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This thesis is concerned with the synthesis of two key fragments of onnamide F, a
marine natural product isolated from the sponge Trachycladus laevispirulifer.
Onnamide F has been shown to be a particularly potent inhibitor of fungal growth and

the development of parasitic larvae.

Onnamide F has not been synthesised previously, but synthetic approaches to the
structurally related natural products pederin, mycalamides A and B, theopederin D,

onnamide A and psymberin / irciniastatin A are discussed in Chapter 1.

Chapter 2 details a racemic synthesis of the central tetrahydropyran fragment of
onnamide F. The realisation of an asymmetric synthesis of the pedamide fragment
based on the aforementioned synthesis is described in Chapter 3. Details of key ring-
hydroxylation, expansion and cyclisation reactions are presented, including discussion

of the influence of internal steric and kinetic factors on their stereochemical course.

Optimisation of the key cyclisation reaction that delivers the required functionalised
THP system proved challenging and required modification of the original synthetic
target. This work, and synthesis of a key conjugated diene fragment are discussed in
Chapter 4. Some initial research towards a formal synthesis of the related natural

product psymberin is described in Chapter 5.
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Chapter 1 Introduction

Marine organisms are often a valuable source of complex natural products with
multiple stereogenic centres and an array of functional groups. Organisms that
produce these compounds include plants such as algae and phytoplankton, and
animals such as molluscs, sponges and corals. There are many new marine natural
products discovered and described each year, with 656 new compounds identified in

2003 and a similar number for other recent years.'
1.1 The Pederin Class of Natural Products
1.1.1 Pederin

Several compounds with related structures have been isolated from both marine and
land-based sources, such as the onnamides, mycalamides, theopederins, icadamides,
irciniastatins, psymberin and pederin. The first of these to be isolated was pederin
(1), found in beetles of the genus Paederus, which exploit its potent toxicity as a

>4 Pederin causes inflammation and blistering of the skin and is

chemical defence.
also active against human cancer cell lines, prompting studies towards its total

synthesis.’

Figure 1.1.1: Pederin

The mycalamides, onnamides, theopederins and icadamides are all isolated from
marine sponges of various genera. Since they are structurally similar to pederin, it has
been suggested that the biosynthesis of these compounds is due to symbiotic bacteria

rather than biosynthesis by the organism itself.®




1.1.2 Mycalamides A - D

Mycalamide A (2) was isolated from a sponge of the genus Mycale collected from a
reef in New Zealand. Before purification was complete, the sponge extract mixture
was tested and shown to possess strong in vivo antiviral activity. The pure natural
product also demonstrated strong activity in vitro against herpes simplex and polio
viruses.’ Mycalamide B (3, also from Mycale) and mycalamide D (8§, from Stylinos
and Mpycale) have very similar structures to mycalamide A and similar antiviral

activity.&9

OR’
AOH N
H OH o~
meo My 9 X H\);)L
O N A 'OR? FI OM
o A o] OH
~N
2R'=H, R2= Me 4
3R'=R%®=Me
SR'=R2=H

Figure 1.1.2: Mycalamides A — D

Mycalamide C (4, from Stylinos) lacks the acetal present in mycalamides A, B and D
and has a simpler side chain, but is otherwise similar. Mycalamide C (4) also
possesses some Cytotoxic ac:tivity.9 Since the mycalamides have exhibited protein
synthesis inhibition characteristics, in common with pederin and some onnamides,

they may be useful antibiotic compounds.8

1.1.3 Theopederins A - LL

Theopederins A — J (6 — 11, 14 — 17) have been isolated from a species of Theonella
sponge from Japan and show a strong resemblance to both the onnamides and
mycalamides.m’11 Theopederins K and L (12, 13) were collected from a Discodermia
sponge in Honduras and introduce new side chain structures to the class.'> All
theopederins displayed cytotoxic activity against tumour cell lines in vitro and some

also showed antimicrobial properties.
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Figure 1.1.3: Theopederins A~ F (6 —11)and K- L (12, 13).
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Figure 1.1.4: Theopederins G —J (14 - 17).

1.1.4 Icadamides A — C

Icadamides A (18) and B (19) have been isolated from the sponge Leiosella and were
active against human colon cancer cells in vitro. Both compounds were also active
against leukaemia and lung tumours in vivo."® Icadamide C (20) was recently isolated
from the Discodermia calyx sponge and contains structural features common to both

the theopederins and onnamides, particularly onnamide A (25).1




OR!
: 2 18, R'=H,R%= ;L{\/\)L
jinj/\rr <N "OMe 19RT=H, R"= NN N0H
o oM

1 2 o
20 R! = Me,R2 = w

Figure 1.1.5: Icadamides A — C.

1.1.5 Psymberin and Irciniastatin

Psymberin (21) and irciniastatins A (22) and B (23) are natural products isolated from
the sponges Psammocinia and Ircinia ramose respectively. Psymberin and
irciniastatin A share a tetrahydropyran fragment common to many members of the
pederin class of natural products (Figure 1.1.6).1>1¢ Upon synthesis of the natural

products, it was suggested that structures 21 and 22 are in fact the same compound

24)."

OH O
O OH
HO 3
"OH o Y OY Y[ YR o
MeO  OjMeO
23 24

Figure 1.1.6: Psymberin (21) and irciniastatins A (22) and B (23) as originally identified, together with

their corrected common structure, 24. The THP targeted in this thesis is highlighted.

Psymberin (24) proved to be active against several human cancer cell lines,
particularly selected colon, melanoma and breast cancers. Both psymberin (24) and
irciniastatin B (23) were also active against human cancer cell lines with psymberin
displaying potency against lung cancer and leukaemia and irciniastatin B being more
potent against pancreas, breast and central nervous system cancer cell lines.

Psymberin (24) also displayed some very weak antimicrobial and antibacterial
15,16

activity.
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1.1.6 Onnamides A — E

Onnamide A (25) was isolated from a species of the sponge Theonella and has been
shown to possess potent antiviral activity against herpes simplex, vesicular stomatitis
virus and coronavirus.'”® Also isolated from a sponge of the same genus were

onnamides B (26), C (27), D (28) and E (29)."°

OH OH

M/R MR
Meg ?H H O MeQ ?H H O
[ORG N : H “OMe (ORg] N y l:l “OMe
o0 0. _°©° (0] O\/O
25 26

29

Figure 1.1.7: Onnamides A - E

1.1.7 Onnamide F

All of these compounds display potent cytotoxicity against cancer cells in vitro,

increasing interest in their total synthesis.19 A related structure is onnamide F, the

synthetic target of this work. Onnamide F (30) was isolated from the sponge
Trachycladus laevispirulifer, found on the south coast of Australia. It shares many
structural features with the other onnamides, particularly onnamide D (28).%° It also

has a side chain of the type present in theopederin G (14).

12




Figure 1.18: Onnamide F.

The discovering authors were unable to determine the stereochemistry of the side
chain alcohol, which may be answered by its total synthesis. A biological assay
showed onnamide F to be a potent inhibitor of both the development of parasitic
nematode larvae and fungal growth. Interestingly, a simple analogue prepared by

esterification of the acid functionality was a more potent inhibitor in the nematode

assay.
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1.2 Disconnection Strategy

The disconnection strategy adopted in this study is outlined in Figure 1.2.1.
Disconnection of the central amide bond and removal of the unsaturated side chain
leaves three synthetic targets (32, 36 and 37), allowing for convergent synthesis. This

work concentrates on synthesis of the central tetrahydropyran ring (37) and the

unsaturated side chain (32).

OH
X COH

H (0]
ou N 1 . + AR COREL
' 72 "oMe '
O Med
32

FGI
CN
P
: ) Meo OH - eN
MOeQ 14 N\)O:)‘L eee—— o3 cocr o '
7 “OMe HN A oMo
O Med -
MeO H
33 34 35
FGI
MeQ 9H N
0Z COH JO::‘L
H,;NOC ™= “OH
36 37

Figure 1.2.1: Disconnection strategy for onnamide F.

Fragments 36 and 37 will be joined by reaction of acid chloride 34 with imidate 35.

An in situ reduction would introduce the required stereochemistry of the central

14




methyl ether.’’ The unsaturated side chain 32 would be attached via an aldol
condensation with addition of a bulky aluminium complex to control the
regioseleotivity.22 The triene would then be converted into a diene by hydrogenation

in the presence of Wilkinson’s catalyst.

15




1.3 Previous Syntheses

Onnamide F has not been synthesised previously, but total syntheses of pederin,
mycalamides A and B, theopederin D, onnamide A and psymberin / irciniastatin A
have been completed. Numerous approaches to the pederic acid fragment 36 have

also been publishf:d.23 -0

1.3.1 Aldol

Kocienski’s first total synthesis of pederin used an intramolecular Mukaiyama aldol
condensation as a key step in the construction of tetrahydropyran ring 50. Following
known®! protecting steps (i) to (i), (S)-malic acid (38) was efficiently transformed
into the key compound 41, which was used twice in the synthesis of advanced

fragment 46 (Scheme 1.3.1).323%

om
OH 0. LM ww o 0
HOZC\/\CO y PR A A, t _ 5 0 —_—
2 HO™ N OH BnO” "
38 3 40
OH (vi), (vii) OMe (viii) OMe (ix)

BnO/\/:\/OH - HO/WOMG - OHC\/T\/OMe

41 42 43

BnQ H OHC— H Q .,
(x), (xi) O OMe (xii), (xiii)
O, OMe —_— )QH/?\/OM —_— O, OMe
de A _owe o ° A A _ome

O 0]
44 45 46

Scheme 1.3.1: Synthesis of Mukaiyama aldol precursor 46.
Reagents and Conditions: (i) 2-methoxypropene, POCl;, RT. (ii) LiAlH,, THF, reflux. (iii) BF;.OEt,,
Et,0, RT. (steps i-iii ') (iv) BnBr, NaH, Nal, THF, RT, 88%. (v) HCI (2 M), THF, reflux, 100%. (vi)
Mel, NaH, THF, RT, 93%. (vii) H,, Pd/ C, EtOH, RT, 96%. (viii) Swern oxidation, 98%. (ix) 41, p-
TsOH, MgSO,, CH,Cl,, RT, 66%. (x) Na/NHjs (), Et;0, =78 °C, 88%. (xi) PCC, CH,Cl,, RT, 50%.
(xii) H,C=C(CH;3)MgBr, THF, 0 °C, 88%. (xiii) PCC, CH,Cl,, RT, 54%.

The key step involved formation of silyl enol ether 47, which upon treatment with

TiCl; underwent a Mukaiyama aldol condensation reaction to give 48 (Scheme

16




1.3.2).* Ketone 48 was advanced to 50 by a protection, reduction and protection
sequence, but unfortunately reduction of ketone 49 gave a 1:1 mixture of the
corresponding diastereomeric alcohols.  The diastereoselectivity of the aldol
condensation also favoured the undesired product, so Kocienski reported a modified

synthesis of 50 in 1984 which addressed some of the problems.’*****

0 PhMe,SiO

o (i) 7\ (i)
o H OMe —— 0 H OMe —
o LA OMe A OMe
a6 47
OMe OMe OMe
A_-OMe _A_OMe A~_-OMe
: (iii) : (iv), (v) ' :
HO __~ BzO A+ BzO A4 ‘0
A © & 0 f) 0Bz
48 49 50

Scheme 1.3.2: Synthesis of 50 via aldol condensation.
Reagents and Conditions: (i) PhMe,SiH, RhCI(PPhs);, neat, 55 °C, 90%. (ii) TiCly, CH,Cl,, —78 °C,
18%, d.r. 4:5. (iii) BzCl, DMAP, pyridine, RT, 58%. (iv) NaBH,, EtOH, RT, d.r. 1:1. (v) BzC],
DMAP, pyridine, RT, 34% (2 steps).

1.3.2 Intramolecular acvylation

Kocienski described an alternate approach to pederin that made use of an
intramolecular acylation to form the required tetrahydropyran ring.’>**** The
remaining stereochemistry was established by a Michael addition and reduction of a
ketone (Scheme 1.3.3). The synthesis began with aldehyde 43, derived from (S)-

malic acid.

The intramolecular acylation product 54 was separable from the unwanted
diastereoisomer and transformed into o,B-unsaturated ketone 55. Michael-type
addition of cyanide was efficient, with a d.r. of 30:1. Reduction of ketone 56 also
displayed high diastereoselectivity (25:1) and excellent yield, offering a short route to
fragment 58 and intermediate 55 which was used in the synthesis of a mycalamide B

derivative.*®

17




HO
\)\ s oHCTY Yome 0 \N/\g T OMe (i)

OSiMes OMe X
51 43 52
OMe OMe
clI0Cco : C
\(\(:Y\OMe i) ANOMe G, W) NSO )
OMe —_— : 2 . W
o o) AN
53 54 55
OMe OMe OMe
_A_-OMe ~OMe AOMe

E (vii), (viii)
b e ——- < e T
NC™2 N N
C o) NC”: OTBDMS HeNOC™: OTBDMS
56 57 58

Scheme 1.3.3: Synthesis of 58 via intramolecular acylation.
Reagents and Conditions: (i) TiCly, CH,Cl,, -85 °C, 91%. (ii) COCl,, pyridine, PhCHj;, 0 °C, 93%.
(iii)) LDA, THF, 78 °C, 80%, separate, d.r. 2:1 from step (i). (iv) Me,SO,, K,COs, acetone, reflux,
99%. (v) DIBAL-H, PhCHj;, -70 °C, 70%. (vi) TMS-CN, BF;.0Et;, CH,Cl,, 0 °C, 95%, d.r. 30:1.
(vii) NaBH,, CeCl;, MeOH, -80 °C, 99%, d.r. 25:1. (viii) TBDMS-CI, imidazole, DMAP, DMF,
reflux, 94%. (ix) H,0,, K,COs, EtOH, RT, 74%.

1.3.3 Dieckmann Cvclisation

Kocienski et al. have additionally published syntheses of mycalamide B and

theopederin D and a formal total synthesis of pederin, each using common fragment

64. The key step in its construction is a Dieckmann cyclisation of 61 to 62 (Scheme
1.3.4).°7%®
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0O . o O - OAc O

(i) a (i), (i) o
OFt > \/\)%oa : \/\/'><‘Loa

59 60 61
O P A~
(i) : V) : (vi) ;
0 o) 07> 0ome N0
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Scheme 1.3.4: Synthesis of 64 in the total synthesis of mycalamide B, theopederin D and pederin.
Reagents and Conditions: (i) (a) LDA, THF -78 °C. (b) CI(CH,);COCI, 93%. (ii) Ru(BINAP), H,,
MeOH, HCI, 40 °C, 93%, 94% e.e. (iii) Ac,0, NEt;, DMAP, CH,Cl,, RT, 76%. (iv) LDA, THF, -78
°C, 78%. (v) Me;SO,4, KoCO;, 18-crown-6, CH,Cl,, RT, 99%. (vi) DIBAL-H, CH,Cl,, -78 °C, 85%.

Other notable reactions in the synthesis of 57 are the efficient asymmetric
hydrogenation of keto-ester 60 and the use of an asymmetric dihydroxylation of
alkene 68 to elaborate the side chain. The route from 64 to the pederin fragment 57 is
detailed in Scheme 1.3.5.%7 The short sequence benefits from good selectivities and

yields. The use of a selenide to introduce the unsaturated side chain is particularly

effective.
A~ _/\/C’| _/\/CI
: () : (i), (ii) : (iv)
OK/:\& ———— (@) —_————— (o] —_—————
S A B
o NC” o} NC”5 OTBDMS
64 65 66
OMe
g/\/SePh :/\ | ) _/':\/OMe
f NC”: “OTBDMS J )
NC H OTBDMS H NC i “OTBDMS
67 68 57

Scheme 1.3.5: Conversion of 64 into 57 for the formal total synthesis of pederin.
Reagents and Conditions: (i) TMS-CN, TMS-OTf, CH,Cl,, 0 °C, 92%, d.r. 99:1. (ii}) NaBH,, CeCl;,
MeOH, -95 °C to —60 °C, 99%, d.r. 30:1. (iii) TBDMS-OTY, 2,6-lutidine, CH,Cl,, 0 °C, 99%. (iv)
PhSeNa, EtOH, reflux, 91%. (v) (a) NalO4, MeOH, H,0, RT. (b) NEt;, PhCH; (1:1), reflux, 96%. (vi)
K,0s04, DHQ-PHN, K;Fe(CN)g, K,CO3, ‘BuOH, H,0, 0 °C, 78%, d.r. 3:2. (vii) Mel, NaH, 18-crown-
6, THF, RT, 91%.
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1.3.4 Lactol Formation

Formation and modification of a lactol has been used successfully to form the central
ring system of mycalamide B by Hoffmann et al.***° The synthesis began with an
internally controlled prenylation of aldehyde 69, with subsequent protection, cleavage
and hydrolysis giving diol 72. Lactol 73 was formed by ozonolysis of the alkene and
reaction with acetic anhydride. The acetate was displaced with allyltrimethylsilane

and BF3.0Et, to give 74 as a single diastereoisomer (Scheme 1.3.6).
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o o} . ol .
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AcO” HO”
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r OMe (xiv), (xv) d OMe
: —_— :
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MeO,C OTBDMS PhCH,CO,HN OTBDMS
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Scheme 1.3.6: Lactol based method to mycalamide B fragment 78.

Reagen,tls and Conditions: (i) (CHs),C=CHCH,SnBus, TiCl,, 4 A mol sieves, CH,Cl,, 0 °C, 87%, 95%
d.e. (ii) Mel, NaH, THF, RT, 93%. (iii) (CF;CO),0, AcOH, RT. (iv) K,COs;, MeOH, H,O, RT, 65%
(2 steps). (v) (a) O3, CH,Cly, 78 °C. (b) PPh;, ~78 °C to RT. (vi) Ac,0, pyridine, CH,Cl,, RT, 79%
(2 steps). (vii) Allyltrimethylsilane, BF;.OEt;, 4 A mol sieves, MeCN, 0 °C, 99%. (viii)
K,0s0,.2H,0, DHQ-PHN, K;Fe(CN)s, K,CO;. ‘BuOH, H,0, 0 °C, 78%, d.r. 2:1. (ix) TBDMS-Cl,
imidazole, DMF, 0 °C to RT, separate diastereoisomers, 60%. (x) CH;N,, SiO,, Et;0, 0 °C, 92%. (xi)
K,CO3;, MeOH, H,0, 96%. (xii) Swern oxidation, 92%. (xiii) I,, KOH, MeOH, 69%. (xiv) KOH,
H,0, 93%. (xv) (PhQ),P(O)N3, BnOH, NEt;, PhH, 80 °C, 62%.
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Dihydroxylation of 74, followed by a sequence of protections and hydrolysis gave 76.
The primary alcohol in 76 was oxidised with a Swern oxidation and converted to an
ester, before saponification and conversion to 78 via a Curtius rearrangement (Scheme

1.3.6).3%%

Unfortunately, the sequence delivered the wrong stereochemistry at the carbon
adjacent to the nitrogen in 78. The authors planned to epimerise the stereocentre
adjacent to the ester at compound 77 but it did not prove possible, but alteration of the
route to set the correct stereochemistry at this centre earlier in the synthesis was

successful.

To complete the synthesis with the correct stereochemistry, the diol in 79 was
alkylated and the aldehyde unmasked to give 81, which was subjected to a Grignard
addition to afford 82 as a single diastereoisomer. Removal of the bridging phenyl
group in 82 and subsequent lactol formation via ozonolysis and acetate displacement
as above afforded 85 as a single diastereoisomer. Dihydroxylation, protection and

conversion of the acetate to ester 89 completed the synthesis (Scheme 1.3.7).40
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Scheme 1.3.7: Synthesis of 89 with correct stereochemistry.

Reagents and Conditions: (1) CH,BrCl, NaOH, TBAB, H,0, dioxane, 60 °C, 62%. (ii) HgCl,,
AgNO;, Ag,O, MeCN, H,0, 0 °C, 100%. (iii) (CH3);C=CHCH,MgCl, MgBr,, THF, -30 °C, 94%,
single diastereoisomer. (iv) Mel, NaH, DMF, RT, 91%. (v) 80% AcOH, RT, 82%. (vi) (a) Os,
CH,Cl,, =78 °C. (b) PPh;, —=78 °C to RT. (vii) Ac,0, pyridine, CH,;Cl,, RT, 96% (2 steps). (viii)
Allyltrimethylsilane, BF;.0Et;, 4 A mol sieves, MeCN, 0 °C, 84%, single diastereoisomer. (ix)
K,0s0,.2H,0, DHQ-PHN, K;Fe(CN)s, K,COs. ‘BuOH, H,0, 0 °C, 92%, d.r. 2:1. (x) TBDMS-CI,
imidazole, DMF, 0 °C to RT, separate diastereoisomers, 42%. (xi) CH,;N,, Si0O,, Et,0, 0 °C, 82%.
(xii) K»CO3, MeOH, H,0, RT, 96%. (xiii) RuCl;, K,S,05, KOH, ‘BuOH, H,0, RT. (xiv) CH,N,,
Si0,, EO, 77% (2 steps).

Nakata reported a formal total synthesis of mycalamide A using lactol intermediates
to both set stereochemistry and form the THP ring (Scheme 1.3.8).*' The synthesis
began from the known epoxide 93, which was synthesised in five steps.** Grignard-
copper iodide addition to 93 was followed by osmium tetroxide mediated oxidative

cleavage of the alkene to form lactol 95. Dehydration of 95, followed by reaction
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with mCPBA and LiAlH, reduction of 97 yielded triol 98. A sequence of protection
and deprotection steps gave 99, in which the alcohol was oxidised via a Swern
oxidation and the resultant aldehyde subjected to Grignard addition and subsequent
removal of the acetonide to afford 100. Ozonolysis and subsequent protection
afforded lactol 101.

HO,
ﬁ (@, (i) X()J_é (iii), (iv) Hojh—é (v) Oﬂ—é
O OH HO

0o OBn oBn
90 91 92 93
HO
(vi) \/\j;(\ (vii) o (viii) @C

_— —— - B
OBn
OBn OBn
94 95 96
ArCO, OH OH
(ix) o} (x) HO {xi) — (xiii)
——— . e —_—
HO \W\OBn
OBn
97 98 ’
X OMe
0~ "0 (xiv) — (xvi) TBOPSO H QH OH (xvii) — (xix) #O o
_ ————
TBDPSO \A/S(K/\ 9
OH OH
99 100 101

Scheme 1.3.8: THP synthesis via lactols.

Reagents and Conditions: (1) LiAlH,. (i) Acetone, CSA. (iii)) BnBr, NaH. (iv) AcOH, H;O. (v)
NaH, p-TsCl. (vi) Allylmagnesium chloride, Cul, THF, -23 °C to RT, 99%. (vii) (a) OsO4, NMO,
acetone, H,0O, ‘BuOH, RT. (b) NalO,, THF, H,O, RT, 74% (2 steps). (viii) MsCl, NEts, "Pr,NEt,
CH,Cl,, reflux, 67%. (ix) mCPBA, CH,Cl,, RT. (x) LiAlH,, THF, reflux, 84%, d.r. 14:1 (2 steps).
(xi) TBDPS-Cl, imidazole, DMF, RT, 92%. (xii) Me,C(OMe),, CSA, CH,Cl,, RT, 90%. (xiii) Hj,
Pd(OH),, THF, RT, 85%. (xiv) Swern oxidation, 92%. (xv) Allylmagnesium chloride, THF, 0 °C.
(xvi) AcOH, H,0. (xvii) (a) Os, MeOH, -78 °C. (b) Me,S, -78°C to RT. (xviii) HC(OMe);, CSA,
MeOH, RT. (xix) Me,C(OMe),, CSA, CH,Cl,, RT, 80% (5 steps).

PDC oxidation of the alcohol in 101 and elimination of methanol from the product
gave 103, which was reduced with sodium borohydride-cerium trichloride and the
resultant alcohol protected. Oxidation of 104, followed by a sequence of hydrolysis,
acetate formation, displacement of the lactol acetate and removal of the protecting
groups afforded allene 107. The side chain diol of 107 was joined using CDI and
ozonolysis afforded aldehyde 109. Reaction of 109 with paraformaldehyde, and
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finally acetate formation and displacement with TMS azide completed the synthesis

of fragment 111 (Scheme 1.3.9). These steps introduced the ring and diol required for

synthesis of mycalamide A. *!
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Scheme 1.3.9: Completion of mycalamide A fragment 111.
Reagents and Conditions: (i) PDC, CH,Cl,, RT. (ii) TBAF, THF, RT, 50% (2 steps). (iii) NaBH,,
CeClz, MeOH, -78 °C to RT. (iv) Mel, KH, THF, 0 °C, 90% (2 steps). (v) mCPBA, CH,Cl,, RT. (vi)
K,CO;, MeOH, RT. (vii) Ac,0O, pyridine, RT, 88% (3 steps). (viii) HC=CHCH,-TMS, TMS-OTf,
MeCN, 0 °C, 73%. (ix) K,COs;, MeOH, RT. (x) CDI, PhH, RT, 57% (2 steps). (xi) (a) O;, MeOH,
~78 °C. (b) Me,S, -78 °C to RT. (xii) Paraformaldehyde, HCIl (conc.), PhH, 10 °C. (xiii) Ac,0,
pyridine, RT. (xiv) TMS-N3;, TMS-OTY, MeCN, 0 °C, 48% (4 steps).
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From 111, hydrogenolysis of the azide to the amine gives the required coupling
partner for mycalamide A. Nakata used a related approach to produce mycalamide A
analogues from carbohydrate derivatives (Scheme 1.3.17). The route was also

modified for large scale synthesis but the key reactions remained the same.*’

Rawal made use of a lactol to form the required THP in the total synthesis of
mycalamide A.>° Diethyl tartrate (112) was MOM protected, reduced, mono silyl
protected and the remaining alcohol oxidised via a Swern oxidation to aldehyde 114.
Zinc-mediated addition of prenyl (tributyl)stannane gave 115 with an excellent d.r. of
50:1, to which a protection / deprotection sequence was applied, resulting in mono-
MOM protected 117. Ozonolysis to form a lactol, acetate formation and displacement
with allyltrimethylsilane afforded 118 as a single diastereoisomer, with deprotection,
Swern oxidation and reaction with paraformaldehyde giving 120. Dihydroxylation of
the alkene and protection of the resultant diol gave 121, which was advanced to 122
by displacement of the lactol acetate with TMS azide, followed by catalytic

hydrogenation (Scheme 1.3.10).
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Scheme 1.3.10: Synthesis of fragment 122 for the total synthesis of mycalamide A.

Reagents and Conditions: (i) (MeQ),CH,, P,0s, CH,Cl,, quant. (ii) LiAlH,, Et,O, 86%. (iii) "BuLi,
TBDPS-CI, THF, quant. (iv) Swern oxidation, 90%. (v) (CH;),C=CHCH,SnBu3, ZnBr,, CH,Cl,, -78
°Cto 0 °C, 90%, d.r. 50:1. (vi) NaH, Mel, THF, 98%. (vii) ZnBr,, "BuSH, CH,Cl,, RT, 98%. (viii)
BzCl, Pr,NEt, CH,Cl,, RT. 80%. (ix) (MeO),CH,, P,0s, CH,Cly, RT, 91%. (x) K,CO;, MeOH, RT,
83%. (xi) (a) O3, CH,Cl,, 78 °C. (b) Me,S, CH,Cl,, ~78 °C to RT. (xii) Ac,0, DMAP, pyridine, RT.
(xiii) Allyltrimethylsilane, BF;.0Et,;, CH,Cl,, 66% overall, single diastereoisomer. (xiv) TBAF, THF,
91%. (xv) Swern oxidation. (xvi) Paraformaldehyde, HCl (conc.), THF. (xvii) Ac,0, DMAP,
pyridine, CH,Cl,, 63%, d.r. 5.4:1. (xviii) OsOQy, (DHQ),PYR, K,COs3, K3;Fe(CN)s, ‘BuOH, H,0, -3 °C,
83%, d.r. 5:1. (xix) Ac,0, Pr,NEt, DMAP, CH,Cl,, 92%. (xx) TMS-N;, TMS-OTf, MeCN, -78 °C to
0 °C, quant. (xxi) H,, Pd/ C, EtOAc, 90%.

Interestingly, the only use of an external source of chirality is the ligand used in
dihydroxylation of 120, the remainder of the reactions are successfully used to
generate chiral centres with internal stereocontrol. The steps required to introduce the
diol and central ring are similar to those used by Kishi in the first total syntheses of

mycalamides A and B (Schemes 1.3.14 and 1.3.15).
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The lactol-based approach was recently used in the synthesis of psymberin (24),
reported by De Brabander et al.'’ Synthesis of the tetrahydropyran moiety with the
required stereochemistry was achieved in a very short sequence from known aldehyde
123. Two sequential asymmetric additions of silane 129 first to 123 and then to
product 124 afforded 125 after mono TBDMS protection with very good selectivity.
Ozonolysis and acetate formation gave 126, which was subjected to diethyl zinc
addition, giving 127. Displacement of the acetate with TMS cyanide and oxidation of
the secondary alcohol with Dess-Martin periodinane completed the synthesis of 128

(Scheme 1.3.11).
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Scheme 1.3.11: Synthesis of fragment 128 in the total synthesis of psymberin.
Reagents and Conditions: (i) 129, PhCHs, —15 °C, 69%, 94% e.e. (ii) 129, PhCHj3, -15 °C, 79%, d.r.
17:1. (iii) TBDMS-OTT, 2,6-lutidine, CH,Cl,, 0 °C, 92%. (iv) (a) O;, CH,Cl,, =78 °C. (b) PPhs, RT,
99%. (v) Ac,O, NEt;, DMAP, CH,Cl,, 0 °C, 81%. (vi) N,N-(1R,2R-cyclohexane-1,2-
diyl)bis(trifluoromethanesulfonamide), Ti(O'Pr)s, Et,Zn, PhCHs, —15 °C, 84% (mixture). (vii) TMS-
CN, Znl,, MeCN, 0 °C, 91%. (viii) DMP, CH,Cl,, RT, 95%.

Another approach to a fragment of psymberin was published in 2005 by Floreancig et
al.®

the carbon framework as an acyclic precursor to the lactol. Asymmetric allylation of

The route differs from those previously mentioned in assembling the majority of

keto-aldehyde 130 with silane 139 resulted in homoallylic alcohol 131 in 94% e.e.
Protection and silyl enol-ether formation, followed by a Mukaiyama aldol reaction

with aldehyde 133 resulted in 134 with a d.r. of 6:1. Stereocontrolled reduction of the

27




ketone, ozonolysis to form the lactol and acetate formation afforded 136. The acetate
was displaced with TMS cyanide to give 137 as a single diastereoisomer, and the
nitrile was converted to the amide using the Parkin platinum catalyst, which avoided

deprotection of the alcohols (Scheme 1.3.12).
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Scheme 1.3.12: THP synthesis en route to a psymberin fragment.
Reagents and Conditions: (i) 139, PhCH;, -15 °C, 90%, 94% e.e. (ii) TES-CI, imidazole, DMF, RT.
(iii) TMS-OTT, NEt;, Et,0, 0 °C, 100% (2 steps). (iv) BF;.0OEt,, CH,Cl;, =78 °C, 95%, d.r. 6:1. (v)
Et,BOMe, NaBH,, THF, -78 °C, 74%, d.r. not reported. (vi) (a) O3, CH,Cl,, =78 °C. (b) PPh;, =78 °C
to RT, 76%. (vii) Ac,O, pyridine, DMAP, CH,Cl,, RT, 76%. (viii) TMS-CN, BF;.0Et,;, CH,Cl,, ~78
°C, 97%, single diastereoisomer. (ix) (Me,PO)HPt(Me,POH), EtOH, H,0, 80 °C, 96%.

A recent synthesis of mycalamide A by Toyota et al. takes a different approach: the

central ring of the mycalamides is constructed first and the tetrahydropyran unit then

44,45

formed via a lactol (Scheme 1.3.13). 140 was synthesised in an eight step

sequence and elaborated to 141 via a Mukaiyama aldol reaction, giving 141 in 89%
yield and as a single diastereoisomer. Synthesis of 148 was completed using some

46,47

steps similar to those published by Kishi. Deprotection / protection gave 142,

28




which was converted into 143 by a Wittig olefination reaction with the corresponding
aldehyde. Birch reduction, followed by DDQ oxidation to restore aromaticity to the
TBDPS group afforded 144, which was converted into lactol 145 by ozonolysis and
acetate formation. Acetate displacement with allyltrimethylsilane, conversion to 147

via a Curtius rearrangement, alkylation and finally deprotection afforded 148.
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J J
: (xv), (xvi) :
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™S A “OMe Meo)j\n/ i “OMe
o 0.0 o 0.0

Scheme 1.3.13: Synthesis of mycalamide B fragment 148 via a lactol.

Reagents and Conditions: (i) (CH;),C=C(OSiMe;)(OMe), Yb(OTf);, TMS-CI, CH,Cl,, -78 °C, 89%,
single diastereoisomer. (ii) CSA, MeOH, RT, 84%. (iii) Mel, NaH, THF 0 °C, 95%. (iv) DIBAL-H,
THEF, 0 °C, 100%. (v) SO;.py, DMSO, NEt3, RT, 97%. (vi) Ph;P*"MeBr", BuLi, THF, 0 °C, 100%.
(vii) Li, NH; (1), THF, =78 °C. (viii) DDQ, PhH, RT, 74% (2 steps). (ix) (a) O3, MeOH, -78 °C. (b)
Me,S. (x) AcyO, pyridine, RT, 99% (2 steps). (xi) Allyltrimethylsilane, BF;.0Et,, 4 A mol sieves,
MeCN, 0 °C. (xii) TBAF, THF, RT, 86% (2 steps). (xiii) Jones oxidation. (xiv) (PhO),P(O)N;, TMS-
(CH,),0H, NEts, 4 A mol sieves, THF, 65 °C, 78% (2 steps). (xv) LiIHMDS, MeO,CCOCI, DMAP,
THF, -78 °C, 78%. (xvi) TBAF, THF, 0 °C, 93%.
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1.3.5 Carbohvdrate Derivatives

Modified pyranoses have been used as starting materials for syntheses of natural
products of the class discussed in this thesis. This has the advantages that some of the

stereochemistry is already in place and the pyranose is an advanced intermediate.

The first reported synthesis of mycalamides A and B was Kishi’s,*’” beginning with
methyl o-D-glucopyranoside (149) which was converted into the protected form 153
over six steps. Following conversion of 153 to 154 via oxidation and Wittig
olefination, cyclopropane 155 was formed by reaction with diazomethane and a
palladium catalyst. 155 was converted to 156 by two sequential hydrogenations,

followed by a protection / deprotection sequence to give 157 (Scheme 1.3.14).
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Scheme 1.3.14.: Carbohydrate modification in the synthesis of mycalamides A and B.
Reagents and Conditions: (i) MeOCeH,CH(OMe),, p-TsOH. (ii) "(Bu)SnO, then TsCl, NEt. (iii)
Mel, Ag,0. (iv) Na(Hg). (v) BnBr, NaH. (vi) NaCNBHj;, TFA, 65% (6 steps to 153). (vii) Swern
oxidation. (viii) CH;P*Ph;Br~. (ix) CH,N,, Pd(OAc),, Et,0, RT. (x) H,, Pd(OH), / C, EtOAc, RT.
(xi) H,, PtO,, AcOH, RT. (xii) TBDPS-CI, imidazole, CH,Cl,, RT. (xiii) BnBr, NaH, THF, RT. (xiv)
TBAF, THF, RT, 62% (7 steps to 157).
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From 157, the next steps were to introduce the required side chain functionality on the
ring for the mycalamides. The authors found that direct methods, such as vinylation
of a triflate or iodide derived from 157 were not successful and that a five-step
sequence was required (Scheme 1.3.15, full information not given in reference).
Following oxidation, olefination and subsequent reduction, 160 was converted into
selenide 161 and eliminated by treatment with mCPBA to give 162. Dihydroxylation
provided the functionality present in mycalamide A (2). Further modification was
necessary to introduce the central OCH,O bridging ring present in many of the natural

products and provide functionality to couple to the pederic acid fragment.*’
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Scheme 1.3.15: Altering ring functionality.
Reagents and Conditions: (i) Swern oxidation. (ii) Horner-Emmons olefination. (iii) DIBAL-H,
CH,Cl,, =78 °C. (iv) Hy, Rh on Al,O3, EtOAc, RT. (v) 0-O,NCsH,SeCN, "Bu;P, PhH. (vi) mCPBA,
79% (6 steps to 162). (vii) O0sQO4, N,N’-bis (2,4,6-trimethylbenzyl)-(S,S)-1,2-diphenyl-1,2-
diaminoethane, CH,Cl,, —90 °C. (Separated as carbonate 164, 75% 2 steps).
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Kishi also used a carbohydrate derivative in the first total synthesis of onnamide A.*
This synthesis began with 165, which was methylated by enolate formation and
treatment with methyl iodide and HMPA. Reduction of the ketone and protection of
the resultant alcohol was followed by removal of the benzyl group, acetate formation
and displacement with allyltrimethylsilane, to afford 169. Dihydroxylation and
cyclisation of the diol with CDI gave 171 (Scheme 1.3.16).

s sy

O
OAc OBn
Ph Ph Ph

165 166 167 168

/ s =L

(vi) ; (vii) H (vii) B
—_— ﬁ — = o - - o
‘OMe “"OMe “’OMe
OAc OBn OAc OBn OAc OBn

169 170 171

Scheme 1.3.16: Synthesis of fragment of onnamide A.
Reagents and Conditions: (i) (a) LITMP, Et,0, =25 °C. (b) Mel, HMPA, THF, -5 °C, 30 — 60%. (ii)
NaBH(OAc);, CeCl;, MeOH, 0 °C. (iii) Mel, NaH, THF, RT, 78% (2 steps). (iv) LiAlH,, AlICl;, Et;0,
CH,Cl,, reflux. (v) Ac,0, BF;.0Et,, 0 °C to RT, 75 — 80% (2 steps). (vi) Allyltrimethylsilane, TMS-
OTf, BF;.0E;, MeCN, 0 °C, 93%. (vii) OsOq4, N.N’-bis (2,4,6-trimethyibenzyl)-(S,S)-1,2-diphenyl-
1,2-diaminoethane, CH,Cl,, —90 °C. (viii) CDI, PhH, reflux, 65% (2 steps).

Nakata’s synthesis of mycalamide A analogues also made use of carbohydrate

26 Drawing on Kishi’s synthesis, the required fragment was completed in

chemistry.
11 steps from 3-O-methyl-o-D-glucopyranose 172 and provides insight into the steps

not fully disclosed by Kishi (Scheme 1.3.17).
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Scheme 1.3.17: Synthesis of fragment 178 for mycalamide A analogues.
Reagents and Conditions: (i) Ac;0, pyridine, RT. (ii) HC=CHCH,-TMS, TMS-OTf, BF;.OEt,,
MeCN, 0 °C, 68% (2 steps). (iii) K;CO3, MeOH, RT. (iv) PivCl, pyridine, CH,Cl,, 91% (2 steps). (v)
(a) O3, MeOH, -78 °C. (b) Me,S, 0 °C. (vi) Paraformaldehyde, CSA, CH,Cl;, 0 °C. (vii) Ac,0,
pyridine, RT, 74% (3 steps). (viii) TMS-N3;, TMS-OTf, MeCN, 0 °C, 88%. (ix) H,, Pd / C (10%),
EtOAc, RT.

Following acetate formation, subsequent displacement and ozonolysis, 175 was
reacted with paraformaldehyde. Acetate formation, displacement with TMS azide and

reduction completed the synthesis of fragment 178.

1.3.6 Epoxide Opening

Opening of an epoxide has also been successfully used to form a ring system in
several syntheses, with the advantage that stereochemistry can be introduced into the
ring system if the epoxide is formed via an enantioselective method, e.g. Sharpless

asymmetric epoxidation.

The first such synthesis was reported by Matsumoto in the synthesis of pedamide, one

4849 Aldehyde 179 was protected and a sequence of

of the fragments of pederin.
oxidation, allyl Grignard addition and oxidation gave ketone 181. Extensive
experimentation was needed to control the LiAlH4 reduction of 181 in 74% e.e.,
followed by a sequence of standard transformations to 184. Reduction of the ketone,
followed by protection with methyl iodide, removal of the acetal and reaction of the
resultant aldehyde with allyl Grignard to afford 186 after de-benzylation (Scheme

1.3.18).
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Scheme 1.3.18: Synthesis of pedamide 192 via epoxide opening.

Reagents and Conditions: (i) (2R,3R)-2,3-butanediol, p-TsOH, PhH, reflux. (ii) PCC, CH,Cl,, RT.
(iii) Allylmagnesium bromide, Et,;O, RT. (iv) Jones oxidation, 0 °C, 51% (4 steps). (v} LiAlH,, Et;O :
PhCH; (1:1), —123 °C, 98%, 74% e.e. (vi) BnCl, 'AmONa, DMSO, RT. (vii) mCPBA, CH,Cl,, RT.
(viii) NaOMe, MeOH, RT. (ix) Collins oxidation, CH,Cl,, RT, 76% (4 steps). (x) Li(BuO);AlH,
Et,0, -78 °C, 95%. (xi) Mel, NaH, PhH, reflux, 93% (2 steps). (xii) HCI (3 M), acetone, reflux. (xiii)
Allylmagnesium bromide, Et;O, RT, 78% (2 steps). (xiv) Na, NH; (1), =78 °C, 74%. (xv) mCPBA,
CH,Cl,, RT. (xvi) p-TsOH, PhH, reflux, 86% (2 steps) (xvii) Jones oxidation, RT. (xviii) CH;N;,
Et;0, RT. (xix) NaBH,, EtOH, —78 °C, 89% (3 steps). (xx) BzCl, pyridine, RT, 94%. (xxi) (a) LDA,
THF, -78 °C. (b) AcOH, -78 °C, 54%. (xxii) NEt;, H,O, MeOH, RT. (xxiii) SOCl,, DMF, CH,Cl,,
reflux. (xxiv) NH;, CH,Cl,, 0 °C, 79% (3 steps).
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Epoxide 187 was formed by reaction of 186 with mCPBA and cyclised by treating
with acid to give key intermediate 188. A series of oxidation, protection, reduction
and protection afforded 190, which was converted into 191 by careful de /
reprotonation, followed by hydrolysis of the ester. After any racemic material was
removed by addition of a seed crystal and the synthesis was completed by conversion
of the acid to a primary amide by a standard acid chloride formation and reaction with

“849 The synthesis proved to be an efficient

1

ammonia protocol (Scheme 1.3.18).

strategy and the approach was used in the first total synthesis of pederin.’

Roush reported the use of the addition of an alcohol to an epoxide to form a
tetrahydropyran ring in an approach to onnamide A and mycalamides A and B.* Use
of prenylborane 206 developed by Roush et al. allowed asymmetric prenylation of
aldehyde 193 in good yield and with excellent selectivity (d.r. 99:1). Protection and
ozonolysis with a reductive work up afforded 195, which after protection /
deprotection and oxidative cleavage with sodium periodate gave 197. Addition of
borane 207 afforded 198 in good yield (86%) and with a d.r. of 99:1. The epoxide
was generated by exposure of 198 to DMDO and converted into 200 by treatment
with acidic methanol. A Sharpless asymmetric epoxidation provided 201 with a d.r.
of 99:1, which was cyclised to 202 by treatment with HF. Protection of the primary
alcohol of 202 and alkylation of the remaining alcohols yielded 203 after deprotection
with acetic acid. Jones oxidation and a Curtius rearrangement completed the

synthesis of 205 (Scheme 1.3.19).
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Scheme 1.3.19: Towards a fragment of onnamide A and mycalamides A and B.

Reagents and Conditions: (i) 206, 4 A mol sieves, PhCH;, -78 °C, 79%, d.r. 99:1. (ii) Mel, NaH,
DMF, RT, 93%. (iii) (a) O3, CH,;Cl,, MeOH (3:2), -78 °C. (b) NaBH,, EtOH, 86%. (iv) TBDPS-Cl,
imidazole, DMF, 60 °C, 86%. (v) HCO,H, MeOH, RT. (vi) NalO,, THF, H,O, RT, 78% (2 steps).
(vii) 207, 4 A mol sieves, PhCHs, =78 °C, 86%, d.r. 99:1. (viii) DMDO, acetone, K,COs, RT. (ix)
AcOH, MeOH, 86% (2 steps). (x) Ti(O'Pr),, (-)-DIPT, 'BuOOH, CH,Cl,, —20 °C, 92%, d.r. 99:1. (xi)
HF, MeCN, RT, 86%. (xii) Trityl chloride, ‘Pr;NEt, CH,Cl,, RT, 85%. (xiii) (a) BrCH,Cl, NaH,
DMF. (b) AcOH, 60 °C, 49%. (xiv) Jones oxidation, 91%. (xv) (PhO},P(O)N;, TMS-(CH,),OH, NEts,
THEF, reflux, 79%.

For a complete synthesis, the correct side chain diol or diether would need to be

present. Roush er al. published a modified synthesis two years later of a route to
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carboxylic acid 218 and related compounds (Schemes 1.3.20 and 1.3.21),”' which

they then used to complete the total synthesis of mycalamide Al

OMe BocO OMe hE
o}
208 209 210
. ) oj(\
W 9% e C o
N\)@/\/O o Y
o} SH OMe O}—o OH OMe
211 212

{vii) = (ix) O/\/\>§/CHO @\i/\/

}ff)TrocC:) OMe
o
213 214

Scheme 1.3.20: Modified synthetic route to mycalamide A fragment.
Reagents and Conditions: (i) 214, Et,0, -95 °C, 89%, d.r. 98:1. (ii) (a) BuLi, THF, 0 °C. (b) BOC-
ON, RT, 95%. (iii) IBr, CH,Cl, -78 °C. (iv) NaOH (sat.), dioxane, H,O, RT, 77% (2 steps). (V)
NaOAc, DMF, H,0, 65 °C. (vi) (CI3C0),CO, pyridine, CH,Cl,, —78 °C, 64% (2 steps). (vii) Troc-Cl,
pyridine, CH,Cl,, 0 °C. (viii) AcOH, H,0 (4:1), 80 °C. (ix) KIO,, THF, H;0, 65% (3 steps).

Aldehyde 213 was then advanced as before (Scheme 1.3.19) through asymmetric
addition to the aldehyde, epoxidation, Peterson elimination and Sharpless epoxidation
to give epoxide 215. From epoxide 215, acidic zinc removed the Troc group and
induced cyclisation which gave 216 after silyl protection. Formation of the CH,
bridge, deprotection and oxidation of the alcohol to a carboxylic acid gave 218

(Scheme 1.3.21).°"°2
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Scheme 1.3.21: Completion of fragment 218.
Reagents and Conditions: (i) Zn, AcOH, 50 °C, 84%. (ii) TBDPS-CI, imidazole, DMF, RT, 74%. (iii)
P,0s5, Me0),CH,, RT, 88%. (iv) TBAF, AcOH, THF. (v) Jones oxidation, 86%.

1.3.7 Lactone Formation

Nakata used a lactone as the basis of the ring with addition to the carbonyl to add
functionality.53 Aldehyde 219 (derived from (S)-malic acid) was converted into 220
by an aldol reaction, which after protecting group manipulation was followed by acid-
induced cyclisation to lactone 222. The alcohol of 222 was alkylated to protect it
during the addition to the lactone carbonyl, giving 225 after deprotection (Scheme

1.3.22).
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Scheme 1.3.22: Synthesis of 225 via a lactone.
Reagents and Conditions: (i) (CH3);CHCO,Et, LDA, THF -78 °C, 74%. (ii) p-TsOH, MeOH. (iii)
TBDPS-CI, imidazole, DMF. (iv) CSA, PhH, 72% (3 steps). (v) H,C=CHOEt, PPTS, CH,Cl,. (vi)
'‘BuOAc, LDA, THF, -78 °C. (vii) CH(OMe);, CSA, CH,Cl,, MeOH, 38% (3 steps).

Acetal 225 was converted into another lactone (226) by treatment with ethane dithiol
and BF;.OEt; to enable both elaboration of the ring and setting of the stereochemistry.
Methylation of the diol, reduction of the lactone and MOM protection afforded 228.
Removal of the thiol enabled reduction of the resultant ketone with LiAlH,, giving
230 as a single diastereoisomer after benzoyl protection. Removal of the MOM
protecting group and reaction with acetic anhydride was followed by displacement of
the resultant acetate with TMS cyanide to give 232. The nitrile was converted into

amide 192 using TiCl, (Scheme 1.3.23).
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Scheme 1.3.23: Further elaboration of 225 to 192.
Reagents and Conditions: (1) HSCH,CH,SH, BF;.0Et,, -30 °C, 83%. (ii) CH,N,, SiO,, Et,0, 83%.
(iii) DIBAL-H, PhCH;, 78 °C. (iv) CH;0CH,Br, "ProNEt, CH,Cl,, 88% (2 steps). (v) NBS, AgNO;,
Na,CO;, MeCN, H,0, 87%. (vi) LiAlH,, Et,0, 0 °C, 98%, single diastereoisomer. (vii) BzCl,
pyridine, 100%. (viii) HCI (6 M), THF, 50 °C. (ix) Ac,0, pyridine, 86%. (x) TMS-CN, BF;.OEt,,
CH.Cl,, 0 °C, 94%. (xi) TiCly, AcOH, H,0, 87%.

192 is the required fragment for the synthesis of pederin, which Nakata successfully
completed via this synthesis.”® It is also similar to the target fragment (37) for

onnamide F (30).

1.3.8 Samarium Diiodide Cyclisation

Nakata continued with the use of lactones in the synthesis of pederin.®* From (S)-
malic acid (38), reduction of the acid functionalities, acetal protection, Swern
oxidation and a Wittig olefination gave 234. Removal of the acetal and subsequent
silyl protection were followed by acylation to form 236, which was converted into
237 by ozonolysis. Samarium diiodide mediated cyclisation gave 238, which was
reduced to the corresponding lactol and protected with benzoyl chloride to give 239

(Scheme 1.3.24).
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Scheme 1.3.24.: Use of Sml; to form lactone 238.

Reagents and Conditions: (i) BH;.SMe,, THF. (ii) p-TsOH, acetone, 91% (2 steps). (iii) Swern
oxidation. (iv) PhsP=CHCO,Et, CH,Cl,, 89%. (v) HCI (1 M), THF, RT. (vi) TBDMS-CI, pyridine,
99% (2 steps). (vii) BrC(CH;),COBr, NEt;, CH,Cl,, RT, 100%. (viii) (a) Os;, CH,Cl; -78 °C. (b)
Me,S, ~78 °C to RT. (ix) Sml,, THF, 0 °C to RT, 85% (2 steps). (x) DIBAL-H, CH,Cl,, -78 °C. (xi)
BzCl, pyridine, O °C to RT, 89% (2 steps).

From protected lactol 239, familiar steps were used to complete the synthesis.

Displacement of the benzoate with allyltrimethylsilane and silyl protection yielded

240. Dihydroxylation and methylation of the diol advanced 240 to 241, which was in

turn oxidised to 191 via a Jones oxidation and converted to the amide 192 (Scheme

1.3.25).%
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Scheme 1.3.25: Completion of fragment 192.
Reagents and Conditions: (i) Allyltrimethylsilane, TMS-OTf{, BF;.OEt;, MeCN, 0 °C, 91%. (i)
TBDMS-CI, imidazole, CH;Cl,, 0 °C to RT, 100%. (iii) OsO4, (DHQ),PYR, K;Fe(CN)s, K,COs,
MeSO,NH,, ‘BuOH, H,0, 90%, d.r. 3.1:1. (iv) Mel, NaH, DMEF, 0 °C to RT. (v) Jones oxidation,
acetone, 0 °C to RT. (vi) PyBOP, HOBt, "Pr,NEt, NH,Cl, DMF, 0 °C, 86% (3 steps).

192 was obtained in 35% overall yield from (S)-malic acid and the total synthesis of
pederin was completed using steps already developed for the coupling between 192

and the pederic acid fragment.**

1.3.9 Palladium-Catalysed Cyclisation

Trost’s approach to (-)-mycalamide A was via a palladium-induced cyclisation of an
alcohol onto an alkene.”> This method was used in the formation of both rings of the
required fragment, starting from lactone 242. The alcohol functionality of 242 was
protected as the methyl ether and the lactone subjected to DIBAL reduction. The
resulting aldehyde was reacted with 250 in the presence of indium to afford 244 in
62% yield with a d.r. of 5:1. Palladium catalysed cyclisation afforded 245 in
excellent yield, which was then oxidised via a Swern oxidation and reacted with
vinylmagnesium bromide to give 246. Boc protection, osmium mediated oxidative
cleavage and Baeyer-Villiger oxidation provided one of the rings of mycalamide A

(248). A Rubottom oxidation introduced the alcohol in 249 (Scheme 1.3.26).
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Scheme 1.3.26: Palladium-mediated cyclisation of mycalamide A central ring.

Reagents and Conditions: (i) Mel, Ag,O, MeCN, 58 °C, 86%, 98% e.e. (ii) DIBAL-H, CH,Cl, -78
°C. (iii) 250, In powder, NH,Cl, H,O, 62% (2 steps), d.r. 5:1. (iv) PdCly(dppf), BEt;, NEt;, THF,
reflux, 99%. (v) Swern oxidation, 90%. (vi) Vinylmagnesium bromide, MgBr,.Et,O complex, CH,Cl,,
~78 °C to RT, 96%. (vii) "BuLi, (Boc),0, THF, 0 °C to RT, 87%. (viii) (a) OsOy,, (DHQD),PHAL,
K;Fe(CN)g, K,CO3, MeSO,NH,, ‘BuOH, H,0. (b) NalO,, THF, H,0, 91%. (ix) mCPBA, 30% Li,COs,
CH,Cl,, RT, 98%. (x) (a) TBDMS-OTY, NEt;, CH,Cl, =78 °C. (b) DMDO, acetone, CH,Cl,, 4 A mol
sieves, =5 °C, 68%. (xi) NBu4Ph;SiF,, PhCO,H, THF 50 °C, 83%.

The second ring was introduced via the sequence shown in Scheme 1.3.27. After
activation of the alcohol by conversion to the triflate, inversion was effected by
treatment with sodium nitrite to give 251. A further palladium catalysed cyclisation
yielded 252 in 58% yield, with DIBAL reduction of the lactone and acetate formation
giving 253. Hydroboration of the alkene and PCC oxidation of the resultant alcohol
advanced 253 to 254. A Wittig olefination, dihydroxylation and cyclisation of the
product with triphosgene gave 256. The acetate was then displaced with TMS azide

to complete the synthesis of 257 3
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Scheme 1.3.27: Completion of synthesis of fragment 257.
Reagents and Conditions: (i) Tf,0, pyridine, CH,Cl,, 0 °C. (ii) NaNO,, DMF, RT, 75% (2 steps).
(iii) Pdy(dba);CHCIs, dppf, dichloroethane, 70 °C, 58%. (iv) DIBAL-H, CH,Cl; =78 °C. (v) Ac,0,
pyridine, DMAP, —78 °C to RT, 100% (2 steps). (vi) 9-BBN, RhCI(PPh;);, THF, 0 °C to RT. (vii)
PCC, 4 A mol sieves, CH,Cl,, 45 °C, 48%. (viii) H,C=PPh;, PhCH3, 40 °C to -20 °C, 97%. (»ix)
OSO,;, (DHQD),PYR, K3Fe(CN)s, K,COs, 'BuOH, H,0, 74% - quant, d.r. 4.1:1 - 9:1. (x) Triphosgene,
pyridine, CH,Cl,, -78 °C, 73 - 84%. (xi) TMS-OTf, TMS-N;, MeCN, 0 °C, 68%, d.r. 1.6:1.

1.3.10 Hetero Diels-Alder and Conjugate Addition

Rawal er al. recently reported a unique approach to the synthesis of pederin using a
hetero Diels-Alder reaction to form the ring and introduce one of the stereocentres.”
The synthesis started with epoxide 258, which was opened with vinylmagnesium
bromide, the alcohol protected and the alkene cleaved by ozonolysis to afford 260.
The other fragment (264) required for the hetero Diels-Alder reaction was prepared by
reaction of 261 and 262 to afford 263 in 47% yield after elimination. Treatment of
263 with TBDMS chloride resulted in 264 in 95% yield. 260 and 264 were reacted
together using an aluminium Lewis acid and an HF quench to afford 265 in 65% yield
and with excellent selectivity (d.r. 92:8). Methylation of the alcohol and reaction with

270 in the presence of scandium triflate gave 266 in 85% yield with excellent
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selectivity (20:1). L-selectride reduction also proved selective, providing 267 with a
d.r. of 12:1. Saponification of the ester in 267 and reaction of the resultant acid with
TMS ethanol and DPPA afforded 269 in 72% yield after silyl protection (Scheme
1.3.28).
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Scheme 1.3.28: Short synthesis of 269 via hetero Diels-Alder reaction.

Reagents and Conditions: (i) Vinylmagnesium bromide, Cul, THF, -78 °C to 0 °C. (ii) TiPS-Cl,
imidazole, CH,Cl,, RT, 85% (2 steps). (iii) (a) Os;, CH,Cl,, —78 °C. (b) PPh;, —78 °C to RT, 83%. (iv)
(a) NaOMe, Et,0, reflux. (b) Me,SO,, DMSO, 0 °C, 47%. (v) TBDMS-CI, NEt;, Et,0, 0 °C, 95%.
(vi) (a) Al(2,6-diphenylphenoxide),Me (0.2 equiv.), TMS-OTf, CH,Cl,, =78 °C to —45 °C. (b) 10% HF
in MeCN quench, 65%, d.r. 92:8. (vii) Mel, NaHMDS, THF, -78 °C to 0 °C, 87%. (viii) (a) 270,
Sc(OTf);, CH,Cl,, —78 °C to RT. (b) 10% HF in MeCN quench, 85%, d.r. 20:1. (ix) L-selectride, THF,
—78 °C, 92%, d.r. 12:1. (x) NaOH, MeOH, RT, quant. (xi) TMS-CH,CH,OH, DPPA, NEt;, 4 A mol
sieves, THF, reflux, 75%. (xii) TMS-CI, imidazole, DMF, RT, 72%.
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This approach proved to be a very efficient strategy; the synthesis was completed in a
short sequence from commercially available starting materials. 269 had all of the
required stereochemistry for pederin, including the chiral methyl ether adjacent to the
carbamate. This is often introduced via an imidate,”"*® but in this case, only coupling

to pederic acid and deprotection were required to complete the total synthesis.’

1.3.11 Michael Addition

In another synthesis reported by Rawal et al., modification of a tartrate, subsequent
Michael addition to a terminal double bond and formation of a selenide was used to

7 After MOM protection and

form the required THP ring of the mycalamjdes.5
reduction of diethyl tartrate, 113 was mono silyl protected and the remaining alcohol
oxidised to aldehyde 114. Addition of prenyl (tributyl)stannane afforded 115 in 90%
yield with excellent selectivity (50:1). Following several protecting group
modifications, 272 was cyclised to selenide 273 with a d.r. of 1.8:1. Further
manipulation of the protecting groups, including migration of the benzoyl group, and
Swern oxidation afforded 277 after ring formation with paraformaldehyde (Scheme

1.3.29).

This synthesis makes good use of the chirality present in the tartrate starting material
and has an advantage in that the selenide offers the opportunity to further
functionalise the molecule by introducing the required side chains for the
mycalamides. The steps to convert 277 into a suitable coupling partner have been

previously reported.47
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Scheme 1.3.29: Synthesis of 277 via Michael addition.

Reagents and Conditions: (i) MeQ),CH,, P,0s, CH,Cl,, quant. (ii) LiAlH,, Et;0O, reflux, 86%. (iii)
"BuLi, TBDPS-CI, THF, 0°C, quant. (iv) Swern oxidation, 90%. (v) (CH;),C=CHCH,SnBus;, ZnBr,,
CH,Cl,, -78 °C to 0 °C, 90%, d.r. 50:1. (vi) Mel, NaH, THF, RT, 98%. (vii) PPTS, 'PrOH, reflux,
80%. (viii) TMS-CIl, NEt;, THF, RT, 93%. (ix) BzCl, DMAP, pyridine, 95%. (x) PPTS, MeOH, 96%.
(xi) N-phenylselenophthalimide, CSA, CH,Cl,, RT, 78%, d.r. 1.8:1. (xii) TBAF, THF, RT, 84%. (xiii)
(MeO),CH,, P,0s, CH,Cl,, RT, 98%. (xiv) NaOH (2 M), MeOH, RT, 98%. (xv) Swern oxidation,
69%. (xvi) Paraformaldehyde, HC] (conc.), Et,0O, 0 °C, 92%. A

The second synthesis to use Michael addition was the total synthesis of psymberin
reported by Huang et al in 2007.® A ligand-controlled Masamune aldol
condensation was used to connect 278 and 279 in excellent yield (95%) and e.e.
(98%). Ester 281 was treated with TMS-CH,Li to give ketone 282 in one step, which
was then transformed into silyl enol ether 283. An aldol reaction between 283 and
aldehyde 284 gave ketone 285 with selectivity of 5:1, the ketone in 285 was reduced
with catecholborane (d.r. 15:1) and the resultant alcohol protected as the acetate
(286). Following deprotection and DMP oxidation, Takai vinyl iodide formation gave

288, which was reacted with the appropriate amide and the acetate hydrolysed to give
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290. Exposure of 290 to a hypervalent iodine reagent induced cyclisation to form 291

with 1:1 selectivity (Scheme 1.3.30).

HO.C
OTMS P-TolOzSHN (), (i) BnO OTBDMS (i)
B0 ~cHo + \%\OEt * MeO - VI -

EtO,C
MeOQO
278 279 280 281
BnO.
BnO. OTBDMS ) BnO. OTBDMS _
(v) , + )
0. TMSO R! /\C HO :
R‘I
282 283 284 285

(vi), (vi) (viii), {ix)

(xi) (xii)

(xiii)

289 290

R = Aromatic component

R2 = Amide component of psymberin

291

Scheme 1.3.30: Synthesis of 291 in the total synthesis of psymberin.

Reagents and Conditions: (i) BH;. THF, CH;CH,CN, -78 °C, 95%, 98% e.e. (ii) TBDMS-OTTY, 2,6-
lutidine, CH,Cl,, 0 °C, 99%. (iii) TMS-CH,Li, pentane, 0 °C, 95%. (iv) TMS-OT{, NEt;, CH,Cl,, 0
°C, 100%. (v) BF;.0Et,, CH,Cl,, ~78 °C, 91%, d.r. 5:1. (vi) Catecholborane, THF, 0 °C, 92%, d.r.
15:1. (vii) Ac,O, DMAP, pyridine, RT, 78%. (viii} H,, Pd/ C, EtOH, RT, 100%. (ix) DMP, CH,Cl,,
0 °C to RT, 95%. (x) CrCl,, CHIL;, THF, 0 °C, 90%, E:Z 5:1. (xi) R*CONH,, MeNH(CH,),NHMe,
CsCOs, PhCH;, 70 °C, 95%. (xii) NaOMe, MeOH, RT, then protection of R!, 95% (2 steps). (xiii)
PhI(OAc),, MeOH, hexafluoroisopropanol, 0 °C to RT, 72%, d.r. 1:1.
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1.4 Retrosynthetic Analysis and Synthetic Approeach

Disconnection of onnamide F led to three fragments (Figure 1.2.1). Retrosynthetic

analysis of two of these fragments (37 and 32) is detailed in Figure 1.4.1.

CN
4 OH
o~ \ H., o
—1 H, 0 — NC. _~ o

HoN . NC, ~
N - " 0]

G OH

o)

37 292 293

OH
H,, o) s : OHC
/><[O¥ /X\/\COZE:( > \/\COZEt
294

295 296

AR -COE _ X CHO
32 297

Figure 1.4.1: Retrosynthetic analysis of fragments 37 and 32.

The synthetic approach to 37 and 32 (Scheme 1.4.1) uses both externally controlled
asymmetric reactions and steric factors of the five-membered ring to influence the

resulting stereochemistry.
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Scheme 1.4.1: Proposed synthesis of fragment 37.
Reagents and Conditions: (i) (3,3-Dimethylallyl)diisopinocampheylborane.  (ii) PPTS.  (iii)
Acrylonitrile, Grubbs I or II catalyst. (iv) (a) LITMP. (b) MoOPH. (v) NH;.

The proposed sequence begins with asymmetric prenylation of aldehyde 296 using
Brown’s chiral borane technique.*®®® The resulting alcohol would be cyclised to form
the lactone 294. Successful cross-metathesis with acrylonitrile using Grubbs catalyst
would give substituted alkene 293.5% When 293 is treated with a base to form the
enolate followed by addition of MoOPH,* a-hydroxylation should take place on the
opposite face of the ring to the bulky prenyl group at C5, providing the required §
stereocentre at C3 (292). Lactone 292 will be opened with ammonia and, after proton
transfer, can undergo Michael addition to the unsaturated nitrile to deliver fragment

37 in only five steps.

Unsaturated chain 32 is known in the literature and can be synthesised in one step via

a Wittig or Horner-Wadsworth-Emmons reaction (Scheme 1.4.2).5

297 32

Scheme 1.4.2: Synthesis of unsaturated chain 32.
Reagents and Conditions: (EtO),P(O)CH,CO,Et, NaH, THF.




Chapter 2 Results - Racemic Synthesis of Nitrile Fragment 37

2.1 Starting material synthesis

The synthetic approach to fragment 37 began with preparation of starting aldehyde
296, which is not commercially available but is known in the literature.’®® One
obvious route, hydrolysis of y-butyrolactone and oxidation of the resulting alcohol,
was largely unsuccessful, so reduction of acid chloride 299 was used as a start point

for the synthesis (Scheme 2.1.1).

299 296

Scheme 2.1.1: Synthesis of starting aldehyde 296.
Reagents and Conditions: Et;SiH, Pd/ C, neat, 0 °C, 2 h, 72%.

Upon treatment of acid chloride 299 with triethylsilane in the presence of palladium
on carbon,®”®® aldehyde 296 was isolated in moderate to good yield. Purification by
column chromatography was necessary to remove triethylsilyl chloride from the
product, but this had to be performed quickly as extended contact with silica caused
degradation, as did distillation of the crude product. Alternative reductions using
NaBH(OAc); as a hydride source or hydrogen gas with a metal catalyst either failed

or resulted in over-reduction.

2.2 Isoprenylation of aldehvde 296 to lactone 294

To facilitate the development of a racemic synthesis of nitrile 37, a robust route to

lactone 294 was required that could deliver this material in quantity. The most

straightforward method was via addition of a prenylzinc species (generated from
prenyl bromide, zinc dust and ammonium chloride in a THF / water solvent mixture)

to aldehyde 296 (Scheme 2.2. 1).%
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Scheme 2.2.1: Synthesis of racemic lactone 294.
Reagents and Conditions: (i) Zn dust, prenyl bromide (300), NH,Cl, H,O, THF, RT, 2 h, 85% (crude).
(@i1) TFA (cat.), CH,Cl,, reflux, 1 h, 90%.

This resulted in an unstable hydroxy ester 295 which cyclised to 294 on treatment
with TFA in CH,Cl; at reflux. The isoprenylation reaction proved reliable, high
yielding and held several advantages over the corresponding Grignard additions. In
particular, it allowed the use of an aqueous solvent mixture, resulting in rapid and

easy reagent formation and reduced side-reactions such as homocoupling.

2.3 Introduction of unsaturated nitrile functionality

The initial plan was to introduce the nitrile functionality via a cross-metathesis
reaction between 294 and acrylonitrile, facilitated by a suitable catalyst. Grubbs’ I
and II catalysts offered the combination of reasonable stability and commercial
availability, with literature reports indicating that metathesis reactions involving

6263 Mixtures of lactone 294,

acrylonitrile are possible, if rather challenging.
acrylonitrile and Grubbs’ catalyst were subjected to various traditional reaction

conditions without success (Scheme 2.3.1).
0 S o}
/X(O% NC‘--/><(O¥
294 293

Scheme 2.3.1: Attempted cross-metathesis reactions.
Reagents and Conditions: 1. Acrylonitrile, Grubbs I, CH,Cl,, reflux, 16 h.53
2. Acrylonitrile, Grubbs II, CuCl, CH,Cl,, reflux, 16 h.%

After thermal methods failed, microwave irradiation was employed in an attempt to

achieve a successful conversion. Unfortunately, this failed to afford nitrile 293 with
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all reactions returning the starting material 294. The reaction conditions tried are

detailed in Table 2.3.1.

Entry Conditions
1 Grubbs I (2 mol%), CH,Cl,, 120 °C, 15 min.
2 Grubbs 1I (5 mol%), PhCHj3, 150 °C, 15 min.
3 Grubbs I, (5 mol%), PhCHj, 150 °C, 15 min.
4 Grubbs II (5§ mol%), CuCl (20 mol%), CH,Cl,, 120 °C, 15 min.

Table 2.3.1: Microwave assisted cross-metathesis.

All reactions were run with 2 equiv. of acrylonitrile at 0.04 M with a fixed hold time.

Literature reports suggest that the use of Schrock’s molybdenum catalyst might be

_ advantageous,61 but as this species is very air sensitive and requires a glove box for
handling, a robust two-step procedure for the conversion of alkene 294 to nitrile 293
was examined (Scheme 2.3.2). Ozonolysis of 294 afforded aldehyde 301 in 51%
yield after chromatography.

o (i) 0o (if) o
oy oy

294 301 293

Scheme 2.3.2: Synthesis of 293 via oxidative cleavage and Wittig olefination.
Reagents and Conditions: (i) (a) O3, CH,Cl,, =78 °C, 30 min. (b) PPh;, —78 °C to RT, 1 h, 51%.
(ii) ‘BuOK, Br'Ph;sP*CH,CN, THF, 0 °C to RT; 16 h, 95%, E:Z 6:1.

The Wittig reaction between 301 and acetonitriletriphenylphosphonium bromide
proceeded cleanly and efficiently, yielding a 6:1 mixture of (E) and (Z)-nitrile 293 in
95% yield after column chromatography.
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2.4 Hydroxvlation of lactone 293 via electrophilic oxygen reagents

The next task was to effect the diastereoselective a-hydroxylation of lactone 293 with
an electrophilic hydroxylating reagent. Several reagents exist which are capable of
introducing an alcohol adjacent to a carbonyl. These are mainly based around
MoOPH (303), developed by Vedejs, and various oxaziridine reagents (e.g. 304 and
305), developed by Davis (Figure 2.4.1).

~

(e
O'O/I{'Aoj,o
o] Q.0
/ \ \S/
. \N\7/© 0z
o] N~Is\\
0o (0]

N
HMPA /
/Y pmpPU

—

303 304 305

Figure 2.4.1: orhydroxylation reagents.

MoOPH and the related DMPU analogue, MoOPD are quickly synthesised from

1847071 Attempts to effect the hydroxylation of the

MoO; in a two-step protoco
enolate of lactone 294 with MoOPD were unsuccessful, even when the reaction was
allowed to warm from —78 °C to room temperature. This may, in part, be due to the
low solubility of these reagents in THF and the need to add them as solids to the pre-

formed enolate.®*

The oxaziridines 304 and 305 are also easy to prepare and have better solubility in
organic solvents, better stability and lower toxicity. Oxaziridine 304 was easily
prepared from benzaldehyde by the literature method (Scheme 2.4.1) and was stored

under nitrogen at —18 °C until needed to minimise decomposition.”*”*
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Scheme 2.4.1: Synthesis of oxaziridine 304.
Reagents and Conditions: (i) (EtO);CH, NH,Cl, EtOH, reflux, 1.5 h, quant. (ii) Benzenesulfonamide,
neat, 170 °C, 30 min, 62%. (iii) Oxone, K,CO;, PhCH;, H,O, RT, 3 h, 76%.

When nitrile 293 was sequentially treated with LiTMP and oxaziridine 304 (Scheme
2.4.2), none of the desired product (rac)-292 could be identified by NMR or TLC,

and only a very polar compound was detected.

OH
NC. .~ o —X——» s
A et =0

293 (rac)-292

Scheme 2.4.2: Initial attempts at o-hydroxylation of 293.
Reagents and Conditions: (i) LITMP, THF, -78 °C, 1 h. (ii) Oxaziridine 304, THF, -78 °C, 2 h.

With the failure of this reaction, the order of synthesis was altered to add the alcohol
functionality before the nitrile. Hydroxylation of lactone 294 did proceed with
oxaziridine 304, albeit in very low yield (Scheme 2.4.3).” It did not prove possible to
purify (rac)-309 when prepared via this method.
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294 (rac)-309 310

Scheme 2.4.3: Hydroxylation of lactone 294.
Reagents and Conditions: (i) LITMP or KHMDS, THF -78 °C, 1 h. (ii) Oxaziridine 304, THF, -78
°C, 15 min, 9%.

Replacement of LiTMP with KHMDS to deprotonate the lactone had no effect on the
yield and severe purification problems were encountered in all cases. Upon reaction,
oxaziridine 304 re-forms the precursor sulfonimine 308, which decomposes on silica
gel to benzaldehyde and benzenesulfonamide. As a result, lactone (rac)-309 could
not be isolated in its pure form following column chromatography. Addition of HCl
to the reaction mixture hydrolyse 308 before work up was unsuccessful as

benzenesulfonamide further interfered with purification.

An additional problem described in the literature was also evidenced. Sulfonimine
308 is reactive to enolates and upon formation, competes with oxaziridine 304 with
formation of 310 as a significant by product. The identity of 310 was confirmed by
"H-'"H COSY NMR (the stereochemistry depicted is assumed).

7576 Davis

By products of this type have been noted by both Fry and Davis.
recommended the use of camphorsulfonyl oxaziridine 305 to overcome this problem,
as the sulfonimine 313, formed upon reaction is inert to organometallic nucleophiles
and enolates.”® The chiral nature of the reagent could also offer an opportunity to
influence the diastereoselectivity of the reaction. Consequently, the syntheses of 305
and its enantiomer were completed in four steps from camphorsulfonic acid by the

literature procedure (Scheme 2.4.4)."
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Scheme 2.4.4: Synthesis of reagent 305.
Reagents and Conditions: (i) Oxalyl chloride, DMF (cat.), CH,Cl,, 0 °C, 16 h. (ii) NH;, CH,Cl,, H,0,
0 °C, 22 h, 91% (2 steps). (iii) Amberlyst-15 resin, PhCHj;, Dean and Stark, reflux, 6 h, 77%. (iv)
Oxone, K,COs, PhCHj3, H,0, 0 °C to RT, 72 h, 75%.

Formation of the enolate of lactone 294 and subsequent treatment with (+) or (—)-305
resulted in the successful formation of hydroxylactone (rac)-309 in yields varying
from 40 — 81% (Scheme 2.4.5).%° The effects of differing bases (LiTMP, LiIHMDS,
LDA, NaHMDS, KHMDS) and the two oxaziridine enantiomers were investigated to

attempt to improve yields and selectivity (Table 2.4.1).

OH
% — H., 0
= 0 = O

294 (rac)-309

Scheme 2.4.5: Successful synthesis of (rac)-309 without by products. _
Reagents and Conditions: (i) Base, THF, =78 °C, 1 h. (i1) (+) or (-)-305, THF, -78 °C, 15 minto 1 h.

Entry Base Oxaziridine Yield Anti:Syn (typical)
1 LiTMP (-)-305 16 —81% 3:1
2 LiTMP (+)-305 26 - 54% 3:1
3 LiHMDS (+)-305 9 -34% 3:1
4 LDA (+)-305 29% 3:1
5 NaHMDS (+)-305 37% 1:1
6 KHMDS (-)-305 Generated mixture of products

Table 2.4.1: Results of varying reagents in hydroxylation reactions. All reaction conditions were as

Scheme 2.4.5.
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The original hypothesis was correct; hydroxylation does indeed favour the face of the
lactone ring opposite to the bulky isoprenyl group. As Table 2.4.1 indicates,
diastereomeric ratios of around 3:1 are consistent in the hydroxylation reaction, but
yields vary greatly. Base selection is important as NaHMDS decreased the
diastereoselectivity and KHMDS delivered the least satisfactory result. Addition of
DMPU lowered the yield to 26%, with diastereoselectivity remaining at 3:1. In this
racemic series, the low yield (~40%) was accepted to enable further study on
subsequent reactions. Application of oxaziridine 305 to the nitrile lactone 293
(Scheme 2.4.2) completely failed, indicating that the nitrile is incompatible with the
required reaction conditions, possibly due to the o,B-unsaturated nitrile as a good

Michael acceptor undergoing addition by the metal amide base.®!

2.5 Formation of nitrile lactone (rac)-292

The oxidative cleavage-Wittig olefination strategy was applied next to
hydroxylactone (rac)-309 (Scheme 2.5.1). Ozonolysis was superior to ruthenium
tetroxide mediated cleavage in that there were fewer problems with work-up and
purification. Unfortunately, under identical conditions to those in Scheme 2.3.2, the

Wittig olefination reaction afforded a 35% yield of pure material.

(i) or (i} \ (iii)
—_—— . e e )
(rac)-309 (rac)-314 (rac)-292

Scheme 2.5.1: Oxidative cleavage and Wittig olefination of lactone (rac)-309.
Reagents and Conditions: (i) (a) O, CHyCl,, =78 °C, 15 min. (b) PPh;, -78 °C to RT, 1 h, 28 - 71%.
(i1) RuCl;, NalOg4, MeCN, H,0, RT, 4.5 h, 51%. (iii) ‘BuOK, Br Ph;P*CH,CN, THF, 0 °C to RT, 48 h,
35%, E:Z8:1.

2.6 The key ring expansion of nitrile lactone (rac)-292 with ammonia

Nitrile (rac)-292 was, in the first instance, treated with a mixture of aqueous ammonia
and dioxane at room temperature for 24 hours. Gratifyingly, this reaction resulted in

the formation of two diastereomeric tetrahydropyrans (rac)-37 and (rac)-315, albeit in
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low yield (Scheme 2.6.1). The open-chain intermediate (rac)-298 was not isolated

from the reaction.

3 OH OH
: :
N o o) > NCWCONHQ _
(rac)-292 (rac)-298
_/CN CN
HNOC ™2™~ ""OH HNOC™, “OH
(rac)-37 (rac)-315

Scheme 2.6.1: Synthesis of tetrahydropyran fragments (rac)-37 and (rac)-315.
Reagents and Conditions:-NHs, dioxane, H,O, RT, 24 h, 9% (rac)-37, 19% (rac)-315.

Further analysis showed that the desired product (rac)-37 was produced as the minor
diastereoisomer under these conditions. Since the reaction had not delivered the
required diastereoselectivity, extensive experimentation was conducted to improve the

reaction outcome (Chapter 4).

2.7 NMR experiments

A range of NMR experiments were used to confirm the stereochemistry of (rac)-37
and (rac)-315. The n.O.e. experiments and key coupling constants for structures
(rac)-37 and (rac)-315 are summarised in Table 2.7.1 and Figures 2.7.1 and 2.7.2. 2D

NMR experiments were used to aid assignment of both 'H and C data.
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Irradiation (rac)-37 (rac)-315 n.O.e. effect n.O.e. effect
site Oy / ppm Oy / ppm in (rac)-37 in (rac)-315
Enhance Enhance H-2
H-1 4.47 4.39 — St WO
H-2 3.62 4.00 None Enhaise K-l
and methyl
H-3 343 356 Enhance Enhance
methyl methyl
CH,CN 2.83 N/A BSOS N/A
methyl
Ring CH» 2.27,1.84 N/A None N/A
Enhance H-1
Methyl groups 0.97,0.91 N/A and H-2 N/A

Table 2.7.1: n.O.e. experiment results for (rac)-37 and (rac)-315 (solvent d;-MeOD).

The n.O.e. experiment results indicate a through-space interaction between H-1 and

H-2 in (rac)-315, showing that the protons are syn across the oxygen. This interaction

is not present in (rac)-37, indicating the correct product (Figure 2.7.1).

Figure 2.7.1: Key n.O.e. interactions and chemical shifts for (rac)-37 and (rac)-315 in CD;OD.

Analysis of the coupling constants of the protons labelled H-1 and H-3 in structure

(rac)-37 indicates that (rac)-37 adopts the conformation shown in Figure 2.7.2. In

this case, the amide is axial and the nitrile containing side chain is equatorial. The

same analysis for (rac)-315 indicates the expected conformation depicted in Figure

Z.1.2,
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(rac)-37 (rac)-315

Figure 2.7.2: Conformational analysis and coupling constants for (rac)-37 and (rac)-315 in CD;0D
(37) or CDCl; (315).
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Chapter 3 Results - Asymmetric Synthesis of Fragment 37

3.1 Asymmetric isoprenylation of 296

To transform the racemic route reported in Chapter 2 into an asymmetric synthesis
required formation of (R)-295 and (R)-294. The subsequent steps in the synthetic
route are diastereoselective transformations, controlled by internal steric factors and
kinetics. Therefore, attention turned to the formation of (R)-295 by asymmetric

isoprenylation (Scheme 3.1.1).

OH
~_COEt : - . H., o)
OHC /X\/\COgEt = O

296 (R)-295 (R)-294

Scheme 3.1.1: Planned conversion to asymmetric route using (R)-294.

Several methods exist to add an allyl group asymmetrically to an aldehyde, but
relatively few methods have been reported for addition of the isoprenyl group. The
most widely reported is Brown’s borane-based chemistry, using o-pinene as a chiral
auxiliary.59 In principle, the allyl and prenyl methods are analogous and should be

interchangeable.

Many related borane-based reagents have been prepared by the reaction of a Grignard
reagent with a boronate, such as 318.5*%  Attempts to replicate this approach, using
prenyl magnesiumchloride to form borane 319 failed. (Scheme 3.1.2). The
susceptibility of prenyl halides to give a Wurtz coupling upon Grignard formation was

the probable cause of this disappointment.84
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{i) %E)"‘BH (i) g‘) “BOMe (iii)

Scheme 3.1.2: Attempted preparation and reaction of 319.
Reagents and Conditions: (i) BH;.SMe,, THF, RT, 16 h. (ii) MeOH, Et,0, 0 °C, 2 h. (iii)
Prenylmagnesium chloride, Et;0, ~78 °C to RT, 20 min. (iv) 296, Et,0, -78 °C to RT, 16 h.

As Scheme 3.1.2 shows, hydroboration on the least hindered face of «-pinene
provides borane 317. Methanolysis and subsequent treatment with the corresponding

Grignard should afford reagent 319, which can be reacted directly with an aldehyde.

The formation of 319 directly from 317 has been accomplished by addition of 3-
methyl-1,2-butadiene (320).” This route has the advantage of rapid preparation and
leaves the reaction mixture free from magnesium salts, which can slow the reaction of
319 with an aldehyde.®> The preparation and reaction of 319 is shown in Scheme

3.1.3.
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Scheme 3.1.3: Successful synthesis and reaction of reagent 319.
Reagents and Conditions: (i) BH;.SMe,, THF, RT, 16 h. (ii) 3-methyl-1,2-butadiene (320), THF, 0
°C, 16 h. (iii) 296, THF, —-78 °C to RT, 16 h. (iv) TFA (cat.), CH,Cl,, reflux, 38 — 61% overall, 84%

e.e.

Hydroboration of the allene takes place on the less hindered terminus and rapidly
forms prenylborane 319. Upon addition of aldehyde 296 reaction proved rapid, and
following isolation of unstable alcohol (R)-295, it was cyclised to (R)-294 by
treatment with catalytic TFA in refluxing CH,Cl,. When the NMR spectrum of (R)-
294 was recorded in the presence of chiral shift reagent Yb(tfc)s, "H NMR integration
of the methyl signals indicated an e.e. of 84%, consistent with the related literature

examples of the reaction.”®?

The reaction has some drawbacks. The most common work up protocol involves
addition of basic hydrogen peroxide and heating the reaction mixture at reflux for 1
hour. In this case, saponification of the lactone results from such treatment. The
reaction mixture was acidified following work up but low yields sometimes resulted.
The reaction was also particularly sensitive to moisture and air, such that the use of
Schlenk apparatus and argon was necessary and the glassware had to be rigorously

dried.

One other complication, due to the nature of the reagent, is that two equivalents of o-
pinene alcohol 321 are produced as by products of the hydrogen peroxide oxidation.
Purification by chromatography was complicated by the presence of 321. It was

found that two silica gel columns, eluting the first with an ethyl acetate / petrol
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solvent system and the second with an ether / dichloromethane solvent system were

required to effect the removal of 321 from lactone (R)-294.

~OH
¢

321

Figure 3.1.1: Alcohol by product to be removed following reaction of aldehyde 296 with borane 319.

Allene 320 is volatile and expensive so it proved necessary to prepare this starting
material by combining protocols from literature reported methods.*®®” Alcohol 322,
commercially available in large quantity, was converted into chloride 323 by
treatment with calcium chloride in hydrochloric acid. Upon addition of 323 to a
refluxing mixture of zinc-copper couple and ethanol, allene 320 was distilled from the

reaction mixture in 44% yield (Scheme 3.1.4).

Z On & q Y

322 323 320

Scheme 3.1.4: Synthesis of allene 320.
Reagents and Conditions: (i) CaCl,, hydroquinone (cat.), HCI (conc., aq.), 0 °Cto RT, 4 h, 42%. (ii)
Zn-Cu couple, EtOH, 65 °C to 80 °C, distil product away, 44%.

An alternative route to alcohol (R)-295, based on the asymmetric reduction of ketone
324 or keto-acid 325 was also examined.®* Ketone 324 was prepared by reaction of
acid chloride 299 with zinc dust and prenyl chloride to give 324 in 48% yield after
chromatography. Saponification of 324 proceeded in‘ 95% yield to afford 32S.
Asymmetric reduction of both 324 and 325 failed to produce even a trace of product

(Scheme 3.1.5).
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299 324 325
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(R)-295 326

Scheme 3.1.5: Preparation and attempted asymmetric reductions of ketones 324 / 325.
Reagents and Conditions: (i) Zn dust, prenyl chloride, Et,O, sonication, RT, 30 min, 48%. (ii) LiOH,
THF, H,0, 72 h, 95%. (iii) 327, Et,O, RT, 11 days.® (iv) 319, THF, reflux, 4 h.5%*%

3.2 Hydroxvlation of (R)-294 to 309

With the development of an efficient route to (R)-294, it was clear that further
optimisation of the lactone o-hydroxylation protocol was necessary for the synthetic
route to be acceptable and to avoid loss of precious material. With yields averaging
40%, further studies were conducted to try to gain an improvement. The previous

protocol is shown in Scheme 3.2.1.

(R)-294 309

Scheme 3.2.1: Hydroxylation of lactone (R)-294.
Reagents and Conditions: (i) LITMP, THF, -78 °C to 0 °C, 1 h. (ii) 305, THF, —78 °C, 15 min, 40%,
d.r. 3:1 (typical values).

The role of reaction temperature was investigated and it was found that addition of
oxaziridine 305 at —20 °C improved the diastereoselectivity to 8:1 (anti:syn).¥ Yields

for reactions conducted at this temperature ranged from 26% to 46%, further
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indicating the unreliability of the reaction. Quenching the reaction at —78 °C with

HCI and quickly concentrating the reaction mixture led to a yield of 37%.

Several modified forms of oxaziridine 305 have been reported, in particular the
dimethylacetal oxaziridine 330 prepared from (-)-313 in three steps (Scheme 3.2.2).°
When a solution of (+)-330 was added to the enolate of 294 (as Schemes 2.4.5 and
3.2.1) at =78 °C, the result was improved diastereoselectivity (d.r. 9:1 anti:syn), but
the yield remained low (23 — 25%). The acetal can coordinate to the metal in the

enolate and improve diastereomeric ratios but it appears to have no positive effect on

the yield.
0 OMe OMe
(i) (W) (iii)
_— ——————e - OMe ——— OMe
I I i o)
SN SN SN SN
ol \\O o/ \\O O/ \\O O/ \\o
313 328 329 330

Scheme 3.2.2: Synthesis of modified oxaziridine 330.
Reagents and Conditions: (i) SeO,, AcOH, reflux, 21 h, 86%. (ii) (MeO);CH, H,SO,, Amberlyst-15
resin, MeOH, reflux, 16 h, 55%. (iii) mCPBA, K,COs;, CH,Cl,, RT, 74 h, 69%.

Though these modifications led to significant improvement in diastereoselectivity, the
low yields and failure to account for the full mass balance of the reaction led to the
conclusion that destruction of lactone 294 or 309 was occurring either in the reaction
or during work up and purification. When 309 was subjected to extended contact

with silica gel, there was no significant loss of product.

It is possible that the lactone may be opened to the hydroxy-acid during work up or
purification, though it did not proved possible to éonﬁrm hydrolysis in this case. The
lengthy synthesis of oxaziridines 305 (4 steps) and 330 (6 steps) was also approaching
that of the planned route to fragment 37 and proved very time consuming. These
reasons, together with the fact that an excess of hydroxylation reagent was required,
prompted investigation of alternative methods to achieve the a-hydroxylation of (R)-

294.
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3.3 Hydroxylation via oxidation of a ketene acetal

Oxidation of a ketene acetal presented itself as a possible solution to the problem.
Initial attempts to prepare and isolate silyl ketene acetals 331 and 332 were
unsuccessful, indicating the sensitive nature of these intermediates. Formation of
these acetals in situ followed by reaction with mCPBA afforded the desired lactone
(rac)-309 in 2% yield, with no appreciable diastereoselectivity (Scheme 3.3.1). The

use of DMDO, also formed in situ, was more successful.

294 331 R = TBDMS (rac)-309
332R=TMS

Scheme 3.3.1: Formation of (rac)-309 via a ketene écetal.
Reagents and Conditions: 1. (i) LITMP, THFE, -78 °C to 0 °C, 1 h. (ii) TBDMS-CI, -78 °C to 0 °C, 2
h. (iii) mCPBA, CH,Cl,, RT, 16 h, 2%, mixture of diastereoisomers.
2. (1) LiTMP, THF, -78 °C, 2 h. (ii)) TMS-CI, -78 °C to RT, 2 h. (i)
Oxone, NaHCOs, acetone, H,0, —78 °C to 0 °C, 2 h, 14% (rac)-309 + 65%
294,

When 332 was exposed to DMDO, epoxidation proceeded smoothly giving lactone
(rac)-309 in 14% yield together with 65% recovered starting material. Addition of
anhydrous DMDO to 332 afforded starting material. Attempts to use the more bulky
TBDPS group in place of TMS or use of Me;O"BF,4~ to trap the enolate as a methyl

enol ether were also unsuccessful, affording starting material.

Pentafluoropyridine has been reported to form stable enol ethers from lithium
enolates.”’ Application of this methodology to 294 was the next logical step towards
increasing the stability of the ketene acetal to air, water and the oxidation reaction.
294 was deprotonated with LiTMP at —78 °C and pentafluoropyridine was added to
the enolate (Scheme 3.3.2). This resulted in the formation of a single product in 39%
yield together with recovered starting material (10%). NMR was unable to
completely confirm the structure of the product, as the resonances at 8y 4.31 and 8¢

38.1 ppm did not indicate the alkene proton / carbon present in O-alkylated product
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333. X-ray crystallography identified the product as the C-alkylated product 334,

with syn stereochemistry (Figure 3.3.1).

0]
e

294 333 334

Scheme 3.3.2: Failure to synthesise 333, reaction resulted in 334.
Reagents and Conditions: (i) LiITMP, THF, —-78 °C, 1 h. (ii) Pentafluoropyridine, =78 °C to RT, 2 h,
39%.

Figure 3.3.1: X-ray crystal structure of 334.

3.4 Replacement of the a-hydroxylation reaction

After extensive experimentation on the o-hydroxylation of lactone 294 had failed to
provide a good increase in yield, investigation into an alternative synthetic route
began. Retrosynthetic analysis indicated that lactone 309 could be easily obtained
from a diol similar to 335 by cyclisation under acidic conditions. A suitable synthetic

equivalent for diol 335 was diol 336, derived from (S5)-malic acid (38) (Figure 3.4.1).

Figure 3.4.1: Target diol, X = any suitable leaving group.
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Scheme 3.4.1: Retrosynthetic analysis of lactone 309 to (S)-malic acid (38).

(S)-Malic acid (38) has been used as a starting point for the synthesis of aldehyde
340.°*%  TInitial experimentation was encouraging, but quickly proved unreliable.
Protection of 38 as the acetonide was trivial but reduction of the resultant carboxylic

acid and re-oxidation to the aldehyde proved more challenging (Scheme 3.4.1).

OH i) 9’% (i)

? T
HOC A~ couH —_— HOZC\/\‘(O _—
o]
38 338
Q‘k (iii) Q’k
P _— OHC.__A_ 0
Ho ™ Y
o] o]
339 340

Scheme 3.4.1: Protection, reduction and oxidation of (S)-malic acid (38).
Reagents and Conditions: (i) 2,2-dimethoxypropane, p-TsOH (1%), acetone, RT, 16 h, 70 — 100%.
(i) BH3.SMe,, THF, 0 °C, 16 h, 69%. (ii1) Swern oxidation, 33%.

Aldehyde 340 was only isolated in a useful quantity once using the conditions in
Scheme 3.4.1, despite many attempts to repeat the reaction. The sequence proved
highly capricious when the intermediates were not purified. In particular when acid
338 was not crystallised prior to use, the reduction proved highly unreliable and often
results in many by products. Similarly, it was necessary to subject alcohol 339 to

silica gel chromatography to remove inorganic residues remaining from reduction or

70




the Swern oxidation yielded many sulfur-containing by products and only a trace of

aldehyde 340.

When pure alcohol 339 was treated with Dess-Martin periodinane,” aldehyde 340
was isolated in 55% yield over two steps. Though a pleasing result, this procedure is
far from ideal as the cost of the reagent is prohibitive for the large-scale preparation

required for an early step in the synthesis.

It was quickly discovered that alcohol 339 was exceptionally unstable, readily
undergoing cyclisation to lactone 341 with loss of acetone (Scheme 3.4.2). Heat, acid
or prolonged contact with silica gel all induce this cyclisation, as did concentration of
a solution of 339 under vacuum. Unfortunately, attempts to make use of 341 as an
intermediate by protection of the alcohol, opening of the lactone and oxidation of the
. resulting alcohol were unsuccessful, add unnecessary steps to the synthetic route and

were quickly abandoned.

Q’t Heat, acid, silica gel, vacuum

HO > EO\FO ---------- > EO>=O

o}
339 341 342
OoP opP
___________ - R [ H
HO”™"CONH, OHC~conH,
343 344

Scheme 3.4.2: Degradation of alcohol 339 and unsuccessful use of resultant lactone 341. P = Suitable

alcohol protecting group.

Returning to the reduction of 338 to 339, refinement of the experimental protocol
demonstrated that by very careful concentration of the reaction mixture from acetone
and subsequent filtration through silica gel, it was possible to isolate 339 with
minimal degradation, but not free of solvent. Attempts to improve the oxidation of
339 to 340 proved futile, despite a great many reagents and conditions being tried.

Treatment of 339 with both PCC®® and TPAP / NMO®® was unsuccessful, but sulfur
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trioxide-pyridine complex in DMSO was successful alone”’ (22%), and in conjunction
with one equivalent of pyridine (46%) added to remove any residual H,SO, formed
by the reaction of SO; with atmospheric moisture.”® Finally, a large number of

reactions based on a catalytic quantity (1 mol%) of TEMPO and a stoichiometric re-

oxidant were tested, all without much success (Table 3.4.1).

Entry | Catalyst Oxidant Solvent Conditions Result
: / 4%3’&;3}’ NaOC1 * | cH,Cl, KBr, I;);,(Tl, 112};; then Ngrnglizfd
2 4&%’&;’?’ I, 1 C}}Ifgz /| NaHCOs, RT, 16 h Ngrnggted
3 4;3’;;;? I, 102 Ph}i% /| NaHCO,, RT, 16 h igae‘;f’ygi
4 4&%%‘3? Oxone ' | CH,CL, | TBAB,RT,112h Ngrﬁiﬁifd
5 4;3&"}?83’ Oxone ' | PhCH; | TBAB,RT, 112h N;rSZZicrfd
6 4;3&?? NaOCI®*'® | CH,ClL, | KBr, NaHCO; Ilgae‘fygi
7 | TEMPO |NaOCI®*' | CH,CL | KBr, NaHCO; ;ﬁae‘;leygi

Table 3.4.1: Summary of TEMPO oxidations.

In an effort to develop a synthesis that didn’t rely on alcohol 339, attempts were made
to convert acid 338 into acid chloride 345 and effect its reduction but the reactions

were unsuccessful (Scheme 3.4.3).

Q/k 0]

(ii) or (iii) or (iv)
LA T T ol A®

o 0 o)

ok

338 345 340

Scheme 3.4.3: Attempted use of acid chloride 345 in the conversion of 338 into 340.
Reagents and Conditions: (i) (COCI),, DMF (cat.), CH,Cl,, 0 °C to RT, 16 h. (ii) Et;SiH, Pd / C, neat,
RT, 4 h.5% (iii) BusSnH, PdCl, (5 mol%), PPhs (20 mol%), PhCH;, RT, 30 min."* (iv) H,, Pd /
BaSO, (3 mol%), PhCHs, RT, 24 h.

It was clear that careful control of the temperature and pH would be required to

ensure success of these reactions so the dimethyl protecting group was switched for a
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cyclohexyl group, with the increased steric bulk and boiling point providing an

increase in stability.

Literature methods to install a cyclohexyl group rely on addition of the Lewis acid
BF;.0OEt, to induce addition to cyclohexanone.105 This method did not prove
satisfactory, with a protected product of poor quality resulting. Attempts to use the
dimethyl acetal of cyclohexanone resulted in the dimethyl ester of (S)-malic acid. Use
of Eaton’s reagent as solvent also failed. Use of cyclohexanone as solvent, with p-
TsOH (1 mol%) proved successful in modest yield (59%), affording a pure product

with no purification (Scheme 3.4.4).

OH (i) or (ii) or (iii) QQ

HozC\/?\ 0
COzH HOZC\/\\/

o]

38 346

Scheme 3.4.4: Protection of (S)-malic acid.
Reagents and Conditions: (i) Cyclohexanone, p-TsOH, neat, RT, 30 h, 59%. (ii) Cyclohexanone,
PPTS, PhCHj;, Dean and Stark, reflux, 16 h, 92%. (iii) Cyclohexanone, BF;.OEt,, Et,0, 0 °C to RT, 16
h, 90% (impure).

Upon scale up, it became apparent that use of cyclohexanone as solvent was
impractical. The amount of water produced in the reaction caused it to stall and then
reverse, with heating and removal of water under vacuum failing to solve the
problem. Initial experiments with standard acetal protection (toluene, reflux) resulted
in a charring of the starting material but when PPTS and a Dean and Stark trap were

used, the reaction was successful, clean and high yielding (92%).

Reduction of 346 with borane proceeded smoothly in excellent yield. Gratifyingly,
the alcohol product 347 was tolerant of the reaction conditions, concentration under
vacuum and chromatography on silica gel. The alcohol was in the first instance
oxidised using sulfur trioxide-pyridine complex in DMSO and dichloromethane.”’
Addition of an equivalent of pyridine increased the yield from 27% to 44% (Scheme
3.4.5).%




95; 0 QQ S OB QQ

(o) 0

OHC.
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o} 0 O

346 347 348

Scheme 3.4.5: Reduction and oxidation of 346.
Reagents and Conditions: (i) BH;.SMe,, THF, 0 °C to RT, 24 h, 91 — 100%. (ii) SOs.py, ‘Pr,NEt,
pyridine, DMSO, CH,Cl,, RT, 44%.

Returning to the TEMPO-based oxidation, and with selection of the correct
stoichiometric re-oxidant, it proved possible to effect the oxidation of 347 to 348
quickly and cleanly. Using TEMPO or 4-hydroxy-TEMPO (1 mol%) and
trichloroisocyanuric acid (TCCA) as a chlorine source afforded aldehyde 348 in 81%
yield after chromatography (Scheme 3.4.6)./% Addition of sodium acetate proved
necessary as the HCI generated in the reaction appeared to cause it to stall.'” Major
advantages of this reaction were speed (typically 10 — 30 minute reaction time), the
lack of by products, high yield and ease of scale up. Additionally, the reaction waste

did not contain any heavy metals or toxic products, simplifying disposal.

O 0

HOWO OHC\/\(

o 0]
347 348

Scheme 3.4.6: Improved procedure for oxidation of 347 to 348.
Reagents and Conditions: 4-hydroxy TEMPO (1 mol%), TCCA, NaOAc, CH,Cl,, 0°C, 2 h, 54 -
81%.

3.5 Asymmetric isoprenylation of aldehyde 348

Various methods to introduce the isoprenyl group were employed to ensure maximum
yield of the desired lactone 309. Treatment of aldehyde 348 with prenyl bromide and
zinc dust, followed by cyclisation of intermediates 349 and 350 with TFA resulted in

a mixture of diastereoisomers 309 and 351 (1:1 ratio) (Scheme 3.5.1).
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Scheme 3.5.1: Isoprenylation of aldehyde 348 using zinc-based prenyl bromide addition.
Reagents and Conditions: (i) Zn dust, prenyl bromide, NH,Cl, THF, H,O, RT, 2 h. (ii) TFA (cat.),
CH,Cl,, reflux, 2 h, 55 — 80% (2 steps).

Use of a Grignard reagent was unproductive due to the tendency of the reagent to
homocouple during formation. Upon successful formation of a small amount of
prenylmagnesium chloride, the reagent showed little selectivity not only between the

diastereoisomers formed but also between the two carbonyls in the starting material.

The best diastereoselectivities were obtained using the chiral borane methodology, as
previously used in Scheme 3.1.3. When applied to aldehyde 348, the desired lactone
309 was given in 39% yield with a d.r. of 6:1 (Scheme 3.5.2). It appeared that

cyclisation of 349 to 309 had occurred in the reaction or upon work up.

O O
oo, 4 b —— gy — _n, o * H 0
~Y /M Z o 7 o)

0o 0o

348 349 309 351

Scheme 3.5.2: Asymmetric isoprenylation of aldehyde 348.
Reagents and Conditions: 319, THF, ~78 °C to RT, 16 h, 39%, d.r 6:1.
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Upon repetition of the reaction, 349 was treated with catalytic TFA and heated in
dichloromethane to encourage cyclisation to lactone 309. Chromatography of 349
often resulted in cyclisation or removal of the protecting group, so advancing the
crude material to lactone 309 prevented loss during purification. The presence of
inorganic boron residues in the crude product severely retarded the speed of
cyclisation under acidic conditions. Use of TFA and p-TsOH both resulted in an
extremely slow reaction, sometimes taking as long as seven days (compared to one to
two hours). Use of a higher boiling solvent (chloroform) did not improve reaction
times. An aqueous work up to remove the problem causing inorganics was necessary,

as sometimes the stalled reaction could not be completed.

The quench procedure for this reaction continued to make use of basic hydrogen
peroxide, which was not ideal conditions for the delicate lactone 309. Alternate work
up procedures are known and a number of these were examined. Simple protonolysis
with acetic acid or TFA and a simple quench with methanol failed to give
improvement. Agents which complex to boron compounds and either form insoluble

or very apolar complexes have been reported (Scheme 3.5.3).

352 353 349 354

352 355 349

Scheme 3.5.3: Complexation method for work up of organoborane reactions.

Reagents and Conditions: (i) Diethanolamine, RT, 2 h. (ii) 8-hydroxyquinoline, MeOH, RT, 16 h.

Addition of diethanolamine to the reaction mixture is reported to promote formation

of the insoluble complex 353, which can be removed by filtration.'® This should
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simplify isolation of alcohol 349, the desired product. When this work up was applied
to 352, the desired product 349 was isolated in 20% yield and still required
purification by chromatography. Addition of a solution of 8-hydroxyquinoline to 352
was also examined as this is reported to give a fluorescent yellow, air-stable, highly
apolar complex 355.199110 I this case, 355‘ formed but did not crystallise from the
reaction mixture and so could not be removed by filtration. It was not possible to
remove 355 by silica gel chromatography, as every fraction became contaminated
with a yellow impurity. Attempts to partition the reaction mixture between methanol

and petrol were also unsuccessful.

A milder method for the oxidation of organoboranes at room temperature has been
described by Kabalka,''" involving the addition of solid sodium perborate to the
reaction mixture (Scheme 3.5.4). The procedure proved highly effective, consistently

providing lactone 309 in 50 — 60% yield after TFA cyclisation.

=
... O OH
“B” OH © OH © X
H —_—— FR- + T +
A
2.0 Sl
R= ;OO

352 }{/Y 349 350 321

(0]

Scheme 3.5.4: Mild oxidative work up using sodium perborate.
Reagents and Conditions: NaBO;.4H,O, RT, 24 h, 60% (2 steps), d.r. 6:1.

The use of other chiral isoprenylating agents was also explored, such as the boron
tartrate complex 359. These reagents are prepared from an alkylborate, an

organolithium or Grignard reagent and a tartrate (Scheme 3.5.5). 112113
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359 349

Scheme 3.5.5: Attempted reaction of borane 359 with aldehyde 348.
Reagents and Conditions: (i) Mg, THF, 0 °C, 1 h. (ii) B(OMe);, THF, —-78 °C to RT, 16 h, HCI work
up. (iii) Diethyl tartrate, MgSQ,, Et,O, RT, 16 h. (iv) 348, THF, -78 °C, 6 h.

Difficulties associated with the preparation of prenylmagnesium chloride, made the
preparation of 358 and 359 difficult to effect 31"*115 Following Grignard formation,
freshly distilled trimethylborate was added. Boronic acid 358 was detected by NMR
but as it is reported to be unstable when dry, its isolation was not attempted.''
Addition of aldehyde 348 did in one case afford a small amount of 349 but the result
was not reproducible. The reaction of an organolithium with tributylborate was also

tried, without success.

A further approach attempted to exploit the addition of Grignard reagents to Weinreb
amides to form ketones, as it may be possible to effect an asymmetric reduction of

ketone 361. The Weinreb amide 360 was synthesised in one step from acid 338, but

attempts transform 360 into keto-ester 361 were unsuccessful (Scheme 3.5.6).11°

o O’g () or (i) o 9§ O‘g @ . i OJg
Y Oy XY
|
(0]

@) 0

338 360 361

Scheme 3.5.6: Preparation and attempted reaction of Weinreb amide 360.
Reagents and Conditions: (i) O,N-dimethylhydroxylamine.HC], DCC, NEt;, CH)Cl,, 0 °C, 1 h, 62%.
(ii) (a) Oxalyl chloride, DMF (cat.), CH,Cl,, 0 °C to RT, 18 h. (b) O,N-dimethylhydroxylamine.HCI,
NEt;, 0 °C, 3 h, 49%. (iii) Prenylmagnesium chloride, THF, -78 °C to RT.
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Consequently, an extensive investigation led to the conclusion that isoprenylation was
best achieved using Brown’s o-pinene borane 319. The favoured work up procedure

was that developed by Kabalka, using sodium perborate.'!

3.6 Summary and the conversion of lactone 309 into enantiomerically pure 37

Having secured the enantiomerically pure lactone 309, it was advanced to the desired
nitrile 292 using similar conditions to those developed in the racemic route. The ylide
362 was prepared by deprotonation of acetonitriletriphenylphosphonium bromide
(302) with NaOH. Heating 362 with aldehyde 314 afforded 292 in 70% yield.
Following isolation of nitrile 292, the ring was expanded as previously to form the
tetrahydropyran ring system. Treatment with aqueous ammonia in methanol afforded
a mixture of 298, 37 and 315. A full summary of the synthetic route to 37 is shown in

Scheme 3.6.1.
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Scheme 3.6.1: Asymmetric synthesis of nitrile 37.
Reagents and Conditions: (i) Cyclohexanone, PPTS, PhCH;, Dean and Stark, reflux, 16 h, 92%. (i)
BH;.SMe,, THF, 0 °C to RT, 24 h, quant. (iii) 4-hydroxy-TEMPO, TCCA, NaOAc, CH,Cl;, 0 °C, 2 h,
54 — 81%. (iv) 319, THF, -78 °C to RT, 16 h. (v) TFA (cat.), CH,Cl,, reflux, 2 h, 60%, d.r 6:1. (2
steps). (vi) (a) O3, CH,Cl,, -78 °C, 10 min. (b) PPhs, —~78 °C to RT, 1 h, 49%. (vii) PhPCHCN (362),
PhCHa, reflux, 36 h, 70%, E:Z 5:1. (viii) NH;3, MeOH, H,O, RT, 16 h, 29% 298, 11% 37, 13% 315.

It was clear from preliminary work on the key cyclisation reaction in Scheme 3.6.1
that extensive experimentation would be required to optimise the reaction in favour of

the desired product 37 over 315.
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Chapter 4 Results - Optimisation of Michael Addition Cyclisation Reaction and
Investigation of Coupling Reactions

4.1 Investigation into the cyclisation of nitrile 298 to fragments 37 and 315

From the results obtained for the ring expansion of lactone 292 to tetrahydropyran 37,
it was clear that further investigation was needed to obtain a better diastereoselectivity
than 1:2 (desired 37 : undesired 315) for the reaction. The first step was to intercept
and purify the open chain precursor 298, formed on reaction of lactone 292 with
ammonia. This was achieved in good yield using liquid ammonia in methanolic THF

at 40 °C (Scheme 4.1.1).

OH
N OH OH
——> NGy AA_AA
NCo o 0 "‘/>(\/\CONH2
292 298

Scheme 4.1.1: Isolation of amide 298.
Reagents and Conditions: NHj (1), THF / MeOH (1:1), 40 °C, 3 h, 83%.

From 298, a suitable base and solvent was required to induce cyclisation to fragment
37 and the unwanted diastereoisomer 315. There are few transformations of this type
reported in the literature compared to cyclisations of alcohols onto o,f3-unsaturated
carbonyl compounds. Scheme 4.1.2 details many of the methods examined for the

conversion of diol 298 to THP 37, each of which returned starting material.
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Scheme 4.1.2: Unsuccessful attempts to cyclise amide 298.
Reagents and Conditions: 1. 'BuOK, THF, -78 °C to RT.!"7
. KHMDS, THF, -78 °C to RT.
.LiHMDS, THF, —-78 °C to RT.
. NH;, THF, H,0, 0 °C to RT.
. THF, MeOH or H,0, microwave irradiation.
. NaOH, DMSO, RT.
. Ag,CO3, dioxane, H,O, RT.
. CuCl, pyridine, CH,Cl,, RT."®

W NN A~ WM

Importantly, treatment with strong bases or aqueous ammonia in THF failed to induce
cyclisation, indicating a strong solvent dependency. Microwave irradiation was also
unsuccessful even with solvents that develop high pressure during microwave heating,

such as THF.

An alternative strategy sought to exploit the difference in pKa of an alcohol in water
compared to DMSO. Since the pKa in DMSO of ROH is around 30, while that of
OCHHCN is around 28, cyclisation of the alkoxide to an o,f-unsaturated nitrile
should be favourable. A solution of 298 in DMSO treated with sodium hydroxide
quickly darkened. However, upon workup neither fragments 37, 315 or recovered

starting material could be isolated.

The final two reactions (entries 7 and 8, Scheme 4.1.2) sought to polarise the nitrile
group with a Lewis acid to make the alkene more susceptible to nucleophilic attack.

118

Both silver(I) and copper(I)’ ° salts were tried, but in both cases these returned

starting material upon work up.

Exposure of 298 to TBAF in THF did induce cyclisation, but only when the solution
was left to stand at 4 °C. No reaction resulted with TBAF at -78 °C and with
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TBAOH in an increase in yield resulted (Scheme 4.1.3). In both cases, the reaction
favoured undesired THP 315 over 37.

_CN CN

OH OH ;
A <
NCH/X\/\CONHz JOJL * ?
H B "' A R
LNOC g OH H,NOC a OH
298 37 315

Scheme 4.1.3: Unsuccessful attempts to cyclise diol 298.
Reagents and Conditions: TBAOH, MeOH, -95 °C to -78 °C to RT, 16 h, 80%, d.r. 1:2.2 (37:315).

Treatment with TBAOH at -95 °C failed to induce cyclisation but at higher
temperatures, a mixture of diastereoisomers always resulted. With DBU in THF at
room temperature the sole product of the reaction was 315, with none of the desired
product 37 isolated. A series of small scale test reactions were carried out using

CsCOs as a base in various solvents. The results are summarised in Table 4.1.1.

Solvent Result
THF 1:1.2 (37:315)
Methanol 1:1.2 (37:315)
Ethyl Acetate Incomplete, 1:2.7 (37:315)
Acetonitrile 1:1.3 (37:315)
Dioxane 1:2.8 (37:315)
Acetone Incomplete, 1:1.1 (37:315)

Table 4.1.1: Small scale reactions to investigate the effect of different solvents on cyclisation. All

reactions were run at RT in air until complete by TLC.

These results indicated that better selectivities were obtained with polar solvents such
as acetonitrile, methanol and acetone, though the latter reaction stalled before

cyclisation was completed. The cyclisation was also faster in acetonitrile and
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methanol. As none of these methods had yielded 37 as the major product, an

alternative approach was explored.

4.2 Use of the Bestmann vlide to control the stereochemical course of the cyclisation

reaction.

Ylide 364, developed by Bestmann, is capable of reacting with first an alcohol and
second a carbonyl to introduce an o,f-unsaturated carbonyl functionality (Scheme
4 2 1) ]]9,120
on o o
k/CHO + PhyP=e=e=0 O/U\¢PPh3 —_— 0 |
L_cHo

363 364 365 366

Y

Scheme 4.2.1: Example reaction of ylide 364.
Reagents and Conditions (example): NEt;, PhH, reflux.'’®

364 can be quickly prepared from the commercial ylide 367 by treatment with
LiHMDS, with the elimination of lithium ethoxide (Scheme 4.2.2).'2!1%

CO,Et -
===
Phep=/ —_— PhsP=e=e=0
367 364

Scheme 4.2.2: Synthesis of ylide 364.
Reagents and Conditions: LiHMDS, PhCH;, THF, RT, 16 h, 90%.

The application of 364 to the synthesis of fragment 37 would allow for cyclisation to
take place only onto one face of the alkene, controlling the stereochemical outcome of

the reaction (Scheme 4.2.3).
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CONH
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369 373

Scheme 4.2.3: Proposed method to use Bestmann ylide 364 to control the stereochemistry of

cyclisation reaction (372 to 373).

Reagents and Conditions. (i) 364, PhCHj, reflux. (ii) Suitable base.

As Scheme 4.2.3 shows, addition of the alcohol of lactol 368 to ketene 364 should
follow with a Wittig olefination reaction to give lactone 372. The bicyclic ring
system can only form to one face of the alkene, delivering 373 with the required
stereochemistry in the resultant tetrahydropyran. This may happen spontaneously or
may require treatment of 372 with a base. To attempt this chemistry first required the
synthesis of the precursor lactol 368. This was achieved by reaction of lactone 309
with ammonia to diol 374, followed by ozonolysis of the terminal alkene (Scheme

4.2.4).

B . OH OH .
H (i) - (ii)
" o> = —
L ZRO oo
309 374
OH
OH OH
T R le)
—_—
HNOC™2 “OH
369 : 368

Scheme 4.2.4: Synthesis of lactol 368.
Reagents and Conditions: (i) NH3, dioxane, H,O, RT, 16 h, 56%. (ii) (a) O3, CH,Cl,, MeOH (5:1),
—78 °C. (b) PPh3, —78 °C to RT, 64%.
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Lactol 368 was combined with ylide 364 and subjected to various reaction conditions.
All of these failed, resulting in consumption of the starting material and production of
a very polar product which did not prove possible to purify or characterise (Scheme

4.2.5).

368 372

Scheme 4.2.5: Attempted reaction of lactol 368 with ylide 364.
Reagents and Conditions: 1. 364, PhCHj, reflux.
2. 364, NEt;, PhCH, reflux.'"’
3. 364, K,CO;, 18-crown-6, PhCHj, reflux.'*

4. 364, microwave irradiation, THF.

To show that lactol 368 would react with an ylide as required, it was treated with
(carbethoxymethylene)triphenylphosphorane (367) under conditions known to
promote reactions between lactols and ylides (Scheme 4.2.6)."** No reaction resulted
at room temperature, so the mixture was heated at reflux for 16 hours. This facilitated
a retro-aldol reaction of 369 to 375 and 376, and Wittig olefination of the resultant
aldehyde (376) to produce hydroxyester 377 in low yield. No product resulting from
Wittig olefination of aldehyde 375 was observed, possibly due to its low boiling point
(61 — 62 °C '®). Further products were observed (Scheme 4.2.6), though none could
be isolated and characterised. One was believed to be lactam 378, but several
attempts at purifying the product failed to remove a co-polar impurity so only a

tentative assignment was made.
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OH

H
oy (O OH
)OjL * PhBP%COZEt - %j\/r\CONH
H.NOC :™~"""0OH 2

368 367 369

)\ OH OH O
+ OHC —_— * HN
CHO \)\CONHZ Etoac\/\)\CONHZ Et0,C OH

375 376 377 378

Scheme 4.2.6: Reaction of lactol 368 with ylide 367.
Reagents and Conditions: K;COs, 18-crown-6, dioxane, RT, 36 h, then reflux, 16 h, 8%. Starting

material and product are racemic.

Since reaction with the lactol was unsuccessful, a silyl protected form of 369 was
prepared to facilitate reaction with ylide 364.  The synthesis of the protected
aldehyde 381 is detailed in Scheme 4.2.7. Lactone 309 was protected with TBDMS
chloride and the resultant lactone 379 reacted with ammonia. Ozonolysis of 380
resulted in aldehyde 381, albeit in low yield. 381 was combined with ketene ylide
364 under various conditions (Scheme 4.2.8), but unfortunately the reaction was not

successful.

OH OTBDMS
{ [ { i
H, 1) -——()—> H, o 4.»
F o 7 o)
309 379
OH OTBDMS OH OTBDMS
T (iii) OHC. i
—— P
/><\/\CONH2 X\/\CONHZ
380 381

Scheme 4.2.7: Synthesis of protected aldehyde 381.
Reagents and Conditions: (i) TBDMS-CI, imidazole, CH,Cl,, RT, 56 h, 44%. (ii) NH3, H,O, dioxane,
RT, 40 h, 85%. (iii) (a) O3, CH,Cl,, =78 °C, 5 min. (b) PPh;, 78 °C to RT, 30 min, 11% (+39%

impure).
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OH OTBDMS
H < I
Ol C7<\/\CONH2 —_—

381 382

Scheme 4.2.8: Unsuccessful reaction of 381 with ketene ylide 364.
Reagents and Conditions: 1. THF, reflux.
2. p-TsOH, THF, reflux.'?

With the unsuccessful application of Bestmann’s ylide 364, and the inability to
achieve the required diastereomeric ratio directly from the nitrile 298, a new approach

was needed.

4.3 Substitution of the nitrile for an ester

In the original plan for this thesis, the nitrile was used as a surrogate aldehyde to

enable the triene side chain to be attached (Scheme 4.3.1).
meo OH jj () Meo OH VOOL 0)
E L . ——————- - N 1 . —————————
1 Y I:I ‘OMe T T l:i ‘OMe

OH

383

Scheme 4.3.1: Proposed final steps in synthesis of onnamide F.
Reagents and Conditions: (i) DIBAL-H, CH,Cl,. (ii) 32, aluminium tris-(2,6-diphenylphenoxide)
(402), LiTMP, THF, PhCH3.

The nitrile had been selected as it offers a reliable route to aldehydes via reduction.

Esters too may serve as precursors to aldehydes and it was hoped that this switch

88




might allow a stereoselective tetrahydropyran synthesis. Therefore, a synthesis of 384
was required. The possibility of using a Grubbs cross metathesis reaction between
309 and methyl acrylate was examined but this led to dimerisation with the starting
material 309 and methyl fumarate being isolated from the reaction. The ester could
be introduced via the two-step ozonolysis-Wittig sequence used to introduce the

nitrile (Scheme 4.3.2).

OH OH OH
\ (i) ' (i) or (i) \
H,‘_ —————— e H,’. e H,‘
= o ° o7 e Etozc%o
309 314 384

Scheme 4.3.2: Ozonolysis and olefination of lactone 309.
Reagents and Conditions: (i) (a) Os;, CH,Cl,, =78 °C, 15 min. (b) PPh;, -78 °C to RT, 1 h, 71%. (ii)
Ph;PCHCO,Et (367), MeCN, reflux, 108 h, 72% (2 steps, 314 not isolated). (iii) Triethyl
phosphonoacetate, LiCl, NEt;, THF, RT, 36 h, 40%.

The ozonolysis of alkene 309 proved troublesome due to its low solubility in CH,Cl,
at low temperature. Addition of methanol promoted side reactions, leading to
degraded products, which could not be recovered. Upon scale up, the best solvent
was found to be ethyl acetate, with the reaction quenched with triphenylphosphine

rather than dimethyl sulfide, which proved very slow (> 24 hours).

The Wittig reaction between 314 and 367 was first attempted in toluene, but the high
boiling point induced degradation of all components and required a large excess of
ylide to provide a low yield of o,B-unsaturated ester 384. The use of acetonitrile at
reflux allowed the transformation to be achieved in good yield as the E isomer. A
Horner-Wadsworth-Emmons reaction between 314 and the commercially available
triethyl phosphonoacetate also gave access to 384 as exclusively as the E isomer.'?®
The yield remained low but the reaction time was greatly reduced from 108 to 36

hours.

When lactone 384 was treated with aqueous ammonia in methanol, a complex product
mixture comprised of both the open-chain diols 385 and 386 and the THPs 387 and
388 resulted (Scheme 4.3.3). The methyl and ethyl esters could not be separated.
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E0,C o~ 0 2 \/X\/\CONHZ + j):)L
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384 385 R = Et 387 R = Et

386 R = Me 388 R= Me

Scheme 4.3.3: Reaction of 384 with ammonia.
Reagents and Conditions: NH;, H,O, MeOH, 16 h, RT.

It was found that reaction of aqueous ammonia with 384 in both acetonitrile and
dioxane resulted in the isolation of diol 385 in both cases. This provided a
straightforward route to 385 without the use of liquid ammonia, as detailed in Scheme
4.34.

OH
5 OH OH
) — > EO.C A
Eto,c 1 e 2 WCONHQ
384 385

Scheme 4.3.4: Conversion of lactone 384 into diol 385.
Reagents and Conditions: NHj, H,O, dioxane, RT, 16 h, 62%.

With easy access to diol 385, research began into the cyclisation reaction. There is
greater literature precedent for cyclisations involving Michael type additions of
alkoxides to o,B-unsaturated esters and protocols for control of the stereochemistry in

the product are also well documented.

127,128

Sodium hydride has been used to effect such a cyclisation, as has potassium fert-

117,129-132

butoxide. Obtaining the correct stereochemistry is frequently reported as

challenging, with syn-2,6-disubstituted tetrahydropyrans generally easier to access.

.. . . . 117,129,
Temperature is important as the reaction is reversible. 131

Treatment of 385 with sodium hydride in THF was unsuccessful. Use of catalytic

potassium tert-butoxide was also unsuccessful but with a stoichiometric equivalent a

very small amount of the undesired diasterecisomer 389 was isolated (Scheme




4.3.5).""7 Unfortunately, there was insufficient material for full characterisation but

"H NMR suggested that the material isolated was 389.

CO,Et
OH OH
T T
Eto?C\/X\/\CONHz o
HNOG 7 “OH

385 389

Scheme 4.3.5: Cyclisation with potassium tert-butoxide to give the undesired diastereoisomer.

Reagents and Conditions: 'BuOK, THF, 78 °C, 4 h.

Attention now turned to reactions in more polar solvents. The use of DBU in DMF
has been reported to achieve such cyclisation reactions at elevated temperatures and to
yield the thermodynamic product.'* Pleasingly, treatment of 385 with DBU in DMF
afforded THP 387 in 60% yield with excellent stereocontrol for the desired
diastereoisomer (Scheme 4.3.6). The syn-2,6-stereoisomer 389 was detected in the 'H

NMR spectrum of the crude product mixture, but could not be isolated in pure form.

_CO,Et
OH OH :
: b
EtOZC\/X\/\CONHz /OOL
HeNOC OH
385 387

Scheme 4.3.6: Cyclisation to selectively obtain THP 387.
Reagents and Conditions: DBU, DMF, RT, 16 h, 60%, reaction d.r. 14:1 (387:389).

Treatment of 385 with sodium hydroxide in DMSO also afforded 387 in good yield
(74%) after chromatography, though this procedure proved highly capricious.
Notably, application of the NaOH / DMSO protocol to the related nitrile 298 resulted

in degradation of the reaction components.

Since the use of DMF had provided excellent stereocontrol, it was now applied to the

reaction of lactone 384 with ammonia. By treatment of 384 with ammonia in DMF
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followed by addition of DBU or an extended reaction time, it was possible to convert

384 directly into THP 387 with somewhat poorer diastereoselectivity (Scheme 4.3.7).

OH _-COEt
H, —_— G o
EtOZC\/X&O )Oj
HNOC ™= OH
H
384 387 389

Scheme 4.3.7: Conversion of 384 to THPs 387 and 389 in one reaction.
Reagents and Conditions: 1. (i) Dilute NHz, H,O, DMF, RT. 72 h. (ii) DBU, DMF, RT, 6 h,
44%, d.r. 1.4:1 (387:389)
2. NH;, H,O, DMF, RT, 24 h, 9% (+16 % 385), d.r. 2.2:1
(387:389).

4.4 Crystal structure and NMR experiments

The structure of THP 387 was verified by X-ray crystallography and by NMR
experiments. The obtained X-ray crystal structure is shown in Figure 4.4.1, with the

hydrogen-bonded structure shown in Figure 4.4.2.

Figure 4.4.1: X-ray crystal structure of 387.
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Figure 4.4.2: Hydrogen bonding in 387.

The structure of 387 was also confirmed via n.O.e. experiments, with results
confirming the structure (Table 4.4.1). As with THPs 37 and 315, 2D NMR

experiments were used to aid assignment.

Irradiation site Ou/ ppm n.O.e. effect
H-1 4.37 None
H-2 3.72 Enhance Hz, methyl and NH
H-3 3.28 Enhance H, and methyl
Ring CH, 2.36, 1.81 Enhance methyl

Table 4.4.1: n.O.e. experiment results for 387.

There is no through-space interaction between H-1 and H-2, indicating that the
structure is correct. Figure 4.4.3 shows the relevant n.O.e. interactions. Analysis of
the key coupling constants also indicates the structure shown in Figure 4.4.3, with the

ester equatorial and the amide axial.
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8y, 2.36., 1.81
\

387

Figure 4.4.3: Relevant n.O.e. interactions and chemical shifts (left) and conformational analysis and

coupling constants (right) of 387.

4.5 Application of DBU / DMF methodology to syn lactone

Since cyclisation of 385 with DBU in DMF had been so successful in generating the
desired THP diastereoisomer 387, the reaction was examined with 351, the
diastereoisomer of lactone 309 (Scheme 4.5.1). Here too, the reaction proved highly
diastereoselective, giving 393 in moderate yield. The structure of 393 was confirmed

by X-ray crystallography (Figure 4.5.1).

pH _QH OH
\ (i) \ (ii) \
H —_—_— H _— H
(0] (0] (0]
351 390 391
_CO,Et
OH OH =
(i) : (iv) :
O . .~ —
EtOZC\/><'\/\CONH2 0
HNOC i:l OH
392 393

Scheme 4.5.1: Application of successful synthesis methodology to syn diastereoisomer 351.
Reagents and Conditions: (i) (a) Oz, EtOAc, —78 °C, 20 min. (b) Me,S, —78 °C to RT, 16 h, then PPhs,
1 h. (ii) Triethyl phosphonoacetate, LiCl, NEt;, THF, RT, 16 h, 46% (2 steps). (iii) NH;, H,O,
dioxane, RT, 20 h, 92%. (iv) DBU, DMF, RT, 24 h, 35%.
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