —
= S —
s - OO
_

19 20

~ 22 30-40%

It was postulated that intermedi&@@ could be in equilibrium with the cumulene species
23, which could undergo a “Cope-like” reaction togafter rearrangement, compound

22. The proposed mechanism of the formation of comd@z2 is shown inScheme 5

Scheme 5Proposed Mechanism.

—— — =
o) — B —(C
S L —

20 23 22

1.1.2WORK BY BERGMAN.

1.1.2.1 Discovery of the 1,4-Benzenoid Biradical.
Bergman was interested in reactive 1,4-dehydroatiosjasuch as 1,4-dehydrobenzene.
He showed that when enediy®é was heated at 20 for 5 minutes, it could rapidly
convert into enediyn@6, giving a 1:1 mixture based on NMR analyssetfeme $.
When the crude material was treated under basidittoms, a 1:1 mixture of g,
species was obtained by mass spectrometry. Thi#t segygested that the formation of
enediyne7 and28 did not occur during the course of the reactiostife result, it was
postulated that the reaction occurred through dernmediate with aC, axis of

symmetry i.e. 1,4-dehydrobenze2teor commonly called 1,4-benzenoid biradical.
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Scheme 6 The Bergman Reaction.
D H
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In order to trap the biradical speci@5, this reaction was performed in a range of
solvents and usually with a concentration of tteetstg material lower than 0.01 M to
avoid polymerisatio®) The results obtained were the followirgcheme ¥: i, when
enediyne29 was heated in 2,6,10,14-tetramethylpentadecar@®@fC, formation of
benzene31 was observedi, when the reaction was carried out in tolueneheinyl
methane32 was the major product obtaineil, under similar conditions and in carbon
tetrachloride, the 1,4-dichlorobenzeB®8 was isolatedjv, finally, when the reaction
was performed in methanol, benze3teand benzyl alcohoB4 were isolated but not
anisole. The latter compound would have been obdaby reaction of methanalith
butalene35. Therefore, the results obtained were viewed tmest the formation of the

free biradicaBO.

Scheme 7Trapping the Biradical.

2,6,10,14-Tetramethylpentadecan@ 31

H |

Toluene

/
H | 7 200°%C,c<0.01 M © CH,Ph, 32
ccl

29 H 30

|
E: | MeOH © . QCHZOH
1 34

3

The radical nature of the intermediate was furtthemonstrated by Grissom and co-
workers when the biradical, generatedsitu from benzodiyne36 was trappedria a
double intramolecular &xo cyclisation onto twax,f-unsaturated esters (s&eheme
8).'% The biradical intermediate was formed using thegBmn reactiorof benzo-
diyne 36 in chlorobenzene at 23 and with 1,4-cyclohexadiene as hydrogen atom
donor. This tandem reaction could give access ttange of polycylic molecules and

was therefore a new methodology for ring annulation
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Scheme 8Trapping the Biradical.
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1.1.2.2 Masamune Revisited.
In view of this discovery, Bergman was able to axplthe results obtained by
Masamune's research grolip,when working on the synthesis of ten-membered
annulenesJection 1.). Formation of tricyclic syster2l could be rationalised by the
generation of benzenoid biradi@8, followed by hydrogen abstraction. In additiorg th
bicyclic system22 was obtained by the retro-Bergman reaction of iir@dical

intermediate38.

Scheme 9Masamune’s Work Explained by the Bergman Reaction

_ KOH, _ .
O@* O —0C0
= OMs == -
19 20 38
jRH j
\
+
—
21 22

In a similar manner, Sondheimer’s observatid®sheme ¥* ¥ could also be explained

by the formation of a biradical.

1.1.3CONCLUSION.

The formation of 1,4-dehydrobenzeB®, a biradical species, can be obtained by the
thermal rearrangement of 1,5-diacetylenes, whichses also their isomerisation
(Scheme . This reaction was discovered in 1972 by Bergnzard although did not
have any applications at the time, it had lateigaiicant impact on the understanding
of the mode of action of the enediyne antibioticl @on the design of exciting

anticancer agents.
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1.2ENEDIYNE ANTIBIOTICS .

1.2.1 ENEDIYNE ANTIBIOTICS | STRUCTURE, BIOLOGICAL ACTIVITIES, MODE OF
ACTION.

The enediynes are a family of secondary metabolitésch comprises for example,
calicheamyciny,' 39, esperamycin, dynemicin, neocarzinostatin and toidia
chromophores.

Calicheamyciny,' 39, isolated and structurally characterised in 198, been produced
by fermentation oMicromonospora echinosporssp.Calichensis a bacteria isolated
from chalky soil. It possesses a highly complexicttire, constituted of an enediyne

core, a trisulfide moiety and a sugar t&igure 4).'* '3

Figure 4. Structure of Calicheamycin' 39.

39
It is a highly potent antibacterial agent, whiclaiso active against murine tumors, such
as P388 and L1210 leukemias and solid neoplasn®) as colon 26 and B16

melanoma®® 4!

The mode of action of these metabolites can beritbesicas follows: upon binding with
DNA, the central sulfur of the trisulfide moiety astacked by a nucleophile to generate
a thiol or thiolate aniod0, which can undergo an intramolecular Michael addibnto
the a,f-unsaturated ketone to give compoudridScheme 10 This leads to a change in
geometry of the molecule (trigonal bridgehead teteagonal centre), which brings the
two triple bonds closer together. As a result, thelecule can undergo a Bergman
cycloaromatisation reaction and generate a higbhéctive benzenoid-1,4-biradicé®,
which can then abstract protons from the Dig&Heme 1™ As a result, this leads to
the cleavage of both DNA strands with specificity fhe 5’-TCCT-3’ and 5-TCTC-3’
residue sequences and consequently, leads to pemmmaamage of the genetic
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material™® Recognition for these specific residue sequenoeses from the sugar tail
and allows the molecule to bind selectively to thewor groove of DNA through
hydrophobic and electrostatic interactions (throhgtirogen bonding of the sugar side
chain with DNA). This was shown by competition expents with a minor groove
DNA binder, netropsin. When present, in this contipet experiment, the cleavage of
the DNA strands by calicheamyecjil 39 was reduced.

Scheme 10DNA Cleavage - Proposed Mechanism.

DNA

o
DNA DNA diradical—2,. double
strand

cleavage

1.2.2THE DISTANCE THEORY (NICOLAOU ).

As described in the previous sectioBe(tion 1.2.), the change in geometry of
calicheamyciny;' 39 (formation of asp® centre fromsp’ centre) could bring the
system in close proximity and consequently alloles Bergman reaction to take place.
Molecular mechanics calculations (MacroModel, MM&) compounds39 and 41
showed that thed distance reduced from 3.35 to 3.16 A and that dissance was
sufficient for the molecule to cyclise spontanegusit ambient temperatut!
Understanding the mechanism that forces enediynepoands to undergo a
cycloaromatisation is essential, and could prowdeful information for the design

novel enediyne antibiotics.
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Scheme 11Calicheamicin: Mode of Action.

In order to study the effect of the ring sizel distance) on the Bergman cyclisation,
Nicolaou and co-workers synthesised simple cyaiiedéynes50-56!*" Compound$0-
56 were synthesised from the corresponding chloroeed43-49 using the Ramberg-
Backlung reaction§cheme 12 Only the synthesis of the nine-membered cyglgtem

(n = 1) failed, and a mixture of compounds contagncyclised products from the

Bergman reaction were isolated.

Scheme 12Synthesis of the Target Enediynes.
cl

: > KO Bu or MeLi
0,S CH
S (CHan — 08006 20%-80% @CHz)n @D(cm)n

n=2-8 43-49 50- 56 57-63

The calculateatd distances (using MM2 program) are summarisedahble 1, as well

as the observations on the stability of the difiéi@mpounds. It was possible to check
the validity of the MM2 program by comparing thegicted value of thed distance to
that of the experimental data for enediydik (n = 3) using X-ray crystallography
analysis (enediyn&l was obtained as large colourless plates). Thauleaéd values
obtained with MM2 matched the experimental valumstle cd distance ¢d distance,
MM2 and X-ray, 3.61 A and 3.661 A respectively)dasiso for other geometrical
parameters of this compound. This validated theofiske MM2 software in predicting

the value of thed distance for the cyclic compoun88-56

Table 1 Calculatectd Distance: Effect on the Bergman Cyclisatith.

Compound n Ring Size cd (A) Stability
50 2 10 3.25 t;»= 18 h at 25C
51 3 11 3.61 Stable at 2&
52 4 12 3.90 Stable at 2&
53 5 13 4.14 Stable at 28
54 6 14 4.15 Stable at 28
55 7 15 4.33 Stable at 28
56 8 16 4.20 Stable at 25 °C
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The cd distance was also calculated using the MM2 prodi@mother compounds, of
whose cycloaromatisation reactions were previowglydied and published in the
literature Figure 5). In view of the results obtained, it was obsertleat the criticaktd
distance allowing the Bergman cycloaromatisaticactien to take place should be in
the range of 3.2-3.31AT@ble 2).

Figure 5. cd Distance Calculations for Known Compounds.

Table 2 cd Distance Calculations for Known Compounds.

Compound Ring Size  cd (A) Stability References
20 10 2.99 poBtaneous cyclisation [7]
64 10 3.01 Spontaneous cyclisation [7]
65 10 3.03 poBtaneous cyclisation [18]
39 10 3.35 alsle at 25°C [11, 12]
41 10 3.16 o8mmaneous cyclisation [11, 12]
29 - 4.12 Stable at 25 [8, 9]
66 - 3.94 Stable at 25 [8, 9]
67 12 3.77 alde at 25C [19]

Finally, DFT calculations by Schreiner showed titae cd distance allowing

spontaneous cycloaromatisation reaction could beneled from 3.4 to 2.9 B

1.2.3STRAIN THEORY (MAGNUS AND SNYDER).

Work by Magnus and Snyder showed that the cycloatisation was not always due to
a shortcd distancé?! Compounds$8, 71 and72 were synthesised and X-ray analysis
of compound$8 (trapped in a boat conformation) arkf)-oxime 72 showed that thed
distance of bicycle[7.2.1]-enediyd@ was shorter than that of compousfl However,

although enediyné’/l had the shortestd distance, its cycloaromatisation reaction

156



proved to be the most difficult (see rate constantScheme 13 It was then postulated
that the Bergman reaction was also controlled ey diiference in the strain energy

between the transition state and the ground state.

Scheme 13Rate of Cyclisation of Bicylo[7.3.1] and [7.2.ERediynes.
0

TBS @ TBS
Heat

68 cd=3.391 A 70 >70%
k(104°C) = 2.58 x 10s*

R
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- Heat
_—
—

71R=0 73(R 0) 74(R= 0), 73%
72R=NOHE) c¢d(72) =3.368 A
k(71, 124°C) = 2.08 x 10's*

\||

However, although this theory is correct, the “angte theory” proposed by Nicolaou
(seeSection 1.2.2 gained credibility from the scientific communitipe to its ease of

utilisation.

1.2.4APPLICATIONS : DESIGN AND SYNTHESIS OF NOVEL ANTICANCER ENEDIYNES.

As shown inTable 1 (Scheme 12 enediyne50 can cyclise at room temperature, but
possesses a half life long enough for the moleiube isolated and handled at ambient
temperature. Enediyri#) was consequently an ideal drug test candidategshwtould be
also easily modified and lead to the synthesisasehcompounds with DNA cleavage
ability. Indeed, modification of its skeleton anuroduction of alcohol groups could
make the molecules more water soluble (§able 3).2>%! These compounds could
also be further elaborated, by for example attactinoé “recognition and delivery

systems” and consequently could be used as a nlassl of anticancer agents.

Enediyne75 was one of the first unnatural enediynes, whichldaignificantly cleave

phage®X174 double-stranded super-coiled DNA without adgiives. The presence
of catalase, superoxide dismutase or EDTA, wherdigne 75 was exposed to the
DNA, did not prevent the DNA scission. This gavedewnce that the mechanism was
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not due to the presence of hydrogen peroxide, edMjuky or metals, but due to the direct
action of the compound on DNA itself.

Table 3. Novel Unnatural Enediyné&: 2!

Compound n Ring Size cd (A) Stability
75 - 10 3.20 ty,=11.8hat3?C
76 - 10 3.29 t;,=4hat50C
77 - 10 3.34 t,=2hat50C
78 - 10 3.42 Stable at 25C

Enediyne78 was stable at ambient temperature and also whatedet 100°C for
several hour¥” To lock the enediyne motifs, in such a way thattban undergo the
cycloaromatisation reaction, but only under cert@nditions or after activation, is an
ingenious approach towards the synthesis and douoitrbighly unstable compounds.
The additional strain increases the energy of fuesition state more than the energy of

the ground state, consequently raising the actimagnergy towards cyclisation.

A recent example of conformation control has besorted by Semmelhack and co-
workersi?® DFT calculations showed that enediyBe79, in a chair conformation,
would be more reactive towards the cycloaromatsateaction than enediyi 79, in

the boat conformationScheme 14 Thus, locking the system in a boat conformation
(for example molecul&1) could allow the synthesis of stable compoundsclwiipon
activation i.e. cleavage of the bridge, could fito a chair conformation and
consequently undergo the Bergman reaction (seadtheation energy values &/C-82
andB/C-83 predicted by DFT calculations).

Scheme 14ChairversusBoat Conformation.

slow fast
\ X

E, _229kca|mo% B-79 C-79 E,=18.8 kcal.mot cso
X
Y @\9% Wb% @?%
X
N % HO ¥ Con Z noV oy
81 O B-82 c-82 W B-83 c-83

E, = 24.6 kcal. mot E,= 17 kcal. mat E,= 23 kcal.mot E,= 17.3 kcal. mot
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In order to verify this hypothesis, which was basadmolecular mechanism analysis,
enediyne88 was synthesised in order to perform further kmetudes. The key step of
the synthesis was the macrocyclisation of interated5 between the aldehyde group
and the allyl bromide functionality and was perfednusing chromium (II) chloride
(Scheme 15

Scheme 15Key Step: Synthesis of Enediyne Locked in a C8ainformation.

CrCh, THF, RT
CHO 15-30%

1. MSC', NE§, BS
CH,Cl,, -20°C H

2. DBU, CHCl,, RT H
; 22 T AN N

35%

The kinetic studies of enediy®8 and of the compounds generated from the opening of
its bridge are summarised 8theme 16The following was observ&d:

- Enediyne88 proved to be stable at ambient temperature anlaifslife was
greater than 100 h at 7&. It was observed that no product from the cydomatisation
was obtained.

- Opening of the lactone ring of enediy@8 with sodium methoxide to give
enediyned0, led only to the isolation of the cyclised prodatt(t;,, < 2 h at RT).

- The disappearance of the enediyne motif duritgyaéduction of enediyn&s
using DIBALH in THF was monitored using UV technegu(enediyne unifinax 296
nm). It was found that the half life time of eneu#y92 was 43.5 minutes at 24%.
Reaction on a multi-milligram scale led to the &mn of the desilated compou®d

and was obtained in 20% yield.
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Scheme 16Half Life Time Study.
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Calculation of the free activation energies of conmmus88 (locked) andd2 (opened)
using the half life time data provided, were of&fl 22 kcal.mét, respectively. These
experimental values differed slightly from the poteld values (se&cheme 14
although the difference of energy between the tanfarmations was correbf! As a
result, it was proven that the conversion of thetemy from a boat to a chair
conformation upon activation could trigger the ogbmatisation reaction and
consequently, new enediynes could be designed basethese results, to further

optimise their reactivity profile.

Dynemycin A 95 belongs to the class of enediyne antibibfic.It contains as
calicheamiciny,' 39, a ten membered enediyne motif, which upon adtimagin this
case opening of the epoxide group which locks thedine core) can undergo the
Bergman reaction and form a 1,4-benzenoid birad@alFinally, the biradical produced
abstracts protons from the DNA and inflicts pernmngamage to genetic material,
which leads to the cell death (séeheme 17%or the mechanism of its mode of action).
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Scheme 17Mode of Action of Dynemicin A5,/
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Because of their structural complexities, which matheir syntheses extremely
challenging, and their high cellular toxicity, tleesatural products, although having
exceptional biological activities, cannot be usedumans without prior modification.

Designing mimics of these molecules gives the optd creating molecules with

simplified structures, i.e. easier to synthesisel ahso with improved biological

activities, i.e. less toxic and therefore compatibith their use in humans.

For example, mimics of dynemicin 95 could retain its enediyne core, as well as the
epoxide group, which serves to maintain the stghaf the molecule, prior to eliciting
its biological activity Figure 6). Protection of the nitrogen with an electron
withdrawing group, easily removable under mild cieahor physiological conditions,
could ensure the stability of the enediyne coreaaigh its deprotection could act as the
“triggering device” and initiate the Bergman cyclo@matisation reaction (see
compoundl01 in Figure 6). Similarly, substituents Ron the aromatic ring could be
used as a strategic position to activate the enediotif. R Groups on the aromatic
ring occupied a neutral position and could be lthke another molecule, which could
mimic, for instance, the role of the sugar chaicaticheamicir89 and serve to bind the
molecule to the DNA or RNA. Finally the jRand R groups could be used as

deactivator groups. Indeed,,Ras an electron withdrawing group could destabitise
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opening of the epoxide (formation of a carbocatiothea-position) and R, as benzene
or naphthalene, could adjust the reactivity oftiebenzenoid biradic&’”

Figure 6. Dynemicin A95 and Design Enediynes.

Dynemycin A Designing Mimics Lead Molecule

Ry, Ry: Initiators

Rs: Tether "delivery system"
R,: Deactivator

Rs: Deactivator/Detector

In view of these considerations, different mimic lecnles were synthesised and
biologically tested against leukaemia cell lifésCompound101-Im, with a sulfone
ethylene carbamate group on the nitrogen was orikeomost potent compounds and
was consequently further evaluated against a rahdamor cell lines. Of particular
interest, it should be noted that enedif@éd-Im was active against the T cell leukaemia

TCAF-DAX, a multiple drug resistant cell line. Thesults are summarisedTable 4.

Table 4. Cytotoxicities of Enediyn@01-Im Against Tumor Cell Line&!

Cell Type Cell Line IC5q[M] Cell Type Cell Line IC50 [M]
Melanoma SK-Mel-28 3.1x10° Lung carcinoma H-522 9.8 x 10°
Melanoma M-14 1.6 x 10° Lung carcinoma UCLA P-3 9.8 x 10°
Melanoma M-21 1.6 x 10° Pancreatic carcinoma Capan-1 3.1x10°
Colon carcinoma HT-29 1.6 x 10° T cell leukemia TCAF 1.1 x 10°
Ovarian carcinoma  Ovcar-3 7.8 x 10 T cell leukemia TCAF-DAX  17x10°
Ovarian carcinoma  Ovcar-4 7.8x10’ Myeloma RPMI-8226 7.7 x10°
Astrocytoma U-87 UG 7.8 x 10 Mouse leukemia P-388 4.6 x 10°
Glioblastoma U-251 MG 3.9x 10’ Mouse leukemia 1-1210 1.3x10°
Breast carcinoma ~ MCF-7 7.8 x 10’ Promyeocytic leukemia 1y o 3.6 x 101
Lung carcinoma H-322 3.9x 10’ T cell leukemia Molt-4 2.0 x 10"
Lung carcinoma H-358 2.0x 10’

Enediynel01-Im showed also a less toxicity towards normal cakkdi The results are

shown inTable 5.
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Table 5. Cytotoxicities of EnediyneM -101 Against Normal Cell Liné&”!

Cell Type Cell Line ICs0[M]
Bone marrow HNBM 5.0 x 10°
Human mammary epithelial cell HMEC 6.3 x 10°
Normal human dermal fibroblast NHDF 5.0 x 10°
Chinese hamster ovary CHO 3.1x10°

1.2.5CONCLUSION.

Although the Bergman cycloaromatisation reactiSedtion 1.2.}, discovered in the
1970’s, did not generate wide interest among thensic community, a tremendous
amount of work has been dedicated over the last®eades in order to understand the
mechanism, and the driving forces behind this egtng reaction. The renewed interest
in this reaction was due to the discovery of theedgyne antibiotics, such as
calicheamicin39 and dynemicin A95, a new class of highly potent antitumor agents
with a mode of action based on the Bergman readt@asible at ambient temperature.
Work on these challenging natural products led Mimo to propose the “distance
theory” in order to understand their reactiviBe¢tion 1.2.2. Shortly after, Magnus and
Snyder showed that the critical factor involved thre Bergman reaction was the
difference of strain energies between the groumbteamsition statesSection 1.2.3. As
result, unnatural enediynes, as well as mimics le#sé natural products, were
synthesised with removable “locks”, which upon \attion could damage the DNA by
double strand scissio®éction 1.2.4. This work has led to the emergence of intergstin
anticancer prodrugs, which have been shown to gklyhiefficacious in cell based

tumors.
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1.3ELECTRONIC EFFECTS ON THE BERGMAN REACTION .28
|

1.3.1ACTIVATION AT THE ALKYNIC POSITION.

Due to the repulsive-n interaction between the two triple bonds, the Beag reaction
requires a large activation energy in order to peakc Introducing suitable substituents
at the alkynic, or vinylic positions could loweretlactivation barrier and consequently
permit the reaction to occur under milder reactionditions. As a result, understanding
the electronic effects of the Bergman cycloaronagéits reaction could provide useful
information on how to modulate the reactivity oé tharent biradical species. This could
therefore be used for the design of new biologycalitive enediynes. Schmittel and
Kiau showed that the introduction of an electrotheiawing substituent at the alkynic
positions could reduce the electronic density efitfbond and consequently lower the
energetic barrier of the reaction, which could assult proceed under slightly milder

conditions Scheme 1%
Scheme 18Substituent Effect at the Alkynic Position.
R
9 ;
- (
240°C
cyclohexa-1,4-diene
% diphenylether O
® :
R

T(°C) forty, = 71 min

R =0OMe 102 R=0OMe 105 25% 286
R=H 103 R=H 106 80% 280
R=NO, 104 R=NG, 107 15% 250

This effect has also been observed in the casgatit @nediynes (seScheme 1%

The presence of the hydroxyl grouapo that of the triple bond (enediyt@®8) increased
the rate of the cycloaromatisation reaction. Thélla time of this compound was also
diminished when electron-withdrawing group (ketonecompoundl110) was present.
Reduction of the half life time was also observed dnediynell2 with an hydroxyl

group in thes position.
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Scheme 19Effect of Electron Withdrawing Group on Cyclic &diynes.
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electron-withdrawing groups has been reported bthémy and co-worker€Y It was
observed that the presence of halogen atoms imdlgylinic positions facilitated the
reaction Scheme 2) By using this methodology, it was possible tathgsise acenes
116 a class of linear fused aromatic hydrocarbonsesé&€hpolymers can be used as

organic conductors and have been investigatedmili@ physical chemistry area.

Scheme 20Synthesis of Acenes.
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1.3.2ACTIVATION OF THE VINYLIC POSITION.

1.3.2.1 Vinyl Substitution.
Substitution at the vinyl position can influenceeagty the rate of cycloaromatisation.
Jones and co-workers studied the Bergman reactiomiree and ten-membered
enediynes bearing chlorine substitudffisit was hoped that the inductive donor,
coupled with the electronegativity of halogen atorosild lead to interesting results.
Enediynesl123 124 and 129 were synthesised by using an intramolecular caden

coupling method §cheme 2L Due to their instability, the compounds were
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subsequently reacted with dicobalt octacarbonyirater to mask the triple bonds. The
reverse reaction could be achieved using tetrasmylonium fluoride.

Scheme 21Synthesis of Enediynd5-126

w~ = CHO PCkLpy, —==—CHcl, LHMDS,
CHCl, X HMPA, 30 70%
“—=—=—CH,0H 70-80% “—=—=—CHLCl a5°C

117-118 119-120 121-122 123-124
/COZ(CO)G
—_— Cl /\ -
s | Coy(CO)g>90% j
= TBAF >95% =C
123-124 125-126C0(C0)

Substitution of the double bond with chlorine atopmeved to reduce the rate of the
Bergman reaction. Cycloaromatisation of nine-memtbegnediynel23 had a half life
time of 8 h at 0°C, although the half life time of the correspondimgsubstituted
compound could not be measured due to its rapictivitg."” Similarly, addition of a
second chlorine atom increased the stability odgme 129 even more. The half life
times for these two compoundk24 and129, were 5 h at 66C and 24 h at 176C,

respectively $cheme 22

Scheme 22 Effect of Halogen Substitution on the Bergman IGgomatisation
Reaction.

Heat

' ) Cl
123 1,4-cyclohexadiene <:|©/ 127 t;,= 8 h, 0°C
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Calculation of thecd distance of enediyne24 and 129 using molecular modeling
(PM3) showed no difference of this distance (3.208nd 2.297 A, respectively and
3.293 A for the unsubstituted ten-membered enedliyifeese results demonstrated that

Cl

Cl

Cl

Al

cl

the extra stabilisation, obtained by the substitutof the double bond by chlorine
atoms, was due to electronic effects and not becaisthe geometry of these

compounds$®!
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Three hypotheses were made in order to explairethesults; first, the presence of the
halogen atom increased the activation barrier,redlgpthe barrier of the retro-reaction
(ring opening of the 1,4-benzenoid biradical) isvéo and third, the 1,4-benzenoid
biradical is more stable to hydrogen abstractiash @nsequently the reverse reaction is
again favoured.

Chen and Logan showed by computational studies ttfeatbiradical species, in the
triplet state, was a better hydrogen abstractar the biradical in the singlet statd.As

a result, increasing the gap between the singlettaplet state could slow the rate of
hydrogen abstraction.

Wentholdet al. determined the experimental value of the eneffgthe singlet-triplet
gap by using ultraviolet photoelectron spectroscaybenzyne anion8! The p-
benzynel32 was generated in the gas phase reaction of 4itryisdylphenyl anion

131and molecular fluorine g

Scheme 23Preparation of 4-Trimethylsilylphenyl Anion.
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It was found that the energy gap between the diragid triplet stateAE(ST) was 3.8
kcal.mol'. Jones and Warner showed using DFT calculatidra, the singlet-triplet
energy gap decreased in function of the numbealifigen atoms (chlorine or fluorine)
added at the vinyl positions of hex-3-ene-1,5-dijleTherefore, substitution of the
double bond with halogen atom increases the ratehydrogen abstraction.
Consequently, this could not explain the stabitifythe chlorinated enediynd24 and
129, and consequently the third hypothesis could lmimhted as an increased in
AE(ST) was required to show the increased stabitythe other hand, the calculations

showed that the barrier energy itself increaseduiystitution of the double bond with

halogen atoms. This therefore could explain thes@ee in stability observed.

Understanding the important role playedtadnde, donor and acceptor substituents on
the rate of cyclisation is essential to be ableftiwiently design new enediynes. Further

studies were performed and it was observeddftinor substituents tended to decrease
the cyclisation barrier whereaswithdrawing groups raised it. No apparent relagiup

however, could be drawn withh donor/acceptor groups and for example CHO or OH
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groups have no significant effect on the rate aflisgtion, contrary to the fluorine or
chlorine substituents. One possible explanatioridcba the interaction between an in-
plane halogen lone pair with the developing radggitre, which is orthogonal to the

aromaticr-system. However, work is still ongoing to expl#iese observations.

1.3.2.2 Annulation.
Annulation can be classified as a vinyl type substn and includes in particular
benzannulation and heteroarene fusion. The aaivanergy for the Bergman reaction
of aromatic enediynes was determined experimentglliinetic studies. It was shown
that enediynd 33had an activation energy of 25.1 kcal.Mjpwhich was slightly lower
than that of enediyn@9 (E. = 28.2 kcal.mot) and consequently cyclised more

rapidly3®!

Scheme 24Activation Energy.
Heat,

#  1,4-cyclohexadiene, =z
Pel | E, = 28.2 kcal.mot
% E,=25.1 kcal.mot N

133 134 20 N
However, other examples have been reported to demade a reverse reactivity! For

example enediyn&0 had a half life time of 18 h at 3°C, although the aromatic
version, enediyn@2, had a half life time of 24 h at 8€ (Scheme 25

Scheme 25Reverse Reactivity.

— Heat,
1,4-cyclohexadiene
50 57 tyo= 18 h, 37°C
\
— Heat,
1,4-cyclohexadiene
22 _ 21 t1,= 24 h, 84C
—

This difference in reactivity has been exploitedhia Bergman reaction of quinone and

hydroxyquinone type compounds (s&heme 2B Semmelhack and co-workers
showed that hydroquinori85 was stable towards the cycloaromatisation reactim
the other hand, quinong37, cyclised readily at low temperature. The reatti\of
compoundl37 was explained by the quinone having “a full doubtand character”.

The conversion of hydroquinone to quinovia a redox pathway can be available in

168



biological systems and could therefore serve asew triggering system for the

Bergman reaction to proceed under physiologicatiitimms =

Scheme 26Hydroquinone — Quinone: Redox Triggering System.
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Hirama et al reported that the cycloaromatisation rates ofzhenulated enediynes
were dependant on the concentration of the hydratgor, 1,4-cyclohexadief&!
This showed that the hydrogen abstraction stepkivetically more significant in the
case of benzannulated systems than in the parsteénsy, and that the “extent of
annulation” of the system directly affected theer&tr the limiting step. Hence it is
either that the benzo-fusion increases the ratheofetro-Bergman reaction and/or there
IS an increase in the energy gap between the siagtetriplet states, which resulted in

lowering of the rate of hydrogen abstraction.

Alabugin and co-workers showed that substituentb@mzannulated enediynes could
influence the rate of cycloaromatisation, with tr¢ho substituents having a greater
effect than the substituents at thara position®® Electron withdrawing substituents,
such as the nitro group were found to acceleraedte of cyclisation. This agreed with
the theory that electron-withdrawal could decreaserepulsion between the two triple
bonds. However, 2,3-diethynyl-1-methoxybenzene,ubsttuent having an electron
donating effect, had also a slight increased inrétte of cyclisation (twice that of 1,2-

diethylnylbenzene at 17AT), but no rationalisation was proposed for theseilts.

Finally, interesting results have been obtained wieteroarenes enediynes. Russell
al. reported the possible cycloaromatisation of @eaof enediynes containing nitrogen
atoms (compound$39-141 shown inFigure 7).° It was found that pyrimidind39
was extremely reactive and had an activation enefd6.1 kcal.mot. The activation

energies for pyridinel40 and quinoxalinel41l were of 21.5 and 33.6 kcal.nfol
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respectively. Therefore, these results can be f@sethe design of novel biological

active enediynes, as these molecules can be usedisemers

Figure 7. Bergman Cycloaromatisation Reactions of Hetertainediynes.

P _ OMe/
soioiN ey
— / ~
NT N N N MeO)\N A

141

139 140

1.3.3CONCLUSION.

Electronic effects can influence greatly the rafetlee Bergman reaction. It was
observed that substitution at the terminal alkypositions had more significant effects
than substitution at the vinyl positions. Sevetades showed the dependence of the
rate of the cyclisation reaction towards the cotregion of the hydrogen atom donor,
usually 1,4-hexadiene, and as a result, precawimuld be made when comparing
different rates of cyclisation; this problem candx@rcome by using a large excess of
the hydrogen atom donor. A second problem is thasomement of the half life time of
the reaction. This is usually achieved by monitgprihe disappearance of the starting
material and it is usually assumed that this occunly via the formation of the

benzenoid biradical.

Uckun and co-workers showed that reaction of emexil\33 with different sources of
hydrogen donors, 1,4-hexadiene, tetrahydrofuramprapanol, toluene, cyclohexane
and 3,4-dihydro-B-pyran led to the isolation of the cyclised produdhe cyclised
products with the hydrogen atom donor and also sicnally the starting material

containing the hydrogen atom donScheme 2.4
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Scheme 27Reaction of Enediyn&33with Different Hydrogen Donors.

R, .
= = H Atom Donor Product Yield (%)
 — OO + ©\//\ 1,4-Cyclohexadiene 134 36
SN R, 143a 31
143

133 134/142 R, Tetrahydrofuran 134 4
142b 2

143b 42

Isopropanol 134 26

Ry Rz Ry Ry 142¢ 1
143c 66

134 H H d H -CHPh Toluene 134 9
142d 10

X
a H @ O e H | —Me 142e 8
= 143d 24

O Cyclohexane 134 10

b H \Q fH @ 142f 5

o 143f 18
c H -C(CHg;),0OH g H / 3,4-Dihydro-2H-pyran 134 22
142g 15

Adduct-GH, 30
Adduct GH, 4

The formation of the latter compounds can be erpldias follows: the 1,4-benzenoid
biradical abstracts a proton from the hydrogen adlmmor, generating consequently its
radical. The solvent radical can then react with sharting material. The formation of
these compounds could therefore result in the meagtia faster apparent rate of

cyclisation if the studies are based on the disagree of the starting material.
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1.4PHOTO BERGMAN CYCLISATION .

1.4.1DEVELOPMENT OF NON NATURAL PHOTO-ACTIVATED ENEDIYNES.

Developing stable enediynes, which could generatebé&nzenoid biradicals upon
photo-irradiation and at ambient temperature owotylld be used in photodynamic
chemotherapy. This opens consequently the wayhrsynthesis of novel anticancer
drugs, which are able to inflict permanent damagBNA through sizing of the double
helix.

One of the first example of a Bergman cycloarona¢itis initiated by photo-irradiation
was reported in 1994 by Turet al.** *?’When a reaction mixture containing enediyne
144 was irradiated with a medium pressure mercury laroptaining a potassium
chromate filter solution (cutting off the wavelehgtbelow 313 nm), in benzene and
with diphenyl methanol as hydrogen atom donor ctireesponding cyclised addubt5
was obtained in 40% yiel&sCheme 28 In addition, enediyn&04, when irradiated in
2-propanol gave compountd5 which was similar to the compound obtained upon
thermal Bergman reactios¢heme 18 Reaction of compounti44in 2-propanol gave

the cyclised produd45as well as the reduced compourdib.1

Scheme 28Photo Bergman Cyclisation of Benzo-Enediyhé4 and104.

Z Hg lamp 213 nm X
Benzene,
144 % diphenﬁ(r)g/(jthanol (0.5 M) 145 QC
P Ph
Z Hg lamp 213 nm Ph
i-PrOH
104 % Ph 105 Ph

A range of benzoenediynes, compou2@s148 149 and 150, were later reported by
Funk and co-workers, to undergo photochemical @rdmatisation when irradiated
(Hanovia 450 W, RO, 18 h) in the presence of 1,4-cyclohexadiene€g@) Figure

8).¥ No reaction was observed for compoutid7. Of particular interest was
compoundl150, its cyclisation occurred in quantitative yield evhreacted at ambient

temperature under sunlight for 3 h in acetonitrile.
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Figure 8. Photochemical Cycloaromatisation.

22 15% 147 no reaction 14838%

IS

14982%

150 100%

Based on these results, synthesis of water solblecules was achieved and it was

shown that compouni51 could cleave DNA under photo-irradiati6H.

Figure 9. Water Soluble Enediyne.

Hirama and co-workers reported the photo cyclisatib non-benzenoid enediynéd.
Compoundsl52a/c were not reactive towards photo-cyclisation, exdep enediyne
152d which gave the corresponding cyclised prod68d in 71%. No reduced
products, as previously observed in the reactiobesizenoid enediyne, were observed.
In addition, ten-membered enediyb@ gave the corresponding cyclised prodbiét as

well as the product from the retro-Bergman reactcampoundL54.

Scheme 29Photo-Cyclisation of Non Benzenoid Enediynes.

= R R Yield (%)
254 nm R a Ph no reaction
TBS ’ TBS b TMS  no reaction
NV R c H 3%
152 "N R 153 d Me 71%

— = 21 154

@ 254 nm @O . O( Hexane 29% 6%

- Cyclohexane 26% 20%

== \\ Acetonitrile 12%  24%
57 154

50 i-Propanol 3% -
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Enediyne antibibiotics are known to cause douhblanst DNA cleavage. However, it
has been shown that the DNA cleavage was not mirffi¢co cause the cell death as
observed in cells treated with enediyff8sThis suggests the possible interaction of
these molecules with other targets in the cellacbahe study of the effect of enediynes
on proteins, which are the most abundant compobgdseight in cell$* It has been
shown that a model of the core of enediyne anidsosuch as enediynks5, could
cause extensive protein damage, for instance ieipoof cell membranes, tubulins and
histones Figure 10). The presence of thiol to activate the reacti@s wot necessary
and it was postulated that protein nucleophilegrotein thiols themselves could initiate

the Bergman reaction.

Figure 10. Core Model of Enediyne Antibiotics.

155

In order to understand the mechanism of degradatiqeroteins, radical reactions on
deuteriated amino acids were carried out and it sfaswvn that aryl radicals could
abstract deuterium from dideuteroglycine derivati{&

Under aerobic conditions, the radid&7 generated, can react with another stabilised
centred radical and hence cause dimerisattmméme 3}, cross-linking of proteins, or
react with molecular oxygen to give a peroxo-radi@0, which after rearrangement
gives compound$61 and162!”]

Under anaerobic conditions, radid&l7 can also react with the radical sourceo<give
compoundl59 A range of enediynes activated either thermailylooto-chemically,
were reacted with deuteriated glycib®6 and incorporation of deuterium was observed
in the corresponding cycloaromatised products. Remele of water soluble enediyne,
compoundl63 used in these experiments is drawnSicheme 30 In addition to the
cyclised products, cross linked glycid®8 (under anaerobic conditions), as well as
compoundsl61 and162 (when reaction was carried out under aerobic cangitwere

also isolated*’!
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Scheme 30Protein Degradation Pathways.
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In order to design enediynes aimed at targetingipgroteins, Jonegt al studied
first the Bergman reaction of a range of enediyativated upon photo-irradiati¢f!
The cycloaromatised products were isolated in Ieldy 9-21% Table 6). Contrary to

the Bergman thermal reaction, the compounds wehstiortercd distance were not the

most reactive.

Table 6. Irradiation of a Range of Enediynes.

Ph n  cd(A)  Yield (%)
= i-PrOH or Ph a 2 4941 0(0)
B 1,4-cyclohexadiene |, b 3 4.284 13 (13)
" c 4 4018 15(31)
X Ph d 4 4018 21(22)
1642t N, 165a-f e 5 3947 11(16)
f 6 3893 9(14)

! Yield based on recovered starting material

Based on these results, enediyh66-169were synthesised and it was shown that they

could cause damage to bovine serum albumin, histaneé estrogen receptor,

respectively Figure 11).1%>1

Figure 11 Targeting Specific Proteins.
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1.4.2CONCLUSION.

The photo Bergman reaction is another strategyctivede enediynes and could find
application in photodynamic therapy, which is cothe used to treat cancBf The
major advantages are that the reactions can béedaat ambient temperature and
below, and that the activation of the drugs cartitme controlled and performed by

selective exposure to cell permeable photons.
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1.5GENERAL CONCLUSION.

The Bergman cycloaromatisation reaction has pegnhitis to better understand the
mode of action of the enediyne antibiotics, and lek to the design of exciting
enediynes, whose inherent reactivity can be trigyghermally and also upon photo-
irradiation. This reaction has been over the y@ac®nstant source of inspiration for
scientists and still continues to give insight ithe mode of action or biosynthesis of
natural products. For example, it was recently pse that the biosynthesis of the
marine natural products, sporolides A and B, passgsmonochlorobenzene cores,
occurredvia a Bergman reaction’ The Parsons group also recently developed a novel
cyclisation reaction, based on the generation lofadical intermediate, and which can
be used to synthesise a range of natural prodsiats, as for example lactonamy€h.

55]

Finally, it should be noted that this discovery bagn followed by the development of
other reactions, based also on the generationratlibals. This includes for example,
the Myers-Sait6® and the SchmittBf! reactions, which involve the reaction of enyne-

allenes.
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Chapter 2

‘ ResuLTs& Discussion

The development of novel strategies provides thehggic chemists with the
means to synthesise interesting chemical structimgmarticular, tandem methodologies
can give access to molecules with high structucahmdexities from simple starting
materials and achieves this, by carrying out midtipteps in one single synthetic
operation. The Parsons group recently developedvalrtyclisation reaction, which,
similar to the Bergman reaction describedGhapter 1, could generate a biradical
species, which could, after being trapped withitable alkene, lead to the formation of
tricyclic molecules containing heterocyclic coresdSection 2.). As a result, we wish
to further investigate this novel reaction and d@yetandem reaction methodology
around it. This novel methodology would involve tBergman type reaction combined
with a Diels-Alder reaction to generate pentacyatmlecules, in one synthetic
operation from an acyclic precursor. Conseque@gtion 2.20f this chapter will deal
with the synthesis of the different precursors nemglifor this chemistry. The cyclisation
reaction will be studied irBection 2.3and the subsequent Diels-Alder reaction in
Section 2.4
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2.1PrREVIOUS WORK AND AIM WITHIN THIS THESIS.

2.1.1PREVIOUS WORK.

Previous work within the Parsons group toward tial tsynthesis of lactonamycirv(Q,
led to the development of a novel reaction for skiethesis of polycyclic heterocyclic
rings®®* %% One of the key steps in this work was a palladiemradical mediated
cyclisation reaction in order to construct the coféactonamycirl70. A model system,
endiynel71, was built in order to verify the validity of thisute. The strategy is shown

in Scheme 318

Scheme 31Lactonamycirl70and Model Systeri7 1

| OH N
©)l\/'\‘ o - OO (0]
Br ]F T™MS
171 T™MS

172

It was however observed that the desired reactodcoccur when model systeh71
was heated alone under reflux in toluene for 24d the desired tetracyclic compound
172 was obtained in 50% yield. Most interestingly, teaction was performed without
any metal catalyst, and in the presence of antaap] 1-epoxyhexene, the yield of the
reaction was improved to 76% (s€eheme 32 In addition, the cyclisation reaction
was also successful with other substrates andxample, the formation of furah74
from enediynel 73was observed under similar conditions in 90% yi&td®!

Scheme 32Preliminary Results.

OH
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[ | OH N
A N. _O Toluene, reflux, 24 h . o
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76%
Br I ’ ™S
171 TMS

172
N/
O/\/ | Toluene, reflux, 2 h
X._N_O -
Br 1-epoxyhexene ~ (0]
90% 0
—
f ™S

173 TMS 174
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It was first postulated that, due to the possiblenation of hydrogen bromide under the
reaction conditions, the reaction could be aci@lgaed and generate intermediaib.

The proposed mechanism is showistheme 33>

Scheme 33Acid Catalysed Mechanism.
/
N /
|§ ll\l o] H S N
q/\) \ ~ X O
I Q| ¢ TTms Q
. s G Tas
L+ TMS (s 4~ Br
173 175 176
- HBr
¥ |
N /
H o) N
f)/ \ NN (@]
Q | ¢ —TMs Q_
T™S
+Br
175 174

However, as shown previously 8cheme 32it was observed that the presence of an
acid scavenger, l-epoxyhexene, increased the yéldhe reaction. This result
consequently indicated that an acid catalysed nmesin@a pathway was likely to be
disfavoured. In order to verify this hypothesis ttyclisation reaction of compoudd7
was testedgcheme 34 In this particular case, the formation of acidsanot possible
during the reaction. Therefore if the reaction wacel catalysed then no product would
have been obtained. In fact, it was observed thatreaction was possible and that the
desired dihydrofurad78was afforded in 80% yield when the precursdv was heated

under reflux in toluene for 2 h (s€eheme 3% >°!

Scheme 340ther Preliminary Result.

N/
A
NZC  Toluene, reflux, 2 h ~ o
| 80% Q
I ™S

177 T™MS 178

Consequently, this result disfavoured an acid gatal mechanism for this cyclisation
reaction. In order to explain these observationa/as postulated that the reaction was
possibly initiated by the formation of a diene Hbical, generated from the two triple

bonds and that subsequent addition to the remaahidple bond was occurring. Work
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in order to determine the mechanism of this reactsostill on-going in the Parsons
group, but has not been the aim of this thesis. é¥®w the proposed mechanism of the

reaction will be discussed later onSection 2.3

2.1.2AIM WITHIN THIS THESIS.

As seen previously, this novel methodology giveseas to interesting tricyclic ring
systems containing both a furan and a lactam moiBbyfurther expand this novel
reaction developed within the Parsons group, weheads to investigate an
intramolecular Diels-Alder reaction to the furamgi generated during the initial
Bergman like step. If successful, this cascadetimaavould give access to a novel
methodology for the synthesis of pentacyclic dénes in one synthetic operation and
from an acyclic material. The cascade reaction Wetwished to studied is shown in
Scheme 35In addition, if this methodology is successftik possible aromatisation of

the central ring system could also be investigated.

Scheme 35Aim within this Thesis.

|
Br EtO,C

~ (e}
. Heat o | | -
SCyclisation = Tmg Diels-Alder
| reaction
179 180

CO,Et

Before attempting the cascade reaction shown irpteeious scheme, we decided to
look at the feasibility of both synthetic operasohe free alcohdl82 represented an
ideal substrate to test the first cyclisation asvas structurally similar to the final
precursorl79. Thus, if this cyclisation reaction was successdfel, if the formation of
the corresponding tricyclic compourd83 occurred, then the double bond would be
constructed by oxidation and olefination of themary alcohol to give compourikBO.
The Diels-Alder reaction would then be tested ois gubstrate. Finally, the target
molecule 179 could be synthesised from compoud82 by again oxidation and
olefination of the alcohol group. The strategy thvat wished to realise is described in
Scheme 36
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Scheme 36Strategy Employed to Test Both Steps Indepengentl
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2.2SYNTHESIS OF KEY PRECURSORS179AND 182.

2.2.1RETROSYNTHETIC ANALYSIS.

Retrosynthetic disconnection of the target preaqudstd, as shown inScheme 37
provides intermediate&84 and 185 Compoundl1l79 can be easily synthesised by
oxidation followed by a Horner-Wadsworth-Emmons ctia®® ® of deprotected
alcohol184 and the amide bond could be introduced by readfdahe amine with the
corresponding carboxylic acitiB5 Reaction of secondary alcoht87 and propargyl
iodide 188 can provide ethet84. Alcohol 187 can be synthesised by reactioneef
bromoacroleinl89 and the Grignard reagent of bromopentanol silyeet90. Finally,
propargyl iodide 188 can be obtained from the commercially availabd\e
methylpropargylamin@91 anda-bromoacroleiril89 from acrolein.

Scheme 37Retrosynthetic Analysis.

c?s
Nf o] Br Boc | |
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TMS
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189 190 187 188 191
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2.2.2SYNTHESIS OF THE PRECURSORS179AND 182.

2.2.2.1 Formation of Key Intermediate, Secondary Alohol 187.
The synthesis started by the monobromination otgresdiol 193 This reaction was
carried out using 48% aqueous hydrogen bromide dluehe at reflux and
bromopentanoll94 was afforded in 62% vyield after purification byash column
chromatography in order to remove the dibrominatesnpound®™ The primary
alcohol was then protected usingrt-butyldimethylsilyl chloride, imidazole in
dichloromethane to givel90 in 80% vyield®? Reaction of compound.90 with
magnesium turnings, or powder, in dry diethyl etlyenerated the corresponding
Grignard reagent, which was subsequently reacteth wibromoacrolein to give
secondary alcohdl87 in 60% vyield. It should be noted thatoromoacroleinl89 was
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synthesised by reaction of acrolei®2 with bromine in water and obtained in 56%
yield after purification by steam distillatid$!

Scheme 38Formation of Secondary Alcoht87.

QB HO 0
Br
192 189
60%
48% HBr, TBSCI, im., 187 OTES
HOM/OH toluene HOM/ Br CH2C|2 TBS% Br Mg, Etzo then189
62% 5 80%
193 194 190

2.2.2.2 Synthesis of Propargyl lodide 188.
I. Formation of Propargyl Alcohdl96.

N-Methylpropargylaminel 91 wasN-Boc protected using BgO in dichloromethane to
give compoundL95 in 83% vyield® Deprotonation of the acetylenic proton using a
2.3 M solution ofn-BuLi in hexanes at -78C in dry THF and subsequent reaction with

paraformaldehyde afforded propargyl alcoh®6in 80% Scheme 33

Scheme 39Synthesis of Propargyl Alcoh&P6.

Boc,0, n-BulLi,
~  CHYCI ~  (CHy0),, THF -
A N e~ N
/ H 83% ///\Boc 80% HO._“*"  Boc
191 195 19

ii. Formation of Propargyl lodid&88.

In order to synthesise eth&85 transformation of primary alcohol @B6into a leaving

group was required in order to be reacted with séany alcoholl87.

Scheme 40Conversion of the Alcohol Moiety into a Leavingdap.

\/\Boc — X\/\
197

X = OMs, OTs, Br, |
Reaction of propargyl alcoholl96 with MsCIl or TsCl with triethylamine in
dichloromethane did not lead to the isolation @& tfesired products. Attempts to form
the corresponding halides (X = Cl or Br) using £@1 PBg with pyridine in ether or
THF led only to the decomposition of the startingtemial’®” Under milder conditions,

using carbon tetrabromide, triphenylphosphine inFTHo reaction was observed and
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only the starting material was recovef&Under similar conditions but with the use of
a more nucleophilic phosphine, tris(dimethylamid@gphine, the corresponding
propargyl bromide was obtained in 56% vyield. Fororatof the corresponding
propargyl iodidel88 using iodine, triphenylphosphine, imidazole intkié ether led to
decomposition of the starting matetf&l.Finally, propargy! iodide.88 was obtained in
30% vyield using methyltriphenoxyphosphonium iodideDMF®" and in 60% vyield
using 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)phenylphosphine, tetrabutyl-
ammonium iodide in dichloromethane at RT and forn@@utes® This method was
the most reliable, fast and did not require anykags. In addition, the product was
easily purified by flash column chromatography. Tasults are summarised Trable

7.

Table 7. Transformation of the Primary Alcohol into a LeayiGroup.

Entry X Conditions Yield

[ OMs MsCI, EgN, CHCl> ?

i OTs TsCl, EgN, CHCI, ?

i Cl PCk, py, EtO Decomposition
\Y Br PBr;, py, EtO Decomposition
% CBra, PPh, THF/ELO No reaction

Vi CBry, HMPT, E:O 56%

Vii I l,, PPh, im., E&O Decomposition
viii Methyltriphenoxyphosphonium iodide, DMF 30%

IX DDQ, PP, TBAI, CH.CI, 60%
Discussion.

As seen previously, the best result was obtaineehwising DDQ, triphenylphosphine
and tetrabutylammonium iodide. The order of additaf the different reagents was
important and was performed as follows. To a sotutf DDQ199in dichloromethane
was firstly added triphenylphosphid®8 This generated intermedia200 as shown in
Scheme 41Then, tetrabutylammonium iodide was added to ¢laetron mixture and the
corresponding neutral speci281 was formed. Finally, the alcohol, which was added
last, displaced the iodide group to give intermidd202 The iodide ions could then
attack the alcohol group to give the correspondatide 188 Therefore, the driving
forces of the reaction are the aromatisation of DP@npound203 and the formation
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of stable triphenylphosphine oxi@®4. The proposed mechanism is showrStheme
4118

Scheme 41Proposed Mechanisf¥
!
+ _PP
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198 199 NC cl NC Cl /777X 1*
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200 OH 201 o PP
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188 204 NC Cl NC Cl
ONBu, ONBu,
203 202

2.2.3INTRODUCING THE PROPARGYLIC MOTIF.
2.2.3.1 Coupling of Propargyl Alcohol 196 with Secwlary Alcohol 187.

We first decided to investigate the coupling ofse&tary alcoholl87 with propargyl
alcohol196. In the literature, we found that Zhang and cokeos recently reported the
nucleophilic substitution of propargyl alcoholsngsia catalytic amount of iron chloride
in acetonitrilé® A wide range of nucleophiles could be used antuided for example
alcohols, thiols, amides and allyltrimethylsilarie.additions, in comparison to other
catalysts such as cobalt or gold, iron chloride wheap and required very mild

conditions, hence the interest in this reactionefample is shown i8cheme 42

Scheme 42Nucleophilic Substitution of Propargyl Alcohol idg Iron (111) Chloride.

OH FeCh (5 mol%), o
CH:CN, RT, 8 h
HO/\/\ LN, )
PM)\ + 2% PM)\
™S TMS
205 206 207

Unfortunately, when secondary alcoti®7 and propargyl alcohol96 were reacted
with a catalytic amount of iron (lll) chloride ircatonitrile, no desired produtB84 was
isolated. We observed by TLC analysis, the disapmea of propargyl alcohdl96 and

the possible decomposition of secondary alcai8al
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Scheme 43 Reaction of Secondary AlcohtB7 and Propargyl Alcohol96 with Iron
(1) Chloride.

OH FeCl (5 mol%), N
Br HO N CHCN, RT,16 h Br ~
+ N X
BocN._
OTBS OTBS
187 19 184

Simultaneously, a similar reaction involving theggon of a ketone with an alcohol
using iron (Ill) chloride (1 eq.) and triethylsikanin acetonitrile was carried out
following the literature proceduf® In order to test this methodology, cyclohexenone
208 was used as model system of secondary alch®ibl The reaction is described in
Scheme 44 However, it was unclear if the reaction had wdrles no desired product

209was isolated.

Scheme 44 Reaction of Cyclohexenor08 and Propargyl Alcohol96 Using Iron
Chloride and Triethylsilane.

0 FeCk (1 eq.), E4SiH, O/\/ Boc
@ HO/\ CHLCN, RT, 16 h ~
+ Y ( :
BocN__

ZAY

208 196 209

The use of dicobalt octacarbonyl was also examinexider to perform the coupling of
secondary alcohal87 and propargyl alcohal96. As seen inChapter 1, the cobalt
reagent can be used as protecting group of a toquhel (seescheme 21 They are also
able to stabilise carbocatiento the previously existing triple bond. This st has
been widely used in synthe$i8. After reaction, the triple bond can be regenerated
using for example ceric ammonium nitréffé.Thus, reaction of propargyl alcohb®6
with dicobalt octacarbonyl in dicholoromethane g#we corresponding produ2iOin

quantitative yield and as a deep red Sittfeme 45"

Scheme 45The Nicholas Reaction of Propargyl Alcol2dl0.

(CO),
0/Co
~ (CO)CH-~ ~
N C0,(CO)s, CH,CI N
Ho \/\ N %/W{ HO\)A/\BOC
196 0 210

Treatment of compoun®10 with boron trifluoride etherate in dichloromethane
followed by addition of secondary alcoht87 did not afford the desired produzil
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and only the cleavage of the TBS groupl8f7 was observed under these conditions
(seeScheme 452

Scheme 46Reaction of Compoun2ilOwith Secondary Alcohdl87.
(CO)XCQ—Co(CO),

(CO) oH O% NoC
CO BF3.0Et2, CH2C|2 Br ~
—————

OTBS OTBS
210 187 211

To conclude this section, the use of dicobalt aotaenyl was an excellent strategy.
However, a successful reaction would have requaretiange of protecting group. For
this reason we decided not to proceed and investigatead the coupling reaction of
secondary alcohdl87 with propargyl iodidel88 which was previously synthesised in
Section 2.2.2.2

2.2.3.2 Coupling of Propargyl lodide 188 with Alcobl 187.
As seen previously, reaction between alcoh8F and propargyl alcohol96 was
unsuccessful and a more classical approach wastigaged in order to form the ether
linkage. As a result, different conditions wereéesin order to couple alcohd87 with

propargyl iodidel88.

Scheme 47Formation of Ethet 84

OH o) |
B /\/NBOC
_ N/ + r Conditions ? Br
I\/Boc

OTBS OTBS
188 187 184

Reaction of propargyl iodid&88 with secondary alcohdl87 and sodium hydride in
THF led to the desired produd84 in low yield™® Using these reagents, different
reactions were carried out in order to improve yhedd of the reaction. The order of
addition of the reagents was investigated and tped of reactions were performed,
either the alcohol was first deprotonated with sodihydride and then iodidE88 was
added to the reaction mixture or sodium hydride wasctly added to a mixture of
alcohol 187 and propargyl iodidd.88 In addition, the time and reaction temperature

were investigated but the yield of this reactioayst still very low and on average
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around 15%. The product was difficult to separadenfthe unreacted starting materials

and several flash columns chromatography were sacg$o purify it.

Reaction with LDA in THF or silver triflate and p@#sium carbonate in
dichlorometharté” led to the decomposition of the starting materaisl no desired
products were isolated. No reaction was observdtreivhen using inorganic bases

such as sodium or cesium carbonate in acetoritiile.

Finally, the most successful results were obtaimdeen using sodium hydroxide,
tetrabutylammonium hydrogensulfate in dichloromathand water and the coupling
product 184 was isolated in 30% yiel@® This reaction condition was found when
trying to couple secondary alcoht87 with propargyl bromide (see followin§ection
2.2.3.3. This reaction was further improved and it wasgnio that reaction under neat
conditions at RT for 3 days gave the desired prodl@din 65% yield. All the reaction

conditions are summarisedTiable 8.

Table 8 Formation of Ethet84

Entry Conditions Yield and Observations
[ NaH, THF, reflux 15%

i LDA, THF Decomposition olL87

i AgOTf, KoCOs, CH.Cl, Decomposition 0l.88

v K2COs or CsCQ, CH;CN No reaction

v 50% NaOH, TBA(HSQ), CH,Cl, 30%

Vi 50% NaOH, TBA(HS(Q), neat 65%

2.2.3.3 Alternative Route.
Because of the difficulties encountered to gendfratgropargyl iodidé88 we decided
to investigate an alternative route for the synthes$ etherl84. Coupling of alcohol
187 with propargyl bromide212 (which is commercially available) and then
introduction the amine moiety using a Mannich rieaitt” were investigated. As can be
seen inScheme 48this route has several advantages. It shortenaumber of steps in
the synthesis and avoids the formation of proparggide 188 which requires three
steps to be synthesised and the use of expensiagents (such asN-
methylpropargylamind91 and DDQ198). In addition, there would be also no need to
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remove the Boc group and ami2d4 could be after a TBS deprotection, directly
reacted with the corresponding acid chloride teegive first target molecul#82 (see
Scheme 48

Scheme 48New Route: Etherification, Mannich Reaction amdide Formation.

M
OH o o/\rlxui
Br

Br Br

Br\/ + | === > |l 1 eeeeaa- >

OTBS OTBS OTBS

212 187 213 214

it
¥ Me
O |
Br T
\”)\kH T™MS
182 OH

Different reaction conditions were tested in orderperform the coupling reaction
between secondary alcoht®7 and propargyl bromid212 Thus, reaction with sodium
hydride in THF at reflux for 16 h gave ett2t3in 31%!"*! The use of phase transfer
catalysts was also examined. Consequently, reactioalcohol 187 with propargyl
bromide 212 50% aqueous sodium hydroxide, tetrabutylammoniaodide in water
afforded the corresponding produ&t4 in only 9% yield’® However, when reacted
with tetrabutylammonium hydrogensulfate, the destempound214 was obtained in
36% yield Scheme 49!™®

Scheme 49Reaction of Alcohol87 with Propargyl Bromid@12

OH 50% ag. NaOH, o N
Br TBA(HSOy), H,O  pr
= +
Br\// 36%
OTBS OTBS
212 187 213

Reaction of ethe213 with methyl amine hydrochloride, potassium hydmggrbonate,
aqueous formaldehyde (37&/w) and copper iodide in DMSO was attempted several
times, but no desired produfl4 was isolated after purification by flash column

chromatograph{/”? The reaction is described Stheme 50
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Scheme 50Mannich Reaction.

Cul, MeNH,.HC|, |
0N CH,0 (37%wiw). o/\ NH
Br KHCO; DMSO  Br
— %

OTBS OTBS
213 214

It should be noted that the amine moiety could hbgen introduced by reductive
amination. However, this required four additionaips (formation of propargyl alcohol,
oxidation to the aldehyde, reaction with methylagniand reduction to give the
corresponding amine) and use of relatively stroogddions (strong bases suchras
BuLi), which could not have been employed due te tklative sensitivity of the
molecule. Therefore, this route was abandoned la@gtevious one was scaled-up in

order to supply more material for the subsequesst

2.2.4FORMATION OF KEY PRECURSOR 182.

In order to achieve the synthesis of precur$8g, the TBS and Boc groups were
required to be removed. It was hoped that cleawhdmth protecting groups could be
achieved simultaneously by using TFA in dichloronaete. Following work carried out
within the Parsons grodp: * after reaction with TFA, the free amine could tihewve
been reacted without any purification with a sugascid chloride in the presence of
triethylamine to afford the first key precursdB2 Unfortunately, after reaction of
compoundl84 with TFA in dichloromethane for 18 h, followed leyaporation under
reduced pressure and subsequent reaction of the cnaterial with triethylamine and
the acid chloride of compourkB5, no desired product was obtained. The acid ctdorid
was generateth situ by reaction of trimethylsilanylpropynoic aci@5, oxalyl chloride

in dichloromethane and with a drop a DME A large excess of triethylamine was
added to the crude ami2d5 before addition to the acid chloride thus form@dcause
this reaction was unsuccessful, it was thereformdee to proceed stepwise in order to

synthesise amide82

Scheme 51TFA Deprotection Followed by Amide Formation.

o/\ | o/\ | | HOC="TMS185 | |
X__NBoc “X__ NH| (COCl),, DMF, /\N 0
Br TFA, CH,C, B Et;N, CH,Cl, Br
TFA X I
184 OTBS L s OH | 180 OH TMS
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Consequently, deprotection of the silyl group welsieved with TBAF in THF and the
free alcoho216 was afforded in 74% yield. Removal of the Boc grovas carried out
using concentrated hydrogen chloride (5 equiva)eimtsdichloromethane to afford
amine215in 87% yield, after reaction with potassium cardtenand purification by
flash column chromatography. Removal of the Boaigroould also be achieved using
a 2 M solution of hydrochloric acid in diethyl etrend the amin@15 was obtained in
similar yield. Finally, reaction with the corresming acid chloride formeeh situ by
reaction of carboxylic acid85 with oxalyl chloride and a catalytic amount of DNt
dichloromethane afforded the desired prodi82in 76% yield™* >°!

Scheme 52Formation of Precursdi82

| | conc. HCI, |
O/\/ O/\/ CH2C|2, then O/\/
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2.2.5FORMATION OF FINAL PRECURSOR179.

In order to synthesise the final precursor, difeunsaturated ester group had to be built
up from the free alcohdl82 This transformation could be achieved by oxidawb the
alcohol moiety to the corresponding aldehyde, fe#ld by reaction with a phosphorus
ylid using the Wittig reactioff” As a result, oxidation of alcoh@B2 under the Parikh-
Doering condition$® (SOs;.py, DMSO, EfN, CH,Cl,) did not afford the corresponding
aldehyde217 and only the starting materidB2 was recovered. Aldehyd2l7 was
obtained using the Dess-Martin periodinane in didrhethane and in 80% yield
(Scheme 53"

Scheme 530xidation of Alcoholl82

O/\/ l O/\/ l
Br oS N ~O Dess-Martin periodinane gy S N0

| | CH,Cl,, 0°C, 1 h | |
80%
182 OH TMS 217 _0 TMS
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Olefination of aldehyde217 was carried out using triethyl phosphonoacetaté an
sodium hydride in THE® ®® However, we observed the loss of the TMS grougndur

the reaction and compoud8isolated in 30% yield§cheme 54

Scheme 540lefination and Loss of the TMS Group.

o\ | (EtO),P(O)CH,CO,E, O/\ I
Br SN0 NaH, THE, 0°C then gy SNUN0
30%
™S
217 O 21 |

CO,Et
Finally, due to the lack of material, the final puesor was obtained using a one pot
procedure and by reaction of alcoti82 with the Dess-Martin periodinane and the
corresponding phosphorus ylid in dichlorometh&MeThe final intermediatd 79 was
obtained in 42% vyield.

Scheme 55Synthesis of the Final Precurgafo.

o | o |
. /\/N O Dess-Martin periodinane, . /\/N o
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2.3RESULTS: CYCLISATION REACTIONS.

2.3.1PRELIMINARY RESULTS.

Having both precursors in hand, compoufhd8 and182 we decided to investigate the
cyclisation reaction using the conditions develoga@vious within the Parsons
group® %% Thus, reaction of precursdi82 with 1-epoxyhexene (10 equivalents) at
reflux in toluene for 3 h afforded the correspomdinran183in 53% yield on a 50 mg
scale. On a larger scale (230 mg), the yield ofrdaetion was slightly improved and

compoundl83was isolated in 76% yield.

Scheme 56Cyclisation of Compouni82

/\/ Toluene, 1-epoxyhexene, @)
reflux 3h
6% T™MS

HO 183

Compound179 was reacted under similar condition on a 15 mdescd NMR
spectrum of the crude material showed the preseheefuran peak at 7.24 ppm and
hence the formation of furatBO. However, no Diels-Alder produdB1 was observed,
and due to the small scale of the reaction, ndipation was carried out.

Scheme 57Cyclisation of Target Precursdv9.

N
O/\/ll\] O Toluene, o
Br

1-epoxyhexene,
| | reflux, 2 h Q

179 |

2.3.2DISCUSSION.

We were delighted to observe the cyclisation ofhbstibstratesl79 and 182 As
mentioned inSection 2.1 the reaction was carried out in the presencelafge excess

of an acid trap, 1-epoxyhexene. It was postulated because of the amide resonance
(compound219), the two triple bonds of the substrates wereeatlais space and that

consequently a diene biradic220 similar to the Bergman reaction was formed (see
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Scheme 58F° After addition to the remaining double bond (commps 221),
rearrangement (compour222) and loss of hydrogen bromide, the correspondimgrf

223was formed.

Scheme 58Proposed Mechanism.
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The mechanism of this reaction was refined when éxperiments shown iBcheme
59 were carried out. First, the dimethylated enediffé was heated under reflux in
toluene for 72 h and no reactior. formation of tetrahydrofura®25was observef™!
No by-products were isolated also and only thetistamaterial224 was recovered in
guantitative yield. Secondly, reaction of the deated specie226 in boiling toluene
afforded the cyclised produ227in 94%. NMR analysis showed loss of a proton & th
a-position to the TMS grouf

Scheme 59Further Mechanistic Results.
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As a result, the first experiment showed that asteone hydrogen atom should be
present on the carbon between the oxygen atomhenttiple bond for the reaction to
proceed. This result, combined with the deuteriatedy, showed that a 1,5-hydrogen
abstraction is a possibility and that an allenerimiediate228 was possibly generated
during the reaction Scheme 6R®Y This intermediate228 could then collapse to
generate a biradical species with a double bontthenlactam ring, intermedia@29.
Finally, addition of the radicals to the remainidguble bond formed the tetracyclic
molecule 222, which after elimination of hydrobromic acid gattee corresponding
furan ring223 Alternatively, the allene intermedia228 can undergo a [4 +2] reaction
to give compoun@22 In addition allen€28 could also be formedia an ene reaction
from enediyne219. The proposed mechanism of this reaction is desdrin Scheme
60. Further mechanistic studies are on-going in theséhs group in order to elucidate

the reaction pathway.

Scheme 60Proposed Mechanisfft!
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2.4 STUDIES ON THE INTRAMOLECULAR DIELS-ALDER REACTION OF
FURAN DERIVATIVES .

2.4.1 Synthesis of a Furan Model

In order to further investigate the intramoleculiels-Alder reaction of furans, we
decided to synthesise a simple model system, wbichd allow us to test different
reaction conditions. We started the synthesis af tmodel system with the
commercially available furaldehyd232 Olefination of the aldehyde group was
achieved using phosphonium s281, potassiuntert-butoxide in THF and compound
233 was obtained as thas-isomer in 48% vyield. Phosphonium s281, was obtained
by reaction of triphenylphosphine with ethyl 4-brimatyrate230, neat at 106C for 2

h and in 85% vield after recrystallisation fromaatbl and diethyl etheSgcheme 6115
This reaction was also carried out in benzene, kewecontrary to the literature

procedure, no precipitation was obseréd.

Scheme 610lefination of Furaldehyd232
PPh, neat, 106C, 2 h

Br(CH,)sCO,Et PhyP"(CH,)sCOEL, Br
230 85% 231
231, KOtBuU, | ~COE
Do Mo O
O ——»
o 48% o 7
232 233

Hydrogenation of the double bond was carried oubhgupalladium on carbon in
methanol and under a balloon of hydro§éhThe reaction was difficult to monitor as
product234 and starting materid®233 had both the same; Ry TLC. They were also
both UV active and had a very similar colour whewealed with the vanillin dip (deep
blue) and as result, if the reaction was left tmogl we observed the hydrogenation of
the double bond, as well as the hydrogenation efftihan ring. However, by dipping
the TLC plates in a silver nitrate solution anceafictivation in an oven at 12C for

30 minutes, the product and starting material haligatly different Rusing these TLC
plates. The monitoring of the reaction was consetiygossible and compour2B4

was obtained in 92% yield.

Scheme 62Hydrogenation of CompourzB3

| ~COEt | ~COE
w H,, Pd/C, MeOH w
o 30 min 92% o
233 234
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Finally, the ester group was reduced to the coording aldehyd@35using DIBAL-H
in dichloromethane at -7&. Olefination was carried out using a Horner-Wanisiv
Emmons reaction using triethyl phosphonoacetatdiuso hydride in THF and the

transisomer236was obtained in 96% yielt”

Scheme 63DIBAL-H Reduction and Olefination.

7
COLEt i
& o DIBAL-H, iy ", (Eto)zp(o)CI—bCOZEt,/ \
CH.,Cl,, -78°C NaH, THF
o —o90% -~ O 96% ©
234 235 Et0,C 236

2.4.2DIELS-ALDER REACTION OF M ODEL SYSTEM 236.
Having model systen?36 in hand, we decided to investigate different neact
conditions in order to test the intramolecular Bialder reaction of this substrdé,

The different methods used are described in theviolg sections.

2.4.2.1 Use of Additives
Furan model236 was firstly heated under reflux in toluene for es&l hours but no

reaction was observed when monitored by TBCheme 64

Scheme 64Furan236 Heated Under Reflux in Toluene.

)\
o Toluene, reflux
— X 4
Et0,C ~

EtO,C
236 237

Furans, due to their aromaticity, are poor diemeBiels-Alder reactions and this could
explain the lack of reaction of fura236. As a result, the use of additives and in
particular Lewis acid was investigated in ordep#oform this reaction. Zinc iodide was
reported by Brion to accelerate the Diels-Aldercties of furan with electron deficient
dienophiled® For instance, the reaction between fu288 and methyl acrylat@39is
described irScheme 65

Scheme 65Diels-Alder Reaction Catalysed by Zinc lodide.

Znl,, neat, 48 h, Q

@ . WCOZMG 40°C Eb,cozlwe

o 55%
endo: exo
238 239 240 1:2
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Because the conditions used to perform the intracutér Diels-Alder reaction had to
be compatible with the conditions developed forfthst cyclisation (previous part), we
decided to carry out the reaction in toluene asesul and not in neat conditions as
described in the example above. As a result, &3 was heated under reflux in
toluene and in the presence of zinc iodide. Zinkde was before use dried in a vacuum
oven and subjected to sublimati®. Unfortunately, extensive decomposition was

observed by TLC analysis.

Scheme 66Reaction of Fura@36in Toluene and in the Presence of Zinc lodide.

/ \ Toluene, Zny,
o) 7 h, reflux -
s a—— Decomposition
EtO,C
236

Similarly, reaction of furar36 was carried out in the presence of boron triflderi
etherate in toluene at RT. Only decomposition & $itarting material was observed
(Scheme 6Y/%

Scheme 67Reaction with Boron Trifluoride Etherate.

\ Toluene,
/ BF;.0OEL, 12 h,
O RT .
—_— % Decomposition
Et0,C"
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2.4.2.2 Use of Microwave Technology.
Because decomposition was observed when @26 was heated under reflux in
toluene with zinc iodide, we then investigated tie® of microwave technology. In
comparison to conventional heating methods, sucliomasnstance using a bath or
heating jacket, heating using microwave irradiagionffers several advantages.
Conventional heating is slow and a gradient of emafre can develop within the
reaction vessel. This can lead to local overheatwhich plays a role in the
decomposition of the products, substrates and néggeédeating with microwave
irradiation on the other hand, does not heat théafidhe reaction vessel, but only the
solvent and reagents contained within the reactiask®” As the result, the
temperature increases quickly, is uniform withire thessel and consequently, less
decomposition occurs. Microwave irradiations hawerb shown to speed up the

reaction and this by either modifying the pre exgral factor A, which represents the
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probability of molecular impact, or by affectingettfree energy of activation and
consequently the exponential factor in the Arrehsaw Eq. 1).®!

Equation 1. The Arrhenius Law.

k=A exp( AG)
RT

Specific microwave effects can be expected wherptiarity of the transition state is
increased from the ground st&f&. This is for example the case of 1,3-dipolar
cycloaddition. For example, azidomethyldiehtylphuspate241 could be reacted with
acetylene242 to give triazole243 under solvent free conditions. The use of micravav
increased significantly the yield of the reactiorddhe cyclo-adduc243 was obtained

in 73% vyield, instead of 5% yield under conventidmeating®®

Scheme 681,3-Dipolar Cycloaddition.

N~ °N R; = Me
(EtO)0P” N + R——R, (EtO)zOPﬁ — R, = PO(OEt)
241 242 243 Riz  Ruz
Time T Ykl
Heat 20 min dic 5%
Mw 20 min 90°C 73%

However, specific microwave effects are not expkdi@r isopolar transition state
reaction’®® This is for example the case of the Diels-Aldepp€ or ene reactions,
where no partial charges are formed during theti@agath. Nevertheless, several
groups have reported the microwave activation al€Alder reactions using furans
derivatives and this, with or without any catalysts

For instance, Rao and co-workers reported the kler cycloaddition of furan with
1,2-difluoro-1-chlorovinylphenylsulfone244 under microwave irradiatioi” The
desired products were obtained as a mixture 2:3um&of compoundg45and246 and

in 40% yield Gcheme 6% It should be noted that under conventional Imggiie. under

reflux in chlorobenzene for 3 days, no reaction olaserved.

Scheme 69Reaction of Fura@38with Alkene244 under Microwave Irradiation.

MW (600 W), 7 min,
{ \ I neat, Ace tube Ace tube Lv L@
400/
sqph ’ SoPh (':

238 2:3 246
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The Diels-Alder reaction of furans with a rangeatkenes, activated by microwave
irradiation and in the presence of Montmorillonrki#0 clay, was also reported by the
group of Cinta$®¥ The results are summarisedTiable 9 and it was shown that the use

of microwave to perform the reaction, reduced time tof the reaction.

Table 9. Diels-Alder Reaction Catalysed by Montmorillonik&0 Clay.

0 0
Ry K10 R R Ry
S TR Y & o
R
o Ry R Ry R

247a-f 248a-f Ro™ La0at
R R R Conditions  Time Yield Endo: Exo

a H -CO-NPh-CO- °0O 24 h 85 % 1.3:1

b H -CO-NPh-CO- MW, 150 W 15 min  90% 1.5:1

c H -CO-0-CO- ‘c 3h 36% 1:3

d H -CO-0-CO- MW, 150 W 2 min 16% 1:3

e Me -CO-NPh-CO- @ 90 min  77% 2.3:1

f Me -CO-NPh-CO- MW, 300 W 10 min  100% 2.31

As a result, a range of reaction conditions usi@EM discovery microwave oven were
tested. The power was set up to 300 W and the dsdifferent solvents and

temperatures was investigated.

Scheme 70Reaction of Fura@36 under Microwave Irradiation.

/A
@ Mw, P = 300W
?
EtlO,C -

EtO,C™ 236 237
The results are summarised Table 10 When furan236 was heated under reflux in
dichloromethane or toluene only, no reaction waseoked. When fura@36 was heated
at 130°C in toluene for 30 minutes and in the presencaraf iodide, only the starting
material and decomposed compounds from the stamiaigerial and/or products were

observed.

Table 10 Reactions Carried Out Using Microwave Technol{y300 W)

Entry  Conditions Temperature  Time Observations

i CH.Cl, 70°C 20 minutes ~ SM

i CH.Cl, 120°C 20 minutes  SM

i Toluene 130°C 30 minutes  SM

Y Toluene, Zny 130°C 30 minutes SM + decomposition
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No improvement was observed with the use of mick@wvarradiation in the
optimisation of the intramolecular Diels-Alder réan for the synthesis of cyclised
product237 from furan236. In the case of furan derivatives, high tempeeswan lead
to cycloreversion of the product back to the cqroesling starting material¥! That is
why other methods, which did not involve any hegtiwere investigated and are

described in the following two sections.

2.4.2.3 Lithium Perchlorate in Diethyl Ether.
The use of lithium perchlorate (LPDE) in diethyhet has been reported to promote a
wide range of reactions, such as for example peiyeactions, nucleophilic additions
and substitutions and Mannich type reactiSfldn particular, Diels-Alder reactions can
be performed under very mild conditions. For examflran238 when reacted with
dienophile250in a 5 M solution of lithium perchlorate in diethgther at RT and under
atmospheric pressure, gave a 85:15 mixture of egloct251 (seeScheme 714 It
should be noted that this reaction had been preljoreported by Dauben, when
reacted in dichloromethane at RT under a pressut® &bar for 6 H>® As described

previously, a similar ratio of produ2é1was obtained.

Scheme 71Diels-Alder Reaction Performed in LPDE.

0
o 5 M LPDE,
e (T e 95hRT _ o s
; / 0% = Y0 =0
0
238 250

/

/:
251 85: 15

The rate enhancement observed in many cases wieeaf ukis unusual solvent was
reported by numerous groups. Its mode of actionheagever more difficult to explain,
and led to a significant debate in the 1990’s. &#t and Kumar® attributed its
properties because of an increase of the intenesspre within the solvent, although
Forman?” Righettl®® and Kabalk8” explained the activation effect by the action of

the lithium cation as Lewis acid.
In order to find suitable reaction conditions tafpan the intramolecular Diels-Alder

reaction of furar236, we decided to probe this methodology. As a repuicurso236
was treated by a 5 M solution of lithium perchleran diethyl ether, at RT and at
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ambient pressure for 24 h and the reaction was torewi by TLC. Unfortunately, no

product formation was observed.

Scheme 72Reaction of Fura@36in LPDE.

/\ 5 M LPDE, RT,
By e &
.
EtO,C =

236 237

EtO,C

2.4.2.4 Radical Cation.
Finally, the use of a commercially available ratication to perform the Diels-Alder
reaction of furan236 was investigatef” This is one of the first examples of stable
radical cations, compouné52 which was isolated by Wurster at the end of the

nineteen’s century® Its structure is shown iRigure 12

Figure 12 Wurster’s Salt.

N~ Vi cor

/ \

252

Over the years, a range of radical cations, trianyhonium salts, which are air stable
were synthesised by Weitz and Schwechten in 1926 Ity Walter in 1954 and usually
as the corresponding safts) Ledwith and co-workers reported the synthesigisfp-
bromophenyl)aminium hexachloroantimon&t3 and perchlorat@54. The use of the
radical cation hexachloroantimon&®3 was reported to be thermally more stable than
the corresponding perchlorate radical cat@Bd. Compound253 was in addition
commercially available and was consequently chasemitiator for the Diels-Alder

reaction.

Figure 13. tris(p-Bromophenyl)Aminium Hexachloroantimona2®3 and Perchlorate

254,
Br Br

: ‘M : clo, : NG : sbcl
Br Br Br Br
253 254
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It should be noted that, more recently, MacMillaeveloped a novel strategy for
enantioselective organocatalysis based on singtymed molecular orbital activation
(SOMO activation).

For example, the enantioselectiweenolation of aldehydes was possible. The mode of
action can be described as the following. A chaaline catalyst (for exampl255)
reacts with an aldehyd@%6) to generate the enamine catalyst, which uponetewtron
oxidation gives the putative radical cation catalys9 The SOMO catalys259 can
then react with a wide range of nucleophiles, sasHor example enolsilarZs7. An

example is described Bcheme 73'%2

Scheme 73Enantioselective-Enolation of Aldehyde.

255 (20 mol%), HO, CAN (2 eq.),
2,6-ditert-butyl pyridine (2 eq.), o)

(@] OTMS
acetone, -26C, 24 h
J\/hexyl + /\ H)H/\H/ Ph g0% e.e.
H Ph 85%
hexylO
256 257 — _ 258
Q7
Q7
N
N% Ph +'
P H S
255 259 hexyl

Radical cations, such as radical cat®ss shown inScheme 74have been reported to
promote Diels-Alder reactions and have found apgibms especially when using
neutral or electron rich dienophiles. The removhlone electron generates highly
reactive electron deficient cation radicals, whean then react very rapidly with the
dienes. For example, the Diels-Alder dimerisatidn1¢3-cyclohexadiene260 was
achieved using a catalytic amount  of tris(p-bromophenyl)aminium
hexachloroantimonat254 in dichloromethane at @ and for 15 minutes. The product
261 was obtained in 70% and as 5:1 ratio of &émeloexo cycloadducts (se8cheme
74). Under thermal condition, at 20@ for 20 h, 1,3-cyclohexadier®60 furnished
product261 in 30% vield and as a 4:1 ratio between ¢éneloexoisomerd!®¥! Diels-
Alder reactions initiated by electron transfer tast, can be performed at temperature as
low as -78°C and have a similar preference towards the foonatf the endo

product*®!

204



Scheme 74Diels-Alder Dimerisation of 1,3-Cyclohexadie?&Q.

ArN."ShCl 254 (10-20 mol%),
© CH,Cl,, 0°C, 15 min H
70%

260 261 5:1endo:exo

As a result, we decided to investigate the reactibfuran 236 when reacted with a
catalytic amount ofris(p-bromophenyl)aminium hexachloroantimonatet (10 mol%)

in dry dichloromethane and at RT. Before carrying the reaction, the solvent was
degassed by performing three cycles of “freeze-pthmap”, and was kept under argon
in a Schlenk tube. The reaction was also perforaszea 0.01 M solution of the substrate
to avoid polymerisation. Unfortunately, under thesenditions, no reaction was

observed after several hours and only the stamiatgrial was recovere®&¢heme 7h

Scheme 75Reaction of Fura@36 with Radical Catior254

f\ ArN.*ShCl 254 (10 mol%),
o CH,Cl,, RT, 24 h
X /
EtO,C ~

236 237

EtO,C

2.4.3PRELIMINARY CONCLUSION AND FUTURE WORK.

The intramolecular Diels-Alder reaction of the furanodel 236 was difficult and
currently no conditions have been found to perfdinia reaction. Due to lack of time,
no other conditions have been carried out, but upleoof other conditions could be
tried. In particular, the use of other Lewis acidach as dichloromethylaluminium

could be investigated. The use of high pressuient@ogy could also be explored.

Harwood and co-workers reported the intramolecehglisation of furans under a
pressure of 19 Kbat®" The results obtained are describedTable 11 To avoid
cycloreversion, the cycloadducts were hydrogenatsidg palladium and under an

hydrogen atmosphere of 200 f&f!
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Table 11 Intramolecular Diels-Alder Reaction of Furan atives262a-cUnder High

Pressure.
/\
o O 'n 19 Kbar, CHCl,, RT, 24 h \ )
< n
7 o=
262a-c 263a-c
SM :exo: endq (%)*

n=2 R=H a 15:70:15

n=2 R=Me c 0 :95:5

n=3 R=H b 50:30:20

*Ratio determined by NMR analysis immediately affepressurisation
This result provides exciting evidence that thiatsigy could play out.

2.4 ATESTING THE DIELS—ALDER REACTION ON THE REAL SYSTEM.

2.4.4.1 Synthesis of Precursor 180.
As seen in the previous part, the first cyclisatteaction was possible and the Diels-
Alder proved to be more difficult than expected.drder to study this reaction, we
decided to synthesise furd80 and, as a result, to test independently this i@act
Consequently, oxidation of alcohdl83 was carried out using the Dess-Martin
periodinane and aldehyd264 was obtained in 73% vyiel#® Finally, reaction of
aldehyde264 with triethyl phosphonoacetate and sodium hydiidelTHF gave the
desired compounti83in 46% yield™®

Scheme 76Synthesis of Furah80.

/ . / /
N Dess-Martin N N
periodinane, (EtO),P(O)CHCQEH, o
= CHCl NaH, THF, 0°C
A= 73% 46%
™S ™S ™S

HO

183 EtO,C

264 180

2.4.4.2 Results
The synthesis of furaf80 and the Diels-Alder study of the model syst2B86 were
carried out simultaneously. As a result, similapexments were performed with both
substrates. Furab80 was heated under reflux in toluene for severarfi@nd with or

without a Lewis acid, zinc iodide, but unfortungteho desired product was obtained.
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In addition, reaction of furan180 with a catalytic amount oftris(p-
bromophenyl)aminium hexachloroantimoné284 (10 mol%) in dry and degassed

dichloromethane at RT did not give any productegith

Scheme 77Testing the Diels-Alder Reaction on Fuks0.

/ /
N N
-Toluene, reflux
= o -Toluene, Zny MeQ,C o
Q __ (cat.),reflux
e X
™S AN, *sbCk, ™S
CH,Cl,, RT
180 181

—

EtO,C

2.4.4.3 Conclusion
As expected, the intramolecular Diels-Alder reactad the real systeri80 using the
reaction conditions tested on the model sys@86 was also unsuccessful. It was
previously shown in the Parsons group that thenmdéecular Diels-Alder reaction of a
similar system, compount74 with maleic anhydrid@65 was however possible, when
reacted in diethyl ether at RT for 24 h. The desicgcloadduc66 was afforded in
53% yield Gcheme 785° However, reaction of compourd4with 1,4-benzoquinone
under a range of conditions, which varied the tenaijpee and also under microwave

irradiation failed to yield any produ

Scheme 78Intermolecular Diels-Alder Reaction of a Simifgystem.

/
N o
Et,0, RT, 24 h
S 0 + | O 2 O
o __ 53%
™S 5
174 265

o H

(+1-) 266

Consequently, these results demonstrate the diffi@i the inter and intramolecular
Diels-Alder reactions of these furan derivatives. rAentioned irBection 2.4.3a range

of other reaction conditions could also be trieghéoform these reaction. In the case of
the intramolecular reaction, the electronics of #tikkene could also be modified to
generate a more reactive substrate. This coulahieveed by changing the current ester
group to for example a more electron-withdrawingugr such as ketone or Meldrum’s

ester.
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Chapter 3

CoNCLUSION&
Future WoRK

The development of a route for the synthesis gjelamoleculel79 and furanl80 has
been developed and their syntheses successfuligvach The metal free cyclisation
developed within the Parsons group was successfabmpoundl82 and when heated
under reflux in toluene in the presence of an &ead, the corresponding furd®3 was
obtained in good vyield (76%). Target molecdlé9 also cyclised under the reaction
conditions to give the corresponding furd®0, but no products from the subsequent
Diels-Alder reaction were isolated. This result veasmfirmed by the synthesis of the

corresponding cyclised produt80via an alternative route.

The Diels-Alder reactions on model furdB6 and target precursdB0 have not been
successful yet, and further work on the model sy<286 will be required in order to

perform this reaction.

The use of Lewis acids and especially organoaluminbased reagents could be
examined. As seen iBection 2.4.3 high pressure chemistry could also be investiyate
as the reaction was successful on similar furatesys Modification of the substrate

236 could also be studied. For instance, the estanpgom the double bond could be

replaced by more electron-withdrawing groups, sastketone or Meldrum’s ester. In

addition, introduction of a saturation in the ch@specially with ais-geometry) could

give access to a more rigid molecule and consetyuwbur the Diels-Alder reaction.
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Chapter 4

‘ EXPERIMENTAL

Except where specified, all reagents were purch&éeed commercial sources
and were used without further purification. Whercessary, diethyl ether and THF
were distilled from sodium/benzophenone immediabafore use and dichloromethane
from calcium hydride. Petroleum ether refers to filaetion with boiling range 40-60
°C.

Reaction were monitored by tlc, using Merck glaasked tic plates pre-coated with a
250 um layer of 60 ks4 silica gel containing a fluorescent indicator amglalised with
ultraviolet light at 254 nm and/or KMnOor vanillin dips. Flash column
chromatography was carried out using Merck Kiestl6® silica gel, 35-7@m, using
the eluent specified.

Yields refer to chromatographically and spectrosmly pure compounds, unless
otherwise stated.

Infra-red (IR) spectra were recorded on a Perkimegl 1710 Fourier transform
spectrometer with NaCl plates. Optical rotationgemeecorded using a Perkin Elmer
241 polarimeter with a 1 cm-path length cell. Th&gon concentrations are given in
g.100mL* and optical rotations of a mixture of diasterenises were not recordetH
NMR and**C NMR spectra were recorded using a Briilker Advah€e300 at 300
MHz and 75 MHz respectively or a Varian-500 at B0idz and 125 MHz respectively.
Chemical shifts are quoted in ppm, using residoalent peaks as internal standards
(On 7.26 for CDC4 anddc 77.0 for CDCY). Full proton and carbon assignment has been
made when possible, however where signal idensitambiguous no assignment is
offered. Mass spectra were recorded on a Fison M@spec mass spectrometer (low
resolution EI) or on a Bruker Daltonics APEX 111$B.
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9-Bromo-8-{4-[methyl-(3-trimethylsilanyl-propynoylamino]-but-2-ynyloxy}-deca-

2,9-dienoic acid ethyl ester

O/\/Il\l o
Br
I

T™MS

COJEt
179

To a solution of alcoholl82 (50 mg, 0.12 mmol) in C}l, (2 mL) under an
atmosphere of nitrogen was added the Dess-Martingpeane (59 mg, 0.14 mmol) and
(carbethoxymethylene) triphenylphosphorane (49 mfd,4 mmol). The resulting
reaction mixture was stirred for 10 h at RT, cornicaed under reduced pressure and the
residue was purified by flash column chromatograpiyting with methanol/:
dichloromethane/ 1:30 to afford the title compourk® as a pale yellow oil (24 mg,
42%).

'H NMR (500 MHz, CDG}) 8y, 6.96 (1H, dtJ 15.8, 7.5 Hz, 6=CHCO:Et), 5.91 (1H,

app. s, GIH'=CBr), 5.82 (1H, d,J 15.8 Hz, CH=@GICO,Et), 5.70 (1H, app. s,
CHH'=CBYr), 4.45 (1H, app. s, IBH'N), 4.28 (1H, app. s, CH'N), 4.26-3.95 (4H, m,
=CH,0, OH,CHj3), 3.90 (1H, tJ 6.6 Hz, ¢H), 3.27 and 3.02 (3H, s x 2HgN), 2.29-

2.13 (2H, m, @©i,), 1.69-1.32 (6H, m, B, x 3), 1.30 (3H, t, J 7.1 Hz, OGAH3), 0.26

(9H, s, Si(GH3)3).
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(7-Methyl-6-oxo-5-trimethylsilanyl-5,6,7,8-tetrahyd4H-2-oxa-7-aza-as-indacen-3t

yh)-hept-2-enoic acid ethyl ester

17

180

To a suspension of sodium hydride (60% in minefl (@0 mg, 0.26 mmol) in dry
THF was added triethylphosphonacetate (59 mg, @maol) and the mixture was
stirred at 0°C for 30 minutes. A solution of aldehy@é4 (83 mg, 0.24 mmol) in dry
THF (1 mL) was added and the reaction mixture esdirfor a further 1 h at RT. The
reaction mixture was partitioned between ether aader. The aqueous layer was
further extracted with diethyl ether (3 x 5 mL).€lbombined organic extracts were
washed with brine, dried (MgSP and concentrated under reduced pressure. The
residue was purified by flash column chromatographyting with MeOH: CHCI,/

1:30 to afford the title compouriB0as a yellow oil (49 mg, 46%).

HRMS (+ESI)[MNa]" CsH33sNOsNaSi requires 438.2071. Found 438.2100 (6.6 ppm

error).

IR (neat, crit) vmax 2984, 2924, 1736 (CO), 1678, 1446, 1421, 1394412849, 1208,
1167, 1112, 1049, 1022, 967, 841, 778, 744.

'H NMR (500 MHz, CDCJ) 8y 7.24 (1H, s, H-21), 6.94 (1H, d1,15.6, 7.0 Hz, H-5),
5.81 (1H, dJ 15.6 Hz, H-4), 4.19 (2H, §,7.2 Hz, H-2), 4.17 (1H, d] 17.9 Hz, H-18),
3.96 (1H, dJ 17.9 Hz, H-18), 3.08 (3H, s, H-17), 2.78-2.72 (2 H-12), 2.65-2.51
(2H, m, H-9), 2.38-2.32 (1H, m, H-13), 2.22 (2H, dit13.9, 7.2 Hz, H-6), 1.71-1.59
(2H, m, H-8), 1.56-1.46 (2H, m, H-7), 1.28 (3HJ .2 Hz, H-1), -0.08 (9H, s, H-14).
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3C NMR (125 MHz, CDG)) 8¢ 165.0 (C-3), 149.7 (C-10), 148.6 (C-5), 136.2 @;1
134.4 (C-15), 133.6 (C-21), 121.6 (C-4), 119.6 @;215.2 (C-11), 61.2 (C-2), 51.8
(C-18), 31.8 (C-6), 29.3 (C-17), 27.6 (C-8), 27G51), 26.0 (C-9), 22.5 (C-13), 19.8
(C-12), 14.2 (C-1), -2.3 (C-14).

3-Trimethylsilanyl-propynoic acid {4-[2-bromo-1-([®ydroxy-pentyl)-allyloxy]-but-2-
ynyl}-methyl-amide

O/\/’lI o
Br
l

™S
OH
182

To a solution of carboxylic acitiB5(81 mg, 0.57 mmol) in dry Ci&l, (1 mL) under an
atmosphere of nitrogen was added oxalyl chloriden(ig, 0.57 mmol) and one drop of
DMF. The reaction mixture was stirred for 1 h at BRid then added dropwise to a
solution of amine15 (158 mg, 0.52 mmol) and & (0.30 mL, 2.08 mmol) in C§l,

(1 mL). The resulting solution was stirred for 1atRT, diluted with ChKCl, (10 mL),
washed with a 5% aqueous solution of hydrochlodil 10 mL) and then with a
saturated solution of potassium carbonate (2 x 10. nihe organic extracts were
washed with brine, dried (MgS}) filtered and concentrated under reduced pressure
The residue was purified by flash column chromadpby eluting with MeOH: CECly/
1:20 to afford the title compouriB2 as a pale yellow oil (168 mg, 76%).

HRMS (+ESD[MNa]* C1gH300sNNaSiBr requires 450.1071. Found 450.1063 (1.6 ppm

error).

IR (neat, crit) vmax 3457 (br), 2929, 2864, 1623 (CO), 1480, 1446, 13%a6, 1251,
1241, 1123, 1059, 999, 844, 761, 734.

'H NMR (500 MHz, CDC}) & 5.87 (1H, d,J 4.2 Hz, GIH'=C), 5.67 (1H, d,J 4.2 Hz,
CHH'=C), 4.42 (1H, s, €HH'N), 4.25 (1H, s, €HH'N), 4.22 (1H, dd,J 15.6, 10.8
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Hz, OCHH'=), 4.01 (1H, dd)J 15.6, 15.0 Hz, OCH'=), 3.91 (1H, dtJ 14.1, 6.6 Hz,
CH), 3.66-3.59 (2H, m, B,OH), 3.24 and 2.99 (3H, s X 2, W), 1.73-1.59 (2H, m,
CHy), 1.59-1.50 (2H, m, By), 1.44-1.30 (4H, m, B, x 2), 0.23 (9H, s, Si(85)s), (OH

was not observed).

3C NMR (125 MHz, CDG) 8¢ 153.6 and 153.500), 134.2 and 134.10), 119.7 and
119.6 CH,=C), 98.2 and 98.1G=CTMS), 95.5 and 95.3 (GTMS), 82.0 and 81.5
(CH), 80.5 and 80.3 (OCI£=CCH;N), 80.1 and 79.8 (OC}=CCH;,N), 62.7 and 62.6
(CH,0OH), 55.8 and 55.7 (CH,C=), 40.9 and 35.6QH;N), 35.5 and 31.6 (8H3), 33.7
and 33.6 CH,), 32.6 and 32.5QH.), 25.5 and 25.4GH,), 24.9 and 24.8QH,), -0.71
and -0.72 (SICH3)3).

3-(4-Hydroxy-butyl)-7-methyl-5-trimethylsilanyl-4,5a,7,8,8a-hexahydro-2-oxa-7-aza-

as-indacen-6-one

13

183

To a solution 0fl82 (232 mg, 0.55 mmol) in dry toluene was added p@xiexene
(548 mg, 5.47 mmol) and the reaction mixture heateder reflux for 2.5 h under an
atmosphere of nitrogen. The reaction mixture waxentrated under reduced pressure.
The residue was purified by flash column chromadpgy eluting with MeOH: CECly/
1:30 to afford the title compouriB3as a pale yellow oil (145 mg, 76%).

HRMS (+ESI)[MNa]* CigH2g0sNNaSi requires 370.1809. Found 370.1823 (3.9 ppm

error).

IR (neat, crit) vmax 3377, 2931, 2860, 1665, 1622, 1447, 1423, 13978,12248, 1130,
1112, 1066, 915, 909, 840, 728, 693, 645.
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'H NMR (500 MHz, CDCY) & 7.22 (1H, s, H-17), 4.17 (1H, d4,18.2 Hz, H-14), 3.95
(1H, d,J 18.2 Hz, H-14"), 3.63 (2H, 1] 6.6 Hz, H-1), 3.06 (3H, s, H-13), 2.74 (2H, s,
H-8), 2.62-2.51 (2H, m, H-5), 2.36-2.30 (1H, m, H-2.70-1.62 (2H, m, H-4), 1.62-
1.54 (2H, m, H-2), 1.44-1.54 (2H, m, H-3), -0.0$4(%, H-10), (M not observed).

13C NMR (125 MHz, CDGJ) 8¢ 171.2 (C-12), 150.0 (C-6), 136.4 (C-15), 134.31();
133.6 (C-17), 119.5 (C-16), 115.0 (C-7), 62.7 (CH.8 (C-14), 32.4 (C-2), 29.3 (C-
13), 27.9 (C-4), 26.2 (C-5), 25.4 (C-3), 22.4 (G19.7 (C-8), -2.3 (C-10).

(4-{2-Bromo-1-[5-tert-butyl-dimethyl-silanyloxy)-pentyl]-allyloxy}-but-2ynyl)-
methyl-carbamic acitert-butyl ester

I
O/\/ NBoc
Br

OTBS
184

To propargyl iodidel88 (2.0 g, 5.93 mmol) was added a solution of alcdt& (1.83

g, 5.93 mmol) in CkKCl, (2 mL) followed by an aqueous solution of sodiuydroxide
(950 mg, 23.72 mmol in 7 mL of ) and tetrabutylammonium hydrogensulfate (2.01
g, 5.93 mmol). The reaction mixture was stirredR@tfor 3 days, diluted with Cil,

(5 mL), partitioned between water and £&Hy and the aqueous layer was further
extracted with CHCI, (3 x 10 mL). The combined organic extracts wereedir
(MgSQy), filtered and concentrated under reduced pres3ineresidue was purified by
flash column chromatography eluting with petroleetiner: ethyl acetate/ 20:1 to afford
the title compound84 as a colourless oil (910 mg, 30%).

HRMS (+ESI[MNa]" C4H44sNO4NaSiBr requires 540.2115. Found 540.2128 (2.4 ppm
error).

IR (neat, crit) vmax 2930, 2858, 1704 (CO), 1623, 1472, 1462, 1418118967, 1347,
1249, 1225, 1172, 1151, 1099, 1075, 1007, 875, BBb,
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'H NMR (300 MHz, CDC)) & 5.89 (1H, s, C=BH’), 5.68 (1H, s, C=CH'), 4.23
(1H, d,J 13.3 Hz, OGIH'C=C), 4.08 (2H, brs, OSCH.N), 4.00 (1H, d,J 13.3 Hz,
OCHH’C=C), 3.92 (1H, t,) 6.6 Hz, G10), 3.59 (2H, t,) 6.6 Hz, G1,OTBS), 2.90 (3H,
s, NCH), 1.70-1.05 (8H, m, B, x 4), 1.46 (9H, s, OC(8s)3), 0.88 (9H, s, SiC(Ba)s),

0.04 (6H, s, Si(€3),).

3C NMR (75 MHz, CDC})) §¢c 134.7 €), 120.2 (C€H,), 82.2 €), 82.1 CH), 80.5
(C), 79.3 €), 63.5 CH,OTBS), 56.2 (€CH,0), 34.1 CH.), 33.9 (NCH3), 28.8
(OC(CHs3)3), 26.4 (SiCCH3)3), 26.0 CH,), 25.4 CH,), 23.0 CH,), 18.7 CSi), -4.9 (Si
(CHs)2), (CO and £CH:N not observed).

2-Bromo-8-{ert-butyl-dimethyl-silanyloxy)-oct-1-en-3-ol

OH
Br

OTBS
187

A solution of bromoalcohal90(11.61 g, 40.30 mmol) in dry diethyl ether (35 nmgs
slowly added to magnesium powder using a droppimmél over a period of 5 h and
the reaction mixture was heated to maintain a gaeflux for 5 h. The reaction mixture
was heated for a further 45 minutes, the solutioaler to 0°C and a solution of
bromoacrolein189 (7.24 g, 53.69 mmol) in diethyl ether (5 mL) slgwdddedvia
cannula. The resulting mixture was stirred for 3@utes at C, warmed to RT and
stirred for a further 12 h. The reaction mixtureswepienched with water (20 mL) and
10% aqueous hydrochloric acid until the excess ajmesium powder disappeared. The
reaction mixture was partitioned between water aetier and the aqueous layer was
further extracted with diethyl ether (3 x 50 mLhel combined organic extracts were
washed with brine, dried (MgSY) filtered and evaporated under reduced pres3ine.
residue was purified by flash column chromatographyting with petroleum ether:

ethyl acetate/ 7:1 to afford the title compol&¥ (7.67g, 60%) as a colourless oil.
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HRMS (+ESI)[MNa]® C1sH2¢0-NaSiBr requires 361.0998. Found 361.0994 (1.2 ppm

error).

IR (neat, crit) vmax 3400, 2930, 2858, 1626, 1472, 1463, 1388, 1363512100, 1047,
1006, 896, 835, 814, 776.

'H NMR (300 MHz, CDCJ) 64 5.86 (1H, brs, C=BH’), 5.55 (1H, d,J 1.8 Hz,
C=CHH’), 4.08 (1H, tJ 6.3 Hz, GHOH), 3.60 (2H, tJ 6.3 Hz, G.OTBS), 1.80-1.20
(8H, m, GH, x 4), 0.89 (9H, s, C(Bs)3), 0.04 (6H, s, OSIi(83)).

13C NMR (75 MHz, CDCJ) 3¢ 137.4 C), 117.4 (C€H,), 76.4 CH), 63.5 CH,OTBS),
35.7 CH,), 33.1 CH,), 26.3 (CCHa)s), 25.9 CHo), 25.4 CH,), 18.8 (), -4.9
(Si(CH3)a).

(4-lodo-but-2-ynyl)-methyl-carbamic acidrt-butyl ester

To a solution of DDQ (250 mg, 1.10 mmol) in & (2 mL) under an atmosphere of
nitrogen was added portionwise triphenylphosphZ&9(mg, 1.10 mmol) followed by
tetrabutylammonium iodide (406 mg, 1.10 mmol) anopprgyl alcoholl96 (200 mg,
1.0 mmol). The reaction mixture was stirred formiutes at RT. The reaction mixture
was concentrated under reduced pressure and pubiélash column chromatography
eluting with petroleum ether: ethyl acetate/ 7:1aftord the title productl88 as a
colourless oil (202 mg, 60%).

HRMS (+ESI) [MNa]* C;oH16NONal requires 332.0118. Found 332.0115 (1.0 ppm

error).

IR (neat, crit) vimax 3004, 2976, 2930, 1693, 1480, 1454, 1419, 13986,18248, 1230,
1167, 1145, 1048, 1030, 953, 874, 770, 666.
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'H NMR (300 MHz, CDCJ) &y 4.00 (2H, s, €N), 3.62 (2H, s, E,l), 2.83 (3H, s,
CHsN), 1.37 (9H, s, Chix 3).

3C NMR (75 MHz, CDC}) 8¢ 81.3 €), 80.6 (), 33.9 (NCH3), 28.8 CH3 x 3), CH2 x
2 not observed.

2-Bromo-propenal

Prepared following the literature procedfifeSpectroscopic data in agreement with the
literature value&?

(5-Bromo-pentyloxy)ert-butyl-dimethyl-silane
Bra_~_~_-0OTBS
190

To a solution oftert-butyldimethylsilyl chloride (4.76 g, 31.59 mmolhé imidazole
(2.15 g, 31.59 mmol) in Ci€l, (40 mL) was added a solution of bromopentatéd
(4.79 g, 28.72 mmol) in Ci€l, (10 mL) at 0°C under an atmosphere of nitrogen. The
reaction mixture was stirred for 1hbat 0°C, filtered and concentrated under reduced
pressure. The residue was purified by flash colurhmomatography eluting with
petroleum ether: ethyl acetate/ 30:1 to affordtithe compoundl90 (6.96 g, 86%) as a

colourless oil.

IR (neat, crit) vmax 3437, 2945, 2930, 2894, 2858, 1472, 1460, 13885,12104, 835,
775, 666.
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'H NMR (300 MHz, CDC}) 8y 3.61 (2H, tJ 6.0 Hz, G1,O0TBS), 3.41 (2H, tJ 6.6 Hz,
CH.Br), 1.92-1.82 (2H, m, Br@,CH,C,H,OTBS), 1.58-1.44 (4H, m,
BrCH,CH,CH,CH,CH,OTBS), 0.89 (9H, s, B; x 3), 0.04 (6H, s, B3 X 2).

3C NMR (75 MHz, CDCY) &c 63.2 CH,OTBS), 34.2 CHy), 33.0 CH.), 32.3 CH>),
26.4 CH3 x 3), 25.0 CHy), 18.7 €), -4.9 CH3 x 2).

Methyl-prop-2-ynyl-carbamic acigbrt-butyl ester

191

Prepared following the literature proced{iféSpectroscopic data in agreement with the
literature value$§™

5-Bromo-pentan-1-ol
Bra_~_~_-OH
194

Prepared following the literature proced{iféSpectroscopic data in agreement with the
literature value&™

(4-Hydroxy-but-2-ynyl)-methyl-carbamic actdrt-butyl ester

To a cooled solution of amink91 (4.0 g, 23.67 mmol) in dry THF (40 mL) under an
atmosphere of nitrogen, was added a 2.3 M solwfamBuLi in hexanes (11.32 mL,
26.04 mmol) at -78C. The resulting mixture was stirred at this terapae for 1 h.

Paraformaldehyde (1.42 g, 47.34 mmol) was addedni@ portion to the reaction
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mixture and stirred for a further 5 h. The reactomxture was then allowed to warm to
RT. Water (40 mL) was added and the mixture wastjmered between water and THF.
The organic layer was removed and the aqueous Veg®ifurther extracted with diethyl
ether (4 x 50 mL). The combined organic extractsem@ashed with brine, dried
(MgSQy), filtered and concentrated reduced pressure.résidue was purified by flash
column chromatography, eluting with petroleum etlethyl acetate/ 2:1 to afford the
titte compoundl96 as a colourless oil (3.69 g, 78%). Spectroscopia th agreement

with the literature valug8

HRMS (+ESI) [MNa]® CioH1703Na requires 222.1101. Found 222.1100 (0.1 ppm

errror).

IR (neat, crit) vmax 3410, 2978, 2933, 2870, 1693, 1483, 1453, 14238,18368, 1349,
1252, 1230, 1149, 1125, 1048, 1023, 955, 871, GG4,

'H NMR (300 MHz, CDC}) 8y 4.28 (2H, s, €,0), 4.05 (2H, s, €,N), 2.86 (3H, s,
CH3N), 1.47 (9H, s, €3 X 3).

13C NMR (75 MHz, CDCJ) 8¢ 155.2 CO), 82.0 €), 81.1 €), 80.2 €), 50.9 CH,0H),
37.9 CH.N), 33.5 (NCH3), 28.8 CHs X 3).

(7-Bromo-6-prop-2-ynyloxy-oct-7-enyloxytert-butyl-dimethyl-silane

o/\

Br

OTBS
213

To alcohol187 (1.5 g, 4.45 mmol) was added propargyl bromidé€480.79 mL, 8.90
mmol), tetrabutylammonium hydrogensulfate (757 thg3 mmol), a 4.5 M solution of
sodium hydroxide (4 mL, 17.8 mmol) and the reactaxture stirred for 20 h at RT.

The reaction mixture was diluted with dichlorometea(20 mL) and the reaction
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mixture partitioned between water and dichloromethaThe organic layer was
removed and the aqueous layer was further extraateddichloromethane (3 x 15 mL).
The combined organic extracts were dried (MgS@itered and concentrated under
reduced pressure. The residue was purified by ftadamn chromatography eluting
with petroleum ether: ethyl acetate/ 20:1 to affah@ title compound213 as a
colourless oil (645 mg, 36%).

HRMS (+ESI)[MNa]* C;7H31:0.NaSiBr requires 397.1169. Found 397.1176 (1.7 ppm

error).

IR (neat, crit) vmax 3310, 2930, 2897, 2858, 1623, 1472, 1463, 1448818361, 1256,
1099, 1006, 902, 836, 813, 776, 666, 628.

'H NMR (300 MHz, CDCJ) 8 5.91 (1H, s, C=BH’), 5.69 (1H, s, C=CH'), 4.23
(1H, d,J 15.9 Hz, OGIH'C=CH), 4.05-5.90 (2H, m, B and OCHH’ C=CH), 3.59 (2H,
t, J 6.6 Hz, G1,0TBS), 2.42 (1H, brs, G2H), 1.74-1.58 (2H, m, By), 1,58-1.43 (2H,
m, CHy), 1.43-1.22 (4H, m, By), 0.88 (9H, s, SiC(B3)s), 0.04 (6H, s, Si(E3)2).

3C NMR (75 MHz, CDC)) 8¢ 134.5 C), 120.3 (C€H,), 81.9 CH), 79.7 (C£H),
75.0 C), 63.5 CH,OTBS), 55.8 (@H.=), 34.1 CH>), 33.1 CHy), 26.4 (SICCHa)3),
26.0 CH>), 25.3 CH>), 18.8 CSi), -4.9 (SiCH3)2).

7-Bromo-6-(4-methylamino-but-2-ynyloxy)-oct-7-enel-

215

To a solution of alcohoR16 (233 mg, 0.58 mmol) in Ci€l, (3 mL) under an
atmosphere of nitrogen was added concentrated tlyldmic acid (32%, 0.30 mL, 2.89

mmol) and the reaction mixture was stirred at RTZ0 h. Potassium carbonate (500
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mg) was added and the reaction mixture was stfoed further 30 minutes at RT. The
mixture was filtered and concentrated reduced pressThe residue was purified by
flash column chromatography eluting with MeOH: £Hy/ 1:10 to afford the title

compound215as a colourless oil (152 mg, 87%).
HRMS (+ESI)[M] " C13H2:NO,Br requires 304.0907. Found 304.0906 (0.3 ppm error
IR (neat, crit) vimax 3391, 3313, 2935, 2859, 1623, 1447, 1335, 11211,1903.

'H NMR (300 MHz, CDC)) 84 5.90 (1H, s, C=6H’), 5.67 (1H, s, C=CH’), 4.25
(1H, d,J 15.6 Hz, OGIH'C=), 4.00 (1H, dJ 15.6 Hz, OCH{’'C=), 3.97 (1H, tJ 6.6
Hz, CH), 3.62 (2H, tJ 6.2 Hz, G1,0H), 3.46 (2H, brs, ECH,N), 2.60-2.20 (5H, m,
NCHs, OH, NH), 1.68-1.61 (2H, m, B,), 1.61-1.48 (2H, m, B,), 1.48-1.25 (4H, m,
CH, x 2).

%C NMR (75 MHz, CDC}) 6c 134.7 ), 120.1 (C€H,), 83.0 C), 81.5 CH), 80.1
(C), 63.0 CH20H), 56.2 (QCH,C=), 56.2 (:CCHN), 35.3 (NCH3), 34.0 CH,), 33.0
(CHy), 25.7 CH>), 25.1 CH,).

{4-[2-Bromo-1-(5-hydroxy-pentyl)-allyloxy]-but-2-yyi}-methyl-carbamic acidert-

butyl ester

I
O/\/ NBoc
Br

OH
216

To a solution of184 (303 mg, 0.58 mmol) in dry THF (1 mL) was added
tetrabutylammonium fluoride trihydrate (202 mg, H.6imol) in one portion. The

reaction was stirred at RT for 20 h, diluted witletdyl ether (10 mL) and water (10
mL), partitioned between water and diethyl ethed #ime aqueous layer was further

extracted with diethyl ether (3 x 10 mL). The condd organic extracts were washed
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with brine, dried (MgSQ), filtered and concentrated under reduced pressLine
residue was purified by flash column chromatographyting with petroleum ether:

ethyl acetate/ 1:1 to afford the title compo@id as a colourless oil (174 mg, 74%).

HRMS (+ESI)[MNa]" CygH3o0NOsNaBr requires 426.1250. Found 426.1253 (0.6 ppm

error).

IR (neat, crit) vmax 3461, 2977, 2934, 2861, 1739, 1695, 1623, 14885,14420, 1392,
1368, 1348, 1248, 1173, 1152, 1124, 1075, 1049, 808, 771.

'H NMR (300 MHz, CDCJ) &y 5.88 (1H, s, C=BH’), 5.66 (1H, d,J 1.2 Hz,
C=CHH’), 4.23 (1H, dJ 15.6 Hz, OGIH'=), 4.06 (2H, brs, EH,N), 4.00 (1H, d.J

15.6 Hz, OCHH’'=), 3.97-3.91 (1H, m, B), 3.62 (2H, t,J 6.5 Hz, G1,0H), 2.89 (3H, s,
NCHs3), 1.86 (1H, brs, OH), 1.70-1.20 (8H, mHEX 4), 1.44 (9H, s, C(83)s).

3C NMR (75 MHz, CDG)) 8¢ 155.7 CO), 134.6 C), 120.1 (C€Hy), 82.4 C), 81.6
(CH), 80.6 €), 79.3 ), 63.1 CH,0OH), 56.2 (@CH,C=), 38.4 (CCH,N), 34.0 CHy),
33.0 CHy), 29.4 (OCCHy3)3), 25.2 CH>), 23.0 CH), (NCH3 was not observed).

3-Trimethylsilanyl-propynoic acid {4-[2-bromo-1-(&xo-pentyl)-allyloxy]-but-2-
ynyl}-methyl-amide

O/\lll °
Br
l

T™MS

o=

217

To a solution of alcohal82 (50 mg, 0.12 mmol) in dry dichloromethane (1 mLasw

added the Dess-Martin periodinane (56 mg, 0.13 marad the mixture was stirred at 0
°C for 1h. Saturated solutions of sodium thiosul{@&&5 mL) and potassium carbonate
(0.25 mL) were added and the mixture was then tparéd between ether and water.

The aqueous layer was further extracted with diegther (3 x 5 mL) and the combined
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organic extracts were washed with brine, dried (MgS3and evaporated under reduced
pressure. The residue was purified by flash colurhromatography eluting with
MeOH: CHCI,/ 1:50 to afford the title compouril7 as a yellow oil (40 mg, 80%).

HRMS (+ESID[MNa]* Cy1gH,60sNNaSiBr requires 450.0900. Found 450.0907 (1.5 ppm

error).

IR (neat, crit) vmax 2924, 2847, 1722 (CHO), 1633 (CO), 1478, 1439,5138B44,
1251, 1233, 1122, 1073, 844, 761, 732.

'H NMR (500 MHz, CDC}) &4 9.77 (1H, m, €l0), 5.90 (1H, brs, BH'=C), 5.69 (1H,
dd, J 4.9, 1.7 Hz, CH'=), 4.44 (1H, app. s, GHH'N), 4.27 (1H, app. s, GHH'N),
4.23 (1H, ddtJ 13.0, 11.2, 1.9 Hz, O@H'=), 4.02 (1H, ttJ 15.7, 1.9 Hz, OCH'=),
3.92 (1H, dtJ 9.5, 6.6 Hz, €), 3.26 and 3.01 (3H, s x 2, M), 2.45 (2H, tJ 7.0 Hz,
CH), 1.73-1.63 (4H, m, B, x 2), 1.49-1.35 (2H, m, I8,), 0.25 (9H, s, Si(El3)3).

13C NMR (125 MHz, CDGJ) 8¢ 202.3 and 202.20HO), 153.5 and 153.4C0), 133.9
and 133.8¢), 119.8 and 119.70H,=C), 98.1 C=CTMS), 95.6 and 95.3 (GTMS),

81.9 and 81.5GH), 80.4 (OCHC=CCH,N), 80.2 and 79.6 (OC}&=CCH;N), 55.8 and
55.7 (QCH,=), 43.7 CHLCHO), 40.9 and 35.60H,N), 35.5 and 31.6 (8H3), 33.5 and
33.4 CHy), 24.7 and 24.6QH,), 21.7 and 21.6GH,), -0.70 and -0.72 (StHs)3).

9-Bromo-8-[4-(methyl-propynoyl-amino)-but-2-ynylokgleca-2,9-dienoic acid ethyl
ester

To a suspension of sodium hydride (60% in minellalomg, 0.096 mmol) in dry THF

(0.2 mL) under an atmosphere of nitrogen was adderfC triethylphosphonoacetate
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(22 mg, 0.096 mmol) and the reaction mixture wagest for 10 minutes at this
temperature. A solution of aldehy@&7 (34 mg, 0.080 mmol) in dry THF (1 mL) was
added and the reaction mixture stirred a@5or a further 1 h. The reaction mixture
was diluted with water (3 mL), partitioned betweeater and dichloromethane and the
aqueous layer was further extracted with dichlorivaee (3 x 3 mL). The combined
organic extracts were dried (Mg@Qfiltered and concentrated under reduced pressure
The residue was purified by flash column chromapby eluting with methanol:
dichloromethane/ 1:30 to afford the title compoi® as a pale yellow oil (10 mg,
30%).

HRMS (+ESI)[MNa]* CyoH26NO4NaBr requires 446.0937. Found 446.0961 (5.3 ppm

error).

(4-Carbethoxybutyl)triphenylphosphonium bromide

+
PhR_~_ COEt
Br

231

Ethyl 4-bromobutyrate (16 mL, 111.80 mmol) was atttetriphenylphosphine (25.5 g,
97.22 mmol) and the mixture was heated neat af@dor 3 h. The title compoun2B1
was recrystallised from ethanol: diethyl ether aswlated as a white solid (37.96 g,
85%). Spectroscopic data in agreement with thealitee value€?

HRMS (+ESI)[M] " Ca4H260,PBr requires 377.1670. Found 377.1661 (0.3 ppnrerro

IR (neat, crif) vmax 3707, 3697, 3681, 3663, 2974, 2945, 2865, 28449 (T=0),
1438, 1371, 1320, 1213, 1200, 1140, 1112, 10543,1T816, 744, 723, 690.

'H NMR (CDCk, 500 MHz)&y 7.87 (2H x 3, ddJ 12.6, 7.8 Hzp-Ar-H x 3), 7.77 (1H
x 3,dd,J 7.8, 6.7 Hzp-Ar-H x 3), 7.68 (2H x 3, ddd] 7.8, 7.8, 3.2 Hzm-Ar-H x 3),
4.08 ( 2H, qJ 7.2 Hz, O®,CHz), 4.07-4.01 (2H, m, RR'CH,), 2.87 (2H, tJ 6.5 Hz,
CH,CO.Et), 1.94-1.87 (2H, m, ®H,CH,CH,CO.Et), 1.21 (3H, t,J 7.2 Hz,
OCH,CHy).
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3C NMR (CDC}, 125 MHz)3¢ 171.3 €CO), 134.9 {cp 3.0 Hz, AC), 133.7 {cp 10.0
Hz, ArC), 130.4 (cp 12.0 Hz, AC), 118.3 (cp 85.5 Hz,C), 60.6 (QCH,CHz), 33.2 (cp
18.1 Hz,CH5), 21.8 (cp 50.9 Hz, EH), 18.1 (cp 2.8 Hz,CH>), 14.1 (OCHCH).

5-Furan-2-yl-pent-4-enoic acid ethyl ester
[\
o
EtO,C

233

To a suspension of the phosphonium &8t (30.0 g, 65.64 mmol) in dry THF (200
mL), was added in one portion potassiten-butoxide (8.47 g, 75.49 mmol) at°C
and the reaction mixture stirred for 2 h at thimperature. Furaldehyde was added and
the reaction mixture stirred at RT for a further b4 The reaction mixture was
partitioned between water (100 mL) and diethyl etfide aqueous solution was further
extracted with diethyl ether (3 x 150 mL). The caneldl organic extracts were washed
with brine (200 mL), dried (MgS¥), filtered and concentrated under reduced pressure
The resulting white solid was washed with petroleztirer (40 mL) and the extract was
evaporated to give to yellow oil, which was puudfiby flash column chromatography
eluting with petroleum ether: ethyl acetate/ 5@lafford the title compoun@33 as a
pale yellow oil (5.49 g, 48%). Spectroscopic dataagreement with the literature

values®!

HRMS (+ESI) [MNa]® C;1H140sNa requires 217.0841. Found 217.0837 (1.4 ppm

error).

IR (neat, cri) vmax 2982, 1730 (C=0), 1372, 1350, 1254, 1215, 1175111054,
1013, 923, 808, 730.

'H NMR (CDCk, 500 MHz)3y 7.37 (1H, brs, Of), 6.37 (1H, m, OCH=BCH=C),
6.26 (1H, d,J 3.1 Hz, OCH=CHEI=C), 6.20 (1H, d,J 11.8 Hz, C&I=CHCH,), 5.51
(1H, dt,J 11.8, 7.4 Hz, CCH=BCH,), 4.13 (2H, g, 7.3 Hz, OG1,CHs), 2.78 (2H, dt,
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J 7.4, 7.2 Hz, CH=CH®,), 2.47 (2H, tJ 7.2 Hz, G,COEt), 1.24 (3H, tJ 7.3 Hz,
OCH,CHy).

%C NMR (CDCE, 125 MHz) 8¢ 173.0 €O), 152.9 €), 141.5 (QCH=CH), 128.2
(CCH=CHCH,), 118.3 (CH=CHCH,), 111.0 (OCH€H), 109.4 (OCH=CIEH=C),
60.3 (QCH,CHs), 34.1 CH,CO,EY), 24.7 (CH=CICH,), 14.2 (OCHCHs>).

5-Furan-2-yl-pentanoic acid ethyl ester
@\/\/\
o CO,Et
234

As per standard method of hydrogenation, 5-furafq@ent-4-enoic acid ethyl ester
233 (2 g, 10.3 mmol) was treated with 5% palladiumcanbon (200 mg) in methanol
under a balloon of hydrogen for 30 minutes at Rie Bolution was filtered through
Celite® and concentrated under reduced pressure. Theueesids purified by flash

column chromatography eluting with dichlorometharfeexanes/ 1:1 then 100%
dichloromethane to afford the title compouB84 as a colourless oil (1.86 g, 92%).

Spectroscopic data in agreement with the literatatees®®!

HRMS (+ESI) [MNa]® Ci1H160sNa requires 219.0997. Found 219.0994 (1.4 ppm

error).

IR (neat, crif) vmax 3681, 2974, 2938, 2366, 2844, 1732 (C=0), 1465614373,
1241, 1177, 1148, 1055, 1033, 1007, 727.

'H NMR (CDCk, 500 MHz)5y 7.28 (1H, brs, OB=CH), 6.26 (1H, m, €)), 5.98 (1H,
m, CH), 4.12 (2H, dg,) 7.2, 2.2 Hz, OB,CHy), 2.71-2.60 (2H, m, CB,), 2.35-2.28
(2H, m, GH,COEL), 1.75-1.62 (4H, m, CCIEH,CH,CH,CO:EL), 1.25 (3H, dt,) 7.2,
2.2 Hz, OCHCH,).
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¥C NMR (CDCE, 125 MHz) 8¢ 173.4 €O), 155.8 €), 140.7 (QCH=CH), 110.0
(OCH=CH), 104.8 (OCH=CIEH=C), 60.2 (QCH,CHs), 34.0 CH,CO,Et), 27.6 CHy),
27.5 CH,), 27.4 CH,), 14.2 (OCHCHj).

5-Furan-2-yl-pentanal

B o

o
235

To a solution of 5-furan-2-yl-pentanoic acid etledter234 (1.86 g, 9.49 mmol) in
CH.Cl; (20 mL) was added a 1 M solution ofisgbutyl aluminium hydride in
dichloromethane (9.49 mL, 9.49 mmol) over a 30 neaweriod at -78C. A saturated
solution of potassium sodium tartrate (20 mL) wasleal and the reaction mixture
stirred for 3 days at RT. The solution was thentifianed between water and
dichloromethane and the aqueous layer was furtttesated with dichloromethane (3 x
20 mL). The combined organic extracts were dried9Ka,), filtered and concentrated
under reduced pressure. The residue was purifiedlasyn column chromatography
eluting with petroleum ether: ethyl acetate/ 2@lafford the title compoun@35 as a

pale yellow oil (1.29 g, 90%).

HRMS (+ESI) -
LRMS (EI) [M+] calc. GH1,0,. Found 152, 53 (30%), 81 (100), 95 (32).

IR (neat, crit) vmax 2937, 1721 (CHO), 1596, 1507, 1391, 1146, 1003, 821, 729.
'H NMR (CDCk, 500 MHz)54 9.76 (1H, tJ 1.5 Hz, GH0), 7.29 (1H, m, OB=CH),

6.27 (1H, m, OCH=@), 5.98 (OCH=CHEIC), 2.69-2.61 (2H, m, Cig,), 2.49-2.41
(2H, m, H,CHO), 1.72-1.66 (4H, m, CGIEH,CH,CH,CHO).

%C NMR (CDCE, 125 MHz) 8¢ 202.2 €O), 155.5 C), 140.8 (GCH), 110.0
(OCH=CH), 105.0 (OCH=CKHC), 43.5 CH,CHO), 27.6 (CH,), 27.5 (CCHCH,),
21.5 (C(CH),CH2CH,CHO).
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7-Furan-2-yl-hept-2-enoic acid ethyl ester

/Y P

o) CO.Et

236

To a suspension of sodium hydride (60% in minergl3®5 mg, 7.63 mmol) in dry
THF (10 mL) was added triethyl phosphonoacetat&l(f, 7.63 mmol) at 8C and the
resulting solution was stirred for 1 h at this tewrgture. A solution of 5-furan-2-yl-
pentanal235 (1.06 g, 6.94 mmol) was added to the resultingtunes stirred for a
further 15 minutes at @C. The mixture was partitioned between water aethgl ether
and the aqueous layer was further extracted widthygi ether (3 x 30 mL). The
combined organic extracts were washed with brifen¢2), dried (MgSQ), filtered and
concentrated under reduced pressure. The residige pwdfied by flash column
chromatography eluting with petroleum ether: ethgktate/ 20:1 to afford the title
compound236 as a pale yellow oil (1.28 g, 96%).

HRMS (+ESI)[MNa]" Cy3H:803Na requires 245.1148. Found 245.1148 (0 ppm error).

IR (neat, crit) vinax 2936, 1717 (CO), 1654, 1367, 1307, 1265, 1179711439, 1096,
980, 727.

'H NMR (CDCk, 500 MHz)8y 7.29 (1H, m, OG=CH), 6.95 (1H, dt] 15.6, 7.0 Hz,
CH=CHCOEY), 6.27 (1H, m, OCH=R), 5.97 (1H, m, OCH=CHEC), 5.81 (1H, dt,

15.6, 1.4 Hz, CH=EICO,Et), 4.18 (2H, tJ 7.1 Hz, OG1,CHs), 2.63 (2H, tJ 7.4 Hz,
CCHy), 2.22 (2H, m, €,CH=CHCQE), 1.68 (2H, m, CE,CH,), 1.52 (2H, m,
CH,CH,CH=CH, 1.29 (3H, tJ 7.1 Hz, OCHCHy).

3C NMR (CDCk, 125 MHz)5¢ 166.6 CO), 155.8 C), 148.8 CH=CHCO:EY), 140.8
(OCH), 1215 (CHEHCO,Et), 110.0 (OCHEH), 104.8 (OCH=CKHC), 60.1
(OCH,CHs), 31.8 CH.COEt), 27.7 (CH,), 27.5 (CCHCH,), 27.4
(C(CHy),CH,CH,CHO), 14.2 (OCHCHs).
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5-(7-Methyl-6-oxo-5-trimethylsilanyl-5,6,7,8-tetradro-4H-2-oxa-7-aza-as-indacen-38-

y)-pentanal

13

264

To a solution of alcohal83 (127 mg, 0.37 mmol) in dry dichloromethane (2 mlgs
added the Dess-Martin periodinane (170 mg, 0.40 bnamul the mixture was stirred at
0 °C for 1 h. Saturated solutions of sodium thioselfét mL) and potassium carbonate
(1 mL) were added and the mixture was then pamgibbetween ether and water. The
aqueous layer was further extracted with diethigeet3 x 5 mL) and the combined
organic extracts were washed with brine, dried (MgS3and evaporated under reduced
pressure. The residue was purified by flash colurhromatography eluting with
MeOH: CHCI,/ 1:30 to afford the title compourtb4 as a yellow oil (93 mg, 73%).

HRMS (+ESI)[MMeOHNa]" C,oH31NOsNaSi requires 400.1915. Found 400.1935 (5.0

ppm error).

IR (neat, crit) vmax 2947, 1722 (CHO), 1668, 1622, 1447, 1419, 1395914248,
1128, 1111, 1067, 909, 840, 726, 695, 645.

'H NMR (500 MHz, CDC}) 8 9.72 (1H, app. s, H-1), 7.22 (1H, s, H-17), 4.16(d,

J 18.2 Hz, H-14), 3.94 (1H, d,18.2 Hz, H-14"), 3.04 (3H, s, H-13), 2.71 (2HHs8),
2.65-2.49 (2H, m, H-5), 2.48-2.38 (2H, m, H-2),2329 (1H, m, H-9), 1.71-1.57 (4H,
m, H-3 and H-4), -0.12 (9H, s, H-10).

C NMR (125 MHz, CDGJ) 8¢ 202.0 (C-1), 171.1 (C-12), 149.4 (C-6), 136.2 ;1
134.4 (C-11), 133.7 (C-17), 119.5 (C-16), 115.27)C51.8 (C-14), 43.5 (C-2), 29.3 (C-
13), 27.6 (C-4), 26.0 (C-5), 22.4 (C-9), 21.6 (C-1.7 (C-8), -2.3 (C-10).
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