
ABBREVIATIONS

AIBN Azobisisobutyronitrile
9-BBN 9-Borabicyclo[3.3.1]nonane
CSA Cairphorsulphonic acid
DBU 1,5-Diazabicyclo[5.4.0]undec-7-ene
DCM Dichloromethane
DEAD Diethylazodicarboxylate
DIBAL Diisobutylaluminium hydride
DIPEA Diisopropylethylamine
DMAP N , N-Dimethy 1 aminopyridine
DME Dimethoxyethane
DMF Dimethyl f ormamide
DMS Dimethyl sulphide
DMSO Dimethyl sulphoxide
DNB 3,5-Dinitrobenzoyl
HMPA Hexamethylphosphoramide
HPLC High pressure liquid chromatography
LAH Lithium aluminium hydride
LDA Lithium diisopropylamide
L-Selectride Lithium tri-sec-butylborohydride
M M Methoxymethyl
MIM • Methylthicmethyl
NBS N-Bromosuccinimde
Nmr Nuclear magnetic resonance
NPSP N-Pheny 1 selenophthal imide
PCC Pyridinium chlorochromate
Py Pyridine
Red-Al Sodium bis (2-methoxyethoxy) aluminium 

hydride
TBAF Tetra-n-butylanmonium fluoride
TBDMS T-Butyldimethylsilyl
THF Tetrahydrofuran
TLC Thin layer chromatography
Tosyl p-Tbluenesulphonyl
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THE IONOPHORE ANTIBIOTIC NONACTIN

1) Introduction and Properties

The Nactins comprise a family of macrotetrolide antibiotics 

isolated from Streptomyces cultures. They are a uniform series of 

hcmologues based on a 32-membered ring of which nonactin (1) is the 

lowest member of this series followed by monactin (2), dinactin (3) 

(isodinactin (3a)), trinactin (4) (isotrinactin (4a)) and tetranactin

(5).  ̂On alkaline hydrolysis, the nactins give nonactic acid (6) and 

its ethyl hamologue (7) along with 2-epimers produced by epimerisation 

at C-2 (scheme 1). The structure of nonactin was elucidated by Gerlach 

and Prelog and was shown to comprise four units of nonactic acid
2-5linked m  a ring m  an alternating chiral sequence (+-+-). This

results in nonactin approximating to symmetry making it a meso

compound with no optical activity. The higher members are built up by

increasingly incorporating the ethyl hcmologue of nonactic acid (7)

into the ring such that all the possible different combinations occur

and the highest member, tetranactin (5), is comprised of four units of

the ethyl hcmologue. Nonactin was one of the first ionophores whose
6_sstructure was determined by X-ray analysis. The crystal structure 

of the crystalline nonact in-potassium isothiocyanate complex was 

determined and gave the first definite evidence of the existence of 

alkali cation complexes. Since then, a number of nonactin-cation 

complex and tetranactin-cation complex crystal structures have been 

successfully determined.
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o

1 7 3 4R = R = R R = Me
1 2 3 4R = Et / R = R = R
1 2 4R = R Et 7 R = R
1 7 3 4R ~ R = Et 7 R = R
1 7 3 4R ~ R = R = Et / R
1 7 4 3R = R = R = Et / R
1 7 3 4R R = R = R = Et

7 Nonactin (1)
Me / Monactin (2)
Me t Dinactin (3)
Me t Isodinactin (3a)
Me r Trinactin (4)
Me / Isotrinactin (4a)

r Tetranactin (5)
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Nonactin is kncwn to complex the potassium cation selectively 

and allows potassium transport through lipid membranes to be 

accelerated. This ionophoric property has been reported as having an

effect on mitochondrial respiration"^ and oxidative phosphorylation."^
• • 4" 4" 4" 24"An ion selectivity series of NH^ > K ^  Rb > C s  > N a  > Ba for

12nonactin, and a similar series for tetranactm, was soon observed 

and X-ray crystallographic data,"^ "*"H and "^C nmr^'"^ have all been 

employed to help determine the reasons for this selectivity.

q

In contrast to the detailed effort expended in determining the

structure and the mode of action of nonactin, relatively little is

known about the biosynthesis of nonactin. Although the origin of the

carbon backbone of the nactins from acetate, propionate and succinate
16 17has been established, ' the chain building process and the 

production of both enantiomers of nonactic acid still remain to be 

solved.

2) The Synthesis of Nonactin

Nonactin has been, and still remains, a prime synthetic target. 

As the 32-membered ring contains 16 asyrrmetric centres all of which 

must be controlled, the total synthesis represents a tempting 

challenge to the organic chemist. Owing to the highly symmetrical 

nature of nonactin, its synthesis may conceivably be simplified by 

considering strategies to the monomeric building block nonactic acid
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Methyl Nonactate Iscmers

 ̂ *— 5 OH O H

Me02C ^ X  0  ̂ 7̂ }^
l H  H 9

Me02C q

* H H

(R,R,S,S)
Methyl nonactate (8)

(R,R, S,R)
Methyl 8-epinonactate (9)

OH ,— . OH

Me02C v ^ 0 i s ^ x
• H H

Me02C

* H H

(R ,R ,R ,S )
Methyl 6-epinonactate (10)

( R , S ,S ,S )
Methyl 3-epinonactate (11)

/— , OH

Me02C
» • w i
; H H

j— . OH

Me02C v ^ 0 ^ A ^
H H

(S,R,S,S)
Methyl 2-epinonactate (12)

(S,S,S,S)
Methyl 2 ,3-diepinonactate (13

N

/--- \ ?H (pH

Me02C v ^ S
! H H

M e 0  2 C q• » w i
; h  h

(S,R,R,S)
Methyl 2,6-diepinonactate (14)

(S,R,S,R)
Methyl 2 ,8-epinonactate (15)
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since this contains only four chiral centres. As such this has been 

the initial synthetic sub-unit for both total and biosynthetic 

studies. An unusual complication in this work is the requirement that 

both enantiomers of nonactic acid be separately synthesised. This 

requires the separate formation of only two compounds from sixteen 

possibilities and consequently there are many syntheses of nonactic 

acid, but only three total syntheses of nonactin. This review 

describes chronologically the synthetic effort towards nonactin.

a) Beck 197118

The first synthesis of methyl nonactate was reported by Beck and 

Henseleit in 1971 (scheme 2). These workers used the hydrogenation of 

a fur an to control the 3,6 cis stereochemistry of methyl nonactate, 

however no control over the extracyclic 2 and 8 centres was possible 

by this approach. Hydrogenation of furan (16), readily derivable from 

methyl 2-furanacetate, with rhodium on alumina catalyst gave 89% of 

the 3,6 cis compound (17). This was converted by Baeyer-Villiger 

oxidation to the nonactic acid derivative (18) which after hydrolysis 

and esterification led to an equal mixture of all four racemic 3,6 cis 

methyl nonactate diastereomers.
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a) Beck 1971

M e 0 2C
(i)

60' M e 0 2C 7 V
" o '

t

(18) (8) + (9) + (12) + (15)
1 : 1

(i) NaH, Mel (v) OH"
(ii) c h2=c (c h3)coch3, b f3 (vi) H+
(iii) Rh/Al203, H2, MeOH (vii) CH2N.
(iv) CF3C03H f Na2HP04

Scheme 2
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a) Gerlach 197419-21

The next synthesis to appear utilised the same fur an

hydrogenation sequence to set in place the 3,6 cis stereochemistry and

eventually allowed isolation of racemic methyl nonactate in sufficient

purity to attempt synthesis of nonactin. Two approaches were described

by Gerlach and Wetter in 1974 the first of which is shown in scheme 3.

3-Furanpropan-2-one (19) was disubstituted using a modification of a
22method described by Eschenmoser giving, after hydrolysis, the 

aldehyde (20). It was noted that (20) had the correct nonactic acid 

framework and that only the oxidation levels were incorrect. Hence 

oxidation of the aldehyde to the acid, esterification and

hydrogenation of the furan gave (21). It was also claimed that base 

equilibration of the C-2 centre enriched the mixture to a 4:1 ratio in 

favour of the 2,3 threo stereochemistry of nonactic acid. The 

synthesis was completed by non-stereospecific reduction of the ketone 

(21) with sodium borohydride to a mixture of four isomers from which 

methyl nonactate (8) could be isolated by chromatography.

A second improved synthesis reported by Gerlach and Wetter did 

not rely on a cis hydrogenation (scheme 4). The diol (22) was derived 

from acetylacetone as a 2:3 ratio of threo to erythro isomers. An 

isorrerisation/separation sequence was used to furnish the pure threo 

isomer. The diol (22) was then converted to the unsaturated ester (23) 

which underwent a base cyclisation to give a mixture of all four 2,3 

isomers of methyl nonactate from which methyl nonactate (8) could be
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b) Gerlach 1974

(8) + (9) + (12) + (15) 
1 : 1 : 1  : 1

o - n - / ~ )
(i)a v J  W ,AgBF4 (iv) c h2n 2

(v) Rh/Al203, H2, MeOH
(ii) H+ (vi) NaQMe
(iii) CrO^ (vii) NaBH4

Scheme 3
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(8) + (11) + (12) + (13)

(i) kn h2, n h3 (v) °3
(ii) Allyl bromide (vi) (Et0)2P(0)=C(Me)C02Me
(iii) NaBH4 (vii) KOH
(iv) Ac20, py, DMAP

Scheme 4

PAGE 15



Methyl nonactate (8)

t - B u 0 2<

NONACTIN (1)

(i) t-BuOAc, MeS03H (iv) c f3cooh
(ii) BzBr, NaH 

__ /

(v) H2, Pd

(iii)-- U  \ V s 0 3Cl, py (vi) (Pys)2, ,-3„

Scheme 5
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obtained by chromatography in low yield (24%).

Having developed two workable routes to racemic methyl nonactate, 

Gerlach and Wetter assembled methyl nonactate derivatives to provide 

nonactin (scheme 5). Methyl nonactate (8) was converted to t-butyl 

nonactate (24) and 8-0-benzylnonactic acid (25), the acid of (25) 

activated with 2,4,6-trimethylbenzenesulphonyl chloride / pyridine and 

reacted with (24) to give the dimer (26) as a mixture of two 

diastereomers. Separate cleavage of the t-butyl ester of (26) gave

(27) and hydrogenolysis of the benzyl ether of (26) gave (28), both as 

diastereomeric mixtures. The acid of (27) was activated with 

2,4,6-trimethylbenzenesulphonyl chloride / pyridine and reacted with

(28) to give the tetramer (29) as a mixture of diastereomers. Cleavage 

of the ester of (29) and hydrogenolysis of the benzyl ether gave (30) 

which was cyclised via the 2-pyridylthioester with silver perchlorate 

to give, after purification, a 10% yield of crystalline nonactin (1).

c) Schmidt 1975^ ^

Schmidt and co-workers initially described a racemic synthesis of 

methyl nonactate again employing a hydrogenation of a furan to obtain 

the 3,6 cis relationship (scheme 6). An enantioselective route quickly 

followed leading to a synthesis of nonactin with control of the 

alternating arrangement of enantiomers in the ring. Compound (31), 

prepared in three steps from 2-lithiofuran, underwent reductive 

carbonylation with a rhodium-phosphine catalyst to give (32) which was
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c) Schmidt 1975

OH

(8) + (9) + (12) + (15) 
1 : 1 : 1  : 1

(x)-(xiv)

(8) + (9) + (12) + (15) 
37 : 20 : 33 : 10

(i) Ethylene oxide (viii) Rh/Al203, ]
(ii) Ac2° (ix) Cr03
(iii) Vilsmeier, POCl^, DMF (x) Ni(R), H2
(iv) Ph3P=CH2 (xi) TsCl, py
(v) (Ph3P)3RhClf H2, CO (xii) KQAc, DMSO
(vi) Ag20, KOH (xiii) KOH
(vii) c h2n 2 (xiv) c h2n 2

Scheme 6
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oxidised to the acid with silver oxide and esterified with

diazomethane to (33). Cis hydrogenation of the furan with rhodium on 

alumina catalyst gave racemic methyl nonactate as an equal mixture of 

all four 2,8 epimers. This mixture could be enriched in the 8-epimer 

by oxidation of the alcohol to the ketone and hydrogenation with Raney 

nickel catalyst back to the alcohol. Walden inversion of the alcohol 

allowed enrichment of the mixture in the natural epimer at 08. 

Racemic methyl nonactate (8) and methyl 2,8-diepinonactate (15) could 

be isolated in a pure f o m  from this mixture.

The synthesis of optically active nonactates was possible 

modelled on the racemic route but starting with chiral propylene oxide 

(scheme 7). This set the chirality of the 0 8  position but precluded 

the use of the isomer enrichment sequence described above as it 

involved oxidation of the 0 8  alcohol to the ketone which would 

destroy the chiral centre. Hence the equal mixture of the four 

(-)-methyl nonactates (8), (9), (12) and (15) formed after 

hydrogenation were converted to the benzyl esters (34)-(37) which 

could be separated by chromatography to give each isomer pure. 

Nonactates (34) and (35) only were required for the synthesis of 

nonactin and so (36) and (37) were equilibrated to (34) and (35) 

respectively by treatment with strong base.

For the construction of nonactin, the benzyl nonactate (34) was
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(S)-Propylene oxide

As in scheme 6

(“ )“ (8) + (— )— (9) + (— )— (12) + (— )— (15) 

(i)

OH

B zO zC

— »~(R,R,SrS) (34)

(ii) (S,S,R,S)-«----- (35)

--- (S,R,S,S) (ii) (36)

(R,S,R,S) ------ (37)

(i) NaOH; H+; KH, BzCl
(ii) DBU

Scheme 7
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(34) (35)

(40) R = Bz
(41) R = K

(34)

B z0 2C

(43) R = H
(44) R = Tosyl

Scheme 8
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(41) + (44)

i) AgClCDj, benzene

Scheme 8 cont.
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o

(63)

(i)

90‘

OM e

(67)

As before

(ii)

93%

(iii),(iv) 67%

O H

: O  O
HO

(68)

: o  n  CN

HO
O  O

(V) 9H

• H H

(69)

(vi)

(+) - (8)

(i) MeO (iv) Separate, epimerise, 
recycle

(ii) Ph3P=C(Me)CN, NaQMe (v) Eastwood deoxygenation
(iii) Etcf, EtOH, reflux (vi) H~CL, NOC1; CH-KL

Scheme 13
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(+)-Methyl nonactate (8) was prepared via an analogous route

(scheme 13). Treatment of (63), prepared above, with base equilibrated 

the 2-propanone side chain to 90% of its epimer (67). The ketone was 

hydrogenated and the lactol unmasked as before to give (68). Treatment 

of (68) with the Wittig reagent Ph^P=C (CH^)CO^e as before gave 

problems in obtaining the desired cis relationship across the ring and 

the alternative reagent Ph^PCfCH^JCN was employed followed by 

repeated base equilibration / separation of the C-3 centre to give 

compound (69) with the required cis stereochemistry across the ring 

and 2,3 threo relationship. Deoxygenation of the acetal, mild

hydrolysis of the nitrile and esterification of the acid gave 

( + )-methyl nonactate (8). This constituted the first true synthesis of 

each enantiomer of methyl nonactate, but the stereocontrol was not 

good at the 2 and 3 positions.

g) Ireland 1981^'^

The second synthesis of the chiral methyl nonactates from 

carbohydrates was reported by Ireland and Vevert although by rather 

long routes. The first sequence led to (-)-methyl nonactate from 

dihydrofuran (70) (scheme 14), which was prepared in 10 steps from 

D-mannose. Formation of the propionate of the alcohol of (70) followed 

by rearrangement and esterification gives the 3,6 cis dihydrofuran 

(71) as the major product. Hydrogenation, deprotection of the alcohol 

and Swern oxidation of (71) gave the aldehyde (72). Treatment of this
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g) Ireland 1981

OM OM

D-Mannose (70)

(x),(xi) 49'

1 : 1

(i) MeCOMe, H+ (ix) Ph3P, CC14
(ii) NaH, PhCH2Cl, DMF 

H+, MeOH

(x) n-BuLi, PhCOCl; LDA, 
TMSC1; OH , CH N2

(iii) (xi) H2, Rh/C
(iv) (Me)2NCH(QMe)2 (xii) H30+, MeOH
(v) (MeC0)20, 130°C (xiii) (C0C12)2, DMSO; Et^l
(vi) 9-BBN; H202, OH~ (xiv) LiCuMe2, pentane
(vii)
(viii)

KH, MOM-C1 
Li, NH3

(xv) koh/h2o

Scheme 14
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O HH O  O H» i« §\___ i

O^^o^'y^oH
O H

D-Gulono-7-lactone

(i)-(x),(ix)

11% O - J

OMOM

(73)

As before

(+)-(6)

8-epimer

(i) MeCOMe, H+
(ii) DIBAL
(iii) NaH, PhCH2Clf DMF
(iv) H+, MeOH
(v) Me2NCH(OMe)2
(vi) (MeC0)20, 130°C

• H H

(74)

(vii) 9-BBN; H202, OH
(viii) CH2(QMe)2 t P2°5
(ix) LiNH3
(x) Ph3P, cci4
(xi) MeMgBr
(xii) KOH

Scheme 15

PAGE 33



canpound with dimethyl copper lithium gave a 1:1 mixture of (-)-nonactic 

acid (6) and its 8-epimer.

For the synthesis of (+)-methyl nonactate, the optical antipode 

of (70), (73), was required as a starting point. This compound was 

prepared in eleven steps from reasonably expensive D-gulono-7-lactone 

(scheme 15). Dihydrofuran (73) was then elaborated as before to 

aldehyde (74) which gave a 1:1 mixture of (+)-nonactic acid (6) and 

its 8-epimer on treatment with methylmagnesium bromide. The 

restriction of the stereocontrol to the 3 and 6 positions and the 

lengthy preparation of the starting materials reduces the 

attractiveness of these syntheses.

h) Barrett 198232'33

Chronologically the next synthesis, reported by Barrett and 

Sheth, was of a racemic nonactic acid derivative. The relevant 

stereocontrol in this synthesis was achieved by two stereoselective 

hydrogenations, the second being similar to the hydrogenation 

introduced in Bartlett's synthesis. Base elimination of

2,3,5-tri-O-acetyl-D-ribonolactone, used not as a source of chirality 

but as a carbon skeleton, gave diene (75) which was hydrogenated with 

palladium on calcium carbonate catalyst to give exclusively the cis 

lactone (76) (scheme 16). This compound was reduced to the 

corresponding lactol (77) and Wittig olefination with ethoxy carbonyl- 

methylenetriphenylphosphorane gave unstable enoate (78). The enoate
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A cO

h) Barrett 1982

V o n ^ o

A cO  OAc

(i)

94%

2,3,5-Tri-O-acety1- (75)
D-ribonolactone .

(ii) 90%

(77)

(iv),(v)

(iii)

85%

(vi),(vii)

55%
fran (76)

P = S iM e 2*-Bu

O P

H

(79)

(viii) 75%

(81) (80)

3-diepimer

(i) DBU (v) H2, Rh/Al203
(ii) H2, Pd-CaC03 (vi) c f3c o2h
(iii) DIBAL (vii) TBDMSC1
(iv) Ph3P=CHC02Et (viii) MeCH=C(Ot-Bu)OLi

Scheme 16
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was not isolated but hydrogenation with rhodium on alumina catalyst 

and acid catalysed lactonisation followed by protection of the 

extracyclic alcohol gave lactone (79). On condensation with t-butyl

2-lithiopropanoate, lactone (79) led exclusively to compound (80) with 

the required E double bond stereochemistry. Steric approach controlled 

hydrogenation of (80) with rhodium on alumina catalyst gave a 

separable 85:15 mixture of t-butyl 8-O-t-butyldimethylsilylnonactate 

(81) and its 2,3 diepimer, agreeing with Bartlett's observations.

i) Still 198434

An unusual but interesting incomplete synthesis was reported by

Still (scheme 17). The novel approach, applicable to a number of 

syntheses, involved control of remote stereochemical relationships 

using a macrocycle. Hence for nonactic acid precursors, furan (82) was 

prepared. A suitable 'spacer' had to be chosen to form a macrocycle of 

type (83) such that the lowest energy conformation would direct the 

methylation a  to the ester with respect to the 8 substituent. Computer 

calculations showed (84) to possess a high energy barrier between the 

lowest and the next lowest energy conformation and indeed kinetic 

methylation of (84) gave (85) as a single diastereomer with the 

correct methyl nonactate 2,8 stereochemistry. Unfortunately 

difficulties were encountered when attempting to remove the 'spacer' 

group. The stereocontrol was very premising as even if a cis 

hydrogenation of the furan showed no face selectivity this would lead 

to a mixture of methyl nonactate and its 2,8 diepimer which were known 

to be readily separable by chromatography.

PAGE 36



i) Still 1984

Single 2,8 diasterecmer

(i) Ac20, BF3 (iii) NaOH, MeOH
(ii) Pb(QAc)4, BF3 (iv) LDA, Mel, -78°C

Scheme 17
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j) Bartlett 198435

Bartlett's synthesis of nonactin was basically identical to the 

earlier reported synthesis of racemic methyl nonactate but used chiral 

starting materials. Bartlett found that a key chiral intemediate 

could be used to produce both enantiomers of methyl nonactate (an 

enantiodivergent synthesis) (scheme 18). The dienol (86) was prepared 

chirally in seven steps from (S)-malic acid, intersecting with 

Bartlett's racemic synthesis. Previously a phosphate derivative had 

been used to cyclise onto the double bond but on the larger scale 

Bartlett formed the carbonate of (86) which cyclised with iodine to 

give a 6.5:1 mixture of syn to anti cyclic carbonates (87) which could 

be separated by chromatography. Reductive deiodination of (87) and 

ozonolysis of the olefin gave aldehyde (88), condensation of which 

with the trimethylsilyl enol ether of methyl propionate according to 

Mukaiyama's method followed by Jones oxidation, gave the key 

intermediate (89). Acid catalysed cyclisation of the 6-alcohol onto 

the ketone gave (61) as before and hydrogenation with rhodium on 

alumina as catalyst gave mainly (-)-methyl 8-epinonactate (9). Here 

Bartlett noticed that in addition to the nonactate (10) derived from 

hydrogenation giving the trans 3,6 stereochemistry seen before, the

2-epimers (15) and (14) of (9) and (10) respectively were seen in 

small quantities. Although no reason for epimerisation during the 

hydrogenation was given, it seems reasonable that stirring of (9) with 

an equivalent of alumina for an extended period of time could cause 

seme 2-epimerisation.
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j) Bartlett 1984

Me09C
COoMe

OCH(OEt)
from

(S)-Malic acid

TosylO
(i)-(iv)

75%
^ < 3

(v) 80%

(87) (86)
(ix),(x) 98%

(i) LAH, THF, 0°C (vii) I2, MeCN, -20°C
(ii) Tosyl Cl, Py, 0°C (viii) Separate
(iii) Py.Tosyl, MeOH (ix) n-Bu^SnH, THF
(iv) K2C03, MeOH (x) 03, MeOH
(v) (CH2=€H“)2CuLi, hexane (xi) MeCH=C (QMe) OTMS, TiCl
(vi) t-Bu0C02N=C(Ph)CN,

n-BuLi, THF (xii) Cr03

Scheme 18
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o

(i) MeOH, H02CC02H
(ii) KH, HMPA, THF

����

����������

���� ���� ��

(+)-(8)

(iii) Rh/Al203, H2
(iv) Separate

Scheme 18 contd.
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(-M9) ( + M 8 )
(i) 91% (ii) 9 V

(92)

(iv)-(vi) 15-20%

NONACTIN (1)

(i) MeSC^Cl, Et3N, (iv) n-PrSLi, HMPA
DMAP, CH2C12 
NaOH; H+

(v) Ph2P03Clf Et3N
(ii) (vi) DMAP, benzene,
(iii) KH, DMF reflux, 16 h

Scheme 19
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Cyclisation of the enol form of the ketone would displace the 

carbonate at the 6-position, inverting that centre and allowing entry 

into the ( + )-methyl nonactate series. Hence (90) was prepared by 

cyclisation of (89) under basic conditions which after hydrogenation 

as before gave ( + )-methyl nonactate (8) as the major product.

For the formation of the cyclic tetramer, (-)-methyl 

8-epinonactate (9) was converted to the mesylate (91) and reacted with 

(+)-nonactic acid (6), prepared by saponification of (+)-(8), to give 

the dimer (92) in which the C-8 centre of (91) had been corrected by 

inversion (scheme 19). As the dimer had already been converted to the 

tetramer and then on to nonactin, Bartlett attempted to dimerise the 

dimer (92) directly to nonactin despite Schmidt's reported failure to 

achieve this. After saponification of (92) to the dimeric acid, 

Masumune's macrolactonisation procedure was applied to the dimeric 

acid to give the tetraner nonactin (1) in 15-20% yield.

k) Johnson 1984^

The final two syntheses are formal syntheses only and both 

prepare intermediates on previous routes to methyl nonactate. In 

Johnson's route (scheme 20), the chiral acetal (93) was reacted with

CH2=C(CH3)OTMS in an aIdol type coupling to give (94) as a 97:3

mixture of diastereomers which were separated as their

t-buty ldimethy 1 si lyl ethers (95) . Reduction of the ketone (95) with

L-selectride gave (96) as a 4:1 mixture of syn to anti isomers. The
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INTRODUCTION TO THE ORGANOSELENIUM CYCLISATION

Qrganoselenium reagents are now well established in organic
1-4synthesis. Among their more important uses is the intramolecular

organoselenium cyclisation of nucleophiles with alkenes. Originally

this was achieved for carboxylic acids under forcing conditions.
5 6However, Nicolaou and Clive developed mild organoselenium reagents ' 

for cyclisation of a wide range of nucleophiles onto double bonds thus 

considerably expanding the scope of the reaction for modern organic 

synthesis (eq.l).

(CH2)n

NucH 7

PhSeX

SePh

+

Exo-product

+ XH

eq. 1
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The most important of these new reagents was 

N-phenylselenqphthalimide (NPSP) (102). An emission from the wide 

range of nucleophiles studied that could be cyclised with NPSP was the 

carbon nucleophile, which prompted Ley et al. to develop cyclisation 

reactions of /3-ketoesters onto double bonds using NPSP and Lewis

o

N-Phenylselenophthal imide 

(NPSP)

o  o

RO''^-''^-^ ( C H  On'' P| n = 0,1,(2)

NPSP, cat.

(C H 2) n r o 2c

0
X

R0’C- ^ 1  o i . PhSe^^. k j C H O n

SePh

� � � 	 � � -eye 1 i sa tion � � � � '-cyclisation

Eg. 2
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������acid catalysts (eq. 2). Here two competing modes of cyclisation 

were expected, oxygen cyclisation and carbon cyclisation, but it was 

hoped that these could be controlled. Indeed, under kinetic conditions 

oxygen appeared to be the major pathway while carbon cyclisation was 

promoted under thermodynamic conditions such that complete control 

over the product obtained was available in most cases. One of the more 

premising cyclisations of /3-ketoesters was that of allyl substituted 

/3-ketoesters to give tetrahydrofuran-2-ylideneacetates (eq. 3). In 

this case Baldwin's rules govern the reaction pathway from the 

possibilities mentioned earlier. The first possibility was exo- or 

endo-cyclisation and here Baldwin's rules dictate that the endo 

product is disfavoured and the exo product favoured. The second 

possibility was oxygen or carbon cyclisation. Here Baldwin

predicted,^ and later confirmed experimentally,^^ that cyclisation of 

a 3-ketohept-6-enoate would give exclusively the oxygen cyclised 

product due to orbital overlap requirements which can not be met with 

the carbon cyclisation pathway but can with the oxygen one. In 

practice, both these predictions appear correct as the oxygen cyclised 

exo compound is by far the major product. The cyclisation of 

allyl-substituted /3-ketoesters with NPSP and a Lewis acid catalyst to 

give tetrahydrof ur an- 2 -y 1 acetate s was the cyclisation exclusively 

employed in the following work.
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NPSP, cat.

M e O ,C

SePh

Oxygen cyclised, exo-product

Eg.3
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THE SYNTHESIS OF TRISUBSTITUTED TEIRAHYDROFURANS VIA THE USE OF AN

ORGANOSELENIUM-MEDIATED CYCLISATION REACTION.

Polysubstituted tetrahydrofuran rings are very common structural

features of numerous natural products, especially in the ionophore

antibiotics where the cation ccmplexation ability of the ether oxygens

is important. The hydrocarbon backbone of the ring system orientates

itself opposite to the complexed cation thus providing an important

hydrophobic exterior to the canplexed ionophore. This feature aids the

solubility of the complex in organic media and explains the process by

which the ionophores transport cations into media they would not

otherwise enter. It is not surprising that the tetrahydrofuran unit

frequently occurs in ionophores linked via the 2 and 5 positions. This

is exemplified in the ionophore Nonactin (1) and its homologues, which

will be discussed in more detail later. Hydrophobic substitution at

the 3 and 4 positions with methyl groups is also common as a result of

the biosynthetic pathways to these compounds. Hydroxy and alkoxy

substituted tetrahydrofurans are also common structural features to

some ionophores and other natural products. Typical recent examples of

ionophores containing hydroxyl substituted tetrahydrofurans are
12 13aplasmcmycin (103) and boromycin (104). Other natural products 

containing this unit are muscarine (105), a toxin present in amanita 

muscaria,^ ^  and palytoxin (106) a marine natural product. The

total synthesis of these species has represented a challenging task 

for the organic synthetic chemist and much effort has been placed in 

the synthesis of these and other similar natural products. 

Construction of the inherent stereochemical arrangement in these
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Tetrahydrofuran containing subunits of some natural products

Segment of APLASMQMYCl N (103)

o
II ?������������

Segment of BORQMYCIN (104)

I

Me3N

OH

MUSCARINE (105)

Segment of PALYTOXIN (106)
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the conditions used and the starting pentenols (110), and could be

reasonably well controlled. A comp1imentary epoxidation-boron

trifluoride cyclisation reversed the stereochemical outcome of certain

cyclisations. Williams later applied these methods to the synthesis of
21racemic Citreoviral (112). This process involved a hydroxy-directed 

iodoetherification of alcohols (113) and (114) to tetrahydrofurans 

(115) and (116) (scheme 23). These reactions serve to demonstrate the 

importance and the applications of iodoetherifications in the 

formation of tetrahydrofurans.

It has already been demonstrated that the cyclisation of 

alkenyl-substituted /5-ketoesters with organoselenium reagents forms 

substituted tetrahydrofurans (eq. 4) (see introduction, p. 49). The

Eq. 4

cyclisation of /?-ketoesters has already found use in the synthesis of
22-24several natural products, but has not been applied to the

synthesis of any tetrahydrofuran containing natural products. The 

effects of substituents in the starting alkenyl-substituted

/3-ketoesters on the cyclisation and the stereochemical outcome, if
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o  O  0 R
OR

MeO MeO

SePh

(117) (118)

Eq. 5

diastereoisomerism was possible, were unknown. It would therefore be 

of great interest to prepare compounds of type (117) and attempt 

eye li sat ion to compounds of type (118) (eq. 5) and observe the 

stereochemical outcome. It was envisaged that the trans configuration 

between the 4 and 5 substitutents in (118) would be the more

favourable and that (118) would be an interesting precursor to

trisubstituted tetrahydrofurans that could be used as building blocks 

in the synthesis of more complex molecules, for example muscarine 

(105). In recent years muscarine has received considerable synthetic 

attention. The alkenyl-substituted /3-ketoesters (117) were

required in order to study these cyclisation reactions and these were 

most conveniently prepared by alkylation of methyl acetoacetate (119).

The dianion of methyl acetoacetate (119), formed using the
29 oconditions described by Weiler, was quenched at -78 C with acrolein 

(eq. 6). The dianion quenched very rapidly as visualised by the loss 

of the yellow dianion colour and usual dianion workup allowed 

isolation of the 1,2 addition product (120) in 84% yield as the only
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standard conditions failed to furnish the protected alcohol, e.g.
30benzyl bromide / sodium hydride / tetra-n-butyl ammonium iodide or

acetic anhydride / pyridine. Initial reactions with an excess of

t-butyldimethylsilyl chloride under the standard Corey protection 
31conditions of imidazole in dimethylformamide overnight led to 

isolation of disilylated material (123). However, treatment with one 

equivalent of t-butyldimethylsilyl chloride under more controlled 

conditions allowed isolation of the monosilylated compound (124) in 

80% yield. The use of imidazole as the base in dimethylformamide 

solution in this reaction facilitated work-up, as both remained in the 

aqueous phase and were not extracted into petroleum ether unlike the 

silyl ether. The protected alcohol (124) was now treated with 

N-phenylselenophthalimide / iodine in tetrahydrofuran followed by 

deselenation with Raney nickel. These reactions, after chromatography, 

gave a single compound in 40% yield which appeared to be the required 

tetrahydrofuran derivative (125) but of uncertain relative C-4 and 

C-5 stereochemistry (eq. 7). Molecular models suggested that the 

angle between the C-4 to H and C-5 to H bonds would only differ by

MeO

O S i-f-
1) NPSP/I,

2) Ni(R)
MeOzC

O S i- f-

(124) (125)

Eq. 7
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20-30° between the cis and trans compound and that the cis would be 

approximately 30° and the trans approximately 55°. This would mean 

that the observed coupling constant of 3.5Hz between the two hydrogens 

was insufficient evidence to differentiate between the cis and the 

trans isomers. Hydrogenation of this compound led to a compound of 

general structure (126) (eg. 8). Comparison of the nmr spectra of

(125) (126)

Eq. 8

this compound and muscarine showed substantial differences especially 

at the resonance positions for the 3-H protons. In muscarine (105) 

these occur as a multiplet at 1.90-2.20 ppm at 250MHz and in 

allomuscarine (127) at 1.67 and 2.61 ppm. The compound (126) showed

I

M e3N ALLQMUSCARINE

(127)
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1 28 
H N M R  S P E C T R A  O F M U SCA R IN ES

+
M e3N M uscarine (105)

M e3N

OH

O '
Ailom uscarine (127)
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resonances at 1.60 and 2.30 ppm (fig. 1). While this was not seen as a 

particularly accurate conparison, it did suggest that the 

stereochemistry of (126) was similar to (127), but this required more 

rigorous proof. The original attraction of the cyclisation- 

deselenation sequence was that it could be considered to be a one pot 

sequence and that it avoided isolation of the intermediate selenide 

which in sane other examples was unstable and caused isolation 

problems. However, it was found in this case that cyclisation of (124) 

with NPSP and a trace of iodine in tetrahydrofuran or dichlorcmethane 

allowed isolation of a yellow oil which consisted of a number of 

compounds all containing selenium. Careful flash chromatography of 

this mixture allowed isolation of two main species. In order of 

elution, a compound which appeared to be the cyclised compound (129) 

was isolated in 18% yield contaminated with the uncyclised a-selenide

(128). Closely following this, a compound which seemed to be a isomer 

of (129) was isolated in 43% yield which crystallised from ether. If 

these two cyclised compounds were isomeric, which seemed very likely 

to be the case, they would have to either be double bond E and Z 

isomers or 4-H, 5-H cis and trans isomers. The double bond isomerism

SeP h

(128) (129)
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M eO zC

^ O R
f^SePh

M e 0 2C

OR

H SePh

(130)

seemed unlikely as the trans enolate (130) would be expected to be the 

more stable and thus the form that would cyclise onto the 

epi-seleniranium ion. Also, double bond isomers had not been detected 

in earlier work, implying that only one double bond iscmer was 

produced, but no evidence has been obtained to confirm that the double 

bond was in the E configuration. Molecular models did not suggest any 

indication as to any relational preference between the 4 and 5 

substituents, consequently it was assumed isomerism was more likely 

occurring at these positions. nmr was inconclusive, showing 4-H to

5-H coupling constants for selenides (131) and (132) of 3.1 and 3.5 Hz 

respectively. Weak evidence supported the assignment of the second

SeP hSeP h

(131) (132)
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isolated (slower running on silica gel) compound as the cis isomer

(132); the knowledge that it was crystalline while the other was not

suggested a more compact (cis) structure whereas the trans compound

(131) might not stack in a crystal structure as well. Nuclear

Overhauser effect (n.O.e.) difference spectroscopy was then used to

aid the assignments. Irradiation of compound (132) at the methylene

hydrogen atoms a  to the phenylseleno group only caused enhancement of

the 5 proton. Irradiation at the 4 proton gave an enhancement at the 5

proton. Unfortunately the other isomer (131) could not be obtained

sufficiently pure such that comparable n.O.e. studies could be carried

out. Even so, these results strongly indicated that the 4-H to 5-H

stereochemistry in compound (132) was cis. Finally, to remove all

doubt, an X-ray crystal determination was carried out on the compound

and confirmed the evidence assigning structure (132) to this compound

(fig. 2). The separate compounds could now be deselenated individually

to compounds (133) and (134). This was initially achieved using Raney 
32nickel / hydrogen but both deselections were contaminated with a 

small amount of ring opened compound (124). Presumably with Raney

(133) (134)
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Fig. 2
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nickel the radical intermediate of type (135) had a sufficiently long

lifetime to allow ring opening to compound (124) to occur followed by

rapid hydrogenation of the terminal olefin. Hydrogenation of the

double bond in (131) and (132) was also seen to a small extent. Tin

hydride deselenations were therefore studied and it was found that
33tri-n-butyltin hydride / azobisisobutyronitrile / toluene at reflux 

led to very clean deselenation with little ring opening, but caused 

problems of removal of the tin residues from the products. It was 

found desirable in practice to deselenate the mixture of (128), (131) 

and (132) as (124), (133) and (134) could be very easily separated by 

chromatography.

Similar cyclisation of (124) with tin tetrachloride (1 eq) as 

catalyst gave a 2:1 mixture of products (131) and (132) in 74% yield 

(eq. 9). This was in discord with the 3:7 ratio in favour of the cis 

compound (132) achieved with iodine as catalyst. A satisfactory 

explanation for this switch in stereocontrol has yet to be formulated, 

indeed, the reason for any stereocontrol at all still requires an 

explanation. Again molecular models failed to uncover any prominent

PAGE 67



������
NPSP +

Eq. 9

(132)

steric interactions that could be responsible for these observations. 

One possibility was that the trans isomer (131) was the thermodynamic 

product with the cis isomer (132) being the kinetic product. This 

would explain the prominence of the cis product (132) with iodine as 

catalyst. However, (132) could not be rearranged at all to (131) by 

stirring overnight in dichoromethane with one equivalent of tin 

tetrachloride. Other catalysts showed selectivities which fell between 

these two boundaries and so the tin tetrachloride was regarded as the 

important cyclisation catalyst as it gave the correct 4-H 5-H trans 

stereochemistry present in muscarine and its close analogues. This
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route was therefore used to obtain the selenides (131) and (132) and 

these were then deselenated as a mixture with tri-n-butyltin hydride 

to a mixture of compounds (124), (133) and (134) which could now be 

easily separated by chromatography to isolate pure (133) and (134) in 

49 and 29% yields respectively.

71%

(134) (136)

Eq. 10

The hydrogenation of (134) had already been carried out and the

stereochemistry of the product could now be confidently assigned as

(136) (eq. 10). Whilst this hydrogenation was face selective, the

stereochemical arrangement of (136) means it would not be a suitable

precursor for muscarine synthesis. In order to see whether a free

hydroxyl group at C-4 would direct the hydrogenation process, compound

(134) was deprotected with tetra-n-butylammonium fluoride (TBAF) in

tetrahydrofuran to give the alcohol (137) in 60% yield (eq. 11). The

basicity of the deprotection conditions employed seemed to cause
31decomposition of the product resulting in the below normal yield for

the deprotection. Acidic methods of deprotection (e.g. hydrofluoric
34acid in acetonitrile ) gave very poor yields of product presumably
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M e 0 2C

(139)

1) LDA, THF, -78°C

2) PhSeBr, -78°C

3) h2o2, hqac M e 0 2C

(140)

Eq. 13

the oxidation of a tetrahydrofuran-2-y1ideneacetate (139) to a furan

(140) with lithium diisopropylamine, phenylselenyl bromide and then
35hydrogen peroxide elimination (eq. 13). The alcohol (137) was 

hydrogenated readily with Raney nickel catalyst to give the compound

(141) (eq. 14). The cis stereochemistry across the ring was determined

(137) (141)

Eq. 14

by reprotection of the alcohol to give (136). A second requirement of

hydroxyl protection was to allow the eventual manipulation of the

ester. The alcohol (141) proved in practice to be extremely
36—38unreactive. Attempted benzylation or protection as the

39—41
methylthicmethyl (MTM) ether led to loss of all signs of the

tetrahydrofuran ring yet treatment with t-butyldiphenylsilyl chloride
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42 43/ imidazole / dimethylformamide ’ recovered starting material only 

even after 12 h at 60°C. There seemed to be a dilemma here in that 

subjection of (141) to too highly basic conditions led to 

decomposition but that weaker bases were not strong enough to allow 

protection. However, treatment of (141) with the highly reactive 

t-butyldimethylsilyl triflate / 2,6-lutidene / dichloromethane 

system44 led extremely rapidly to the silyl ether (136) in 

quantitative yield (eq. 15). The hydrogenation of the alcohol (137)

►o h  o U
M e 0 9C  / \ TBDMSOTf M eO zC J~ \

Lutidine ^

(141) (136)

Eq. 15

and its silyl ether (134) had therefore taken place in both cases on 

the opposite face of the molecule from the 4-O-substituent. The silyl 

ether (136) could also be deprotected, albeit in poor yield (13%), 

back to the alcohol (141). Again the basicity of the 

tetra-n-butylammonium fluoride route causes deprotonation to the 

ester in (136) and subsequent anionic ring opening.

The trans cyclised products were the compounds of interest for 

the construction of the muscarine skeleton. The hydrogenation of (133) 

was required to take place on the same side of the molecule as the
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M e 0 2C

M e 0 2C

Ni(R)

(143)

+

(142)

MeOoC^cC
(144)

Scheme 24

M e 0 2C

(145)
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silyl ether in order to give the cis arrangement across the ring (2-H

to 5-H). Unfortunately, hydrogenation of (133) with Raney nickel 

catalyst led to a mixture of products with the major one resulting 

from addition of the hydrogen from the opposite face from the 5-methyl 

giving a 2,5 trans relationship across the ring (scheme 24) despite 

the large t-butyldimethylsilyloxy group. In view of these results it 

was not surprising that the desilylated derivative (142) gave a 2:1 

mixture of cis (143) and trans (144) compounds at the 2,5 positions. 

This mixture proved inseparable even by HPLC on high resolution silica 

gel columns.

In an effort to prepare a pure sanple of the alcohol (143) or

preferably the silyl ether (145) with the correct muscarine

stereochemistry, the possibility of inverting the alcohol of the all

cis compound (141) was explored (scheme 25). The preparation of (143)

by this route would also independant 1 y establish the structure of the

major product formed during the hydrogenation of (142). There also

existed the possibility of the dinitrobenzoate derivative (146) being

crystalline and hence enabling an X-ray structure determination to be

carried out. The alcohol (141) was treated under Mitsunobu 
. . 45,46 . .conditions using 3,5-dinitrobenzoic acid / diethylazodicarboxylate 

(DEAD) / triphenylphosphine to give the dinitrobenzoate (146) in 95% 

yield. The compound was indeed solid but unfortunately adequate 

crystals for X-ray analysis could not be obtained. Attempted 

hydrolysis of the dinitrobenzoate (146) to (143) with excess sodium 

methoxide in methanol led to complete decomposition of the 

tetrahydrofuran ring. Other bases and conditions to effect this
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,ODNB

(141)

3,5-DNB Cl M e 0 2C ��

Mitsunobu

95%

(146)

M eO zC

,OH

(143)

Scheme 25

transformation were not investigated. The assignment of the structures 

to the two components produced by the hydrogenation of (142) can not 

therefore be rigorously determined by this method. An interesting 

pattern from the nmr of these compounds was emerging (table 1), and 

extended the argument presented previously. The difference between the 

two 3-protons in the nmr spectrum is greatly dependant on the relative 

stereochemistry of the 2 and 4-positions and is not affected by the

5-position. When the 2,4 relationship is cis, i.e. on the same face of 

the molecule, as in table entries 1-5, the difference between the 

positions of the two protons is in the range 0.66-0.94 ppm. When the

PAGE 75



1H Nmr of the 3-Protons of Various Tetrahydrofurans

1

2

3

4

5

6

7

8

M e O X

I. ,
>osi~h

M e O X ^ o .

OS\-\-

M e 0 2C

> O H

MeOoC

___^ O H

M e 3N

M g 0 2C v v *̂'

MeOoC' A B 
 

ODNB

. O h

KK.-CCM e 3N \ , ^ V 0

(136)

(141)

(144)

(127)

(143)

(146)

(105)

3-H 3-H' Diff
8 8 8

2.35 1.65 0.70

2.30 1.60 0.70

2.47 1.81 0.66

2.47 1.75 0.72

2.61 1.67 0.94

2.03 1.86 0.17

2.36 2.10 0.26

2.15 — 1.95 — 0.20

TABLE 1
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ester (150) to the dimethyl amide (151), proved to be more difficult

than expected. Several methods for this transformation were tried. The
51 52dimethylalumimum dimethylamine method of Weinreb ’ and the

dimethylamine / dimethylsulphoxide / sodium hydride methods both 

failed to give the dimethylamide (151) and it therefore appeared that 

simple transformation of (136) to the dimethylamine (152) was not 

possible.

It was thus becoming apparent that the synthesis of the muscarine 

system using the tetrahydrofurans derived from cyclisation of (124) 

was not practically viable. The lack of a good route to the compound 

(145) with the correct stereochemistry and the failure to sinply 

convert this compound to the trimethylammonium salt made this route 

long and unimpressive when compared with published syntheses. On the 

other hand the tetrahydrofurans were interesting in their own right as 

possible synthetic building blocks. Apart from the general 

applications described above, two specific novel examples of

3-hydroxytetrahydrofuran containing natural products are X-14868A
54(154) , a polyether antibiotic used for treating malaria and X-14934A
55(155) , a polyether antibiotic used as a microbial and antiparasitic

agent and animal feed additive. A novel example of a 3-substituted

tetrahydrof uran system potentially derivable from the corresponding
56alcohol is (156), isolated from the red algal genus LAURENCIA. All 

these compounds require 3-hydroxytetrahydrofuran sub-units which in 

principle could be synthesised using the intermediates prepared above. 

The methodology therefore adds to the growing number of routes 

reported for the synthesis of trisubstituted tetrahydrofurans.
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X-14934A (155)

(156)
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The possible conversion of the tetrahydrofuran-2-ylideneacetates,

such as (133) and (134), to the corresponding lactones was also of
57interest. A recent paper in the literature by Yamaguchi described

the synthesis of similar 7-lactones from oxiranes (scheme 29). The

methyl acetoacetate dianion, prepared by the standard Weiler 
29procedure , is known to react with un- or mono-substituted oxiranes 

but not with poly substituted ones. Yamaguchi successfully quenched the

TsOH

4A sieves

(160)

71-77%

KMn04

AcOH

Scheme 29
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methyl acetoacetate dianion with tri- and tetra-substituted oxiranes 

of general structure (157) in the presence of boron trifluoride 

diethyl etherate. This led to 7-hydroxy /3-ketoesters of structure 

(158) which were not isolated but cyclised directly with acid to give

4,5-tetrasubstituted tetrahydrofuran-2-ylideneacetates of general 

structure (159) in good yield. The double bond was then oxidatively 

cleaved to give 7-lactones of general structure (160). The 

regiospecificity and stereoselectivity of the method was limited but 

it did allow facile variation in the substituent pattern. In our work, 

ozonolysis of the double bond in (133) and (134) coupled with a 

reductive work up should furnish the 7-lactones (161) and (163) 

(scheme 30). Indeed ozonolysis of (133) and (134) proceeded

2) DMS

(133) (161)

2) DMS

(134) (162)

Scheme 30
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surprisingly rapidly at -30°C and dimethyl sulphide work up gave the 

lactones (161) and (161) in 63% and 62% yield respectively. The 

by-product, methyl glyoxalate, and excess dimethyl sulphide were 

removed by evaporation during work-up and the dimethyl sulphoxide was 

removed with a water wash making the whole reaction a very clean 

process.

In summary, the selenium-mediated cyclisation reaction furnishes 

an attractive route to functionalised tetrahydrofuran rings with 

reasonable control over relevant stereochemistry. These may also be 

converted to 7-lactones with controlled 3,4 stereochemistry. The 

potential of these compounds as intermediates for carp lex natural 

product synthesis is good and the method can obviously be used to 

synthesise a vast number of polysubstituted tetrahydrofuran 

derivatives.
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THE SYNTHESIS OF METHYL NONACTATE

In the preceding chapter organoselenium cyclisation reactions were 

used to prepare tetrahydrofuran rings. This strategy should be 

applicable to natural product synthesis. The nactin family of 

antibiotics, which contain the tetrahydrofuran moiety, has received 

much synthetic attention. As discussed earlier, the member of this 

group to receive the major synthetic effort is the molecule known as
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nonactin (1). Its hydrolysis products, nonactic acid (6) and methyl

nonactate (8), are important precursors to nonactin in both the

biosynthetic pathway and chemical syntheses (see review). These

compounds are therefore often chosen as the prime synthetic targets on

route to Nonactin. It was thought that the selenium-mediated

cyclisation of an alkenyl-substituted /J-ketoester such as (163) would

lead to (164) which in turn could easily be converted to (165); a

compound previously converted to methyl nonactate (8) by
58-60stereospecific hydrogenation (scheme 31). The preparation of

Known

(8) (165)

o  o

MeO

OH
(163) (164)

Scheme 31
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compound (163) was therefore undertaken. Using the Weiler methodology,

quenching methyl acetoacetate dianion with the allylic bromide

derivative (166) should afford the desired compound on subsequent
29methylation (eq. 17).

O P

l ) MeO

o  o

K K
© G O o

2) Methylate

3) Deprotect

Eq. 17

The synthesis of (166) was achieved, where P =

t-butyldimethylsilyl, as outlined in scheme 32. 3-Butyn-2-ol (167),

which was readily available, was protected with the
31 61t-butyldimethylsilyl group using either standard methods ' or the

62improved method of Lcmbardo to give the silyl ether (168) in 72-86% 

yield. The Lombardo methodology was the method of choice for larger 

scale reactions owing to the slightly better yield. The acetylide 

anion of (168) was prepared under standard conditions by treatment 

with n-butyl lithium at -30°C. The solubility of the anion in 

tetrahydrofuran was poor, giving a black precipitate on formation of 

the anion, however this did not seem to affect the reactivity of the 

species. Quenching the anion with a solution of monomeric formaldehyde 

led to an isolated yield of 96% of the desired alkyne (169). The 

formaldehyde solution was prepared by heating paraformaldehyde in a
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3-Butyn-2-ol

(167) (168)

HO

(170) (169)

Scheme 32

stream of argon and bubbling this stream through tetrahydrofuran at 

-78°C. The solution was then stored at -78°C to avoid 

repolymerisation. For the best results this solution had to be freshly 

prepared prior to use. For larger scale reactions, it was found that 

reaction with solid paraformaldehyde at 0°C led rapidly to (169) in 

84% yield and was a much more convenient process. The next stage of 

the sequence was the partial reduction of the triple bond. An obvious 

method which should give very high stereocontrol was partial Lindlar 

hydrogenation which should afford the cis isomer. However, 

hydrogenation using palladium on barium sulphate poisoned with
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(169)

r Pd/BaS04 HO ^  O Si

HO Quinoline

(169) (170)

HO

(171)

Eq. 18

quinoline as catalyst gave extensive overreduction to the alkane (171) 

(eq. 18) coupled with the presence of some starting material (169). 

The catalyst system seemed unsuitable and a milder palladium on 

calcium carbonate poisoned with lead sulphate catalyst system was then 

studied. This catalyst system gave an almost quantitative yield of the 

required cis alkene (170). The trans isomer/ starting material (169) 

or the alkane (171) could not be detected by nmr in the crude

O S i—|—

HO

(169) (172)

Eq. 19

PAGE 90



reaction products. Alternatively, the alkyne (169) could be reduced by 

lithium aluminium hydride (LAH) to give a number of products with the 

trans pentenol (172) predominating (eq. 19). The lithium aluminium 

hydride route was not investigated in any further detail owing to the 

lower yields of products versus the partial catalytic hydrogenation 

route. As an alternative preparation of (172), avoiding the 

formaldehyde quench sequence and the hydrogenation process, the route 

described in eq. 20 was briefly explored. The quench of the anion of 

alkyne (167) with methyl chloroformate gave unsaturated ester (173) in 

good yield (80%). This could then be reduced with lithium aluminium 

hydride to give the trans alkene (172) but in only 40% yield. Again no 

attempt was made to optimise this route owing to the success described 

above.

(167) (173)

LAH

H O

(172)

Eq. 20
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Br MeO

OSi —|—

(174) (175)

Eq. 22

acetoacetate (eq. 22). Under a variety of conditions, the highest 

yield of the required alkenyl-substituted /?-ketoester (175) obtainable 

was a poor 35%, even using hexamethyl phosphor amide (HMPA) as a 

co-solvent. This was unusual as allyl bromides usually react with the

step in the synthesis, this yield was considered unacceptable and 

alternative methods were therefore sought. There seemed to be no 

reasonable alternative to the methyl acetoacetate dianion approach 

therefore a more reactive electrophile quenching system was sought. 

The possibility of reacting a propargyl bromide derivative with the 

dianion of methyl acetoacetate seemed by far the most attractive 

sequence. Therefore the pentynyl bromide (176) was prepared in 80% 

yield from (169) on a lg scale (scheme 33) utilising the 

N-bromosuccinimide / triphenylphosphine bromination protocol employed 

above. This was pleasantly surprising as the pentynyl bromide (176) 

was intuitively expected to be less stable than the pentenyl bromide 

(174) and the yield of the bromination of the alkyne (169) was 

expected to be lower than that of the alkene (170). Fortunately, the 

quenching of the methyl acetoacetate dianion also proceeded in much

methyl acetoacetate dianion in good yield. 29 Since this was a crucial
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(178)

Scheme 33

better yield (69%) to give the alkynyl-substituted /J-ketoester (1 7 7). 

The alkyne (177) was then subjected to hydrogenation with palladium on 

calcium carbonate poisoned with lead sulphate as catalyst but even 

after extended reaction times no hydrogenation was seen. The more 

reactive catalyst system of palladium on barium sulphate poisoned with 

quinoline effected partial hydrogenation to give the cis alkene (175). 

A second unidentifiable product contaminated the alkene and could not
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���� ��

MeO

Scheme 34

obtained. At this point it was clear that an alternative to the

bromination of alcohol (169) was essential. Tosylation of the alcohol

(169) under phase transfer conditions (tosyl chloride /
68cetyltrimethylammonium bromide / benzene / aqueous sodium hydroxide) 

proceeded in excellent yield giving the tosylate (180) (scheme 35). At 

the time, the reaction of the methyl acetoacetate dianion with 

tosylates was unknown. However we showed that reaction of tosylate

(180) with the methyl acetoacetate dianion went smoothly and rapidly 

to give alkynyl-substituted /5-ketoester (177) in 68% yield. Later,
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TsCl, cat.

NaOH

Benzene

92%
TosylO

(169) (180)

MeOA X
©  ©

68%

OSi—|—

(177)

69Weiler also reported that mesylates, tosylates and triflates could 

all successfully be used to quench the methyl acetoacetate dianion. 

The partial hydrogenation of alkyne (177) to alkene (175) proceeded 

just as smoothly on a large scale as on a smaller one and the 

methylation of alkenyl-substituted /?-ketoester (175) gave similar 

results on a multi-grannie scale (see scheme 34). The separation of the 

monomethylated /3-ketoester (179) from the dimethylated products by 

chromatography proved more difficult on this scale and several 

separations by column chromatography were necessary to achieve a 60%
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foaming and difficulty in stirring. This was in contrast to the methyl 

acetoacetate monoanion which formed a colourless solution in 

tetrahydrof uran. Quenching of the dianion of methyl

2-methylacetoacetate (181) with bromide (176) gave a 33% yield of the 

desired alkynyl-substitutedjg-ketoester (182). This low yield was 

believed to be caused by the inefficient dianion formation described 

above along with steric hinderance due to the methyl (3 to the reactive 

anion. Optimisation of this process m s  not attempted although it was 

recognised that this may have led to improved yields. The tosylate 

(180) was not available at this stage and the quenching of the dianion 

of methyl 2-methylacetoacetate (181) with tosylate (180) could not be 

attempted. Partial hydrogenation of alkynyl-substituted /?-ketoester

(182) with palladium on barium sulphate / quinoline catalyst system 

gave pure alkenyl-substituted /3-ketoester (179) in quantitative yield, 

free from dimethylated materials. Optimisation of this route should 

lead to increased yields but unfortunately no time was available to 

investigate these possibilities. An attractive modification would seem 

to be the combination of the quenching of the dianion and a

methylation (eq. 23). Unfortunately, in accordance with earlier
70work, the yield for this sequence was lew (20%).

In summary, the route described in scheme 35 followed by 

methylation was used to prepare multi-gramme quantities of 

alkenyl-substituted /3-ketoester (179). The only undesirable part of 

this sequence from 3-butyn-2-ol (167) was the purification of (179).
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(176) or 

(180) MeO

O  OAJ—
�� Y_

OP

Eq. 23

For the cyclisation of alkenyl-substituted /3-ketoester (179) to 

the methyl nonactate skeleton using an organoselenium-mediated 

cyclisation, it was desirable that only one C-6,C-8 diastereomer be 

produced. It wculd not matter whether this diastereomer would lead to 

methyl nonactate or its 8-epimer since both could be elaborated to 

nonactin. Unfortunately cyclisation of alkenyl-substituted /3-ketoester 

(179) with N-phenylselenophthalimide (NPSP) / zinc iodide / 

dichloromethane gave a 47% yield of a 1:1 mixture of diastereomeric 

selenides (183) and (184) at the C-6,C-8 position (eq. 24). The 

t-butyldimethylsilyloxy group was clearly not having the steric 

directing effect hoped for (eq. 25). The Lewis acid catalyst and 

conditions were varied but the ratio of selenides (183) and (184)

PAGE 100





remained approximately equal. The results are summarised in table 2. 

The highest yield was obtained using iodine as catalyst in 

dichloromethane as solvent. Using these convenient conditions 

selenides (183) and (184) were prepared in multigrainme quantities.

In a second, and more premising, cyclisation approach with the 

hydroxy group deprotected, it was speculated that the alcohol might 

direct the initial selenation onto the double bond (eq. 26), leading 

to isomer (186) having the methyl 8-epinonactate stereochemistry. 

Deprotection of (179) was achieved with tetra-n-butylammonium fluoride 

(TBAF) to give the free alcohol (185) in 42% yield together with a

o  o

MeO

OH Ph
(185)

(186)

Eq. 26
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Cyclisation of (179) with NPSP.

Conditions
Results

Catalyst Solvent

1. Ts0H.H20 (O.leq.) CH2C12
Several selenium containing products 
formed.

2. CSA (O.leq.) THF Only sluggish reaction.

3. Znl2 (1.5eq) THF 25% of (183) and 22% of (184) 
obtained after isolation.

4. I2 (0.05-0.leq.) CH2C12
75% of 1:1 mixture of (183) and (184) 
formed.

5. I2 (0.05eq.) DMSO Similar results to entry 4 on tic 
with no advantage.

6. I2 (0.05eq.) DME Similar results to entry 4 on tic 
with no advantage.

7. I2 (0.05eq.) Benzene Similar results to entry 4 on tic 
with no advantage.

8. SnCl^ (O.Oleq.) CH2C12
Similar results as with I2 and Znl2 
as catalysts but less convenient.

9. SnCl^ (l.Oeq.) CH2c12 Exothermic reaction giving polymeric 
products only.

TABLE 2
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(9) (8)

Methyl 8-epinonactate Methyl nonactate

little (22%) recovered starting material (179) (eq. 27). This low 

yield was produced despite the fact that an excess of TBAF had been 

used for several hours. This result prompted us to explore an 

alternative preparation of alcohol (185). There were several reports 

in the literature of 1,4 opening of vinyl epoxides with
71_76

nucleophiles and the possibility of this leading to a brief

synthesis of alcohol (185) was explored (scheme 37). Unfortunately, 

reaction of the dianion of methyl acetoacetate with the vinyl epoxide

Eq. 27
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CH3C03H

(188)

(185)

Scheme 37

(188) under a variety of conditions gave a number of products, none of 

which resembled alcohol (185), and this approach was abandoned. 

Treatment of alcohol (185) with N-phenylselenophthalimide and iodine 

in dichloromethane once again gave an inseparable mixture of one major 

and one minor selenium containing products (scheme 38). However the 

nmr spectra of these compounds did not fit the structures of selenides 

(186) or (187). Although the major component was tentatively assigned 

to the bicyclic acetal (189) the minor component could not be 

satisfactorily assigned. This mixture of products was identical to 

that obtained by treatment of protected alkenyl-substituted fi-keto-
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It

(189)

+ minor product

Scheme 38

ester (179) with silver hexafluorophosphate and phenylselenyl chloride 

in dichloromethane at -78°C. Presumably in this example the protecting 

group was unstable to the conditions used and deprotection to alcohol 

(185) occurred. The bicyclic acetal product (189) presumably arises by 

cyclisation of the hemiacetal (190) onto the double bond. These 

results suggested that the cyclisation would have to take place with 

the alcohol protected and that no stereocontrol could be achieved.
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TBAF OHOSi—I—• i l
THF

78%

Me02C

(191)

DNB Cl 

Py, DMAP

(193)

Scheme 39
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Fig . 3
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Fig. 4
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tin hydride / azobisisobutyronitrile (AIBN) / toluene deselenation 

method was again preferred and afforded a 83% yield of a mixture of 

silyl ethers (195) and (196) contaminated with less than 5% of ring 

opened /^-ketoesters (179) and (198) (eq. 29) As with the Raney 

nickel deselenation procedure, the ring opened by-products could not 

be removed by chrcmatography at this stage. Consequently the silyl 

ethers (195) and (196) were used without further purification.

(183) and (184)

n-Bu3SnH, AIBN 

Toluene, reflux 

83%

Eq. 29
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Deprotection of silyl ethers (195) and (196) was attempted under 

usual conditions (excess tetra-n-butylammonium fluoride (TBAF) in

(195) and (196)

TBAF, THF 

54%

Eq. 30

tetrahydrofuran) and led to an unusual result (eq. 30). Instead of the 

two corresponding alcohols being produced in 1:1 ratio, a 9:1 ratio of 

alcohols (199) and (200) was produced in a low 54% yield. Two 

possibilities for this result were considered; either the alcohol at 

C-8 had been epimerised to an equilibrium 9:1 mixture of alcohols 

(199) to (200) or alcohol (200) had been selectively destroyed during 

the reaction process. The first epimerisation possibility was unlikely 

even if a ring opening / ring closure sequence was considered. The 

second possibility that the alkoxide (202) produced during the
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(195)

I TBAF,THF

M eO zC

��202 ��

I

MeO

Does not react H+

M e 0 2C

SePh
Deselenation M e 0 2C

������; (203)

Scheme 40
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deprotection decomposed appeared more likely. One possible explanation 

for the differing stabilities of (201) and (202) is set out in scheme 

40. The alkoxides (201) and (202) could both conceivably undergo a 

Michael addition to the unsaturated ester. Considering molecular 

models of the transition states for these additions it becomes 

apparent that cyclisation of alkoxide (201) would be destabilised by 

steric interactions between the C-8 methyl group and the hydrogens on 

the top face of the ring. With the alkoxide (202) this steric 

interaction would be greatly reduced as the C-8 methyl would face away 

from the ring allowing the addition to proceed to give, after 

protonation, the bicyclic acetal (203), which may undergo further 

decomposition. Acetal (203), which was not isolated, would be one of 

the products of deselenation of (189). In scheme 38 (page 106), the 

cyclisation of deprotected alkenyl-substituted /3-ketoester (185) was 

depicted as proceeding via the hemiacetal (190) explaining the 

isolation of hemiacetal (189) as the major product. A second mechanism 

that has to be considered might involve a stereocontrolled cyclisation 

to give selenide (186) and this may then undergo Michael addition as 

above to give the acetal (204) (eq. 31). However the clean 

deprotection of selenide (183) to give alcohol (191) in 78% yield 

(scheme 39) (page 108) implies that the alkoxide of (191) cannot 

undergo this Michael addition for the same reasons given above (the 

bulky selenium group may also prohibit this addition) and that the 

originally proposed mechanism appears correct.
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Eq. 31

In an attempt to avoid these fluoride catalysed deprotection /

rearrangement problems, other conditions were employed. Treatment of

silyl ethers (195) and (196) with aqueous hydrofluoric acid in 
34acetonitrile not unexpectedly led to extensive decomposition with 

little deprotection being observed. Aqueous acetic acid was however 

more promising, affording a mixture of desilylated materials. 400MHz 

nmr spectra of the reaction product unfortunately revealed it to be 

a mixture of several compounds, mainly resulting from ring opening. It 

was clear from these results that the enol ether unit was unstable to
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water present was also studied, however this resulted in no reaction

presumably due to hydration of the fluoride anion. Other fluoride

deprotection methods, potassium fluoride / 18-crown-6 /

tetrahydrofuran and amberlyst A26 resin, fluoride form, / toluene / 
43reflux, were all investigated but even after extensive reaction 

times no deprotection was observed.

One possible way of overcaning these deprotection problems would 

be to consider hydrogenation of the unsaturated ester prior to 

deprotection. This would remove the possibility of later Michael 

addition after deprotection. Hydrogenation of silyl ethers (195) and 

(196) however led to sane very unexpected results (scheme 41). Use of 

rhodium on carbon as catalyst overnight gave a 75% isolated yield of a 

mixture of non-si lylated materials. This mixture contained some 

deprotected dehydrononactates (199) and (200) although the major 

product appeared to be ring opened /3-ketoester (205). Use of Raney 

nickel as catalyst for 17 days gave a complex mixture of starting 

materials (195) and (196), hydrogenated nonactate (206) and ring 

opened j3_ketoester (207). Finally, use of rhodium on alumina as 

catalyst for 7 days gave a 21% yield of methyl 8-epinonactate (9), 

about 40% contaminated with ring opened materials.

acidic deprotection methods. TBAF deprotection with an equivalent of

Since the conversion of selenides (183) and (184) to methyl 

8-epinonactate (9) and methyl nonactate (8) respectively using either 

the deselenation-deprotection-hydrogenation or deselenation-hydrogen-
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M eO

Rh/C 

H2, 24h 

75%

+

(199) and (200)

o o
M eO

O H
(205)

Ni(R), H2 

17 days

+

Scheme 41
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ation-deprotection sequences was not viable, alternative routes 

involving deprotection of the cyclisation products (183) and (184) 

immediately after their formation were considered. The double bond 

hydrogenation would not be possible prior to deselenation for two 

reasons: firstly, the carbon-selenium bond would be reduced much more 

easily than the double bond and secondly, even traces of selenium 

would be sufficient to poison the catalyst and inhibit the 

hydrogenation. Hence the only other combination of the three steps 

from selenides (183) and (184) to nonactates (9) and (8) that could be 

studied was deprotection-deselenation-hydrogenation. The deprotection 

step had already been achieved, in order to obtain crystalline 

dinitrobenzoate derivatives of the alcohols, using TBAF. As selenides 

(183) and (184) separately gave good yields of alcohols (191) and 

(192), it was not surprising that treatment of a 1:1 mixture of 

selenides (183) and (184) readily gave a 1:1 mixture of alcohols (191) 

and (192) in 75% yield (eq. 32). Deselenation of this compound proved 

to be problematic. Raney nickel gave extensive (^50%) ring opening 

while tri-n-butyltin hydride led to ca. 15% ring opened products.

75%

(183) and (184) (191) and (192)

Eq. 32
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Nickel boride was also reported in the literature to reduce 
77selenides, however, when alcohols (191) and (192) were treated with 

nickel chloride and sodium borohydride in methanol / tetrahydrofuran a 

mixture of products resulted, largely attributable to ring opening.

At this point it was thought sensible to optimise the 

deselenation reaction using a model selenide (211). Selenide (211) was 

prepared using the route shewn in scheme 42. Interestingly, tosylation

TsCl, Benzene

(211) 

m.p 42-44°C 

+

MeO

(210)

Scheme 42
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of trans crotyl alcohol (208) with tosyl chloride / pyridine /

dimethylaminopyridine again gave no tosylate while the tosyl chloride

/ benzene / aqueous sodium hydroxide / phase transfer catalyst gave

an 81% crude yield of the tosylate (209). Attempts to purify (209) by

chromatography or distillation gave rapid decomposition. Thus, the

crude tosylate was reacted with the dianion of methyl acetoacetate to

give the alkenyl-substituted /5~ketoester (210) in 52% yield, based on

crotyl alcohol. This compound was cyclised with

N-phenylselenophthalimide and iodine as catalyst to give a single

O-cyclised product (211) as an oil in 51% yield, which eventually

crystallised, and a small amount of the diselenide (212) as a

by-product (4%). The X-ray crystal structure of (211) was obtained and

is shown in fig. 5. This result again confirms the E stereochemistry

of the double bond and suggests the involvement of an anti-periplanar

arrangement during the cyclisation transition state giving complete

control of the C-6,C-7 stereochemistry. In order to confirm the

structure of the diselenide (212) and obtain a reference sample of the

deselenated tetrahydrofuranylideneacetate (139), diselenide (212) was

treated with tri-n-butyltin hydride / AIBN / in toluene at reflux

which afforded an 85% yield of the known tetrahydrofuranylideneacetate 
35(139) contaminated with 15% of the ring opened /5-ketoester (eq. 32),

as an inseparable mixture. The monoselenide (211) was subjected to a

range of deselenation conditions and the results are summarised in

table 3. The most promising method appeared to be use of triphenyltin
33hydride in boiling toluene. This reaction had the drawback of having 

to remove the excess hydride and tin by-products at the end of the
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Deselenation of Model Selenide (211).

( 211 ) (139)

Conditions Yield 
of (139) Results

1. Ni(R), H2, MeOH/THF32

DC� DC
2. CoCl 2.6H20/NaBH4/Me0H/ ' 

room temp./several days

3. Li/EtNH232

4. NiCl2.6H20/NaBH4/Me0H/77 
THF

335. Ph^SnH/toluene/reflux

RO6. Ni(R)/AcOH/Py/H20/ 
Na2P02

7. i) Ph3SnH/toluene/AIBN/
reflux

ii) c c i4/i2/kf

8. i) n-Bu,SnH/toluene/
AIBN/reflux

ii) c c i4/i2/kf

55% Contaminated with ~15% ring 
opening.

Decomposition only. 

Decomposition only.

Very little reaction.

39% NO ring opening but contam­
inated with tin residues.

No reaction.

0 Traces of tin residues but *6
no ring opening.

0 Heavily contaminated with"6
tin residues.

TABLE 3
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n-Bu^SnH, AIBN 

Toluene, reflux

SePh S eP h  83%

(212) (139)

Eq. 33

reaction. However, using a modified work up method, reported by 
81Motherwell, involving stirring the reaction mixture with carbon 

tetrachloride, titrating with iodine in ether and washing with aqueous 

potassium fluoride solution, an 80% yield of tetrahydrofuranylidene- 

acetate (139) could be recovered. However this product was still 

contaminated with traces of tin residues and ring opened products. It 

was found that fresh triphenyltin hydride did not need any initiator 

whereas older reagent needed a trace of AIBN to effect complete 

deselenation. An interesting pattern was noticed here; normally 0.05 

mol eq. of AIBN would be used but it was found that the amount of ring 

opening seemed to coincide with the amount of AIBN added. Hence, to 

keep ring opening to a minimum, the amount of initiator used was kept 

to a minimum.

The model selenide (211) could also be eliminated to the known

compound (213) (scheme 43). This compound had previously been
82thermally rearranged to heptanone (214) or via the use of palladium

83reagents to /3-ketoester (215).
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�������� M eO,C
25%

(213)

Scheme 43

When the triphenyltin hydride deselenation procedure was applied 

to the real system of selenides (191) and (192), without the modified 

work-up, it gave a 72% yield of dehydrononactates (199) and (200) 

after repeated chromatography (scheme 44). Although this mixture was 

free of products derived from ring opening, it still contained a small 

quantity of tin contaminants. Repeating this deselenation and working 

up with the modified carbon tetrachloride / iodine / potassium 

fluoride method unfortunately led to a disappointing 38% yield of 

dehydrononactates (199) and (200) free from tin residues. This work-up 

procedure was obviously inefficient in this instance and not a 

practical solution to the problem. In a final attempt the crude

PAGE 125





M e0 2C

(191) and (192)

1) Ph3SnH, AIBN

Toluene, reflux * *  r\ ̂ IVIgO^C
2) Ni(R)

93%

(199) and (200)

Eq. 34

M eO NPSP

�����	

(183) and (184)

TBAF, THF 

76%

M e 0 2C

(199) and (200

1) Ph3SnH, AIBN 

Toluene, reflux M e 0 2C

2) Ni(R)

95%

(191) and (192)

Scheme 45
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hydrogenation of the methyl 2,3-dehydro-8-epinonactate (199), prepared 

by the deselenation-deprotection route (which gave a 9:1 ratio of 

alcohols (199):(200)) from selenides (183) and (184) was necessary to 

confirm the stereochemistry of (199). Contrary to literature reports, 

hydrogenation of dehydrononactate (199) with 5% rhodium on alumina 

catalyst for one week did not give any hydrogenation. The 

hydrogenation was reattempted with Raney nickel as catalyst and after 

14 days under 100 psi hydrogen still no reaction had been observed. 

The catalyst was changed and hydrogenation continued for a further 13 

days after which time success was finally achieved (eq. 36). Methyl 

8-epinonactate (9) was isolated from this reaction mixture in 77% 

yield contaminated with less than 5% of other epimers.

(199) (9)

Methyl 8-epinonactate

Eq. 36

Since the literature data for nonactates (9) and (8) was

inconclusive and in error (later corrected), methyl 8-epinonactate was

prepared independently from naturally derived nonactin using White's
84route (scheme 46). Thus we were able to show our sample of methyl 

8-epinonactate (9) was identical by nmr to the naturally derived 

material (see fig. 6 ).
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N MR SPECTRA OF METHYL 8-EPINONACTATE

Naturally derived 
methyl 8-epinonactate

2

Synthetic methyl 
8-epinonactate

2
T

F ig .  6

PAGE 130



(8)
Methyl Nonactate

1) BzCOOH, Ph3P, DEAD

2) NaOMe, C H ^

(9)

Methyl 8-epinonactate 

Scheme 46

The hydrogenation of the mixture of dehydrononactates (199) and 

(200) derived from the deprotection-deselenation route from selenides 

(183) and (184) was again initially attempted with rhodium on alumina 

catalyst for 1 week but again no methyl nonactates were produced. 

Similar results were obtained with rhodium on carbon as catalyst. 

Using Raney nickel as catalyst in stoichiometric quantities under 100 

psi hydrogen in methanol gave little hydrogenation after 19 days. The 

catalyst was renewed and hydrogenation continued and after 14 days tic 

showed no ultraviolet active material present indicating that all the
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OH Ni(R) OH

M e0 2C H2, lOOpsi M e 0 2<

(199) and (200) (9) and (8)

Eq. 37

starting material had been consumed (eq. 37). This was important as

methyl 8-epinonactate (9) was inseparable from the starting materials

by chromatography. Whereas alcohols (191) and (192) and

dehydrononactates (199) and (200) were not separable even by HPLC on

silica gel, methyl 8-epinonactate (9) and methyl nonactate (8) were

readily separable by flash column chromatography. The crude product of

hydrogenation was therefore purified by fast column chromatography to

give an approximately 1:1 mixture of methyl 8-epinonactate (9) and

methyl nonactate (8) in 88% yield (see fig. 7). Further chromatography

gave pure methyl nonactate (8), and methyl 8-epinonactate (9)

contaminated with small amounts of isomeric nonactates in accordance
60with Bartlett's observations. Hence the hydrogenation of 

dehydrononactates (199) and (200) could also be achieved with Raney 

nickel, albeit more slowly, giving similar results to those reported 

with rhodium on alumina, with the advantage that Raney nickel is far 

less expensive than rhodium on alumina.
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CONCLUSION AND SUMMARY.

To conclude, a short synthesis of trisubstituted tetrahydrofurans 

featured in a number of natural products has been achieved through the 

use of an organoselenium-mediated cyclisation of /3-ketoesters. 

Concurrently a concise, high yielding synthesis of racemic methyl 

nonactate and methyl 8-epinonactate has also been achieved via the use 

of a similar cyclisation. Both these syntheses further demonstrate the 

utility of the organoselenium cyclisation in organic synthesis.

A summary of the optimal synthesis of methyl nonactates starting

from 3-butyn-2-ol is reproduced in scheme 47. 3-Butyn-2-ol was

converted in six steps and 29% overall yield to (179). Cyclisation of

(179) with NPSP and iodine catalyst gave the diasterecmeric nonactate

derivatives (183) and (184) in 75% yield which could be converted to

nonactic acid derivatives (8) and (9) in three steps and 80% yield.
85 86The resolution of 3-butyn-2-ol is known ' and duplication of the 

synthesis using each enantiomer of 3-butyn-2-ol would furnish chiral 

syntheses of methyl nonactate and its 8-epimer.
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(i)
O H

86%

3-Butyn-2-ol

(ii) 93'

TosylO

(iii)

92%

(iv) 68%

M eO

(i) TBDMS Cl, DIPEA, DCM

(ii) n-BuLi; (CH~0)2 n
(iii) Tosyl Cl, aq. NaOH, Benzene, cat.

(iv) Methyl acetoacetate dianion

(v) Pd/BaSO^, Quinoline

(vi) K2C03, Mel, DMF

Scheme 47
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o  o

M eO (i)

(iv) 88%

O H

M eO zC
Methyl nonactate 

+ methyl 8-epinonactate

(8) + (9)

1 : 1
(i) NPSP, I2, DCM

(ii) TBAF, THF

(iii) Ph^SnH, AIBN, toluene, reflux; Ni(R)

(iv) Ni(R), H2* lOOpsi

Scheme 47 contd.
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EXPERIMENTAL.

nmr were recorded on Bruker WH-400, Bruker WH-250, Jeol FX90Q

and Varian EM-360A spectrometers in deuteriochloroform solutions with

tetramethylsilane = 0.00 ppm or residual chloroform =7.26 ppm as
13internal standard. C nmr spectra were recorded on Bruker WH-250 and 

Jeol FX90Q spectrometers with deuteriochloroform = 77.0 ppm as 

internal standard. Infra-red spectra were recorded on a Perkin Elmer 

983G spectrophotometer as liquid films or chloroform solutions. Mass 

spectra were obtained on a VG Micrcmass 7070B instrument in electron 

ionisation mode.

Melting points were determined using a Kofler hot-stage apparatus 

and are uncorrected. Column chromatography was performed on MN-silica 

gel 60 230-400 mesh under pressure. HPLC was performed on a Dynamax 

25mm silica column with ultra-violet (254nm) and refractive index 

detection eluting with isopropanol-hexane mixtures at 12ml min  ̂ flow 

rate. Thin layer chromatography was performed on Merck silica gel 

plates and compounds visualised with ultra-violet light and by 

spraying with acidic ammonium molybdate solution and heating. Selenium 

containing ccmpounds were visualised with ultra-violet light and by 

spraying with acidic palladium chloride solution and heating.

Petroleum ether refers to the fraction boiling in the range 

40-60°C and was redistilled before use and ether to diethyl ether. 

Diethyl ether and tetrahydrofuran were dried by distillation from the
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sodium / benzophenone ketyl, toluene by distillation from sodium, 

dichlorcmethane by distillation from phosphorus pentoxide and 

petroleum ether by standing over sodium wire and distillation prior to 

use. Other solvents and reagents were purified by standard techniques. 

Solutions of compounds were dried over anhydrous sodium sulphate.
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A) THE SYNTHESIS OF TRISUBSTITUTED TETRAHYDROFURANS VIA THE USE OF AN

ORGANOSELENIUM-MEDIATED CYCLISATION REACTION

1) Preparation of Methyl 5-Hydroxy-3-ketohept-6-enoate (120).

(120)

Methyl acetoacetate (lg, 0.93ml, 8.61mmol) in dry THF (4ml) was slowly 

added to a suspension of sodium hydride (0.46g of 50% dispersion in 

oil, 9.47irmol, prewashed with petroleum ether (2 x 30ml) and then dry 

THF (30ml)) in THF (20ml) under argon at -5°C. The mixture was stirred 

for 10 min at -5°C and then n-butyllithium (5.8ml of 1.56M solution in 

hexanes, 9.04mmol) added dropwise at -10°C and a pale yellow solution 

was formed. After 20 min stirring at -10°C, freshly distilled acrolein 

(0.53g, 0.63ml, 9.47mmol) was added and the mixture stirred at -5°C 

for a further 30 min. The mixture was poured into a mixture of 36% HCl 

(2ml), water (5ml) and ether (15ml). The organic phase was separated 

and the aqueous phase extracted with ether (3 x 20ml), the organic 

extracts combined, dried and evaporated to leave a yellow oil. The oil 

was distilled at 180°C/0.3nmHg (Kugelrohr) to give methyl 

5-hydroxy-3-ketohept-6-enoate (120) (1.24g, 84%) as a colourless oil;
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i/ v (film) 3480, 1745, 1712, and 1650 cm -1; (250 MHz) 5.88 (1H,

ddd, J 16.3, 10.0, 6.0 Hz, 6-H), 5.07-5.35 (2H, m, 7-H), 4.61 (1H, dt, 

J 6.3, 6.3 Hz, 5-H-), 3.75 (3H, s, OMe), 3.53 (2H, s, 2-H), 3.09 (1H,

br.s, OH), and 2.78 (2H, d, J 6.3 Hz, 4-H); m/z (no M+), 116, 101, and 

85 (Found: C, 56.03; H, 7.02. CgH^C^ requires C, 55.81; H, 7.02%).

2) Methyl 5-t-Butyldimethylsilyloxy-3-ketohept-6-enoate (124).

�������	��

MeO

The alcohol (120) (16.6g, 96.4inriol) was stirred at room temperature in 

dry DMF (40ml) and imidazole (recrystallised from benzene, 16.41g,

0.24mol, 2.5eq.) then t-butyldimethylsilyl chloride (14.53g, 96.4mmol,

1.Oeq.) added. The mixture was stirred overnight at room temperature 

under argon and water (250ml) and petroleum ether (250ml) added. The 

organic phase was separated, the aqueous phase extracted with 

petroleum ether (3 x 200ml), the organic phases combined, washed with 

brine (250ml), dried, filtered through silica gel and evaporated to 

afford a pale yellow clear oil. The oil was distilled at 120°C/10  ̂

mmHg (Kugelrohr) to give methyl 5-t-butyldimethylsilyloxy-3-ketohept-

6-enoate (124) (21.95g, 80%) as a nearly colourless cloudy oil; ^max

PAGE 140



(film) 1730 cm 1; 6-u (250 MHz) 5.84 (1H, ddd, J 17.2, 10.4, 5.9 Hz,n
6-H), 5.22 (1H, ddd, J 17.1, 1.4, 1.4 Hz, 7-H), 5.05 (1H, ddd, J 10.3,

1.3, 1.3 Hz, 7-H), 4.59 (1H, m, 5-H), 3.71 (3H, s, methoxy), 3.47 (2H, 

s, -CH2-), 2.77 (1H, dd, J 15.2, 7.6 Hz, 4-H), 2.58 (1H, dd, J 15.1,

4.9 Hz, 4-H), 0.86 (9H, s, t-Bu), 0.03 (3H, s, SiMe), and 0.02 (3H, s, 

SiMe); m/z (noM+ ), 271, 255, and 229 (Found: C, 58.74; H, 9.09.

C14H26°4S:'' rec3u^res c ' 58.70; H, 9.15%).

3) Cyclisation of (124) using N-Phenylselenophthalimide (NPSP) with 

Iodine Catalyst.

M eO
M eO

The /3-ketoester (124) (1.24g, 4.33rtmol) and NPSP (1.44g, 4.78mmol, 1.1 

eq ) were stirred in dry THF (25ml) under argon at room temperature 

and a weak solution of iodine in THF added dropwise to the reaction 

mixture until a brown colouration remained. After stirring for 90 min, 

petroleum ether (25ml) was added and the mixture filtered, washed with 

brine (25ml), dried, filtered and evaporated to a yellow oily solid. 

This was purified by chromatography on silica gel (lOOg) eluting with 

10% ether in petroleum ether to give methyl trans-4-t-butyldimethyl-
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silyloxy-5-phenyl selenomethy 1 tetrahydrof uran-2-y 1 ideneacetate (131)

(364mg, 18%) as a colourless oil; v (film) 1700 and 1650 cmmax H
(250 MHz) 7.48-7.55 (2H, m, aromatic), 7.22-7.30 (3H, m, aromatic),

5.30 (1H, t, J 1.8 Hz, vinylic), 4.42 (1H, ddd, J 6.9, 5.6, 3.1 Hz,

5-H), 4.34 (1H, ddd, J 6.2, 3.7, 3.1 Hz, 4-H), 3.64 (3H, s, OMe), 3.22 

(1H, dd, J 18.7, 6.2 Hz, 3-H), 3.14 (1H, dd, J 18.7, 3.7 Hz, 3-H),

3.01 (1H, dd, J 13.1, 6.9 Hz, CH2SePh), 2.95 (1H, dd, J 13.1, 5.6 Hz,

ClipSePh), 0.83 (9H, s, t-butyl), 0.07 (3H, s, SiMe), and 0.05 (3H, s, 

SiMe); hQ (22.51 MHz) 174.2 (s, Cl), 168.7 (s,C02Me), 132.9 (d,

aromatic), 129.3 (d, aromatic), 127.5 (d, aromatic), 90.8 (d, C2'),

89.1 (d, C5), 73.3 (d, C4), 50.7 (q, C02Me), 39.6 (t, CH2SePh), 29.0

(t, C3), 25.7 (q, SiMe and CtCH^)^), and 17.9 (s, C(CH3)3); m/z 442

(M+ ), 385, 255, and 173 (Found: C, 54.16; H, 6.98. c2oH30°4SeSi
requires C, 54.41; H, 6.85%) and methyl cis-4-t-butyldimathylsilyloxy-

5-pheny1selenomethyltetrahydrofuran-2-y1ideneacetate (132) (810mg,

43%) as white crystals; m.p. 85-87°C (from ether); v (CHC1-J 1700max -i

and 1640 cm "S (250 MHz) 7.40-7.50 (2H, m, aromatic), 7.20-7.30
ti

(3H, m, aromatic), 5.30 (1H, t, J 1.0 Hz, vinylic), 4.56 (1H, t, J 4.2 

Hz, 4-H), 4.36 (1H, dt, J 7.1, 3.5 Hz, 5-H), 3.65 (3H, s, CMe), 3.47

(1H, d, J 18.2 Hz, 3-H), 3.18 (2H, d, J 7.1 Hz, CH2SePh), 2.95 (1H, 

ddd, J 18.2, 5.1, 2.8 Hz, 3-H), 0.88 (9H, s, t-butyl), 0.13 (3H, s, 

SiMe), and 0.12 (3H, s, SiMe); m/z 442 (M+ ) and 285 (Found: C, 54.56; 

H, 6.69. C^H^QO^SeSi requires C, 54.41; H, 6.85%).
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4) Cyclisation of (124) using NPSP with Tin(IV) Chloride.

M eO

(131) and (132)

Methyl 5-t-butyldimethylsilyloxy-3-ketohept-6-enoate (124) (2.02g,

7.04inmol) and N-phenylselenophthalimide (NPSP) (2.55g, 8.44mmol,

1.2eq) were stirred in dry tetrahydrofuran (60ml) under argon at room

temperature and tin(IV) chloride (0.824ml, 7.04mmol, l.Oeq) added

dropwise. After stirring for 90 min at room temperature, petroleum

ether (100ml) was added and the mixture into a separating funnel. The

organic layer was washed with saturated aqueous sodium bicarbonate

solution (50ml) and brine (50ml), dried, filtered through silica gel

and evaporated to a yellow oil. The oil was purified by chromatography

on silica gel (lOOg) eluting with 10% ether in petroleum ether to give

a 2:1 mixture of methyl trans-4-t-butyldimethylsilyloxy-5-phenyl-

selenomethyltetrahydrofuran-2-ylideneacetate (131) and methyl cis-4-

t-butyldimethylsi ly loxy-5-phenyl selenomethyltetrahydrof uran-2-yl idene

acetate (132) (2.29g, 74%) as a colourless oil identical to (131) and

(132) prepared above, which was not separated but deselenated as a

mixture. Further elution gave methyl trans-4-t-butyldimethylsilyl-

oxy-5-pheny 1 selenomethyltetrahydrof uran-2-yl idenephenyl selenoacetate

(50.3mg, 1%) as a yellow oil; v 1688, 1579, 1224, and 1064 cmmax H
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(250 MHz) 7.56-7.64 (2H, m, aromatic), 7.10-7.35 (8H, m, aromatic),

4.55 i—1 ddd, J 8.8, 4.5, 1.9 Hz, 5-H), 4.47 (1H, ddd, J 5.1, 3.1,

2.0 Hz, 4-H), 3.67 (3H, s, OMe), 3.43 (1H, dd, J CO 1—1 2.9 Hz, 3-H),

3.34 (1H, dd, J M1 CO -J 4.9 Hz, 3-H), 3.01 1[lH, dd, J 13.2, 4.6 Hz

CH2SePh), 2.79 (1H, dd, J 13.2, 8.8 Hz, Ch2SePh), 0.85 (9H, s

t-butyl), 0.07 (3H, s, SiMe), and 0.05 (3H, s, SiMe) (Found: C, 52.47;

H, 5.94. C26H34°4SeS'*' requires C, 52.35; H, 5.74%) and methyl

cis-4 -t-butyl dine thyl si lyloxy-5 -phenyl sel enome thy ltetrahydrof uran-2 -

ylidenephenylselenoacetate (244.6mg, 5%) as a yellow oil; v 1740,max
1647, 1256, 1124, 837, and 111 cm-1; (250 MHz) 7.52-7.59 (2H, m,II

aromatic), 7.12-7.36 (8H, m, aromatic), 4.86 (1H, ddd, J 8.6, 4.3, 1.6 

Hz, 5-H), 4.31 (1H, ddd, J 5.8, 1.9, 1.9 Hz, 4-H), 3.70 (3H, s,

methoxy), 3.24 (1H, dd, J 13.2, 4.6 Hz, CPL^SePh), 3.23 (1H, dd, J

17.9, 5.7 Hz, 3-H), 3.08 (1H, dd, J 18.0, 2.1 Hz, 3-H), 2.89 (1H, dd, 

J 13.3, 9.1 Hz, CH2SePh), 0.85 (9H, s, t-butyl), 0.05 (3H, s, SiMe),

and -0.01 (3H, s, SiMe).

5) Deselenation of a Mixture of (131) and (132) with Raney Nickel.

(131) and (132) (133) and (134)
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Raney nickel (W4, ca. lg) was washed by decantation with ether ���� x 

����ml) and stirred in ether (����ml) for �� h under a slight pressure of 

hydrogen. A mixture of methyl trans-4-t-butyldimethy 1 sily 1 oxy-5- 

phenylselenomethyltetrahydrofuran-2-ylideneacetate (131) and methyl 

cis-4-t-butyldimethylsilyloxy-5-phenylselenomethyltetrahydrofuran-2- 

ylideneacetate (132) (138mg, 0.31mmol) in ether (10ml) were added to

the nickel and the mixture vigorously stirred under a slight pressure 

of hydrogen at room temperature for 2 h. The mixture was then filtered 

through silica gel and evaporated to a colourless oil. The oil was 

purified by chromatography on silica gel (lOg) eluting with 10% ether 

in petroleum ether to give methyl trans-4-t-butyldimethylsilyloxy-5- 

methyltetrahydrofuran-2-ylideneacetate (133) and methyl cis-4-t- 

butyldimethylsilyloxy-5-methyltetrahydrofuran-2-ylideneacetate (134)

(85.0mg, 95%) as a colourless oil identical to (134) and (135) 

prepared in experiment (��), but contaminated with products derived 

from ring opening and hydrogenation of the double bond.

�� ) Deselenation of (131) and (132) with Tri-n-butyltin Hydride.

SeP h

(131) and (132) (133) and (134)
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heated in dry toluene (30ml) to reflux and a suspension of

azobisisobutyronitrile (AIBN) in tri-n-butyltin hydride (306/xl of

lOOmg in 1.266ml, 1.14imtol, 1.5eq.) added in portions to the mixture.

The mixture was heated to reflux for 1 h and the solvents evaporated

to leave a yellow oil. The oil was purified by chromatography on

silica gel (25g) eluting with 15% ether in petroleum ether to give

methyl trans-4-t-butyldimethylsilyloxy-5-methyltetrahydrofuran-2-ylid-

eneacetate (133) (105.6mq, 49%) as a colourless oil; v___ (film) 1708,max
1647, 1123, and 1081 cm-1; (250 MHz) 5.30 (1H, t, J 1.8 Hz,

vinylic), 4.27 (1H, dq, J 6.5, 4.0 Hz, 5-H), 4.04 (1H, ddd, J 6.5,

4.6, 4.0 Hz, 4-H), 3.63 (3H, s, OMe), 3.35 (1H, ddd, J 18.3, 6.5, 1.8

Hz, 3-H), 3.05 (1H, ddd, J 18.3, 4.6, 1.8 Hz, 3-H), 1.26 (3H, d, J 6.5

Hz, Me), 0.88 (9H, s, t-butyl), and 0.09 (6H, s, SiMe); m/z 285

(M+-H), 271, 255, 229, 197, and 75 (Found: C, 58.88; H, 9.42.

C14H26°4S:'‘ rec2uires c ' 58.70; H, 9.15%) and methyl cis-4-t- 

butyldi-methylsilyloxy-5-methyltetrahydrofuran-2-ylideneacetate (134) 

(63.07mg, 29%) as white crystals; m.p. 50-52°C (from ether); ^max 

(film) 1708 and 1640 cm (250 MHz) 5.30 (1H, t, J 2.2 Hz, vinyl),
n

4.36 (1H, dq, J 6.1, 3.5 Hz, 5-H), 4.33 (1H, dd, J 5.1, 3.5 Hz, 4-H),

3.66 (3H, s, methoxy), 3.38 (1H, d, J 18.3 Hz, 3-H), 3.03 (1H, ddd, J

18.3, 5.1, 2.2 Hz, 3-H), 1.33 (3H, d, J 6.1 Hz, CH3), 0.89 (9H, s, 

t-butyl), 0.09 (3H, s, SiMe), and 0.08 (3H, s, SiMe); 5C (22.51 MHz)

174.8 (s, C2), 168.9 (s, CCyyie), 89.6 (d, C2'), 83.3 (d, C5), 71.1 (d, 

C4), 50.4 (q, CO^Me), 41.0 (t, C3), 25.6 (q, SiMe and 0(05^)^), 18.0 

(s, C(CH3)3), and 13.8 (q, CH^); m/z (no M+), 271, 255, and 229 

(Found: C, 58.59; H, 8.94. C^^gO^Si requires C, 58.70; H, 9.15%).

A mixture of the selenides (131) and (132) (0.3343g, 0.76mnol) was
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8) Hydrogenation of (134) to (136).

Compound (134) (3.1032g, 10.8mmol) was stirred in methanol (50ml) with 

Raney nickel (W4; ca. lg) under 80psi hydrogen for 8 h at roan

temperature. The catalyst was then filtered off and the filtrate 

evaporated to a cloudy colourless oil. This was purified by 

chromatography on silica gel (lOOg) eluting with 10% ether in

petroleum ether to give methyl cis-4-t-butyldimethylsilyloxy-5-methyl- 

tetrahydrofuran-2-ylacetate (136) (2.2137g, 71%) as a colourless oil; 

v (film) 1733 cm"1; (250 MHz) 4.23 (1H, dddd, J 8.0, 6.9, 6.9,

5.2 Hz, 2-H), 4.11 (1H, ddd, J 6.0, 3.9, 2.4 Hz, 4-H), 3.80 (1H, dq, J

6.3, 3.8 Hz, 5-H), 3.63 (3H, s, OMs), 2.74 (1H, dd, J 15.6, 6.9 Hz,

2 X-H), 2.53 (1H, dd, J 15.6, 6.9 Hz, 2'-H), 2.30 (1H, ddd, J 13.5,

8.0, 5.7 Hz, 3-H), 1.60 (1H, ddd, J 13.3, 5.2, 2.5 Hz, 3-H), 1.15 (3H, 

d, J 6.3 Hz, Me), 0.85 (9H, s, t-butyl), and 0.01 (6H, s, SiMe); 5C

(22.51 MHz) 170.7 (s, C H ^ C ) , 78.5 (d, C4), 73.1 (d, C2/5), 72.9 (d,

C2/5), 50.5 (q, C H ^ C ) , 40.9 (t, C2 73), 40.7, (t, C2 73), 25.1 (q,

SiMe and C(Q^) 3) t 17.4 (s, C^CH^)^), and 14.5 (q, Me); m/z (no M+ ),
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273, 231, 131, and 83 (Found: C, 58.13; H, 10.03. C-^E^gO^Si requires 

C, 58.29; H, 9.78%).

9) Deprotection of (134) with Tetra-n-butylammonium fluoride (TBAF).

Deprotection of silyl ether (134) (1.5482g, 5.41mmol) under the same

conditions described for ccmpound (133) in experiment (14) gave methyl

cis-4-hydroxy-5-methyltetrahydrofuran-2-ylideneacetate (137) (563mg,

60%) as a white solid; v (CHC1,) 3597 (broad), 1699, 1643, and 1125max j

cm �� (250 MHz) 5.35 (1H, br.t, J 1.5 Hz, vinylic), 4.34-4.42 (2H,

m, 4-H and 5-H), 3.66 (3H, s, OMe), 3.52 (1H, br.d, J 18.6 Hz, 3-H),

3.08 (1H, ddd, J 18.7, 5.1, 2.4 Hz, 3-H), 2.12 (1H, br.s, OH), and

1.42 (3H, d, J 6.2 Hz, Me); 8C (22.51 MHz) 174.8 (s, C2), 169.3 (s,

C0��Me), 90.1 (d, CHO^Me), 83.3 (d, C5), 70.5 (d, C��), 50.8 (q, 

CO^Me), 41.1 (t, C3), and 13.3 (t, Me); m/z 173 and 172 (M+ ) (Found: 

C, 55.62; H, 7.05. CgH^C^ requires C, 55.81; H, 7.02%).
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10) Hydrogenation of (137) to (141) using Raney Nickel Catalyst.

(137) (141)

Compound (137) (312.3mg, 1.81inmol) was stirred in methanol (5ml) with 

Raney nickel (W4; ca. lOOmg) under lOOpsi hydrogen for 16 h. The 

mixture was then filtered through silica gel, evaporated and purified 

by chromatography through silica gel (12g) eluting with ether to give 

methyl cis-4-hydroxy-5-methy1tetrahydrofuran-2-ylacetate (141) (205mg, 

65%) as a colourless oil, identical in all respects to (141) obtained 

in experiment (1 2 ).

11) Protection of (141) with t-Butyldimethylsilyl Triflate to (136).

(141) (136)
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Alcohol (141) (289mg, 1.66mmol), 2,6-lutidine (386jul, 3.31mmol, 

2.0eq.) and t-butyldimethylsilyl triflate (658pil, 2.87rrmol, 1.7eq.) 

were stirred in dry CI^C^ (15ml) under argon at room tenperature. 

After stirring for 2 h, saturated aqueous sodium bicarbonate solution 

(50ml) was added, the organic phase separated and the aqueous phase 

extracted with Cf^C^ (3 x 20ml). The organic phases were combined, 

dried, filtered through silica gel and evaporated to leave a pale 

yellow oil. The oil was purified by chromatography on silica gel (25g) 

eluting with 20% ether in petroleum ether to yield methyl cis-4-t- 

butyldimethy lsi ly 1 oxy- 5 -methyl tetrahydrof uran-2 -y 1 acetate (136) 

(472mg, 98%) as a nearly colourless oil identical in all respects to 

(136) prepared in experiment (8).

12) Deprotection of (136) to (141) with TBAF.

Silyl ether (136) (1.01166g, 3.51mmol) was stirred in dry THF (30ml) 

at room temperature and 1M TBAF in THF (10ml, lOmmol, ca. 3eq.) added. 

The mixture was stirred for 3 h at room tenperature and then water 

(20ml) and ether (30ml) added. The organic phase was separated, the
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aqueous phase extracted with ether (3 x 30ml), the combined organic 

extracts were washed with brine (50ml), dried, filtered and evaporated 

to a yellow oil (689.05mg). This was purified by chromatography on 

silica gel (50g) eluting with ether to give methyl cis-4-hydroxy-5- 

methyltetrahydrofuran-2-ylacetate (141) (79.09mg, 13%) as a colourless 

oil; v (film) 3600-3100 (broad) and 1730 cm (250 MHz) 4.19

(1H, dddd, J 9.1, 5.9, 5.4, 5.2 Hz, 2-H), 4.11 (1H, broad m, 4-H),

3.75 (1H, dq, J 6.3, 3.2 Hz, 5-H), 3.70 (3H, s, methoxy), 2.80 (1H,

broad s, OH), 2.77 (1H, dd, J 16.6, 5.4 Hz, O y ^ O ^ M e ) ,  2.69 (1H, dd, 

J 16.6, 5.2 Hz, CH^HgCO^e), 2.47 (1H, ddd, J 14.1, 9.1, 6.3 Hz, 3-H),

1.81 (1H, ddd, J 14.2, 5.9, 1.4 Hz, 3-H), and 1.29 (3H, d, J 6.3 Hz,

CH^); m/z (no M+ ), 156, and 143 (Found: C, 55.27; H, 8.30. cgHi��������

requires C, 55.15; H, 8.10%).

13) Hydrogenation of (133)

The silyl ether (133) (35.9mg, 0.13mmol) was stirred in methanol 

(20ml) with Raney nickel (W4, ca. lg) under hydrogen at 50 psi for 24 

h. The reaction mixture was filtered through silica gel and evaporated

(133)
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to leave a colourless oil consisting of a number of compounds by tic. 

The main component was purified by column chromatography on silica gel 

(2g) eluting with 20% ether in petroleum ether to give methyl (2R/S, 

4R/S, 5S/R ) -4-t-butyldimethylsilyloxy-5-methyltetrahydrofuran-2-yl- 

acetate (8.6mg, 24%) as a colourless oil; 5„ (250 MHz) 4.49 (1H, dddd,II

J 7.2, 6.7, 6.4 Hz, 2-H), 3.81-3.93 (2H, m, 4-H and 5-H), 3.69 (3H, s, 

methoxy), 2.77 (1H, dd, J 15.5, 7.4 Hz, CH^O^e), 2.55 (1H, dd, J

15.3, 6.3 Hz, CH2C02Me), 2.35 (1H, ddd, J 12.9, 7.0, 6.3 Hz, 3-H),

1.65 (1H, ddd, J 12.3, 6.8, 5.2 Hz, 3-H), 1.18 (3H, d, J 6.1 Hz, 

methyl), 0.89 (9H, s, t-butyl), and 0.06 (6H, s, SiMe).

14) Deprotection of (133) with Tetra-n-butylammonium Fluoride (TBAF).

M e 0 2C M e 0 2C

O H

O ' * ' *

(133) (142)

The silyl ether (133) (927mg, 3.24nmol) was stirred in THF (10ml) at 

0°C and TBAF (8ml of 1M in THF, 8.00rrmol, 2.5eq.) added in one 

portion. The mixture was stirred at 0°C for 30 min and water (25ml) 

and ether (25ml) added. The organic phase was separated, the aqueous 

phase extracted with ether (3 x 25ml), the combined organic phases 

washed with brine (50ml), dried, filtered and evaporated to leave a

PAGE 153



(50g) eluting with ether to give methyl trans-4-hydroxy-5-methyl-

tetrahydrofuran-2-ylideneacetate (142) (462mgf 83%) as a white solid;

m.p. 61-63°C; v (CHC1.J 3594 (broad), 1695, 1640, and 1127 cm"1;max j H
(250 MHz) 5.34 (1H, t, J 1.8 Hz, vinylic), 4.48 (1H, dq, J 6.6, 2.3

Hz, 5-H), 4.20 (1H, broad dt, J 4.4, 2.3 Hz, 4-H), 3.66 (3H, s,

methoxy), 3.28 (2H, dd, J 4.4, 1.8, Hz, 3-H), 2.68 (1H, broad s,

hydroxyl), and 1.27 (3H, d, J 6.6 Hz, CH^); $c (22.51 MHz) 174.8 (s, 

C2), 169.3 (s, C02Me), 90.2 (d, CHCCyyie), 86.3 (d, C5), 74.1 (d, C4),

50.7 (q, CO^e), 39.1 (t, C3), and 18.1 (q, CH3); m/z 172 (M+ ), 155, 

and 141 (Found: C, 56.06; H, 6.96. cgH12°4 requires C, 55.81; H,

7.02%).

white solid. This was purified by column chromatography on silica gel

15) Hydrogenation of (142) to (143) and (144).

(142) (143) and (144)

The unsaturated ester (142) (90.59mg, 0.53nmol) was stirred in

methanol with Raney nickel (W4; ca. 50mg) under 80 psi hydrogen at 

room temperature for 2 days. The reaction mixture was filtered and 

evaporated to a colourless oil which was purified by column
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chranatography on silica gel (6g) eluting with 50% ether in petroleum 

ether to give a 2:1 inseparable mixture (67.32mg, 73%) as a colourless 

oil of methyl (2S/R, 4R/S, 5S/R)-4-hydroxy-5-methyltetrahydrofuran-2- 

ylacetate (143); i'm x  (film) 3430 and 1737 cm 5^ (250 MHz)

4.43-4.51 (1H, m, 2-H), 3.99-4.05 (1H, m, 4-H), 3.87 (1H, dq, J 6.4,

3.4 Hz, 5-H), 3.70 (3H, s, methoxy), 2.66 (1H, dd, J 15.5, 6.9 Hz, 

2'-H), 2.52 (1H, dd, J 15.4, 6.1 Hz, 2'-H), 2.03 (1H, ddd, J 13.2,

6.0, 2.7 Hz, 3-H), 2.00 (1H, br.s, OH), 1.86 (1H, ddd, J 13.2, 9.3,

6.3 Hz, 3-H), and 1.22 (3H, d, J 6.5 Hz, Me); m/z 175 (M+ + H), 156, 

130, 117, 101, 98, 57, and 43 (Found: C, 54.92; H, 8.13. C8H1404 

requires C, 55.16; H, 8.10%) and methyl (2R/S, 4R/S, 5S/R)-4-hydroxy- 

5-methyl-tetrahydrofuran-2-y1acetate (144) as a colourless oil; I'max 

(film) 3430 and 1737 cm-1; (250 MHz) 4.43-4.51 (1H, m, 2-H),II

3.99-4.05 (2H, m, 4-H and 5-H), 3.70 (3H, s, mathoxy), 2.75 (1H, dd, J

15.9, 6.4 Hz, 2'-H) 2.64 (1H, dd, J 15.8, 6.0 Hz, 2'-H), 2.47 (1H,

ddd, J 13.8, 8.0, 6.2 Hz, 3-H), 2.00 (1H, br.s, OH), 1.75 (1H, ddd, J

13.6, 5.9, 4.6 Hz, 3-H), and 1.17 (3H, d, J 6.4 Hz, Me); m/z 175 (M+ + 

H), 156, 130, 117, 101, 98, 57, and 43 (Found: C, 54.92; H, 8.13. 

C8H14°4 rec2uires c ' 55.16; H, 8.10%).
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16) Esterification of (141) to (146).

O H O D N B

M e 0 2C M e 0 2C

(141) (146)

Alcohol (141) (54.22mg, 0.31mmol) was stirred at roan temperature with 

triphenylphosphine (163.4mg, 0.62mmol, 2.0eq) and 3,5-dinitrobenzoic

acid (139.7mg, 0.66mmol, 2.1eq) under argon in dry THF (10ml) and 

diethylazodicarboxylate (lOOptl, 0.62mmol, 2.0eq) was added. After

overnight stirring water (����ml) was added and the mixture extracted 

with (3 x 20ml), dried, filtered and evaporated to a yellow

solid (352.5mg). This was purified by chromatography on silica gel 

(30g) eluting with 60% ether in petroleum ether to give methyl

4- (3,5-dinitrobenzoyloxy) -5-methyl tetrahydrofuran-2-yl acetate (146)

(108.5mg, 95%) as a white solid; m.p. 90-91°C; *'m x  (CHCl^) 1731,

1547, 1344, 1276, and 1163 cm"1; (250 MHz) 9.25 (1H, t, J 2.2 Hz,

aryl 4-H), 9.15 (2H, d, J 2.2 Hz, aryl 2-H and ��-H), 5.22 (1H, dt, J

6.9, 1.6 Hz, 4-H), 4.56 (1H, m, 2-H), 4.21 (1H, dq, J 6.5, 2.6 Hz,

5- H), 3.73 (3H, s, methoxy), 2.75 (1H, dd, J 15.8, 6.9 Hz,

CH^HgCC^Me), 2.63 (1H, dd, J 15.8, 6.0 Hz, Oy^CC^Me), 2.36 (1H, ddd, 

J 14.0, 5.2, 1.4 Hz, 3-H), 2.10 (1H, ddd, J 14.1, 10.4, 6.4 Hz, 3-H), 

and 1.38 (3H, d, J 6.5 Hz, CH^); m/z (no M+), 353, 337, 195, and 157

(Found: C, 48.84; H, 4.27; N, 7.46. rec3u:'-res C ' 48.91; H,
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4.38; N, 7.61%).

17) Ozonolysis of (133).

M e 0 2C

(133) (161)

Methyl trans-4 -t-butyld imethy 1 s i 1 y 1 oxy-5-methy 11etrahydrofuran- 2- 

ylideneacetate (133) (131.9mg, 0.46nmol) was stirred in dry

dichloromethane (20ml) at -30°C and ozone bubbled through the 

solution. After 15 min, dimethyl sulphide (5ml) was added and the 

mixture allowed to warm to room temperature and stirred for 1 h. The 

solvents were evaporated and the residue dissolved in ether (20ml). 

The solution was washed with water (2 x 20ml), brine (50ml), dried, 

filtered and evaporated to an oily off-white solid (92.9mg). The solid 

was purified by chromatography on silica gel (lOg) to give 

trans-3-t-butyldimethyl si lyloxy-4-methy lbutyrolactone (161) (66.5mg,

63%) as a colourless oil which crystallised on cooling; m.p.36-37°C; 

v (film) 1786 cm"1; (90 MHz) 4.34 (1H, dq, J 6 .6, 3.9 Hz, 4-H),

4.09 (1H, ddd, J 6.3, 5.0, 3.9 Hz, 3-H), 2.76 (1H, dd, J 17.5, 6.4 Hz,

2-H), 2.38 (1H, dd, J 17.5, 5.0 Hz, 2-H), 1.32 (3H, d, J 6.4 Hz, 

methyl), 0.85 (9H, s, t-butyl), and 0.05 (6H, s, SiMe); m/z (noM+ ),

173, 131, 101, 75, and 59 (Found: C, 57.24; H, 9.80. C-^H^O^Si
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requires C, 57.35; H, 9.63%).

18) Ozonolysis of (134).

(162)

Methyl cis-4-t-butyldimethylsilyloxy-5-methyltetrahydrofuran-2-y 1 id-

eneacetate (134) (35.3mg, 0.12mmol) was stirred in dry dichloromethane

(20ml) at -30°C and ozone bubbled through the solution. After 10 min,

dimethyl sulphide (5ml) was added and the mixture allowed to warm to

room temperature and stirred for 12 h. The solvents were evaporated

and the residue dissolved in ether (20ml). The solution was washed

with water (2 x 20ml), brine (20ml), dried, filtered and evaporated to

a colourless oil which solidified on cooling to an off-white solid.

The solid was purified by chromatography on silica gel (lOg) to give

cis-3-t-butyldimethylsilyloxy-4-methylbutyrolactone (162) (17.7mg,

62%) as a colourless solid; m.p. 47-49°; v (CHC1.J 1774 cm^ max 3 H
(250 MHz) 4.54 (1H, qd, J 6.4, 4.0 Hz, 4-H), 4.39 (1H, ddd, J 5.5,

4.0, 1.7 Hz, 3-H), 2.73 (1H, dd, J 17.3, 5.4 Hz, 2-H), 2.45 (1H, dd, J

17.3, 1.7 Hz, 2-H), 1.37 (3H, d, J 6.5 Hz, methyl), 0.90 (9H, s,

t-butyl), and 0.08 (6H, s, SiMe); m/z (noM+), 173, 131, 101, and 75.
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B) THE SYNTHESIS OF METHYL NONACTATE

19) Protection of 3-Butyn-2-ol (167).

(167) (168)

3-Butyn-2-ol (167) (7g, O.lmol) was dissolved in dry dichloromethane 

(����ml) and t-butyldimethylsilyl chloride (16.5g, ��.����mol, ��.��eq)

added. The solution was cooled to 0°C and diisopropylethyl amine (26ml,

0.15mol, 1.5eq) slowly added. After stirring for 12 h at room 

temperature, the mixture was poured onto ice-cold water (50ml) and the 

aqueous phase extracted with petroleum ether (4 x 50ml). The organic 

phase was washed with water (50ml), cold 0. IN aqueous hydrochloric 

acid (3 x 20ml), water (3 x 50ml), brine (50ml), dried and evaporated 

to leave an orange oil. The oil was distilled at 70°C/10nmHg 

(Kugelrohr) to give 2-t-butyldimethylsilyloxybut-3-yne (15.85g, ����%)

(168) as a colourless oil; v (film) 1104 and 839 cm (90 MHz)

4.40 (1H, qd, J �� .�� , 2.0 Hz, 2-H), 2.25 (1H, d, J 2.0 Hz, 4-H), 1.31 

(3H, d, J �� �� �� Hz, 1-H), 0.80 (9H, s, t-butyl), 0.03 (3H, s, SiMe), and

0.01 (3H, s, SiMe); ��C (22.51 MHz) 86.3 (s, C3), 71.2 (d, C4), 58.8

(d, C2), 25.7 (q, SiCH^ and < 3 ( 0 ^ 2 5 . 3  (q, Cl), and 18.2 (s,
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C(CH3)3).

20) Preparation of 4-t-Butyldimethylsilyloxypent-2-ynol (169).

HO
(168) (169)

2-t-Butyldimethyl si lyloxybut-3-yne (168) (54.8g, 0.297mol) was

dissolved in dry tetrahydrofuran (400ml) under argon at 0°C and

n-butyllithium (100ml of 1.3M and 107ml of 1.6M in hexanes, 0.30mol,

l.Oleq) added at 0°C. A suspension of paraformaldehyde (9.85g,

0.328mol, l.leq) in dry tetrahydrofuran (140ml) was added at 0°C and

the reaction mixture stirred at room temperature for 15 min. Ether

(300ml) and cold aqueous hydrochloric acid saturated with ammonium

chloride (600ml) were added with vigorous stirring and the aqueous

phase separated, extracted with ether (3 x 300ml), the combined

organic layers washed with brine (3 x 300ml), dried and evaporated to

give 4-t-butyldimethylsilyloxypent-2-ynol (169) (59.2g, 93%) as a

yellow oil; v (film) 3650-3000 (broad) cm 5 (90 MHz) 4.55 (1H,max ri
qt, J 6.6 , 1.5 Hz, 4-H), 4.27 (2H, d, J 1.5 Hz, 1-H), 2.15 (1H, s, 

hydroxyl), 1.40 (3H, d, J 6.6 Hz, 5-H), 0.88 (9H, s, t-butyl), and

0.11 (6H, s, SiMe) (Found: C, 61.44; H, 10.65. rec3uires C,
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61.62; H, 10.35%).

21) Partial Hydrogenation of (169) to (170).

Acetylene (169) (138mg) was stirred in dry tetrahydrofuran (5ml) and 

Lindlar catalyst (Pd/CaCO^/Pb) (ca. lOmg) added and the mixture 

vigorously stirred under an atmosphere of hydrogen. After 2 h the 

mixture was filtered through silica gel and evaporated to leave a pale 

yellow oil. The oil was distilled at 80°C/10 ^mmHg (Kugelrohr) to give 

cis-4-t-butyldimethylsilyloxypent-2-enol (170) (105mg, 75%) as a 

colourless oil; v (film) 3600-3000 (broad) cm (250 MHz) 

5.45-5.60 (2H, m, vinylic), 4.58 (1H, dq, J 6.0, 6.0 Hz, 4-H), 

4.10-4.30 (2H, m, 1-H), 1.96 (1H, br. s, hydroxy), 1.22 (3H, d, J 6.0 

Hz, 5-H), 0.88 (9H, s, t-butyl), and 0.11 (6H, s, SiMe); 8Q (22.51 

MHz) 142.4 (d, C2/3), 132.7 (d, C2/3), 71.2 (t, Cl), 64.5 (d, C4),

25.9 (q, SiMe and ^CH^)^)* 24.9 (q, Me), and 18.0 (s, CtCH^)^); m/z 

216 (M+ ), 201, 159, 119, and 75 (Found: C, 60.80; H, 11.20. C-^^^C^Si 

requires C, 61.06; H, 11.18%).
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22) Bromination of (170) to (174).

Allyl alcohol (170) (45.2mg, 0.21mmol) was stirred in acetonitrile

(5ml) and triphenyl phosphine (109.5mg, 0.42rrmol, 2eq) and

N-bromosuccinimide (73.4mg, 0.41nmol, 1.95eq) added. The red-brown

solution was stirred at room temperature under argon for 2 h. Water

(5ml) and ether (5ml) were added and the organic layer separated. The

aqueous layer was extracted with ether (2 x 10ml), the organic layers

combined, dried and evaporated to an oily brown solid. This was

purified by chromatography on silica gel (lg) eluting with 10% ether

in petroleum ether to give l-brcmo-2-t-butyldimethylsilyloxypent-3-

ene (174) (31.3mg, 54%) as a colourless oil; v (film) no--- 3 max
characteristic peaks; (90 MHz) 5.50-5.70 (2H, m, vinylic), 4.67H
(1H, dq, J 6.6, 6.6 Hz, 4-H), 3.42 (2H, m, 1-H), 1.23 (3H, d, J 6.4 

Hz, 5-H), 0.88 (9H, s, t-butyl), and 0.06 (6H, s, SiMa); m/z (noM+ ), 

265, 263, 223, and 221 (Found: C, 47.26; H, 8.37. C-^^^BrOSi requires 

C, 47.31; H, 8.30%).
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23) Reaction of Allyl Bromide (174) with the Methyl Acetoacetate

Dianion.

Methyl acetoacetate (0.20ml, 208mg, 1.79rrmol) was added to a stirred

suspension of sodium hydride (lOOmg of 50% dispersion in oil,

prewashed twice with petroleum ether and then tetrahydrofuran,

2. lrrmol, 1.15eq) in tetrahydrofuran (10ml) at -5°C. After stirring for

30 min at -5°C, n-butyllithium (1.45ml of 1.45M solution in hexanes,

2.1mmol, 1.15eq) was added at -10°C and stirred for 30 min at -10°C.

Allyl bromide (174) (447mg, 1.60rrmol, 0.9eq) was added at -10°C and

the mixture allowed to warm to room temperature and stirred for 12 h.

The mixture was added to saturated aqueous airmonium chloride solution

(50ml) and stirred for 30 min. Ether (40ml) was added and the organic

layer separated. The aqueous layer was extracted with ether (3 x

30ml), the organic layers combined, washed with brine (50ml), dried,

filtered through silica gel and evaporated to a yellow oil. The oil

was purified by chromatography on silica gel (5g) eluting with

petroleum ether then 10% ether in petroleum ether to give methyl

cis-8-t-butyldimethylsilyloxy-3-ketonon-6-enoate (175) (174mg, 35%) as

a pale yellow oil; v (film) 1772, 1740, and 1652 cm (250 MHz)max H
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1.1 Hz, 6-H), 4.60 (1H, dqd, J 8.1, 6.2, 1.1 Hz, 8-H), 3.74 (3H, s,

methoxy), 3.45 (2H, s, 2-H), 2.60 (1H, t, J 7.4 Hz, 4-H), 2.35 (2H,

dt, J 7.4, 1.5 Hz, 5-H), 1.18 (3H, d, J 6.1 Hz, 9-H), 0.88 (9H, s,

t-butyl), 0.05 (3H, s, SiMe), and 0.04 (3H, s, SiMe); §c (22.51 MHz)

201.4 (s, C3), 167.3 (s, Cl), 136.4 (d, C6/7), 125.3 (d, C6/7), 64.7

(d, C8), 52.0 (q, methoxy), 48.9 (t, C2), 42.4 (t, C4), 25.7 (q, SiMe

and CtCH^)^), 21.4 (t, C5), 18.0 (s, CtCH^)^), and 24.6 (q, C9); m/z

(no M+), 299, 257, and 226 (Found: C, 60.92; H, 9.73. C, cHor,O.Silb � � � �� � � �

requires C, 61.11; H, 9.62%).

5.43 (1H, ddt J 10.7, 8.1, 1.6 Hz, 7-H), 5.18 (1H, ddt, J 10.9, 7.3,

24) Bromination of (169) to (176).

(169) (176)

Triphenylphosphine (2.46g, 9.38mmol, 2.0eq) was added to a solution of 

alcohol (169) (1.0024g, 4.68mmol) in dichLoromethane (60ml) and

N-bromosuccinimide (1.66g, 9.33mmol, 2.0eq) added in portions. The

mixture was heated to reflux for 2 h and petroleum ether (30ml) was 

added. The mixture was filtered through silica gel and evaporated to 

leave a white solid. The solid was purified by chromatography on
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silica gel (20g) eluting with 20% dichloromethane in petroleum ether 

to give 1 -bromo-2-t-butyl dimethyl si 1 yloxvpent-3-yne (176) (1.04g, 80%)

as a pale yellow oil; no characteristic peaks ; (90 MHz) 4.54 

(1H, qt, J 6.3, 2.0 Hz, 4-H), 3.91 (2H, d, J 2.0 Hz, 1-H), 1.38 (3H, 

d, J 6.4 Hz, 5-H), 0.89 (9H, s, t-butyl), and 0.11 (6H, s, SiMe); m/z 

(no M+ ), 263, 261, 221, 219, 139, 137, and 75 (Found: C, 47.35; H, 

7.42. C-̂ Ĥ2^BrOSi requires C, 47.65; H, 7.63%).

25) Reaction of Propargyl Bromide (176) with the Methyl Acetoacetate 

Dianion.

(176)

MeO

(177)

Methyl acetoacetate (335mg, 2.88mmol) was added to a stirred 

suspension of sodium hydride (129mg of 60% dispersion in oil, 

prewashed twice with petroleum ether and then with tetrahydrofuran, 

3.23mmol, l.leq) in tetrahydrofuran (20ml) under argon at -5°C and the 

mixture stirred at -5°C for 30 min. n-Butyllithium (2.08ml of 1.52M in 

hexanes, 3.16mmol, l.leq) was added at -10°C and stirred for 30 min at 

—10°C. Brcmide (176) (794mg, 2.86mmol, l.Oeq) was added at 0°C and the 

mixture allowed to warm to room temperature and stirred for 4 h.
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Saturated aqueous anmonium chloride solution (50ml) was added and 

stirred for 30 min. Ether (50ml) was added and the organic layer 

separated, the aqueous layer extracted with ether (3 x 50ml), the 

organic layers combined, washed with brine (100ml), dried, filtered 

through silica gel and evaporated to a brown oil. The oil was purified 

by chromatography on silica gel (20g) eluting with 10% ether in 

petroleum ether to give methyl 8-t-butyldimethy 1 silyloxy-3-ketonon-

6-ynoate (177) (420mg, 47%) as a pale yellow oil; ^m x  (film) 1751,

1721, 1650, and 1630 cm 5„ (250 MHz) 4.46 (1H, qt, J 6.4, 1.9 Hz,

8-H), 3.73 (3H, s, methoxy), 3.46 (2H, s, 2-H), 2.75 (2H, t, J 7.7 Hz,

4-H), 2.46 (2H, dt, J 7.7, 1.8 Hz, 5-H), 1.35 (3H, d, J 6.5 Hz, 9-H),

0.88 (9H, s, t-butyl), 0.09 (3H, s, SiMe), and 0.08 (3H, s, SiMe); 5C 

(22.51 MHz) 200.5 (s, C3), 167.2 (s, Cl), 83.5 (s, C6/7), 81.3 (s,

C6/7), 59.0 (d, C8), 52.3 (q, methoxy), 48.9 (t, C2), 41.8 (t, C4),

25.7 (q, SiMe and 0(01^), 25.5 (t, C5), 18.2 (s, C(CH3)3), and 13.0

(q, C9) (Found: C, 61.37; H, 9.09. C-^^gO^Si requires C, 61.50; H, 

9.03%).

26) Partial Hydrogenation of Acetylene (177) to (175).
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Methyl 8-t-butyldimethylsilyloxy-3-ketonon-6-ynoate (177) (31.25g,

O.lmol) was stirred in methanol (500ml) and freshly distilled 

quinoline (10ml) and 5% palladium on barium sulphate (500rrg) added. 

The mixture was hydrogenated until after 90 min hydrogen uptake ceased 

(ca. 21 of hydrogen absorbed). The mixture was filtered through 

Celite, evaporated and the residue dissolved in petroleum ether 

(500ml). The organic layer was washed with water (500ml), 0.1N aqueous 

hydrochloric acid (4 x 250ml) and again with water (3 x 250ml), dried 

and evaporated to give methyl cis-8-t-butyldimethyl si lyloxy-3-ketonon- 

6-enoate (175) (30.8g, 98%) as an orange oil identical in all respects 

to (175) prepared in experiment (23).

27) Methylation of (175) to (179).

Methyl cis-8-t-butyldimethylsilyloxy-3-ketonon-6-enoate (175) (66.0g,

0.21mol) was stirred in dimethylformamide (400ml) and methyl iodide 

(16ml, 0.25mol, 1.2eq) and anhydrous potassium carbonate (29g,

0.21mol, l.Oeq) added. The mixture was stirred vigorously for 3 h and 

additional methyl iodide (5ml, 0.08mol, 0.4eq) added and stirring
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and petroleum ether (1.61). The organic layer was separated and the

aqueous layer extracted with petroleum ether (500ml). The combined

organic layers were washed with water (3 x 500ml), dried and

evaporated to a yellow oil (63g). A portion of this oil (15g) was

purified by chromatography on silica gel (700g) eluting with 1% then

2% ether in petroleum ether to give methyl cis-8-t-butyldimethylsilyl-

oxy-3-keto-2-methylnon-6-enoate (179) (9.9g, 60%) as a colourless oil;

v (film) 2858, 1748, and 1718 cm (400 MHz) 5.43 (1H, ddt, Jmax ri
10.9, 8.3, 1.4 Hz, 7-H), 5.18 (1H, ddt, J 10.7, 7.5, 0.7 Hz, 6-H), 

4.60 (1H, ddq, J 8.2, 6.2, 0.9 Hz, 8-H), 3.72 (3H, s, methoxy), 3.52 

(1H, q, J 7.2 Hz, 2-H), 2.50-2.67 (2H, m, 4-H), 2.32 (2H, dddd, J 7.5,

7.5, 7.5, 1.3 Hz, 5-H), 1.34 (3H, d, J 7.1 Hz, C2 methyl), 1.17 (3H,

d, J 6.2 Hz, 9-H), 0.87 (9H, s, t-butyl), 0.05 (3H, s, SiMe), and 0.04 

(3H, s, SiMe); bQ (22.51 MHz) 203.8 (s, C3), 170.2 (s, Cl), 136.1 (d,

C7/8), 125.4 (d, C7/8), 64.5 (d, C8), 52.2 (q, Cl), 51.7 (d, C2), 40.6 

(t, C4), 25.4 (q, SiMe and C(CH3)3), 24.4 (q, C9), 21.3 (t, C5), 17.7 

(s, C(CH3)3), and 12.2 (q, C2 methyl); m/z (no M+ ), 313, 297, and 271 

(Found: C, 62.32; H, 10.04. C-^H^O^Si requires C, 62.15; H, 9.82%).

continued for 1 h. The mixture was partitioned between water (800ml)
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28) Tosylation of Alcohol (169).

H O  TosylO

(169) (180)

4-t-Butyldimethylsilyloxypent-2-ynol (169) (59.2g, 0.28mol) and

cetyltrimethylairnxDnium branide (5.0g, 13.8mmol, 0.05eq) were stirred

in benzene at 0°C. 30% Aqueous sodium hydroxide (140ml) and tosyl

chloride (58.0g, 0.31mol, l.leq) were added and the mixture stirred

vigorously for 15 min at 0°C. The mixture was stirred at roan

temperature for 20 min and then added to benzene (500ml). The

semi-solid aqueous phase was separated and extracted with benzene (3 x

300ml). The benzene layers were combined and washed with 0.1N aqueous

hydrochloric acid (500ml), water (6 x 300ml) and brine (500ml). The

benzene layers were dried and evaporated at <30°C to give a yellow oil

(90g, 88%). The tosylate was used without purification in further

reactions but a sample (1.03g) was purified by chromatography on

silica gel (30g) eluting with 10% ether in petroleum ether to give

4-t-buty ldimethy 1 si ly loxy-1 -O-tosy lpent-2-ynol (180) (878mg) as a

colourless oil; v (film) 1195 and 1190 cm S  5TT (90 MHz) 7.81 (2H, max H
d, J 8.3 Hz, aranatic), 7.35 (2H, d, J 8.3 Hz, aromatic), 4.73 (2H, d, 

J 1.5 Hz, 1-H), 4.43 (1H, qt, J 6.5, 1.5 Hz, 4-H), 2.44 (3H, s, tosyl 

methyl), 1.28 (3H, d, J 6.5 Hz, 5-H), 0.88 (9H, s, t-butyl), and 0.08
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129.6 (d, tosyl), 127.8 (d, tosyl), 91.5 (s, C2/3), 74.7 (s, C2/3),

58.4 (d, C4), 57.8 (t, Cl), 25.2 (q, SiMe and C(CH3)3 ), 24.6 (q, tosyl

methyl), 21.3 (q, C5), and 17.9 (s, C(CH^)^); m/z (noM+ ), 311, 263,

229, 189, 147, 91, and 75 (Found: C, 58.54; H, 7.96. C, oHoo0„SSi
JLo Zo 4

requires C, 58.66; H, 7.66%).

(6H, s, SiMe); dQ (22.51 MHz) 144.7 (s, tosyl), 133.0 (s, tosyl),

29) Reaction of Tosylate (180) with the Methyl Acetoacetate Dianion.

r
Tosyl 0

M eO

����  y��������

(180) (177)

Methyl acetoacetate (180) (28.6ml, 0.25mol) was added dropwise to a 

stirred suspension of sodium hydride (11.65g of 60% dispersion in oil, 

prewashed twice with petroleum ether and tetrahydrofuran, 0.29mol, 

1.2eq) in tetrahydrofuran (700ml) under argon at 0°C. After stirring 

for 15 min at 0°C, n-butyllithium (180ml of 1.55M in hexanes, 0.28mol) 

was added at 0°C and stirred for an additional 15 min at 0°C. 

4-t-Butyldimethylsilyloxy-l-0-tosylpent-2-ynol (180) (87.4g, 0.24mol, 

l.Oeq) was added with vigorous stirring at 0°C and stirred for 1 h at 

0°C and then 30 min at room temperature. The mixture was added to 

ether (600ml) and ice-cold saturated aqueous ammonium chloride (600ml)
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containing concentrated hydrochloric acid (40ml). The organic layer 

was separated, washed with water (4 x 300ml), brine (500ml), dried and 

evaporated to a yellow oil. The oil was purified by chromatography in 

two batches on silica gel (2 x 600g) eluting with petroleum ether, 

2.5%, 5% then 10% ether in petroleum ether to give methyl 8-t-butyl- 

dimethy1si1y1oxy-3-ketonon-6-ynoate (177) (50.5g, 68%) as a colourless 

oil identical in all respects to (177) prepared in experiment (25).

30) Methylation of Methyl Acetoacetate.

M eO�� ��
o o

MeO

(181)

Methyl acetoacetate (1.86ml, 2.00g, 17.2irmol) was added over 30 min to 

sodium hydride (758mg of 60% dispersion in oil, prewashed twice with 

petroleum ether then tetrahydrofuran, 19.0mmol, l.leq) in 

tetrahydrofuran (40ml) at 0°C and stirred for 30 min at 0°C. Methyl 

iodide (1.07ml, 2.44g, 17.2mmol, l.Oeq) was added at 0°C and the 

mixture allowed to warm to room temperature and stirred for 12 h. 

Ether (40ml) was added and the mixture filtered through silica gel to 

give a colourless oil (1.92g). The oil was purified by chromatography 

on silica gel (50g) eluting with 20% ether in petroleum ether to give
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methyl 2-msthylacetoacetate (181) (1.18g, 53%) as a colourless oil; 5H
(90 MHz) 3.75 (3Hr s, methoxy), 3.54 (lHf q, J 7.2 Hz, 2-H), 2.25 (3H, 

s, 4-H), and 1.35 (3H, d, J 7.0 Hz, 2-methyl).

31) Reaction of (176) with the Methyl 2-Methylacetoacetate Dianion.

Methyl 2-methylacetoacetate (181) (676mg, 5.19rrmol) was added dropwise 

over 20 min to a suspension of sodium hydride (236mg of 60% dispersion 

in oil, prewashed twice with petroleum ether and then tetrahydrofuran, 

5.90mmol, l.leq) in tetrahydrofuran (20ml) at -5°C under argon. A 

white suspension was formed and more tetrahydrof uran (10ml) added to 

aid stirring. n-Butyllithium (4.2ml of 1.37M in hexanes, 5.80mmol, 

l.leq) was added over 10 min at -10°C and the mixture stirred at -10°C 

for 30 min. l-Bromo-2-t-butyldimethylsilyloxypent-3-yne (176) (1.44g, 

5.19rrmol, l.Oeq) in tetrahydrof uran (15ml) was added to the dianion at 

-10°C and stirred at 0°C for 1 h. The mixture was then poured into 

hydrochloric acid (2ml) / water (25ml) / ether (50ml) and stirred 

vigorously at room temperature for 15 min. The aqueous layer was 

discarded, the organic layer was washed with water (50ml) and brine
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purified by chromatography on silica gel (50g) eluting with 20% ether

in petroleum ether to give methyl 8-t-butyldimethylsilyloxy-3-keto-

2-methylnon-6-ynoate (182) (566.6mg, 33%) as a pale yellow oil; v___max
(film) 1747, 1719, 1655, 1618, and 1102 cm"1; (400 MHz) 4.48 (1H,ri
qt, J 6.5, 1.7 Hz, 8-H), 3.74 (3H, s, methoxy), 3.55 (1H, q, J 7.1 Hz, 

2-H), 2.68-2.84 (2H, m, 4-H), 2.48 (2H, dt, J 7.6, 1.6 Hz, 5-H), 1.36

(3H, d, J 6.4 Hz, 2-methyl), 1.35 (3H, d, J 7.2 Hz, 9-H), 0.90 (9H, s, 

t-butyl), 0.11 (3H, s, SiMe), and 0.10 (3H, s, SiMe); m/z (noM+ ),

295, 269, 225, 209, 135, 89, 75, and 73 (Found: C, 62.43; H, 9.37.

C17H30°4S:1 rec3u:‘-res C ' 62.54; H, 9.26%).

(50ml), dried and evaporated to an orange oil (1.69g). The oil was

32) Partial Hydrogenation of (182) to (179).

M eO

Methyl 8-t-butyldimethylsilyloxy-3-keto-2-methylnon-6-ynoate (182) 

(99.6mg, 0.31mmol) was stirred in methanol (20ml) and quinoline (32/zl) 

and 5% palladium on barium sulphate (ca. 2mg) added and the mixture 

vigorously stirred for 2h under hydrogen. The mixture was filtered 

through Celite and evaporated and the residue taken up in petroleum
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ether (50ml). This was washed with water (20ml), 0.1N aqueous 

hydrochloric acid (4 x 20ml), water (20ml), brine (50ml), dried and 

evaporated to give pure methyl cis-8-t-butyldimethylsilyloxy-3-keto-2- 

methylnon-6-enoate (179) (100.7mg, 100%) as a yellow oil identical in 

all respects to (179) prepared in experiment (23).

33) Cyclisation of (179) with NPSP/Zinc Iodide.

Methyl cis-8-t-butyldimethylsilyloxy-3-keto-2-methylnon-6-enoate (179) 

(328mg, l.Onmol) and N-phenylselenophthalimide (454mg, 1.5rrmol, 1.5eq) 

were stirred in dry tetrahydrofuran (8ml) at room temperature under 

argon and anhydrous zinc iodide (478mg, l.Smmol, 1.5eq) added. An 

exothermic reaction with formation of iodine occurred. The dark 

solution was stirred for lh and partitioned between hexane (50ml) and 

water (50ml) and the organic layer separated and washed with aqueous 

sodium thiosulphate (2 x 50ml) and water (2 x 50ml). The organic layer 

was dried, filtered and evaporated to leave a yellow oil. The oil was 

purified by chromatography on silica gel (50g) eluting with 2% and 

then 2.5% ether in petroleum ether to give methyl (6S/R, 7R/S, 8-
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R/S)-8-t-butyldimethylsilyloxy-(E)-2,3-dehydro-7-phenylse1enononactate

(183) (120mg, 25%) as a colourless oil; v (film) 1704, 1636, andmax
1113 cm 5tt (250 MHz) 7.52-7.62 (2H, m, aromatic), 7.20-7.29 (3H, m,n
aromatic) 4.83 (1H, ddd, J 9.5, 6.5, 3.7 Hz, 6-H), 4.16 (1H, qd, J

6.0, 3.1 Hz, 8-H), 3.69 (3H, s, methoxy), 3.39 (1H, ddd, J 17.8, 9.7,

8.5 Hz, 4-H), 3.15 (1H, dd, J 3.5, 3.5 Hz, 7-H), 2.87 (1H, ddd, J

17.8, 8.9, 8.9 Hz, 4-H), 2.06-2.35 (2H, m, 5-H), 1.76 (3H, t, J 1.6 

Hz, 2-methyl), 1.42 (3H, d, J 6.5 Hz, 9-H), 0.85 (9H, s, t-butyl),

-0.08 (3H, s, SiMe), and -0.15 (3H, s, SiMs); m/z 484 (M+ ), 453, 427,

269, 115, 89, 75, and 73 (Found: M+-t-Bu 427.0834. C^H-^O-SeSi

requires 427.0844) and methyl (6S/R, 7R/S, 8S/R)-8-t-butyldimethyl-

silyloxy-(E)-2,3-dehydro-7-phenylselenononactate (184) (105mg, 22%) as 

a colourless oil; v (film) 1704, 1636, and 1113 cm 5TT (250 MHz) 

7.49-7.59 (2H, m, aromatic), 7.20-7.28 (3H, m, aromatic), 4.98 (1H,

ddd, J 8.0, 7.9, 1.3 Hz, 6-H), 4.15 (1H, dq, J 8.3, 5.9, Hz, 8-H),

3.70 (3H, s, methoxy), 3.43 (1H, m, 4-H), 3.09 (1H, dd, J 8.7, 2.0 Hz,

7-H), 2.93 (1H, m, 4-H), 2.27 (2H, m, 5-H), 1.79 (3H, br. s, 

2-methyl), 1.39 (3H, d, J 6.5 Hz, 9-H), 0.89 (9H, s, t-butyl), 0.10 

(3H, s, SiMe), and 0.09 (3H, s, SiMe); m/z 484 (M+ ), 453, 427, 269,

115, 89, 75, and 73 (Found: M+-t-Bu 427.0834. requires

427.0844).
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34) Cyclisation of (179) with NPSP/Iodine

M eO

Methyl 8 - t-buty ldimethy 1 s i 1 y 1 oxy- 3 -ke to-2 -methy lnon-6 -enoate (179) 

(3.28g, lOrnmol) and N-phenylselenophthalimide (3.64g, 12nmol, 1.2eq) 

were dissolved in dry dichloromethane (50ml) and iodine (127mg,

0.5mmol, 0.05eq) added. The mixture was stirred at roan temperature 

and soon after all the components had dissolved, phthalimide started 

to precipitate. After lh, petroleum ether (100ml) was added and the 

mixture vigorously stirred for 5 min. The suspension was filtered and 

the filtrate added to petroleum ether (100ml) and aqueous sodium 

thiosulphate (100ml) and shaken thoroughly. The organic layer was 

separated, washed with aqueous sodium thiosulphate (2 x 50ml) and 

brine (100ml), dried, filtered and evaporated to give an orange oil 

(4.6g). The oil was purified by chranatography on silica gel (200g) 

eluting with petroleum ether, 2.5% and then 5% ether in petroleum 

ether to give a 1:1 mixture (3.65g, 75%) of methyl (6S/R, 7R/S, 8- 

R/S )-8-t-butyldimethylsilyloxy- (E)-2,3-dehydro-7-phenylselenononactate 

(183) and methyl (6S/R, 7R/S, 8S/R)-8-t-butyldimethylsilyloxy-(E)- 

2,3-dehydro-7-phenylselenononactate (184) identical in all respects to 

(183) and (184) prepared in experiment (33).
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35) Cyclisation of (179) with NPSP/Tin Tetrachloride.

Methyl 8-t-butyldimethylsilyloxy-3-keto-2-methylnon-6-enoate (179) 

(328mg, l.Ommol) and N-phenylselenophthalimide (3.59g, 1.2mmol, 1.2eq) 

were dissolved in dry dichloromethane (6ml) and tin tetrachloride 

(2.6mg, O.Olirmol, O.Oleq) added. The mixture was stirred at room 

temperature for 2h and petroleum ether (20ml) added. After 15 min 

stirring, the mixture was filtered and added to saturated aqueous 

sodium bicarbonate solution (20ml) and shaken vigorously. The organic 

layer was separated, washed with water (2 x 20ml), brine (20ml), 

dried, filtered and evaporated to a yellow oil. The oil was purified 

by chromatography on silica gel (30g) eluting with 5% ether in 

petroleum ether to give a 1:1 mixture (303mg, 63%) of methyl (6S/R, 

7R/S, 8R/S) -8-O-t-butyldimethylsilyl- (E) -2,3-dehydro-7-phenyl seleno- 

nonactate (183) and methyl (6S/R, 7R/S, 8S/R)-8-0-t-butyldimethyl- 

silyl-(E)-2,3-dehydro-7-phenylselenononactate (184) as a colourless 

oil identical in all respects to (183) and (184) prepared in 

experiment (33).
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36) Deprotection of (179) to (185).

Methyl cis-8-t-butyldimethy1silyloxy-3-keto-2-methylnon-6-enoate (179) 

(328mg, l.Oirrnol) was stirred in dry tetrahydrofuran (1ml) and 1M 

tetra-n-butyl ammonium fluoride (TBAF) in tetrahydrofuran (1.2ml, 

1.2mmol, 1.2eq) added. After 45 min stirring at room temperature, more 

TBAF in tetrahydrofuran (1ml) was added and after 6 h stirring a 

further portion (2ml) was added and the mixture stirred for 12 h. The 

reaction mixture was partitioned between O.lM aqueous hydrochloric 

acid saturated with anmonium chloride (10ml) and ether (10ml). The 

organic layer was separated, washed with saturated aqueous ammonium 

chloride (10ml), brine (10ml), dried and evaporated to a yellow oil. 

The oil was purified by chromatography on silica gel (25g) eluting 

with 20% then 50% ether in petroleum ether to give recovered starting 

material (179) (73mg, 22%) and methyl cis-8-hydroxy-3-keto-2-methyl- 

non-6-enoate (185) (90mg, 42%) as a colourless oil; 5^ (60 MHz)n
5.00-5.60 (2H, m, vinylic), 4.30-4.90 (1H, m, 8-H), 3.70 (3H, s, 

methoxy), 3.49 (1H, q, J 7.0 Hz, 2-H), 2.00-2.80 (5H, m, 4-H, 5-H, and 

hydroxyl), 1.34 (3H, d, J 7.2 Hz, 2-methyl), and 1.22 (3H, d, J 6.2 

Hz, 9-H).
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37) Cyclisation of (185) to Acetal (189).

Methyl cis-8-hydroxy-3-keto-2-methylnon-6-enoate (185) (90mg, 

0.42mmol) was stirred in dry dichloromethane (2.5ml) and 

N-phenylselenophthalimide (154mg, 0,50mmol, 1.2eq) and iodine (13mg, 

0.025rrmol, 0.06eq) added under argon. The solution was stirred at room 

temperature and after 15 min phthalimide started to precipitate. After 

a further 75 min stirring, ether (20ml) was added and the solution 

partitioned between aqueous sodium thiosulphate (50ml) and ether 

(50ml). The organic layer was separated, washed with aqueous sodium 

thiosulphate (50ml), dried and evaporated to an orange oily solid. The 

residue was triturated with petroleum ether (50ml) and the triturate 

evaporated to leave an orange oil. The oil was purified by 

chromatography on silica gel (15g) eluting with petroleum ether, 2% 

and then 3% ether in petroleum ether to give a mixture of two 

compounds (80mg, 52%) with acetal (189) as the major product; 5™ (250n
MHz) 7.48-7.60 (2H, m, aromatic), 7.20-7.31 (3H, m, aromatic), 

4.46-4.54 (1H, m, 7-H), 3.80-3.95 (1H, m, 8-H), 3.69 (3H, s, methoxy), 

3.16-3.29 (1H, m, 6-H), 2.93 (1H, q, J 7.2 Hz, 2-H), 1.90-2.20 (4H, m, 

4-H and 5-H), 1.32 (3H, d, J 6.5 Hz, 9-H), and 1.20 (3H, d, J 7.2 Hz,
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2-methyl).

38) Cyclisation of (179) with Silver Hexafluorophosphate/Phenylselenyl 

Chloride.

Silver hexafluorophosphate (250mg, l.lmmol, l.leq) was added to 

phenylselenyl chloride (210mg, l.lmol, l.leq) in dry dichlorcmethane 

(10ml) at room temperature. The resulting black suspension was cooled 

to -78°C and methyl cis-8 -t-buty 1 dimethyl si lyloxy-3 -keto-2 -methyl non- 

6-enoate (179) (328mg, l.Omnol) in dry dichloromethane (5ml) added 

dropwise with stirring. The suspension rapidly changed colour from 

black to yellow and after stirring for 10 min at -78°C the mixture was 

allowed to warm to room temperature. The mixture was added to 

saturated aqueous sodium bicarbonate (50ml) and dichlorcmethane 

(50ml), the organic layer separated, filtered, washed with brine 

(50ml), dried and evaporated to a yellow oil. The oil was purified by 

chromatography on silica gel (40g) eluting with petroleum ether, 2.5% 

and then 4% ether in petroleum ether to give a yellow oil (187mg, 39%) 

consisting mainly of (189) prepared in experiment (31).
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39) Deprotection of (183) to (191) with TBAF.

M e 0 2C

SePh

Me02(

SeP h

OH

(183) (191)

Methyl (6S/R, 7S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2,3-dehydro-7-

phenylselenononactate (183) (240mg, 0.5rrmol) was stirred with 0.5M

tetra-n-butyl ammonium fluoride (TBAF) in tetrahydrofuran (4ml, 2mnol,

4eq) for 2h. The mixture was partitioned between aqueous ammonium

chloride solution (10ml) and ether (10ml). The organic layer was

separated, washed with aqueous ammonium chloride solution (10ml),

brine (10ml), dried, filtered and evaporated to a brown oil. The oil

was purified by chromatography on silica gel (20g) eluting with

dichloromethane and then 25% ether in dichloromethane to give methyl

(6S/R, 7S/R, 8R/S)-(E )-2,3-dehydro-7-phenylselenononactate (191)

(142mg, 78%) as a colourless oil; v (film) 3455 (broad), 1700,max
1636, and 1115 cm (250 MHz) 7.54-7.63 (2H, m, aromatic),ri
7.22-7.31 (3H, m, arcxnatic), 4.77 (1H, ddd, J 8.7, 6.3, 2.8 Hz, 6-H), 

4.10 (1H, m, 8-H), 3.70 (3H, s, methoxy), 3.41 (1H, m, 4-H), 3.34 (1H, 

dd, J 4.9, 2.7 Hz, 7-H), 2.88 (1H, m, 4-H), 2.47 (1H, br. d, J 7.5 Hz, 

hydroxy), 2.10-2.30 (2H, m, 5-H), 1.80 (3H, t, J 1.1 Hz, 2-methyl),
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and 1.38 (3H, d, J 6.0 Hz, 8-methyl); m/z 370 (M+ ), 326, 169, 83, and 

43 (Found: C, 55.51; H, 6.13. ci7H22°4Se requires C, 55.29; H, 6.00%).

40) Deprotection of (184) to (192) with TBAF.

Methyl (6S/R, 7R/S, 8S/R)-8-0-t-butyldimethylsilyl-(E)-2,3-dehydro-7-

phenylselenononactate (184) (168mg, 0.35mmol) was deprotected using an

identical procedure as described for the epimer (183) in experiment

(39) to give methyl (6S/R, 7S/R, 8S/R)-(E)-2,3-dehydro-7-phenylseleno-

nonactate (192) (103mg, 80%) as a colourless oil; v ___ (film) 3455--------- max
(broad), 1700, 1636, and 1115 cm (250MHz) 7.52-7.63 (2H, m,n
aromatic), 7.22-7.30 (3H, m, aromatic), 4.76 (1H, ddd, J 7.5, 7.5, 2.9 

Hz, 6-H), 4.14 (1H, m, 8-H), 3.70 (3H, s, methoxy), 3.41 (1H, ddd, J

18.3, 6.2, 6.2 Hz, 4-H), 3.21 (1H, dd, J 4.8, 3.0 Hz, 7-H), 2.89 (1H, 

ddd, J 18.2, 9.1, 9.1 Hz, 4-H), 2.53 (1H, d, J 4.0 Hz, hydroxy), 

2.18-2.29 (2H, m, 5-H), 1.78 (3H, t, J 1.1 Hz, 2-rrethyl), and 1.45

(3H, d, J 6.5 Hz, 9-H); m/z 370 (M+ ), 326, 169, 83, and 43 (Found: C,

55.51; H, 6.13. ci7H22°4Se requires C, 55.29; H, 6.00%).
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41) Formation of the 3,5-Dinitrobenzoyl Derivative of (191).

OH

Methyl (6S/R, 7S/R, 8R/S)-(E)-dehydro-7-phenylselenononactate (191) 

(142mg, 0.39mmol) was stirred in dry pyridine (1ml) and dry 

dichloromethane (4ml). 3,5-Dinitrobenzoyl chloride (266mg, 1.16mmol, 

3.0eq) was added and the mixture immediately cooled in an ice bath. 

After stirring for 30 min at 0°C and 3 h at rcon temperature, the 

reaction mixture was added to ice-cold water (20ml) and 

dichloronethane (20ml). The organic layer was separated, washed with 

water (2 x 20ml), aqueous copper sulphate solution (3 x 20ml) and 

brine (20ml), dried, filtered and evaporated to an oily residue. The 

residue was dissolved in ether (15ml) and cooled overnight whereas 

crystallisation occurred. The solvent was removed and the crystals 

washed with ethanol (10ml), hexane (10ml), 50% ether/hexane (10ml) and 

again with hexane (10ml) to give methyl (6S/R, 7S/R, 8R/S)-(E)-2,3- 

dehydro-8-O-(3,5-dinitrobenzoyl)-7-phenylselenononactate (193) as 

yellow crystals; m.p. 114-116°C; v (CHC1-J 1729, 1700, 1631, 1547, 

1344, 1275, 1117, and 1089 cnf1; (250 MHz) 9.22 (1H, t, J 2.4 Hz, 

aromatic), 9.08 (2H, d, J 2.4 Hz, aromatic), 7.53-7.66 (2H, m, 

aromatic), 7.22-7.32 (3H, m, aromatic), 5.63-5.78 (1H, m, 8-H),

PAGE 183



4.72-4.87 (1H, m, 6-H), 3.69 (3H, s, methoxy), 3.52 (1H, dd, J 4.4

2.4 Hz, 7-H) , 3.32-3.51 (1H, m, 4-H), 2.80-3.00 (:i h, m, 4-H)

2.15-2.40 (2H, m, 5-H), 1.71 (3H, d, J 6.4 Hz, 9-H), and 1.70 (3H, t

J 1.0 Hz, 2-methyl); m/z 564 (M+ ), 375, 195, 163, 115, and 81 (Found: 

C, 51.13; H, 4.14; N, 5.05. c24H24N2°9Se requires C, 51.16; H, 4.29; 

N, 4.97%).

42) Formation of 3,5-Dinitrobenzoyl Derivative of (192).

(192) (194)

Methyl (6S/R, 7S/R, 8S/R)-(E)-2,3-dehydro-7-phenylselenononactate 

(192) (103mg, 0.28mmol) was dissolved in dry pyridine (1ml) and cooled 

to 0°C. 3,5-Dinitrobenzoyl chloride (130mg, 0.56mol, 2.0eq) in dry 

dichloromethane (5ml) was added and the mixture stirred under argon at 

0°C for 30 min and room temperature for 2 h. The reaction mixture was 

added to ice-cold water (20ml) and dichloromethane (20ml), the organic 

layer separated, washed with ice-cold water (20ml), aqueous copper 

sulphate solution (3 x 20ml) and brine (20ml). The solution was dried, 

filtered and evaporated to a yellow oil. The oil was triturated with 

ether (15ml), the ether removed and the remaining crystals dried under
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vacuum to give pure methyl (6S/R, 7S/R, 8S/R)-(E)-2,3-dehydro-8-0-

(3,5-dinitrobenzoyl)-7-phenylselenononactate (194) as yellow cubes;

m.p. 151-153°C (fran ether/petroleum ether); v (CHC1.-J 1727, 1699,max -j
1631, 1544, 1344, 1278, 1118, and 1091 cm"1; <5„ (250 MHz) 9.11-9.20rl
(1H, t, J 2.3 Hz, aromatic), 8.85-8.95 (2H, d, J 2.3 Hz, arcmatic), 

7.45-7.55 (2H, m, aromatic), 6.92-7.12 (3H, m, aromatic), 4.66-4.80 

(1H, m, 6-H), 4.48-4.62 (1H, m, 8-H), 3.80 (1H, dd, J 3.8, 1.5 Hz,

7-H), 3.70 (3H, s, methoxy), 3.35-3.55 (1H, m, 4-H), 2.80-3.03 (1H, m, 

4-H), 2.32-2.49 (2H, m, 5-H), 1.79 (3H, br. s, 2-methyl), and 1.70 

(3H, d, J 6.3 Hz, 9-H); m/z 563 (M+), 375, 195, 163, 115, and 83 

(Found: C, 51.30; H, 4.17; N, 5.08. C24H24N2°9Se requires C, 51.16; H, 

4.29; N, 4.97%).

43) Deselenation of (183) and (184) with Raney Nickel.

(183) and (184)

A 1:1 mixture of methyl (6S/R, 7R/S, 8R/S)-8-0-t-butyldimethylsilyl- 

(E)-2,3-dehydro-7-phenylselenononactate (183) and methyl (6S/R, 7R/S, 

8S/R)-8-O-t-butyldimethylsilyl-(E )-2,3-dehydro-7-phenylselenononactate 

(184) (200.4mg, 0.41nmol) was stirred in methanol (10ml) and Raney
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nickel (ca. lg) added. After stirring for 1 h under an atmosphere of

hydrogen, the reaction mixture was filtered through silica gel and the 

solvent evaporated to leave a colourless oil (139.0mg). This oil was 

purified by column chromatography on silica gel eluting with 20% ether 

in petroleum ether to give a 1:1 mixture of methyl (6S/R, 

8R/S)-8-O-t-butyldijmethylsilyl-(E )-2,3-dehydrononactate (195) and 

methyl (6S/R, 8S/R)-8-0-t-butyldimethylsilyl-(E)-2,3-dehydrononactate 

(196) (128.3mg, 94%) as a colourless oil identical to (195) and (196) 

prepared in experiment (44) but contaminated with ca. 15% of products 

derived from ring opening.

44) Deselenation of (183) and (184) with Tri-n-butyltin Hydride.

A 1:1 mixture of methyl (6S/R, 7R/S, 8R/S)-8-0-t-butyldimethylsilyl- 

(E)-2,3-dehydro-7-phenylselenononactate (183) and methyl (6S/R, 7R/S, 

8S/R)-8-O-t-butyldimethylsilyl-(E )-2,3-dehydro-7-phenylselenononactate 

(184) (967mmol, 2mmol) was heated to reflux in dry toluene (25ml) and 

a suspension of azobisisobutyronitrile (AIBN) (50mg) in tri-n-butyltin 

hydride (873mg, 3mmol, 1.5eq) added over a period of 10 min. The
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mixture was heated to reflux for a further 15 min and allowed to cool

to room temperature. The solvent was evaporated and the residual 

colourless cloudy oil purified by chromatography on silica gel (30g) 

eluting with petroleum ether and then 5% ether in petroleum ether to 

give a 1:1 inseparable mixture (550mg, 83%) as a colourless oil of 

methyl (6S/R, 8R/S) -8-O-t-butyldimethylsilyl- (E)-2,3-dehydrononactate 

(195); v (film) 1750, 1710, 1635, and 1108 cm"1; 5U (250 MHz) 4.52 

(1H, m, 8-H), 4.00 (1H, m, 6-H), 3.69 (3H, s, methoxy), 3.23 (1H, 

dddd, J 18.8, 8.9, 3.7, 0.9 Hz, 4-H), 2.89 (1H, m, 4-H), 2.18 (1H, m,

5-H), 1.91 (1H, ddd, J 13.4, 7.2, 6.1 Hz, 5-H), 1.78 (3H, dd, J 1.5, 

0.9 Hz, 2-methyl), 1.53-1.75 (2H, m, 7-H), 1.20 (3H, d, J 6.3 Hz, 

9-H), 0.89 (9H, s, t-butyl), 0.08 (3H, s, SiMe), and 0.06 (3H, s, 

SiMe); m/z 328 (M+ ), 313, 297, 271, 227, 89, 75, and 73 (Found: C, 

62.12; H, 9.79. C^H^O^Si requires C, 62.15; H, 9.82%) and methyl 

(6S/R, 8S/R)-8-O-t-butyldimethylsilyl-(E )-2,3-dehydrononactate (196); 

v (film) 1750, 1710, 1635, and 1108 cm"1; (250 MHz) 4.51 (1H, m,

8-H), 4.05 (1H, m, 6-H), 3.69 (3H, s, methoxy), 3.20 (1H, m, 4-H),

2.94 (1H, m, 4-H), 2.19 (1H, m, 5-H), 1.80 (3H, t, J 1.2 Hz,

2-miethyl), 1.52-1.75 (3H, m, 5-H and 7--H), 1..18 (3H, d, J 6.1 Hz,

9-H), 0.89 (9H, s, t-butyl), and 0.08 (3H, s, SiMe); m/z 328 (M+ ),

313, 297, 271, 227, 89, 75, and 73 (Found: C, 62.12; H, 9.79.

C17H32°4^1 rec3uires c ' 62.15; H, 9.82%).
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45) Deprotection of a Mixture of (195) and (196) with TBAF.

(195) and (196) (199) and (200)

A 1:1 mixture of methyl (6S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2,3- 

dehydrononactate (195) and methyl (6S/R, 8S/R)-8-0-t-butyldimethyl- 

silyl-(E)-2,3-dehydrononactate (196) (138.3mg, 0.42rrmol) was stirred 

in tetrahydrofuran (3ml) at roan temperature and 1M 

tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran (1ml, lmmol, 

2.5eq) added. After stirring for 20 min, more 1M TBAF in 

tetrahydrofuran (1ml, lrrmol, 2.5eq) was added and the mixture stirred 

for 90 min. Water (3ml) and ether (20ml) were added and the organic 

layer separated, the aqueous layer extracted with ether (4 x 20ml), 

the combined organic extracts washed with brine (20ml), dried, 

filtered and evaporated to leave a brown oil (114mg). The oil was 

purified by chromatography on silica gel (lOg) eluting with ether to 

give a 9:1 mixture (48.9mg, 54%) of methyl (6S/R,

8R/S)-(E)-2,3-dehydrononactate (199) and methyl (6S/R, 8S/R)-(E)-2,3- 

dehydrononactate (200) identical in all respects to (199) and (200) 

prepared in experiment (59).
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46) Deprotection of a Mixture of (195) and (196) with Acetic Acid.

(195) and (196) (199) and (200)

Methyl (6S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2,3-dehydrononactate 

(195) and methyl (6S/R, 8S/R)-8-0-t-butyldimethylsilyl-(E)-2,3- 

dehydrononactate (196) (109mg, 0.33mmol) were stirred with a 2:1 

mixture of acetic acid : water (10ml) for 3 h. The solution was 

carefully neutralised with saturated aqueous sodium bicarbonate and 

the mixture extracted with ether (3 x 30ml), the extracts washed with 

brine (20ml), dried, filtered and evaporated to a yellow oil. The oil 

was redissolved in ethyl acetate (50ml) and the ethyl acetate 

evaporated and the process repeated to give a brown oil (71.9mg). The 

oil was purified by chromatography on silica gel (lOg) eluting with 

ether to give a 1:1 mixture (50.8mg) of methyl (6S/R, 

8R/S)-(E)-2,3-dehydrononactate (199) and methyl (6S/R, 

8S/R)-(E)-2,3-dehydrononactate (200) identical to (199) and (200) 

prepared in experiment (59) but contaminated with ca. 50% of products 

derived from ring opening.
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47) Hydrogenation of (195) and (196) with Rhodium on Carbon Catalyst

O H

Me02Cv> £ M e 0 2C

(195) and (196) (199) and (200)

+ (205)

A 1:1 mixture of methyl (6S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2,3- 

dehydrononactate (195) and methyl (6S/R, 8S/R)-8-0-t-butyldimethyl- 

silyl-(E)-2,3-dehydrononactate (196) (104.2mg, 0.32irmol) was stirred 

vigorously in methanol (10ml) with 5% rhodium on carbon (20mg) under 

hydrogen at 20 psi. After stirring for 24 h, the mixture was filtered 

through silica gel and evaporated to give a colourless oil (67.6mg). 

The oil was purified by chromatography on silica gel (lOg) eluting 

with ether to give a complex mixture (51.3mg) consisting mainly of 

methyl dehydrononactates (199) and (200), and /5-ketoester (205) 

derived from ring opening.
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48) Hydrogenation of (195) and (196) with Raney Nickel Catalyst

OSi —|— OH

M e02C><^ M e 0 2C

(195) and (196) (206) 
+ (207)

A 1:1 mixture of methyl (6S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2/3- 

dehydrononactate (195) and methyl (6S/R, 8S/R)-8-0-t-butyldimethyl- 

silyl-(E)-2,3-dehydrononactate (196) (41.9mg, 0.13irmol) was stirred 

vigorously in methanol (10ml) with Raney nickel (W4, ca.lOOmg) under 

hydrogen at 100 psi. After stirring for 17 days, the mixture was 

filtered through silica gel and evaporated to give a yellow oil 

(48.4mg). The oil was purified by chromatography on silica gel (2g) 

eluting with 20% ether in petroleum ether to give a mixture of methyl 

nonactates (206) (10.8 mg) and /?-ketoester (207) (24.5mg) derived from 

ring opening.
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49) Hydrogenation of (195) and (196) with Rhodium on Alumina Catalyst.

A 1:1 mixture of methyl (6S/R, 8R/S)-8-0-t-butyldimethylsilyl-(E)-2,3- 

dehydrononactate (195) and methyl (6S/R, 8S/R)-8-Ot-butyldimethyl- 

silyl-(E)-2,3-dehydrononactate (196) (94.9mg, 0.29nmol) was stirred 

vigorously in methanol (25ml) with 5% rhodium on alumina (lOOmg) under 

hydrogen at 80 psi. After stirring for 6 days, the mixture was 

filtered through silica gel and evaporated to give a colourless oil 

(76.9mg). The oil was purified by chromatography on silica gel (5g) 

eluting with 50% ether in petroleum ether to give a mixture of methyl 

nonactates (10.8 mg) with methyl 8-epinonactate (9) as the major 

component.

50) Tosylation of Crotyl Alcohol (208) to (209).

OTosyl

(208) (209)
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Trans-crotyl alcohol (208) (200.5mg, 2.78mmol) and 

cetyltrimethylanrnonium brcmide (53.1mg, 0.15mmol, 0.05eq) were stirred 

in benzene (5ml) at 0°C and 30% aqueous sodium hydroxide solution 

(2ml) added. Tosyl chloride (636.7mg, 3.34mmol. 1.2eq) was added in 

portions and the mixture stirred at room temperature for 20 min. The 

reaction mixture was diluted with benzene (20ml) and ether (10ml), the 

organic layer separated, the aqueous layer extracted with benzene (4 x 

20ml), the organic layers combined, washed with 0.1N aqueous 

hydrochloric acid (50ml), water (4 x 50ml) and brine (2 x 50ml). The 

solution was dried, filtered and evaporated to give trans-crotyl 

tosylate (209) (558mg, 89%) as a colourless oil; ^max (film) 1598, 

1358, 1176, 926, and 663 cm"1; (90 MHz) 7.71-7.86 (2H, m,n
aromatic), 7.27-7.42 (2H, m, aromatic), 5.20-5.96 (2H, m, 2-H and

3-H), 4.47 (2H, dd, J 5.5, 0.9 Hz, 1-H), 2.44 (3H, s, tosyl methyl), 

and 1.67, (3H, dd, J 5.7 Hz, 4-H). Attempted purification of (209) by 

chromatography or distillation led to decomposition.

51) Reaction of Crotyl Tosylate (209) with the Methyl Acetoacetate 

Dianion.
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stirred suspension of sodium hydride (4.4g of 60% dispersion in oil,

prewashed twice with petroleum ether then tetrahydrofuran, O.lOmol,

l.leq) in tetrahydrofuran (300ml) at 0°C under argon over a period of

30 min. After a further 15 min stirring at 0°C, n-butyllithium (83.2ml

of 1.52M in hexanes, O.lOmol, l.leq) was added over a period of 10 min

at -10°C and stirred at -10°C for 30 min. Crotyl tosylate (209)

(20.0g, 88.4rrmol, l.Oeq) in tetrahydrof uran (20ml) was added over a

period of 5 min and the mixture stirred at 0°C for 30 min, allowed to

warm to room temperature and the cream suspension stirred vigorously

for 2 h. The mixture was added to concentrated hydrochloric acid

(20ml) / saturated aqueous ammonium chloride (230ml) / ether (250ml)

and shaken vigorously until the organic layer cleared. The aqueous

layer was discarded, the organic layer washed with water (4 x 200ml),

brine (2 x 200ml), dried, filtered through silica gel and evaporated

to an orange oil (17.85g). This was purified by chromatography on

silica gel (300g) eluting with 10% ether in petroleum ether to give

methyl trans-3-ketooct-6-enoate (210) (7.82g, 52%) as a pale yellow

oil; v (film) 1746, 1715, 1650, and 1627 cm (250 MHz) 5.25max n
(2H, m, 6-H and 7-H), 3.74 (3H, s, methoxy), 3.45 (2H, s, 2-H), 2.60 

(2H, t, J 7.4 Hz, 4-H), 2.20-2.40 (2H, m, 5-H), and 1.63 (3H, d, J 4.7 

Hz, 8-H); m/z 170 (M+ ) and 155 (Found: C, 63.69; H, 8.40. C9Hi4°3 

requires C, 63.51; H, 8.29%).

Methyl acetoacetate (10.7ml, 11.5g, 98.9mmol) was added dropwise to a
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18.6, 8.9, 4.0, 1.5 Hz, 3-H), 2.93 (1H, dddd, J 18.6, 9.3, 9.3, 2.0

Hz, 3-H), 2.27 (1H, dddd, J 12.3, 9.2, 7.0, 4.1 Hz, 4-H), 1.88 (1H,

dddd, J 12.6, 9.3, 9.3, 8.2 Hz, 4-H), and 1.47 (3H, d, J 7.1 Hz, 8-H); 

Sc (22.51 MHz) 176.1 (s, C3), 168.6 (s, Cl), 135.2 (d, aromatic),

128.9 (d, aromatic), 127.8 (d, aromatic), 127.7 (s, aromatic), 89.0

(d, C2), 87.3 (d, C6), 50.4 (q, methoxy), 42.6 (d, C7), 30.4 (t, C4),

28.0 (t, C5), and 18.5 (q, C8); m/z 326 (M+), 295, 230, 169, and 137 

(Found: C, 55.38; H, 5.48. C^^H^gO^Se requires C, 55.39; H, 5.58%) and 

further elution gave methyl 5-(1x-phenylselenoethyl)-tetrahydrofuran-

2- y1idenepheny1se1enoacetate (212) (775mg, 4%) as an orange oil; ^max

(film) 1688, 1578, and 1063 cm d u (250 MHz) 7.50-7.60 (2H, m,n
aromatic), 7.08-7.38 (8H, m, aromatic), 4.48 (1H, ddd, J 7.5, 7.5, 7.5 

Hz, 5-H), 3.65 (3H, s, methoxy), 3.45 (1H, ddd, J 19.1, 9.6, 4.8 Hz,

3- H), 3.17 (1H, dq, J 8.1, 7.1 Hz, CHSePh), 3.16 (1H, ddd, J 18.4,

9.2, 9.2 Hz, 3-H), 2.36 (1H, dddd, J 12.8, 9.4, 6.8, 4.6 Hz, 4-H), 

1.98 (1H, dddd, J 13.0, 9.6, 8.9, 7.8 Hz, 4-H), and 1.33 (3H, d, J 7.3 

Hz, methyl) (Found: C, 52.51; H, 4.81. C21H22°3Se2 C ' 52.51; 

H, 4.62%).

53) Deselenation of Diselenide (212) with Tri-n-butyltin Hydride.

������

(139)
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Raney nickel (W4, ca. 5Q0mg) in ethanol was washed by decantation with

dry methanol (6 x 20ml) and stirred in methanol (10ml) under a slight 

pressure of hydrogen for 1 h. Methyl (E)-5-(l'-phenylselenoethy1)- 

tetrahydrofuran-2-ylideneacetate (211) (95.5mg, 0.29mmol) in dry 

tetrahydrofuran (5ml) was added and the mixture stirred vigorously for 

30 min. The mixture was filtered through silica gel and evaporated to 

a colourless oil (38.9mg, 78%). The oil was purified by chromatography 

on silica gel (2g) eluting with 20% ether in petroleum ether to give 

methyl (E)-5-ethyltetrahydrofuran-2-ylideneacetate (139) (27.3mg, 55%) 

as a colourless oil identical to (139) prepared in experiment (56), 

but contaminated with 15% of products derived from ring opening.

55) Attempted Deselenation of (211) with Nickel Chloride / Sodium 

Borohydride.

(211) (139)

Methyl (E )-5-(1' -phenylse1enoethy1)-tetrahydrofuran-2-ylideneacetate 

(211) (244.3mg, 0.75mmol) and nickel(II) chloride hexahydrate 

(354.5mg, 1.5mmol, 2eq) were stirred in a mixture of tetrahydrofuran 

(15ml) and methanol (15ml) at 0°C and sodium borohydride (176.5mg,
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4.5mmol, 6eq) added in portions. After stirring for 15 min at 0°C, the 

mixture was filtered through Celite and evaporated to a green solid. 

Water (10ml) and ether (10ml) were added to the solid, the aqueous 

layer discarded, the organic layer washed with water (10ml), brine 

(10ml), dried and evaporated to a colourless oil. The oil was purified 

by chromatography on silica gel (lOg) eluting with 20% ether in 

petroleum ether to give methyl (E)-5-(l'-phenylselenoethyl)-tetra- 

hydrofuran-2-ylideneacetate (211) (82.3mg, 64%) containing only a 

trace of the required methyl (E)-5-ethyltetrahydrofuran-2-ylidene- 

acetate (139).

56) Deselenation of (211) with Triphenyltin Hydride.

MeO

SePh

Me02C

(211) (139)

Methyl (E )-5-(1'-phenylselenoethyl)-tetrahydrofuran-2-ylideneacetate 

(211) (127.8mg, 0.39mmol) was heated to reflux in dry toluene (30ml) 

under argon and triphenyltin hydride (212mg, 0.15ml, 0.59mmol), 1.5eq) 

and azobisisobutyronitrile (AIBN) (ca. lOmg) added. The mixture was 

heated to reflux for 1 h, and after cooling to room temperature, 

carbon tetrachloride (20ml) was added and stirred for 12 h. A weak
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solution of iodine in ether was added dropwise until a purple 

colouration persisted and the mixture added to ether (100ml). The 

mixture was washed with 10% aqueous potassium fluoride solution (3 x 

30ml), 1M aqueous sodium thiosulphate solution (50ml), brine (2 x 

50ml), dried, filtered and evaporated to a cloudy yellow oil 

(182.0mg). The oil was purified by chromatography on silica gel (7.5g) 

eluting with 20% ether in petroleum ether to give methyl 

(E )-5-ethyltetrahydrofuran-2-ylideneacetate (139) (53.6mg, 80%) as a 

colourless oil; v (film) 1705, 1639, and 1116 cm <5TT (250 MHz) 

5.28 (1H, ddd, J 2.0, 1.7, 0.5 Hz, vinylic), 4.33 (1H, dddd, J 8.1,

6.4, 6.4, 6.4 Hz, 5-H), 3.66 (3H, s, methoxy), 3.31 (1H, dddd, J 18.4,

9.1, 4.0, 1.6 Hz, 3-H), 2.96 (1H, dddd, J 18.3, 9.1, 9.1, 1.9 Hz, 

3-H), 2.19 (1H, ddddd, J 12.5, 9.2, 6.3, 4.0, 0.5 Hz, 4-H), 1.51-1.82

(3H, m, CEL̂ CĤ  and 4-H), and 1.01 (3H, t, J 7.5 Hz, methyl); m/z 170 

(M+), 139, 101, and 69 (Found: C, 63.58; H, 8.18. requires C,

63.51; H, 8.29%).

57) Deselenation of (211) with Tri-n-butyltin Hydride / A3BN.

SePh

(211) (139)
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Methyl (E ) -5- (1'-phenylselenoethyl) -tetrahydrof uran-2-yl ideneacetate 

(211) and azobisisobutyronitrile (AIBN) were added to tri-n-butyltin 

hydride (0.863ml, 934mg, 3.2mmol, lOeq) in toluene (30ml) heated to 

reflux under argon. The mixture was heated to reflux for 1 h and, 

after allowing to cool, carbon tetrachloride (20ml) was added and 

stirred for 2 h. The mixture was titrated with a weak solution of 

iodine in ether until a purple colouration persisted and the mixture 

added to ether (100ml). This was washed with aqueous sodium 

thiosulphate solution (50ml), aqueous 10% potassium fluoride solution 

(2 x 50ml), brine (2 x 50ml), dried, filtered and evaporated to an 

orange oil (1.46g). The oil was again treated with carbon 

tetrachloride (25ml) for 12 h, titrated with iodine in ether and 

washed as above to give a yellow oily solid (939mg). This was purified 

by chromatography on silica gel (50g) eluting with 20% ether in 

petroleum ether to give methyl (E)-5-ethyltetrahydrofuran-2-ylidene­

acetate (139) (82.6mg, 151%), identical to (139) prepared in 

experiment (56), free from products derived from ring opening but 

contaminated heavily with tin residues.

58) Peroxide Elimination of Selenide (211) to Diene (213).

(213)
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Methyl 5-(1'-phenylse1enoethy1)-tetrahydrofuran-2-ylideneacetate (211) 

(500mg, 1.54mmol) in dichlorcmethane (20ml) was added to 30% aqueous 

hydrogen peroxide (0.60ml) at 0°C and stirred for 30 min at 0°C and 2 

h at room temperature. The organic layer was separated, washed with 

water (2 x 30ml), dried and evaporated to a yellow oil (177.7mg). The 

oil was purified by chromatography on silica gel (lOg) eluting with 

20% ether in petroleum ether to give methyl 5-(E)-vinyltetrahydro- 

furan-2-ylideneacetate (213) (63.6mg, 25%) as a colourless oil; ^max 

(film) 1704, 1639, and 1115 cm"1; «5„ (250 MHz) 5.85 (1H, ddd, J 17.3,

10.3, 6.3 Hz, vinylic), 5.34 (1H, dd, J 1.7, 1.7 Hz, vinylic), 5.33 

(1H, ddd, J 17.3, 1.3, 1.1 Hz, terminal methylene), 5.23 (1H, ddd, J

10.4, 1.2, 1.2 Hz, terminal methylene), 4.82 (1H, ddddd, J 7.6, 6.6,

6.5, 1.0, 1.0 Hz, 5-H), 3.66 (3H, s, methoxy), 3.27 (1H, dddd, J 18.3,

8.9, 5.0, 1.6 Hz, 3-H), 3.02 (1H, dddd, J 18.3, 8.6, 8.5, 1.9 Hz, 

3-H), 2.27 (1H, dddd, J 12.9, 8.4, 6.6, 4.8 Hz, 4-H), and 1.85 (1H, 

dddd, J 12.5, 8.6, 8.5, 7.8 Hz, 4-H); m/z 168 (M+ ), 137, 101, and 69 

(Found: M+ 168.0787. C9H^2°3 rec3ui-res 168.0786).

59) Deselenation of (191) and (192) with Triphenyltin Hydride.

(191) and (192) (199) and (200)
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(191) and methyl (6S/R, 7S/R, 8S/R)-(E)-2,3-dehydro-7-phenylseleno-

nonactate (192) (10.22g, 27.7mmol) was heated to reflux in toluene

(100ml) and triphenyltin hydride (11ml, 15.11g, 43.06irmol, 1.56eq) and

azobisisobutyronitrile (AIBN) (trace) added. After heating to reflux

for 10 min the mixture was allowed to cool to room temperature and the

toluene evaporated to leave a yellow oil. The oil was rapidly stirred

in ether (200ml) and Raney nickel (W4, ca. 20g) added. After stirring

vigorously for 15 min, the mixture was filtered through Celite and

evaporated to a yellow oil (21.34g). The oil was purified by

chromatography on silica gel (lOOg) eluting with ether to give a pale

yellow oil (9.77g). This was further purified by chromatography on

silica gel (200g) eluting with 50% ether in petroleum ether then ether

to give a 1:1 mixture (5.64g, 95%) of methyl (6S/R, 8R/S)-(E )-2,3-de-

hydrononactate (199) and methyl (6S/R, 8S/R)-(E )-2,3-dehydrononactate

(200) as a colourless oil; v (film) 3438 (broad), 1700, 1686, 1636,max
and 1112 cm (250 MHz) 4.55 (1H, m, 6-H), 4.06 (1H, m, 8-H), 3.70ri
(3H, s, methoxy), 3.25 (1H, m, 4-H), 2.91 (1H, m, 4-H), 2.24 (1H, m,

5-H), 1.64-1.90 (3H, m, 5-H and 7-H), 1.80 (3H, br.s, 2-methyl), and

1.26 (3H, d, J 6.9 Hz, 9-H); m/z 214 (M+ ), 183, 124, 98, and 83 

(Found: C, 61.48; H, 8.47. C^^H^8°4 rec3uires 61.66; H, 8.47%).

Methyl (6S/R, 7S/R, 8R/S)-(E)-2,3-dehydro-7-phenylselenononactate
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60) Hydrogenation of (199) to Methyl 8-Epinonactate (9) with Raney 

Nickel Catalyst.

Methyl (6S/R, 8R/S)-(E)-2,3-dehydrononactate (199) (36.4mg, 0.17mmol) 

was stirred in methanol (20ml) and Raney Nickel (W4, ca. 50mg) added. 

The mixture was vigorously stirred under hydrogen at 100 psi. After 14 

days, the mixture was filtered through silica gel and evaporated to 

give a brown oil. The oil was redissolved in methanol (20ml) and ether 

(5ml) and Raney nickel (W4, ca. lOOmg) added. The mixture was again 

stirred vigorously under hydrogen at 100 psi for 13 days. The mixture 

was filtered through silica gel and evaporated to a yellow oil 

(45.3mg) which consisted of crude methyl 8-epinonactate (9). The oil 

was purified by chromatography on silica gel (lOg) eluting with 50% 

ether in petroleum ether to give methyl 8-epinonactate (28.2mg. 77%) 

contaminated with a minor isomeric impurity. Purification was 

attempted by HPLC on silica gel eluting with 15% isopropanol in hexane 

to give methyl 8-epinonactate (3.1mg) identical to methyl

8-epinonactate prepared in experiment (63), but contaminated with an 

increased amount of the same impurity, and a mixture of several 

nonactates (5.2mg).
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61) Methanolysis of Nonactin (1).

Nonactin (1) (176mg, 0.24nmol) was added to a solution of sodium 

methoxide in methanol, prepared by adding sodium (11Omg, 4.58mmol, 

20eq) to methanol (12ml)f and heated to reflux for 24 h under argon. 

The mixture was poured into IN aqueous hydrochloric acid (10ml), 

extracted with ether (3 x 50ml), the extracts dried, filtered and 

evaporated to a yellow oil (138mg). The oil was purified by 

chromatography on silica gel (15g) eluting with 50% ethyl acetate in 

hexane, ethyl acetate then 50% methanol in ethyl acetate to give a 

yellow oil (153mg). The oil was stirred in 1:10 methanol : ether 

(10ml) and diazomethane, produced from Diazald (0.81g) / potassium 

hydroxide in ethanol (1.2ml of 373mg in 2ml) / ethanol (14ml) / ether 

(2.6ml), bubbled through the solution for 15 min at room temperature. 

Argon was bubbled through the solution for 15 min and the solution 

filtered and evaporated to leave a yellow oil (155mg). The oil was 

purified by chromatography on silica gel (15g) eluting with ether to 

give a mixture (25.9mg, 13%) of methyl nonactate 2- and 8-epimers and
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methyl nonactate (8) (24.3mg, 12%) as a colourless oil; 6 (250 MHz)
hi

3.94-4.20 (3H, m, 3-H, 6-H, and 8-H), 3.70 (3H, s, methoxy), 2.54 (1H, 

dq, J 8.4, 6.7 Hz, 2-H), 2.00 (2H, m), 1.55-1.81 (4H, m), 1.21 (3H, d, 

J 6.4 Hz, 2-methyl), and 1.13 (3H, d, J 7.0 Hz, 9-H); 5C (62.5 MHz)

175.2 (s, Cl), 81.0 (d, C3), 77.2 (d, C6), 65.2 (d, C8), 51.7 (q,

methoxy), 45.3 (d, C2), 42.8 (t, C7), 30.6 (t, C4/5), 28.8 (t, C4/5),

23.2 (q, C9) and 13.5 (q, 2-methyl).

62) Inversion of the 8-Hydroxy of Methyl Nonactate (8).

o
II

Diethylazodicarboxylate (DEAD) (33/xL, 35mg, 0.20mmol, 2.0eq) was added 

to a stirred solution of methyl nonactate (8) (22.5mg, O.lOirmol), 

triphenylphosphine (54.7mg, 0.21mmol, 2.1eq) and benzoic acid (27.1mg,

0.21mmol, 2.1eq) in dry tetrahydrofuran (1.5ml) under argon and the 

mixture stirred at room temperature overnight. Water (2ml) was added 

and the mixture extracted with dichloromethane (4 x 5ml), the extracts 

dried, filtered and evaporated to a yellow oil. The oil was purified 

by chromatography on silica gel (20g) eluting with 10% ether in 

petroleum ether to give methyl 8-O-benzoyl-8-epinonactate (26.5mg,

PAGE 206



79%) as a pale yellow oil; <5„ (250 MHz) 7.97-8.06 (2H, m, aromatic),n
7.36-7.56 (3H, m, aromatic), 5.22 (1H, dqd, J 6.2, 6.0, 1.3 Hz, 8-H), 

3.92-4.21 (2H, m, 3-H and 6-H), 3.67 (3H, s, methoxy), 2.51 (1H, dq, J

7.9, 6.8 Hz, 2-H), 1.89-2.18 (3H, m), 1.50-1.77 (2H, m), 1.36 (3H, d, 

J 5.9 Hz, 9-H), and 1.08 (3H, d, J 7.3 Hz, 2-methyl).

63) Methanolysis of Benzoate to Methyl 8-Epinonactate (9).

Methyl 8-O-benzoyl-8-epinonactate (28.7mg, 0.09mmol) was stirred with 

sodium methoxide in methanol, prepared from sodium (15ling, 6.29mmol, 

70eq) and methanol (6ml), at room temperature under argon for 12 h. 

The solvent was evaporated, water (10ml) added and the mixture 

extracted with dichloromethane (4 x 15ml), dried, filtered and 

evaporated to a yellow oil. The oil was purified by chromatography on 

silica gel (lOg) eluting with ether to give methyl 8-epinonactate (9) 

(5.8mg, 30%) as a colourless oil; (250 MHz) 3.96-4.25 (3H, m, 3-H,

6-H, and 8-H), 3.70 (3H, s, methoxy), 2.55 (1H, dq, J 8.7, 7.0 Hz, 

2-H), 1.94-2.15 (2H, m), 1.44-1.71 (4H, m), 1.18 (3H, d, J 6.2 Hz, 

9-H), and 1.13 (3H, J 7.0 Hz, 2-methyl).
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64) Hydrogenation of (199) and (200) to Methyl Nonactates (8) and (9)

A 1:1 mixture of methyl (6S/R, 8R/S)-(E )-2,3-dehydrononactate (199)

and methyl (6S/R, 8S/R)-(E)-2,3-dehydrononactate (200) (604.8mg,

2.82mmol) was stirred in methanol (20ml) with Raney nickel (W4, ca.

2g) under hydrogen at 100 psi. After 19 days stirring, the catalyst

was filtered off and the filtrate again stirred with Raney nickel (ca.

2g) for 7 days. The mixture was filtered through Celite and the

solvent evaporated to give a yellow oil (626.4mg). This was purified

by chromatography through silica gel (20g) eluting with ether to give

a 1:1 mixture (535.Omg, 88%) of methyl nonactate (8) and methyl

8-epinonactate (9) as a colourless oil identical by nmr to the

naturally derived materials prepared in experiments (61) and (63);

v (film) 3449 (broad), 1737, 1165, and 1085 cm (250 MHz)max H
4.25-3.92 (3H, m, 3-H, 6-H, and 8-H), 3.67 (3H, 2 x s, methoxy), 

2.40-2.60 (2H, m, 2-H), 1.90-2.12 (2H, m, 4H/5H/7H), 1.30-1.72 (4H, m, 

4H/5H/7H), 1.20 and 1.67 (3H, 2 x d, J 6.3 Hz, 2-CH3), and 1.13 (3H, 2 

x d, J 7.0 Hz, 8-CH3); m/z (noM+ ), 198, 183, 172, 129, 85, 71, and 

43.
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