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ABSTRACT.

Three novel methods for the construction of spiroketals, or as they are now
more commonly known, spiroacetals, have been studied. The first of these makes
use of an organoselenium-mediated cyclistation reaction, which cleanly allows
conversion of alkenyl-substituted hydroxy ketones and hemiacetals into spiro-
acetal systems. The naturally occurring insect pheromones, 7-methyl-1,6-dioxa-
spiro{4.5]ldecane and 2-methyl-1,6-dioxaspirol4.5)decane are synthesised in
racemic form to illustrate application of this procedure. Extension of the
reaction scope to effect cyclisation of alkenyl-substituted g-diketones is also
examined and the stereochemical features of this process investigated, including
crystallographic studies on a derivative of the product obtained.

Cyclisation processes employing sulphur are also investigated culminating in
the development of a new reagent, pheny]su]phenopyrro]fdine, which is employed in
the preparation of a cyclic ether, and the spiroacetals, 7-phenylsulphenomethyl-
1,6-dioxaspirol4.51ldecane and 2-phenylsulphenomethyl-1,7-dioxaspiro(5.5lundecane.

The second method involves the development of Wittig and Horner-Wittig
procedures for the preparation of spiroacetal systems, and this method is
demonstrated by the synthesis of a variety of spiroacetals including the
naturally occurring insect pheromones 7-methyl-1,6-dioxaspiro(4.5]ldecane and
1,7-dioxaspiro[5.5Tundecane, in racemic form. This procedure is extended to
the synthesis of the optically pure spiroacetal portion of milbemycin By - Studies
towards the spiroacetal portion of avermectin A]b are also presented.

The final method involves the development of sulphone coupling reactions
employing the anion of 2-benzenesulphonyltetrahydropyran as a vinyl anion
equivalent. Again the utility of this method is demonstrated by the synthesis
of the insect pheromones 2-methyl-1,6-dioxaspirol4.51decane and 1,7-dioxaspiro-

(5.5lundecane, the former being prepared in optically pure form.



lL1sT_oF CONTENTS.

ABSTRACT

ACKNOWLEDGEMENTS

1. SYNTHESIS OF SPIRQACETALS

1.1 Introduction

1.2 The Anomeric Effect

1.3 Addition of Carbon Nucleophiles into Lactones or Formates

1.4 Application of Enolate Reactions

—
[6)]

Use of Acyl Anion Equivalents

—
.
(@)]

From Furans
1.7 Hetero Diels-Alder Reactions
1.8 Radical Cyclisation Reactions

1.9 Miscellaneous Methods

NEW METHODS FOR SPIROKETAL SYNTHESIS

2. PREPARATION OF SPIROACETALS USING ORGANOSELENIUM-MEDIATED CYCLISATION

REACTIONS

no

.1 Cyclisation of Alkenyl-Substituted Hydroxy Ketones and Hemiacetals

N

.2 Cyclisation Studies on a Alkenyl-Substituted g-Diketone

nN

.3 Miscellaneous Cyclisation Reactions

3. PREPARATION OF SPIROACETALS USING WITTIG-TYPE COUPLING REACTIONS
3.1 Introduction
3.2 Preparation of the Phosphonium Salts

3.3 Studies on the Wittig Reaction with Aldehydes and Lactols

10
21
26
30
33
35
38

55
63
72

75
77
78



3.4 Studies on the Horner-Wittig Reaction with Aldehydes and Lactols 80

3.5 Synthesis of the Spiroacetal Portion of Milbemycin B] 84

w

.6 Synthetic Studies towards the Spiroacetal Portion of Avermectin A]b 102

4. PREPARATION OF SPIROACETALS USING SULPHONE COUPLING REACTIONS

4.1 Introduction 108
4.2 Preparation of the Sulphone 108
4.3 Reactions of the Sulphone M
4.4 Application in Spiroacetal Synthesis 115
5. EXPERIMENTAL 119

PUBLICATIONS 191



AKNOWLEDGEMENTS.

Many thanks to my supervisor, Prof. S.V. Ley for his encouragement,
inspiration, and friendship throughout the past three years. I also thank
Dr. D.J. Williams for providing the X-ray structure determinations and Mr. K.I.
Jones and his staff for the microanalytical service.

Special thanks to Annette, Andy, Christina, Dave, and Ian for their help in
the production of this thesis, and to all members of the Whiffen Lab. for their
many and varied contributions to this project.

Financial support from the Science and Engineering Research Council is

gratefully acknowledged.



1. SYNTHESIS OF SPIROACETALS..

1.1 INTRODUCTION.

The spiroacetal moiety has been recognised by organic chemists since the

]'5, however not until relatively recent times has it received much

1800's
attention. This interest was stimulated by the characterisation of a wide
variety of important natural products containing spiroacetal functions,
ranging from simple insect pheromones6’7, through plant metabolites, to the
more complex classes of compounds such as steroids8, polyether antibioticsg,

10 ]]’12. This latter

cytovaracins ', and the milbemycin-avermectin family
class of compounds are particularly interesting since they exhibit extremely
potent antiparasitic activity against a host of helminths and arthropods.

In this section the wide variety of methods reported for the preparation
of spiroacetals will be presented, with emphasis on their generality and
applicability to natural product synthesis. Owing to the vast amount of
Titerature on this subject, only general strategies for the construction of
the spiroacetal ring system will be discussed. However, included at the end
of this section, there is a comprehensive listing of the different spiro-
acetal systems that have been prepared.

Spirolactones have not been included because although it is known that
they can be reduced to spiroaceta]s]3, most methods employed in their

preparation are derivative of methods that have been used to synthesise

spiroacetals.

1.2 THE ANOMERIC EFFECT.

Before discussing synthetic methods directed towards spiroacetals, it is

important to consider the stereoelectronic effects operating in the



structures presented. Recently an excellent monograph on this subject has
appeared]q, however the relevent points will be reiterated here, in order
to qualify the results presented later.

The influence of stereoelectronic effects on the conformation of acetals
has long been recognised. Lemieux introduced the term anomeric effect in

195812

» as a representation of the tendancy of an alkoxy group at the C-2
position of a pyranose ring to assume an axial rather than equatorial
orientation.

Explanations for this phenomenon consider two possible effects, the
first a destabilising effect due to repulsions between the lone-pair

electrons on opposing oxygen atoms in conformations of type (1), and the

second a stabilising effect due to the lone-pair o-conjugation obtained in
16,17

conformations of type (2) (Scheme 1).
Scheme 1.
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Deslongchamps has studied a variefy of spiroacetal systems and found
that by equating both anomeric and steric effects, it is possible to
‘predict quite accurately, the equilibration isomer ratios of simple spiro-

14,18

acetals (Scheme 2).

Scheme 2.
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Three possible conformations:
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In the case of more complex systems other factors such as internal

hydrogen bonding between substituents and ring oxygen atoms, etc.., further

complicate the scene and predictions are of a more qualitative nature.

1.3 ADDITION OF CARBON-NUCLEOPHILES INTO LACTONES OR FORMATES.

In order to discuss the different methods employed in spiroacetal
synthesis, it is important to realise that these molecules are latent
dihydroxy ketones. Consideration of this form leads to the obvious

disconnection shown below (Scheme 3).

Scheme 3.

OH HO O o
0 f—— & + Nu

1.3.7 Treatment of Lactones with Base.

Historically this was the first method reported for the preparation of

spiroaceta]s]_5. The example below is typical of the procedure and shows

base catalysed dimerisation of y-butyrolactone, to give the adduct (3).

This intermediate then undergoes ring opening, cyclisation and
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Scheme 4.
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decarboxylation, on heating with acid to give the symmetrical spiroacetal
(4) (Scheme 4).

This method is excellent for the preparation of simple symmetric spiro-
acetals and has found much application in the literature, including a
confirmatory synthesis of the natural product (5), isolated in 1980 from

the Olive fly, Dacus oleae]g
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There has been one report in which this reaction was used to prepare
unsymmetrical spiroacetals, however apart from the one example indicated
(Scheme 5), no yields were presentedzo. The high yield obtained in this
example must reflect the greatly increased tendency of &-valerolactone to

enolise on treatment with base compared with y-butyrolactone.
Scheme 5.

0o ‘ Oj:ji] 1) NaOMe ifi)[;;j
1—; 2) HY, a.

90%

The initial aldol adduct (3) has also been reacted with bromine21, and
reported to give the spiroacetal (6) on subsequent treatment with acid and
methanol (Scheme 6), however the spectral data quoted was inconclusive for

the assigned structure. Nevertheless, if this reaction does proceed as

Scheme 6.
Br | S . Br
Br A, H, MeOH 0
@) 2
0”0 ©
COQMe

©
61%

written it could be useful in the preparation of more complex spiro systems.

1.3.2 Addition of Acetylide Anions into Lactones and Formates.

Acetylide anions have been shown to react cleanly with lactones, to give

18,22
adducts of type (7) .

Hydrogenation of the acetylene bond followed by
deprotection of the hydroxyl group and acid catalysed cyclisation of the

resulting hydroxy hemiacetal, then gives the spiroacetal. The example
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be]ow22a shows application of this method in the synthesis of the natural

product (8) isolated from Pityogenes chalcographus L.23 (Scheme 7).

Scheme 7.

/\
X

24 made

During the preparation of the milbemycin spiroacetal (11), Baker
use of the acetylide (10) derived from addition of acetylide into cis-butene
oxide. Addition into the laevoglucosan derivative (9) followed by
hydrogenation and cyclisation, gave the spiroacetal (11) in 30% overall
yield (Scheme 8). Despite the fact that the racemic acetylene (10) could

only be partially resolved, this method did allow the preparation of

optically active spiroacetal in good overall yield.

Scheme 8.
OBn ! THP OBn gy
//\v/o 0
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R= Ph., 'BuS]
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30%

Partial hydrogenation of the acetylene bond with quinoline poisoned
palladium on barium sulphate catalyst to give the cis-olefin, allows access
to unsaturated spiroacetal systems and this approach has been applied in the
)25

synthesis of the spiroacetal portion of avermectin B]a (15 Here,

Hanessian prepared both lactone (12) and acetylene (13) in their optically
pure forms, by rather lengthy sequences from D-glucose. In this case it

was necessary to use BF3.Et20 in the anion addition reaction in order to

Scheme 9.
¢ RO 0 o
RO O e? frws o &
(9 e
OBn BF 3 Et20 OBn
(12) (12

R= Ph2t8u81

0OBn
(9)

28%

avoid g-elimination of benzyl alcohol from the lactone (12). This
necessarily reduced the reactivity of the acetylide anion giving only a 38%

yield of the adduct (14) (90% based on recovered starting material).



Partial hydrogenation followed by acid catalysed cyclisation then gave the
spiroacetal (15) (Scheme 9).

A similar strategy is being applied by Deslongchamps in an approach to
Erythronolide Alq.

Acetylide anions of type (16) have also been reacted with ethyl formate
26, to give the diaddition product (17) in moderate yield, 33%. This
material may be converted into the naturally occurring spiroacetal (18)

isolated from hop527, by a variety of oxidation and hydrogenation sequences

(Scheme 10).

Scheme 10.
OH
Z° Et0,CH /‘/% A
OMgBr OH HO
fe) ()
33%

()

1.3.3 Addition of Grignard Reagents into Lactones and Formates.

As with the acetylide anions discussed above, additions of Grignard
reagents into lactones have been used extensively in the preparation of
spiroacetals. The Grignard reagents are however more reactive than the
corresponding acetylide anions, and in some cases conditions have to be
carefully controlled in order to ensure mono-addition. This is an

especially difficult problem in the reaction with simple lactone
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derivatives28

Smith29 employed a Grignard reagent addition into lactone (19) during
his synthesis of the milbemycin spiroacetal (23), although the key step
involved reaction of the resulting alkene with nitrile oxide (20) to give
the isoxazoline (21) as a mixture of isomers. Reduction to the aminol (22)

further complicated the situation giving a mixture of all four possible

Scheme 11.
®
OMe (f\/%"\o@
Oﬁl 1) CH,C:CHCH,MgBr /\JQ.J\ o
2) CH(OMe),, CeCl, o)
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N 0o
Y A
(21) (2
68% 902
CHO
C OHC
1) KH, Bnl \JOH

2) Mel 5 ,{:i:ll
B
3) PTSA/aq. | . O?n)
23

20-25%

isomers. Fortunately protection of the hydroxyl group, Hoffmann elimination
of the amino group, and liberation of the aldehyde moiety, followed by Zn
sttu Michael-type cyclisation resulted in only the desired isomer (23)
crystallising from the reaction mixture (Scheme 11}.

A similar nitrile oxide addition was employed by Kozikowski30
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in the synthesis of talaromycin B (26). In this case the isoxazoline (24)
produced was reduced with Raney nickel, to give a g-hydroxy ketone, which

subsequently cyclised on treatment with acid (Scheme 12).

Scheme 12,

N—O
o 1) Ni(
2 +
O 5 ) MeOH H O

'

(24) R= OH . (29)
67% R= Me, (26)
Smith3] also made use of a Grignard reaction with lactone (27) in a

recent synthesis of talaromycins A and B. In this case the strategy
parallels that employing acetylide anions, since the hydroxyl group
required for future cyclisation is carried in protected form, as part of
the Grignard reagent. In this example, cyclisation was accompanied by
hydration of the olefin bond, giving a mixture of three spiroacetals
(Scheme 13). This mixture was then utilised in the preparation of both

talaromycins A and B.

Scheme 13.

[ji:ro 1) BfMg——f/*\w ©
2 2) HC1, H0, THF

@7)
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Talaromycin A and B.

A Grignard reagent containing a hydroxyl substituent has also been
incorporated in the synthesis of (+) phy]]anthocin32. In this case, formal

protection of the hydroxyl group was not necessary (Scheme 14). Cyclisation

Scheme 14.
MgB
H 9=r
/\ o)
O +
B ~0Bn N
O OMgB
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e

O
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0
O
MeO2C\ H fo) _Kz——\
—_— / Ph
1 N .O
H o

(+)-Phyllanthocin.

of the adduct (28) with zinc (II) chloride proved to be highly

stereoselective giving the desired spiroacetal (29) in 68% yield, with only
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trace amounts of the more hindered isomer (30).

A similar strategy was used in the synthesis of the related (+)-
phy]lanthocindiol33. Here the importance of the steric requirements of the
C-8 methyl group in governing the stereoselectivity of the spiro cyclisation
was illustrated by the observation that absence of this substituent led
after cyclisation to a 1:1.5 mixture of spiroacetals (31) and (32),
favouring the undesired isomer.

A recent report describes the addition of Grignard reagents into lactone
(33), which contains an a-phenylsulpheno group34. Dehydration, oxidation,
and removal of the hydroxyl protecting group then allows cyclisation via
Michael addition into the unsaturated sulphoxide system (34). Finally,
treatment with Raney nickel effects removal of the sulphoxide group (Scheme

15).
Scheme 15.

OTHP

SPh SPh 1) PTSA
,IT—SZ Bng//~\v/J ,/[—iS%/\\//\\¢/OTHP 2) -CPBA
0”0 0

OH
G3)

/(M °
o on?2) A0 %
3) Ni(R)

This method apparently allows selective preparation of either eis or
trans spiroacetal isomers depending upon the configuration at sulphur, of
the sulphoxide (34), however the authors make no reference to the stability

of these compounds, which have been reported to equilibrate rapidly to eZs-
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. . . . . 35
trans mixtures in a previous publication™".

The diaddition of Grignard reagents into methyl formate has also been
investigated as a means of preparing spiroaceta]s36. Oxidation of the
initial adduct (35) followed by addition of HOBr across the olefin bonds

and subsequent cyclisation, afforded the dibromo spiroacetal (36) (Scheme 16).

Scheme 16,

OH

AN~ MgBr MeOECH — 4%\\/”\~/L\¢/\\/‘§>
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1) Oxidation
2) NBA, H
- 3) PTSA

Br o o Br
0

)

2

1.3.4 Addition of Sulphoxide Anions into Lactones.

A novel approach employing the addition of an optically active sulphoxide

(37) into a lactone (19) was employed by w111iams37

in a synthesis of the
milbemycin spiroacetal (11) (Scheme 17). The initial adduct (38) was cyclised

under acidic conditions to the spiroacetal (39), these conditions also

Scheme 17.
c;xqo 0.0 .-
\——ﬁj/@—som . T\/\L
7) (19) SOPh
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Ms OH
(39) OR
759, (1)
. . oyt 547%
(1) BzCl; (i1) P(OMe)4, 43 (iii) "BuOCl; 2e phtaus:
(iv) nBu3SnH; (v) PCCs (vi) NaBH,, DME; 2
(vii) Ph,BuSiCl; (viii) LiOH.

2
equilibrating the sulphoxide group to the more stable equatorial position.
Syn-elimination of the sulphoxide group followed by hydroxylation of the

resulting double bond (Scheme 17), gave the desired spiroacetal (11).

1.4 APPLICATION OF ENOLATE REACTIONS.

OH

OH HO
U _ 0\ + E®
(]

1.4.1 Mono- and Di-anions Derived from g-Dicarbonyl Compounds.

Dianions derived from g-keto esters have been used extensively in the

38,39

synthesis of spiroacetals. Mori utilised the dianion (40), which on

reaction with an optically active epoxide led as shown (Sheme 18) to

Scheme 18.

(0] 0 * 0
e,/l\e:fzo ~ //\iji7¢£:;}3
o)
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the natural product (8), an aggregation pheromone of Pityogenes chalcographus

L23. Both 2-(R) and 2-(S) forms of the spiroacetal were prepared in this way.
Reaction with epoxides 1limited this method to the preparation of spiro-

acetals containing at least one five-ring, although this problem was overcome

5’40, as illustrated in the

by employing alkyl iodides as e]ectrophi]es3
preparation of the isomers of the pheromone (4])40a, isolated from Andrena

Bee54] (Scheme 19).

Scheme 19.

o o THPO QTHP THPO
A |/\/'\ ' CO,Et __|
g~ g OEt 5

OTHP QTHP

; 1) KOH, & ~ O

O ~
CoEt 2) HC1, MeOH

@)

Dianions derived from g-diketones have been reported in the preparation

of unsaturated spiroacetals. First reported by Barrett42, the reaction of

dianion (42) with §-valerolactone, gave on cyclisation, the spiroacetal (43)
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(Scheme 20). This work formed part of a model study towards the spiroacetal
system contained in the milbemycins, however as yet no further results have

been reported.

Scheme 20.

68%

Crimmins43 considered a similar approach using the dianion of formyl
acetone, but obtained disappointing results, finding that it was more

useful to employ the formyl anion equivalent (44) (Scheme 21).

Scheme 21.

o._0O

MeO, U 0 MO
e
p) o 1) K,C0,, MeOH
= A\
© A 2) HC10,

)

OH
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1.4.2 Enolates Derived from Ketones.

wi1]iam344 reported a reaction in which the enolate (45) was acylated
with compound (46) leading to the enone (47). Hemiacetal formation followed

by Michael-type cyclisation gave the spiroacetal (48), unfortunately as a

Scheme 22.

BnO/ATL\ BnO | © OR
o . —_—
© OR cocl

BnO

0]
(ag)
40%

60:40 mixture of isomers (Scheme 22).

A recent report by Kociensk145 makes use of a novel intramolecular
Mukiyama reaction in an approach to the milbemycin spiroacetal (Scheme 23).
Unfortunately this method suffers from a lack of stereospecificity in the
formation of the acetal (49) and the cyclisation itself only gives moderate

yields of the spiroacetal (50), due to the instability of the product to the

Tmso\“/\Lo:L/\/[\ BF,-Et,0  HO
0
0

(a9

Scheme 23.



reaction conditions.
An aldol condensation was also the key step in the construction of the

spiroacetal system of the polyether antibiotic monensin46’47.

1.4.3 Enolate Equivalents.

The anion (51) was alkylated with iodide (52) in the key step towards
the preparation of the spiroacetal portion of the ionophore antibiotic
ca]cimycin48. Further alkylation gave compound (53), containing all
the essential elements required for cyclisation to the spiroacetal, which

was one of the last steps in the synthesis (Scheme 24).

Scheme 24.

f/l\j . SPh

I OR X 1) Li/NH,
Phs”e 2) LDA, R= B
NNMe, 52) RO NNMe, 2) (52) R= Bn
(51) R= th BuSi 91% 3) CuCl,
4) (Me),C(CH,0H),,
PTSA

63
55%

More recently, Enders49 has made use of the anion (54) in reactions
with optically active epoxides (Scheme 25). This method gives high
overall yields of optically active spiroacetals and it should be possible
to extend to reaction with alkyl halides, allowing access to other spiro

systems.
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Scheme 25,

O
)J\

(54) ) OH

NNMe2

1) n-Buli RKKC?;%T—jL\
o 0" "R

1.5 USE OF ACYL ANION EQUIVALENTS.

OH HO OH
CED — o

1.5.1 Formation of Vinyl Sulphides.

The first example of this strategy was reported by Evans50

» who prepared
the vinyl sulphide (56), by coupling together two molecules of the bromide
(55) (Scheme 26). Hydrolysis of compound (56) was accompanied by cyclisation
to the spiroacetals (57) and (58) in high yield, the major product (57) being
isolated in 89% yield. Attempts to utilise thioacetals instead of the vinyl

sulphide led to only poor reaction.
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Scheme 26.

R R R
/4ii:j/J\1\ MeSOCHZSCH3’ KH r/~\?/L\V/A\T¢9\v/l\T/”\1
0] Br O><O SMe OXO

(65) (56)

1) Separation
2) HgC]2

89%

1.5.2 Use of 1,3-Dithiane Anions.

Double alkylation of 1,3-dithiane has been used as a method of preparing
both symmetrical and unsymmetrical spiroaceta]ssl. This method was nicely
illustrated by SchreiberS]b in a synthesis of racemic talaromycin B. Here
the anion from 1,3-dithiane was reacted with allylic chloride (59), to give
after hydrogenation of the olefin, adduct (60). Reaction with a further
molecule of the chloride (59), followed this time by hydroboration of the
olefin, gave compound (61). In this way two molecules of the allylic

chloride (59) were efficiently used to prepare the unsymmetrical unit (61)

required for cyclisation. Hydrolysis of compound (61) gave the spiroacetal

0 e(s 7
C,A())’J#;; D oS

[Ir(cod)pyPCy3]PF54:\/O
Ha 60)
- 81%
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I S 9
i; (>9) ~k 0 647

BH,. THF; o
Me 3N :0 (61)
429%
Scheme 27.

(25), a known precursor3o for talaromycin B (Scheme 27).
Substituted 1,3-dithianes prepared from ring opening of carbohydrate
derivatives have been employed in the synthesis of optically active insect

4]’52. Due to the simple substitution patterns present in these

pheromones
systems, rather Tengthy sequences are required in order to prepare the
dithiane unit and hence this method is not usually as efficient as others
that are available.

53 in a synthesis of

This strategy was also employed by Williams
phyllanthocin (Scheme 28). Stereoselective addition of the dithiane anion
(63) into aldehyde (62) followed by desilylation, gave the adduct (64) as

Scheme 28.

e
5.0 : OR S s ?MEM

CHO [;/S OMEM OH

(62) (63) OH@@

Y
o)
E
\

R= TBOMS
OMEM OMEM
. H ’ . .
HgC1,/Hg0 2 o 7
CH,CN, H,0 T~
OH
(6s)
6 : 1
| 1) mMg(o,ccrs), |

2) EDTA
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Phyllanthocin.

a 3.5:1 mixture of alcohol epimers, which could be cyclised to a mixture
of spiroacetals (65) and (66). Unfortunately, the protic conditions
necessary for hydrolysis of the dithiane group favoured formation of the
undesired spiroacetal (65). However it was shown that treatment of this
material with magnesium trifluoroacetate gave a stable chelation complex,
which on addition of EDTA gave the desired spiroacetal (66) almost
exclusively. The observation that protic or aprotic conditions favour
formation of different spiroacetals in this system highlights the problems

in predicting the stereochemistry of products in such complex compounds.

1.5.3 Dihydropyran Anions.

The cuprate (67) has recently been used by Kocienski in the preparation

54

of spiroacetals This reagent was found to react cleanly with epoxides

as illustrated in a synthesis of talaromycin B>° (Scheme 29).

Scheme 29

C.J)ECULI 0\7—{0)<

©7)
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HCT o
HO o

OH
23%

Amouroux56 has also shown that the simple 1ithio anion (69) reacts
cleanly with a variety of alkyl iodides, and can be used efficiently to

prepare a range of simple spiroacetals (Scheme 30).

Scheme 30.

O_Li 1) I(CH,) OR _ o ),
[\/ﬂ/ 2) Deprot./Cycl. o’

(c9)

1.6 FROM FURANS.

1.6.1 Reductive Methods.

Hydrogenation of furan substituted enals of type (70) using a nickel on

Kieselghur catalyst was found to give spiroacetals in poor to moderate yie]dszs’

27’57, although initially this reaction was thought to be producing the

bicyclic compound (71)5-8

(Scheme 31).

The reaction mechanism is thought to proceed as shown below (Scheme 32),
the side chain hydrogenating first, followed by the less substituted furan
double bond. The resulting enol ether then cyclises to a spiroacetal in

preference to further hydrogenation. This proposed mechanism is
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Scheme 31.

5, Ni(K) (270
MO 0

@)

substantiated by the observation that furans containing a saturated side-

57b

chain also react in the same manner, e.g. compound (72) This would

Scheme 32.

@\/\//O e [@/\/O”} 2
(72)

Qo] ——

obviously not take place were the cyclisation occurring via a radical process

on the nickel surface.
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Best yields (20%- 40%) are obtained from furans containing bulky side-
chains, since this favours hydrogenation of the unsubstituted furan double

bond.

1.6.2 Oxidative Methods.

Oxidation of substituted furan derivatives using bromine in methanol

has been employed in spiroacetal synthesis, as illustrated by the preparation

59

of compound (74)"" (Scheme 33).

Scheme 33.
OH, Br -
Ph \/é_\)\/\/OTH P Me 2 Ph 0
o O
MeO
(73)
30%
L0
P~ O

()

The oxidation step giving intermediate (73) proceeds in only moderate
yield, but does provide a useful variation on the above hydrogenation
method and has been used in the preparation of quite sensitive spiroacetals

such as compound (75).
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1.7 HETERO DIELS-ALDER REACTIONS.

Two variations on the preparation of spiroacetals vwia hetero Diels-

Alder reactions have been reported, the most direct developed by Ire]andGO

>

involves cycloaddition between an exo-methylene substituted cyclic ether of

type (76) and an enal or enone, giving high yields of the versatile

unsaturated spiroacetals (77) (Scheme 34).

Scheme 34.
0] H
G — Qizh o
o] rt 0 ]

This method was later applied to more complex systems6], notably the

cyclic ether (78), but gave only poor yields of the spiroacetal product (79)
(Scheme 35).

Scheme 35.

H 0 |
¢

MeO,C
() s
19%
Reaction was improved by using the cyclic ether (81), which makes use of
a keto group to prevent migration of the exo-methylene bond into the ring,
the major side reaction in the above reaction. Compound (81) dimerises
rapidly and it was found to be convenient to use the immediate precursor
(80) in the Diels-Alder reaction, effecting elimination to the olefin Zn
situ (Scheme 36). This resulted in a 72% yield of the two spiroacetals

(82) and (83), the stereoselectivity observed indicating a small electronic
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Scheme 36.

72%

effect in the transition state of the cycloaddition.

The second approach to spiroacetals making use of a hetero Diels-Alder
reaction was reported by DanishefskyGZ, in which dienes of type (84) were
reacted with aldehydes in the presence of a Lewis acid catalyst.

Subsequent hydrolyses of the adduct (85) led to the spiroacetal (86) (Scheme

37). Again overall yields were quite good.

CH,).—OR" (cH, ), —OR”
(Gral, . Rero  Yb(fod) g 4

7 o

~ or ZnC12 RO R

RO

(84) (85)



1) Pd(0Ac),
2) AcOH

3) A1,0,

9

Scheme 37.

Both methods, as a consequence of the [4+2] nature of the Diels-Alder
reaction, necessarily produce at least one six-membered ring in the initial
spiroacetal structure, but as demonstrated by Ire1and60, this is not
necessarily a limitation, since oxidation of the enol ether (87) is

accompanied by ring contraction, to give the thermodynamic [4.4] dioxaspiro

system (88) (Scheme 38).

fe) l m~-CPBA o)
fe} 0 CHO

7 .

67%

Scheme 38.

1.8 RADICAL CYCLISATION REACTIONS.

It has been shown that photolysis of compounds of type (89) can produce

63

amongst other products, spiroacetals (Scheme 39). Generally, the

Scheme 39.

Q /\Oj/ hy (010 ’ (oj\o’l:l'OH
i &;; [:;tl\o’ﬂ So ©

OH
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spiroacetal is the major product and in this case it can be isolated in 77%
yield. This method does not appear to have any direct application in the
synthesis of complex natural products, but has been studied in carbohydrate

systems with interesting resu]t564 (Scheme 40).

Scheme 40.

OAc

OAc

(©2)

44%

The g-anomer (90) cyclises as before, to give a 44% yield of the spiro-
acetals (92), but the corresponding a-anomer (91) does not cyclise. This
can be rationalised if the mechanism is represented as a Norrish type Il
process (Scheme 41). The greater stability of the axial radica1]6’65, in
this case allows differentiation in the reaction between the a- and 8-

forms.

[ OAc ]

h o
(50) L S Aiﬂ;;&é::\lv/o —_— (62
AcO'j;%]
]

L HO
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h O
() — Acxxocé;ﬁ. . —%—(2)
AcOO\/J<OH

Scheme 41.

This observation is important since it clearly shows that other methods
employing radical alkylation at the anomeric centre may provide a useful
means for the stereospecific construction of anti-anomeric spiroacetals,
since the alkyl group is necessarily introduced in the axial position.

Cyclisation of the hydroxy—subsfituted tetrahydropyran derivative (93)

66

with Hg0/I, has been reported”~ in the synthesis of compound (95), a
2

naturally occurring spiroacetal isolated from the Olive fly, Dacus OZeanZd

(Scheme 42). It seems likely that this process proceeds via the diradical

Scheme 42.

0 HO Hg0/1,

OTCE OTCE

(©3) (04)

1) TFA
2) Zn/HCOH

(s)

intermediate (94), although in this case cyclisation was not stereospecific,

leading to a mixture of spiroacetals. This mixture isomerised to the
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thermodynamic isomer on treatment with trifluoroacetic acid and subsequent
removal of the hydroxyl protecting group gave the product (95).
The tetrahydropyran (93) was itself prepared by a novel cation-

olefination cyclisation (Scheme 43).
Scheme 43.

RO

(\/L HOTCE

0-~o HOTCE, _ eﬁ\j — (3
~ Q=

HOTCE

1.9 MISCELLANEOUS METHODS.

1.9.2 From Diols.

Several methods have been reported in which the key step for the
preparation of the spiroacetal, is introduction of a keto group into a diol.

These include oxidation of 1,7-heptane diol with lead tetraacetateGl (Scheme

44y, which gives low yields of the spiroacetal (4).

Scheme 44.
O +
PhH, A (0]

@

29%

The keto group has also been introduced via hydroboration of a olefin
bond and this approach was employed by Grieco68 in a synthesis of calcimycin.
A related reaction involves the cyclisation of the diol (96) onto an

. 69
acetylene bond, using palladium catalysis =~ (Scheme 45).
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Scheme 45.

<—= PdC]L(PhCN)Z(w
OH Hoj o

©9) @)

1.9.2 From Ketones.

This approach is complimentary to method 9.7. In this case the diol
moiety is introduced into a molecule already containing a keto group suitably
disposed for cyclisation to the spiroacetal.

The diene (87) was converted via its dibromide, to the keto diol (98),
which in turn could be cyclised to a mixture of spiroacetals (99) on

18

treatment with acid =~ (Scheme 46).

Scheme 46.

HO OH

©7) (e8)

0]
O

(99)

The diol functionality has also been introduced by the reduction of

diesters as shown in the example be]ow70 (Scheme 47). Subsequent treatment



Scheme 47.

[\
O O

ELO,CLCH,) ~(CH,), COE!

E10,C(CH, ) CO[CH,) CO,Et

H §H2)n 0

°r)

0_0
HOCHQ(CHZLX(CHQ)%HQOH

3

with acid effected removal of the dioxalane protecting group and cyclisation
to the spiroacetal product. It has been noted that in the case of more
hindered ketones. it is necessary to form the 1,3-dithiolane instead of the

dioxa]ane7].

1.9.3 Cyclisation of Naturally Occurring Dihydroxy Ketones.

A few naturally occurring dihydroxy ketones have been shown to form

72 14,72¢ an

spiroacetals on treatment with acid =, including erythronolide A d

. .. 72b
tricoccin ;4 7.



Compound R R R6 .—79 etnog Reference
RS RS6 S VS
1 S0 56,
R\ o R? R
O T .
R R4 RS c3
R g.: 70
Me - - - 3.2 22b.
4.4 39.
4.3 4G,
5.z 5la.
6.1 27, 57v.
- - Me - 6.: 27.
£t - - - 3.2 22a, b, c.
4.1 38a, b, 36.
2.3 49,
5.¢ 5la, 52a, b.
£.4 23, 27.
7 6Qa, ©.
- Et - - G 27.
- - £t - 2. 27.
n-Pr - - - 3.z 22».
6.1 Z7.
n-Bu - - - 3.2 22b.
- - - - 3.2 22b.
n CSHN
n-Cehyy - - - 3 22y

_LV..
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Compound r! RZ R3 R RS R’ Methoc Reference
Me Me - - - - 4. 39
€. s7f
Me - Me - - - 6. 57g.
Me - - Me - - 6. 23
Me - - - - Me 3.1 3, 5, 27.
3.3 3¢.
Q. 9.
- - - - Me Me 6.1 27.
Me - Et - - - 6.7 |57, q.
Me i-Pr - - - - 6.1 57f.
Me - i-Pr - - - £. 57f, q.
Me t-8u - - - - 6.1 (57g.
Me - - - - CHZCOZH 3.8 22¢.
£t - - - - Et 3. 3.
4.3 49,
n-Pr - - - - n-Pr d.g 46
- - Br Co,Me - - 3.ral.
Me Me - Me - - 3.2 22e.
Me Me - - - Me 3.z 22b.
4, 3S.
Me Me - - - £t 3.2 2zb
Me Me - - - n-Bu 3.z 22b.
Me Me - - - n—CSH” 3. 2zo
Me Me - - - n-CSH.I3 3z 22b.
Me £t £t - - - 6.L 57¢

..ZV..
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Compound R] R2 R3 R4 R5 R6 R7 R8 ¥Yethod |Referance
Me - OH - - - - - . .
£t - - - - OH - - 3.0 |31,
- - - - - - - - < a2
C4H8 3 13.
CZHQOH - - - - - - C2H40H S R
CH,Br - - - - - - CH,Br 3.3 138,
Et - - - - OH CHZOH - 3.3 3¢, 2
A 51
5.2 53
S 77
CZHqOH Me - - - - Me C2H4OH 5.1 50.
CH,OH - 05iPh, “Bu - . . Me Me 3.2 | 2d. \
S
3. 37. o
CHZCHO - 0Bn - - - Me Me 3.z 29.
CHZBr‘ - -Ar- OMEM OH - Me 9.¢ 75
- - - - - - - - 9.2 70.
0]
(0]
RS R4
R‘] O >< “y
\ 0 Me COzMe 0 0 - - - - 3.7 74
R2
rR3
R! o R4 Me e Me - - - - - 3.2 | 22
R2 Me Me - Me Me - - - 3.2 22¢, 2o




Compound

cfak

. R R R R R Method [Reference
R‘l
M O ! \5 - - - - 6.2 |55.
/0 S
Y
\ - - - - ~ oo~
\\\ D.<Z 59.
\
Ph - - - - 5.7 s¢
C02R - - - - 6. 57h.
6.2 57h
R! —
0 R3 Me Me e Me - 3.5 | 26.
R2Z\__ /Mo 4
Rt O U\ - - - - 6.2 |59.
0 S
- - - - - 7 60a, b.
o) | 9
O “ 63b
R2
R]
R3
Z
o) OH Me OAc CHZOAc - 8 64a.
0" ™SR4
R2
1

R

..9t7..



Compound R] R2 R3 R R R Method |Refarence
R2 3
R1 R - - - - - - 7 82, b
(0]
, 0 ~R4 - Me Me CH(He) CO,He - - 7 8.
Et Me Me CH(Me)COyte - - 7 61.
R3
R4 CH,,082 - - Me Me - 3.6 |37,
R‘I 0 i-Bu Me 0Bn - C2H40H - 3.2 25.
07 RS
R27 N\
1 ~ R3
R
0 9.3 ]2a.
0" R4
R27N\F
O Me - - - - - 7 62.
0
0 "R
R2
RI\-O ° R £t - - - - - 7 62.
R4 Ph - - - - - 7 62.
. CHZOBn Me Me - - - 4.2 34,
C2H4OH Me Me - - - 4.2 45.
O
- - - - - - 4.1 33.
1
RO I Me - - - - - 4.7 | 43.
O - e - - - - G, 43,
R2 j

- Lv...



I 2 3 4
Compound i R R R R Method Refarence
- - - - 3.1 43.
Rl._ 0O Me - § 4.1 L.
R? I o Me Me - - 4.1 42.
(@)
0 R3 : |
o - Me Me CH(Me) COZMe 7 61
£t Me ‘
| 0 R4 Me CH(Me)COZMe 7 61.
. 4.2 46, 47.
Monensin
. . 4.3 48.
Calcimycin 5.2 76.
9.; 68.
3.2 32.
Phyllanthocin 52 53.
3.3 33.

Phyllanthocindiol |

..8?..
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New MeTHODS FOR SPIROKETAL SYNTHESIS.

In this section, three novel methods for the construction of spiroketals,
or as they are now more commonly known, spiroacetals, will be presented.

The first involves the use of organoselenium-mediated cyclisation reactions
of alkenyl hydroxyketones and includes the preparation of several naturally
occurring insect pheromones.

The second section involves the development of Wittig and Horner-Wittig
procedures for the preparation of spiroacetal systems, and this is again
applied to pheromone syntheses. This section closes with a synthesis of
the spiroacetal portion of Milbemycin B]], and an approach towards the
spiroacetal portion of Avermectin A]bz.

The final section involves the use of sulphone coupling reactions in
the preparation of spiroacetals, and shows the development of an interesting

vinyl anion equivalent. Again, the utility of this method is demonstrated

by the synthesis of several insect pheromones.
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2. PREPARATION OF SPIROACETALS USING ORGANOSELENIUM-MEDIATED

CYCLISATION REACTIONS.

2.1 CYCLISATION OF ALKENYL-SUBSTITUTED HYDROXY KETONES AND HEMIACETALS.

2.1.1 Introduction.

The use of organoselenium-mediated cyclisation reactions of hydroxy
ketones in the preparation of cyclic ethers has received considerable

attention recent]y3.

Scheme 1.

OH o

0
__ _ArSeX f Z)/‘ ______ — < }SeAr
CHyf Cha), CHy),

In most cases, these reactions have been shown to be highly regio-
selective, giving five-membered in preference to four- or six-membered rings
and six-membered in preference to seven-membered rings. Exceptions to this
rule are observed when steric interactions between the ring substituents
favour a different ring size.

It is presumed that under the reaction conditions (usually ArSeX and in
some cases a base), the initial cyclisation across the double bond proceeds
in a Markownikoff fashion and that any subsequent rearrangement to a more
thermodynamically stable isomer occurs cleanly under the reaction conditions
(Scheme 1). In some cases it is possible to selectively isolate either
product, depending upon the reaction conditions4. This was observed in the
cyclisation of compound (1), where the initial product (2) could be isolated

but rearranged slowly on standing, to the thermodynamic product (3) (Scheme
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Scheme 2.

OH PhSeC1, DCM % 7eFh
OH eCl, ,
— )= K,CO.,, -78°C
o O COpMe 2773 o o

rt HO

An interesting extension of this reaction was reported by Sharp]esss, in
which an Zn situ formed hemiacetal provided the hydroxy substituent required
for cyclisation (Scheme 3). In this study, it was possible to selectively
prepare the kinetic product (4) under basic conditions, whilst in the
absence of base and at higher temperatures, the thermodynamic product (5)

predominated.

Scheme 3.

' o HO_ OR
= = ROH = ArSeBr
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ArSe

0O OR ... 0O OR
* ArSe

() ©)

These results prompted the idea that a similar intramolecular hemiacetal
formation followed by cyclisation might provide a novel route to spiroacetals
(Scheme 4). In this way, it should be possible to prepare several naturally
occurring spiroacetal systems, for example compounds (6) and (7), which are

recognition pheromones for the Common Wasp, Paravespula vngapisG.

Scheme 4.

2.1.2 Preparation of Alkenyl-Substituted Hydroxy Ketones.

In order to investigate the proposed cyclisation reactions, it was first
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necessary to find a general method for the preparation of the alkenyl-
substituted hydroxy ketone precursors.

A possible method involved the mono-addition of a alkenyl Grignard
reagent into a lactone, since the initially formed magnesium alkoxide should
be insoluble and its precipitation would inhibit further reaction. This was
indeed the case for the addition of but-3-enylmagnesium bromide (8) into
§-valerolactone, although the desired product (9) was obtained in low yield

along with the product of diaddition (10) (Scheme 5).

Scheme 5.
0-_.0
Kj OMgBr
© P
NN
MIBT TTHF or Et,0
® -78°¢C
So [ S
H,0 HO Z
€) (19)
12%

Compound (17) was also prepared by this route, in slightly higher yield
23%. Despite these low yields, reasonable quantities of compounds (9) and

(11) could be prepared for further study.
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Unfortunately, in the case of Grignard reagent additions to y-butyro-
lactone, the only product obtained was that of diaddition irrespective of
the conditions employed. This observation is consistent with a recent report
by Savonia7 and is probably due to the insolubility of y-butyrolactone in
tetrahydrofuran at low temperatures, which counteracts any effect gained
from precipitation of the initially formed alkoxide. Consequently a slightly
longer route had to be employed for the preparation of these compounds.

To this end, the known aldehyde (12)8 was reacted with pent-4-enyl-
magnesium bromide to give, after Collins oxidationg, the protected alkenyl

hydroxy ketone (13). Deprotection under standard conditions]0 furnished

Scheme 6.

l
\/\/\MgBr THPO
THPO- "~cHo \\\/O
2)  Cr0.,.2Py

(2) } (13)

|
MeOH '*O‘“\\\ji/ﬁ] . 0

|
0

CSA
(1) (15

the desired compound as a mixture of hydroxy keto (14) and hemiacetal (15)
forms in good overall yield, 87% (Scheme 6). These two compounds could be
separated by silica gel chromatography and showed no tendency to interconvert

on storage at o°c.

2.1.3 The Selenium-Mediated Cyclisation.
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Initially the organosclenium-mediated cyclisation reactions of compound
(9) were investigated. This material did not cyclise to give a spiroacetal
on treatment with phenylselenyl chloride, the usual conditions employed for
cyclic ether formation. Since Sharpless employed the more reactive p-chloro-
phenylselenyl bromide in his cyclisation reaction, it seems Tikely that the
above conditions do not provide the acidic enviroment required for initial
hemiacetal formation.

We next chose to investigate Lewis acid catalysed cyclisation reactions,
using the readily available N-phenylselenophthalimide (N-PSP) as a selenium-
transfer agent, by analogy with conditions used to cyclise unsaturated g-

]]’]2. It was found that one equivalent of N-PSP and a

dicarbonyl compounds
catalytic amount of camphor sulphonic acid (CSA) in dry dichloromethane at

room temperature, cyclised compound (9), giving the desired spiroacetal (16)
in 20% yield. This yield could be improved to 78% if zinc (II) bromide (0.]

equivalents) was used instead of the CSA. Catalytic amounts of zinc (II)

iodide and tin (IV) chloride also effected cyclisation, but gave lower yields.

Scheme 7.
SePh
H Z o
0o N-PSP (1 equiv.) [;@F
ZnBr2 (0.7 equiv.) '
(9) DCM, rt. (16)

EtZO

o~

0

Raney Ni, H,, [;;:f\//
(7)

90%

Compound (16) was obtained as a 1:2 mixture of cis:trans isomers, this
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being a direct consequence of anomeric control in the cyclisation reaction.
The two isomers were assigned on the basis of their spectral data, especially
their ]H nmr parameters (see Table 1), which clearly show the chemical shifts
of Ha and H, to be further downfield in the cis-isomer . This is a
consequence of their close proximity to the oxygen atom in the opposing ring.
Removal of the phenylseleno group in compound (16) was straightforward,
using Raney nickel in diethyl ether at room temperature, under a hydrogen
atmosphere (Scheme 7). Diethyl ether was preferred as solvent over the more
usual ethanol or tetrahydrofuran because it is more easily removed from the
volatile spiroacetal product. The resulting 2-methyl-1,6-dioxaspirol(4.5]un-
decane (7) was isolated as a 1:2 mixture of cis:trans isomers, both its
spectral parameters, and its isomer ratio, being identical to those reported
for the natural material obtained from the Common Wasp, Paravespula vulgaris

6’]3. No attempt was made to separate the two isomers, since it is known

that they undergo equilibration within a few days]q.

Scheme 8.
~SePh
OH 4 '
{ i\_;§ _N-PSP, 7nBr, E/O\<i::>
feny), CHa),
n=2, (i) | n=2, (7
n=3, (n) n=3, (i8)
Raney Ni, H,, O\Kiii>
Et,0 EHQ)n
2, )
n=3, (19

Compounds (14) and (11) were cyclised in a similar manner, to give the

corresponding spiroacetals (17) and (18) in 81% and 77% respectivly. The
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hemiacetal (15) could also be cyclised to compound (17) in similar yield.
Both (17) and (18) appear to exist as single isomers, and were assigned as

trans on the basis of sterecelectronic arguments. Removal of the phenylseleno

Table 1: 250 MHz ]H nmr spectra of the phenylseleno spircacetals.

(C”:) (CH)
m B
K (CHLY L H, ’
G ey, S e,
Hy ‘SePh 0 ;K_Sgph
HiH,
TRANS CIS
Compound sHy  oHy Jax(Hz) JbX(Hz) Jap(H2)
trans  m= n= 1 3.00 2.96 2.6 3.7 12.5
cts 3.26 3.11 5.9 4.7 12.5
trans  m= 2, n= 1 (7) 3.08 2.96 5.8 7.8 1.7
eis (7) 3.29 3.13 5.8 5.0 1.7
trans m= 1, n= 2 (6) 3.04 2.90 6.9 4.7  12.0
trans  m= n= 2 (19) 3.12 2.95 8.6 5.1 12.2
1

* see ref. 15.

group as before, cleanly gave the spiroacetals (6) and (19) (Scheme 8).

Compound (6) had identical spectral properties to the trans-isomer (6)

6,13

isolated from the Common Wasp , hence providing proof of its stereo-

chemistry. Compound (19) also showed spectral data in full agreement with

that reported for the previously prepared trans—isomer]G.

In conclusion, the cyclisation of alkenyl-substituted hydroxy ketones

using the selenium-based methodology, appears to be quite general and can be
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used to prepare methyl-14.51 and [5.5] dioxaspiro systems including the
two natural products (6) and (7), in overall yields that compare well with
other literature routes. This method has since been extended to the
synthesis of methyl- and ethyl-[(4.4) dioxaspiro systems]s, including the
natural product 2-ethyl-1,6-dioxaspirol4.4Inonane an aggregation pheromone

isolated from PZtyogenes caZcographus]7

2.2 CYCLISATION STUDIES ON AN ALKENYL-SUBSTITUTED g-DIKETONE.

2.2.1 Introduction.

In order to extend this methodology to more complex spiroacetal systems,

a synthesis of compound (20) was undertaken.

Ph._0 f/\\L\ Phe B0 ;
0~ _ >
] LJ
OH (2 1)

(29)

@2

This particular target molecule provided an interesting model system for
the spiroacetal portion (22) of the milbemycins which are potent antiparasitic
agents isolated from Streptomyces B—41—146]. It was hoped that the phenyl

substituent would provide a means of functionalising the C-2 position, via
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oxidative cleavage to a carboxylic acid group]8.

Mechanistically, the organoselenium-mediated cyclisation of compound
(21) is likely to be quite different from those discussed so far, since the
highly enolised g-dicarbonyl system should prevent hemiacetal formation. In
this case, the mechanism would be expected to parallel that reported for the
cyclisation of alkenyl g-keto esters]z, namely initial formation of a 'a-
selenide' intermediate (23) followed by oxygen cyclisation of the enolic

ketone to give (24). This intermediate should subsequently cyclise, with

anomeric control, to give the spiroacetal (25) (Scheme 9). It is anticipated

Scheme 9.

H Ph OH
N-PSP Ph o) LA SePh
) ——— o)

0 SePh

O
(25) f26)

that if catalytic quantities of Lewis acid are employed in the reaction,
this latter cyclisation will proceed in preference to rearrangement of (24)

to the carbocycle (26).

2.2.2 Preparation of the Spiroacetal (20).

The dianion from pentane-2,4-dione was formed by sequential treatment

with sodium hydride in tetrahydrofuran at OOC, followed by n-butyllithium at
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-20°¢'?. Reaction with 4-bromo but-1-ene gave the kinetically quenched

product (27). Reformation of the dianion from compound (27) using two
equivalents of lithium diisopropylamide, followed by reaction with
benzaldehyde at -78%, gave the necessary material (21) required for the

cyclisation studies (Scheme 10).

Scheme 10.
O O 1) NaH o o 1) LDA
ANAN 2) n-Buli AN~ 2) PhCHO @)
65%
3) CHyCHCH,CH.Br  (27) *
559%

On treatment of compound (21) with N-PSP and zinc (II) bromide, a 1:1
mixture of two spiroacetal products was obtained in low yield, 18%, after
stirring at room temperature for 120 h. Longer reaction times or increased
amounts of Lewis acid did not improve the yield.

The two products were isolated and assigned the structures (25) and (28)

1

on the basis of their spectral properties (Scheme 11). By 'H nmr, one

product appeared to exist as a mixture of conformers and therefore best

SePh SePh

N PSP Ph 2 O '. Ph 2
ZnBr

9%
(25) @sa (28)

agreed with structure (28). This was clearly indicated by the proton at

C-2 in the 1

H nmr, which occurred as a double-doublet at § 5.33 and 5.09,
in the ratio of approximately 2:1. This proton was apparently axial in
both forms, as shown by the large axial-axial coupling constants (13 and

17 Hz respectivly) in both multiplets. Unfortunately, insufficient
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material was prepared to enable a thorough examination of the multiplicities
of the C-8 proton resonances, in order to establish the stereochemistry at
that centre in the two conformers. Since this material was considered
relatively unimportant this problem was nat pursued further.

Compound (28) would best fit these observations because the two forms
 (28a) and (28b) may exist in equilibrium as a consequence of steric
interactions. Both forms have anomeric stabilisation, however (28a) has
severe steric buttressing between the C-5 and C-10 hydrogen atoms. Conformer
(28b) on the other hand has steric crowding resulting from the axial
disposition of the bulky phenylselenomethyl substituent. Ring flipping of
the other ring in (28a), to give an axial phenyl substituent presumably does
not occur.

It is unlikely that compound (25) would exist as a mixture of conformers
since it has anomeric stabilisation and does not suffer from such severe
steric interactions.

The mixture of products arises as a consequence of intermediate (23)

Scheme 12.

Ph OO0 top face transfer P~ OH O
' |
SePh \T:mrﬂ

O O

(3

lbottom
face
transfer

Ph OH %Seph
& (9

SePh

(29)

.
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being able to transfer the phenylseleno group to either face of the double
bond. Top face transfer leads to the desired product (25), while bottom face
transfer gives (28) (Scheme 12). Due to the greater strain in compound (28),
equilibrating conditions should favour formation of compound (25).

To this end, other Lewis acid catalysts were investigated and it was
found that more vigorous conditions, namely tin (IV) chloride (0.1 equiv.)
and N-PSP (1.0 equiv.) gave only the diastereoisomer assumed to be (25). 1In
this case reaction was complete after 96 h at room temperature and the

product was isolated in a respectable 50% yield.

Scheme 13.
SePh

Raney Ni, H,,

EtZO

0°c

OH
@ e

Deselenation as before with Raney nickel, gave the reduced product (29)
in 94% yield. Finally, reduction of the carbonyl gfoup in compound (29) was
achieved using sodium borohydride in dimethoxyethane at OOCZO, to give a
separable mixture of the alcohols (20) and (30) in 61 and 32% yield
respectively (Scheme 13). Many other reducing systems investigated gave a
less favourable yield of the desired isomer (20) (Table 2)

Unambiguous proof for the spiroacetal structure was derived from X-ray

crystallographic analysis of the minor isomer (30) (Scheme 14) confirming
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the product of cyclisation was indeed compound (25).

Table 2: Reduction of Compound (29)

Conditions Ratio of products*
(20)  (30)
Raney Ni, H2 0 : 100
NaBH,, DME, 0°C 2
- 0 .
In(BH,),, 1,0, 0°C 1 s
Zn(Bi,),, OME, 0°C 2 0
n 0 .
BU4NBH4, THF, 0°C 1 : 1
n 0 .
BUANBHQ, DME, 0°C 2 : 1
L1BH3He, EtZO' rt 1 : ]
BH3.SMe2, rt 2 : 3
Red-al 1 : 3
K-selectride 0 : 100

1

* estimated by H nmr

Unfortunately all attempts to oxidatively cleave the C-2 phenyl
substituent to a carboxylic acid were unsuccessful. Attempts to incorporate
a more highly oxygenated aromatic ring in the synthesis were also
unsuccessful, therefore further modifications of the spiroacetal (20) were
not undertaken. Nevertheless this work does demonstrate that selenium-
mediated cyclisation reactions can be used efficiently to prepare relatively

complex spiroacetal systems.

2.3 Miscellaneous Cyclisation Reactions.

It is known that unsaturated carboxylic acids can be cyclised with

22

phenylsulphenyl ch1oride2] or molecular iodine™™ as well as with selenium

reagents3, to give lactones (Scheme 15). Only in the case of the sulphur
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Scheme 15.

electrophile has this reaction not been extended to the preparation of
cyclic ethers. [If these sulphur cyclisation reactions could be applied to
the preparation of spiroacetals, it would further enhance the utility of the
method and give potentially useful products.

Not surprisingly, the alkenylhydroxy ketone (14) did not cyclise when
treated with phenylsulphenyl chloride, but more unexpectedly reaction with N-
phenylsulpheno phthalimide and a Lewis acid also failed to work. This result
was thought to be a consequence of the increased N-S bond strength compared
with that of the N-Se bond23. The readily available N-pheny?éu]pheno

24 seemed an attractive alternative reagent, because

pyrrolidine (31)
compared with the phthalimide derivative, a Lewis acid should complex more
strongly to the nitrogen atom, thus weakening the N-S bond and effecting
transfer of the phenylsulpheno group.

This concept was initially tested using 1-penten-4-o0l1, which cleanly

cyclised on treatment with compound (31) (1.0 equiv.) and zinc (II) bromide

(1.0 equiv.) to give the cyclic ether (32) in an excellent 88% yield (Scheme

16).
Scheme 16.
OH 9
[:)Nsph . (i—/== ZnBrz, 12 h i:—7,ﬂ\sph
rt

(31) (32)

88%
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Reaction of the alkenylhydroxy ketone (14) under the same conditions,
afforded the desired sulphur-substituted spiroacetal (33) as a single isomer,
assumed to be trans by stereoelectronic considerations (Scheme 17).
Unfortunately the yield was only a moderate 43%. This was a consequence of
the liberated pyrrolidine by-product, which also reacted with compound (14)

giving an enamine, subsequently destroyed on work-up.

Scheme 17.

—SPh
<pH i\_;g (31), ZnBr, ow<i:>
(CHz)n EF-{2)“

n=1, (4 n=1, (33, 43%

n=2, (1) n= 2, (34) 46%

Compound (11) was cyclised in a similar manner, again giving exclusively
the trans product, this time in 46% yield.

It may be possible to suppress the competing enamine formation by
employing a more hindered amine, for instance 2,2',6,6'-tetramethyl piperidine
but such a modification was not investigated.

Cyclisation reactions with iodine as the electrophile did not prove
successful. This observation is in agreement with the results of Lallemande
who recently published a related reaction25 (Scheme 18), but was unable to

extend this to spiroacetal synthe51526.

Scheme 18.
' |
=X NaHCO3
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3. PREPARATION OF SPIROACETALS USING WITTIG-TYPE COUPLING

REACTIONS,

3.1 INTRODUCTION.

Although the organoselenium-mediated cyclisation reactions presented in
section 2 provide an interesting and novel approach to the synthesis of spiro-
acetal systems, the method has its limitations. Most notably, it cannot be
readily applied to the preparation of optically active compounds due to the
non-availability of the precursors for cyclisation. Also, problems may arise
in the synthesis of highly substituted systems, where othér functional groups
could have a profound effect upon the mode of cyclisation.

Due to our interest in the synthesis of the spiroacetal portions of the
mi]bemycins] and avermectinsz, a novel strategy that would overcome the above
problems was sought. A possible solution would be a Wittig coupling between
a phosphonium salt of type (35) and a lactol (36). This should result in an
.intermediate hydroxy-substituted enol ether (37), which could be cyclised
under acidic conditions to give a spiroacetal (38) under anomeric controlz7
(Scheme 19). If the phosphonium salt (35) could be prepared from a lactol
system, it would allow both partners for the Wittig reaction to be derived

from carbohydrates, overcoming the problems associated with the selenium-

based methodology.

Scheme 19,
©
G)X HO“\
O PR 1) Base SN
o o,
CH
6) o 67



-76-

+ o__0O
fc}{:?lg? l43”’!
()

At the outset, little was known about compounds of type (35). One report
described the preparation of phosphonium salts (40) and (43) from the

28

corresponding anomeric chloride (39) and the acetal (42) respectivly™ (Scheme

20). Hydrolysis of salt (40) to its phosphine oxide (41) was also studied.

Scheme 20.

{oPee
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() @



-77-

Surprisingly however, no Wittig reactions of these materials had apparently
been investigated prior to our work.

The phosphine oxide (44), prepared by the action of chlorodiphenyl
phosphine on 2,5-dimethoxy tetrahydrofuran, has also been reportedzg. Again

however, no Wittig couplings of this material have been examined.
0]

P '1QB\<_O_7/O Me
(@4)

3.2 PREPARATION OF THE PHOSPHONIUM SALTS.

Initially it was decided to investigate routes to the simple phosphonium
salt (47). Reaction of triphenylphosphine with the requisite anomeric
chloride (45) resulted in poor yieids of the desired compound due to
instability of the starting material. This problem could be circumvented by
employing conditions that formed compound (45) <n situ. Thus treatment of a
solution of lactol (46) and triphenylphosphine in benzene, with hydrogen
chloride gas gave, after 5 h at room temperature, the salt (47) in good yield,
85% (Scheme 21).

Even more convenient was the reaction of 2,3-dihydro-4H-pyran under the
same conditions,rthis time providing the salt (47) in 90% yield. In all cases
the phosphonium salt (47) could not be purified to acceptable microanalytical
levels. This parallels observations reported for the phosphonium chloride

(40)28

, and so other methods for preparing this material were not sought at
this time. If gaseous hydrogen bromide was used in the above reaction however,
the resulting phosphonium bromide (48) could be easily recrystallised from

dichloromethane-diethyl ether mixtures, to give the pure compound.
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Scheme 21,
O Cl O
J ]
(49)
PPh3 X= C1, 90%
(1)
X= Br, 80%
O}
' C)X
0] OH (1) O PPh3
X= C1, 85% [;;]/
(40) X= C1, (#7)
X= Br, (48
(1) PhyP, HX, PhH, rt.

3.3 STUDIES ON THE WITTIG REACTION WITH ALDEHYDES AND LACTOLS.

Both the phosphonium chloride (47) and bromide (48) could be deprotonated
with n-butyllithium at -10°C over 30 min, to give the deep red phosphorane
(49). However, Wittig reactions of this material with aldehydes were poor,
giving only low yields of the adducts, even with benzaldehyde (Scheme 22). 1In
all cases investigated, a mixture of all three possible olefin isomers (50)
was obtained, the endo-isomer probably arising as a consequence of

isomerisation on work-up.

Scheme 22.
o X
[ji:T/Pphs NBuLi, -10°C [ii:T¢PPh3
(49)
X=C1, (47)



-79-

0] -
PhCHO O{‘p:,
-78°¢

69
X= C1, 24%
X= Br, 31%

The attempted coup]ihg of compound (48) with lactol (51), employing a
two-fold excess of the phosphorane (one equivalent deprotonates the lactol
hydroxyl group) failed, however it was found that if the lactol was
deprotonated first, using lithium diisopropylamide or n-butyllithium, and a
solution of the Tithio salt in tetrahydrofuran added to the phosphorane, then
reaction did take place giving the adduct (53) in 12% yield. Both endo and
Z-exo olefin isomers were obtained but these were not separated, since
cyclisation with catalytic amounts of camphor sulphonic acid in

dichloromethane cleanly afforded the trans-only spiroacetal (19) (Scheme 23).

O _o_.
CSA U

DCM

Scheme 23.
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This material was identical to the previously prepared compound.

3.4 STUDIES ON THE HORNER-WITTIG REACTION WITH ALDEHYDES AND LACTOLS.

It is known that in many cases, phosphoranes with an a-oxygen substituent
are thermally unstable and do not react particularly well in the Wittig
reaction. The corresponding phosphine oxide anions however, provide a more
stable alternative often leading to improved reaction30.

Compound (47) was converted into the phosphine oxide (54) by treatment

with aqueous sodium hydroxide at reflux (Scheme 24) in 83% yield. Treatment

Scheme 24.
©)
G)Cl 9

o) PPh
U 3 NaOH (ag) UPP%
A

(@) (59)

of the oxide (54) with lithium diisopropylamide rapidly formed the deep red
anion (55), even at -100°C and this in turn reacted instantaneously with
benzaldehyde at low temperature, to give the adduct (56). Treatment of crude
(56) with potassium t-butoxide in tetrahydrofuran at room temperature for 1

h31

, effected elimination of diphenylphosphinic acid, to give the coupled
product (50), as a mixture of olefin isomers, in 76% combined yield (Scheme

25). This indeed represented a great improvement upon the normal Wittig

Scheme 25,

(0]
LDA, -100°C 0.©-PPh, PhCHO

o9 Q -100°¢

59
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0]
]

PPh,

[jij Ph kKotBu, THF, [;T:F‘A“Ph
\7// rt, 1 h. :

OH

(s9) " 6

reaction.

Reaction of the anion (55) with aldehydes was next applied to the
preparation of spiroacetals. Thus reaction with compound (12), followed by
treatment with potassium t-butoxide and distillation, gave the adduct (57).

This material could be deprotected and cyclised using catalytic amounts of

Scheme 26.

1) THPO- " >CHO
(i2) 0 OTHP

9

2) Ko'Bu

O o
CSA, MeOH, rt. <:— 3:;;]

camphor sulphonic acid in methanol, to give the naturally occurring spiro-
acetal (58), a sex pheromone constituent from the Olive Fly, Dacus oZeae32
(Scheme 26).

Similarily, reaction with aldehyde (59) gave, after elimination and

cyclisation, the spiroacetal (60) apparently as the trans-isomer only, which
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provided a useful model for related studies on the elaboration of the 2-
position in spiroaceta1s33 (Scheme 27)

Scheme 27,

‘/— O - v e . - O .
(1)-(i11) SO
(55) CLV/L\\/»\\CF“D R <;,_fL\/:] o
(59)

(i) -78°C; (i1) KO'Bu, THF, rt; (iii) MeOH, CSA, rt.

Reaction of anion (55) with lactols was next considered and as before,
best results were obtained when a solution of the lactol anion was employed,
rather than relying upon excess (55) to effect deprotonation. Hence reaction
of anion (55) with the lactol anion (52) gave, after elimination with
potassium t-butoxide, adduct (53). This reaction was considerably slower
than those observed with aldehydes, requiring higher temperatures for complete
reaction. Treatment of the adduct (53) with catalytic amounts of camphor

sulphonic acid in dichloromethane as before, gave the spiroacetal (19),

Scheme 28.

0 oLi 1y -78°%-
(5) - ‘ﬁ(_jf’ _2§ : Crt

KO “Bu
&

70%

O o .-
CSA, DCM, rt. CU

(19)
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identical to the material prepared by the Wittig reaction, but this time in
57% yield (Scheme 28).

In order to illustrate application of this methodology to 5-ring systems,
a recognition pheromone of the Common Wasp, Paravespula vuLgaris6 was
synthesised (Scheme 29). Treatment of 2,3-dihydrofuran with triphenylphosphine
and gaseous hydrogen chloride gave phosphonium salt (62). Again this material
could not be purified completely, but did hydrolyse on treatment with aqueous
sodium hydroxide at reflux, to give the phosphine oxide (63). Deprotonation
with Tithium diisopropylamide at -100°¢ produced a deep red anion, which
quenched on addition of the lactol anion (52) and subsequent warming to room

temperature. Elimination as before, followed by immediate treatment with

Scheme 29,

oci
o)

0 Ph.P, HCI Bph.  NaOH (aq)
) — VA
62)

88%
0 0l 8
<fi7//bPh2 LDA, <;-72’Pph2 1) (Si)
-78°¢C 2) KO™Bu

(63

(e} .
0 OH CSA, DCM O
- L
(8)

65%
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camphor sulphonic acid, gave the desired spiroacetal (6) as the trans-isomer
only, in 657 overall yield. This compound was identical in all respects to
that prepared earlier.

These results clearly demonstrate that the use of phosphine oxides instead
of the analogous phosphonium salts, leads to greatly improved reaction, thus
providing a powerful method for the construction of spiroacetal units from

lactols.

3.5 SYNTHESIS OF THE SPIROACETAL PORTION OF MILBEMYCIN g,.

3.5.1 Introduction.

The milbemycins are a family of potent antiparasitic agents isolated from

Streptomyces B—4]—]461. To date, only the simplest member of this family,

34,35

milbemycin By (64) has yielded to total synthesis The spiroacetal unit

(66), which is common to most milbemycins, has however received more attention
36,37



OR’

(69)

As part of a programme directed towards the synthesis of milbemycin 8,
(65), it was sought to apply the newly developed Wittig-type coupling

strategy to the preparation of the spiroacetal portion (66).

Scheme 30.

69

OR’
) ) 69) (o)

Y= Ph3PX or PhZPO

In principle, the coupling reaction could be approached in two different

ways (Scheme 30), and an examination of both alternatives was undertaken.

3.5.2 Strategy 1.

38 39

The known alcohol (71)7" was benzylated using standard conditions™”, to

give the anhydro-derivative (72). Unfortunately, treatment of this material
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with triphenylphosphine and gaseous hydrogen chloride in benzene, gave the
crude phosphonium salt in very low yield (Scheme 31). A1l attempts to purify
this material were unsuccessful, so a more reliable method of preparation was

sought.

Scheme 31.

0 0
© 1) NaH ©
2) BnBr, "Bu,NI
OH 71% OBn
() (2 \2
/A(// 147HBF
OH S OH ©BF,
KEO F(gPha 0. PPl
())Bjn OBn
© (74)

100%

As mentioned earlier, it was known that treatment of 2-cyclohexoxy
tetrahydrofuran with triphenylphosphonium tetrafluoroborate cleanly gave the
corresponding phosphonium tetrafluoroborate sa]t28. Similar reaction of
compound (72) gave, after stirring at room temperature in acetonitrile for 4
h, a quantitative yield of the analytically pure phosphonium salt (74).

Because of the ease of preparing salt (74) in high purity, this procedure
was attempted with methoxy acetal (75) and again, on removal of the solvent
from the reaction mixture, the pure salt (76) was obtained (Scheme 32).

The phosphonium tetrafluoroborate (76) appeared to be more stable to
heat than either the corresponding chloride (47) or bromide (48).
Interestingly, despite being insoluble in the reaction medium, compound

(76) formed a deep red phosphorane on treatment with n-butyllithium at —78OC,

compared with a temperature of -10°¢C required for the deprotonation of the
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Scheme 32.
@
BF
o BF
EOJ/OMC oh o N
3 il L\ \] {
CH3CN, rt. ~

chloride (47) or bromide (48). This phosphorane was reacted with benzaldehyde
giving a high yield of the adduct (50) (Scheme 33). The yield of 79% was far
better than that obtained previously when the phosphorane was derived from the
chloride (47) or bromide (48) salt, and compared with that obtained in the

Horner-Wittig modification. This was probably a consequence of the lower

O]
BF
854 (0] PP113

PP >
O/ '3 n-Buli, -78°C U

(7e) (a9)

O~
PhCHO, -78°C QJ;/\P"

60)

79%
Scheme 33.

temperature required for formation of the phosphorane, resuiting in far less
decomposition.
With phosphonium salt (74) in hand, synthesis of the lactol unit (68)

required for coupling, was undertaken. Hydroxy lactone (81) was known and
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could be prepared in an optically pure form from ribonolactone following

the Ireland protoco]40 (Scheme 34). Deoxygenation of the C-5 position in

Scheme 34
OH OR
Sopo - \opo on_
OH OH OH OH
(r7)
OR

OR

N bs)
S
fe)

kifi7,o () L\(fi7éo (a) R= Tr
) (b) R= Ph,tBuSI

. < 2
(80) 61
(i) TrCl, Py. or Ph2t8u81C], Imidazole, DMF; (ii) TCDI; (iii) Raney Ni;

(iv) Me,Culis (v) Pd-C, H, or “Bu,NF.

2

compound (81), followed by reduction with diisobutylaluminium hydride should

lead to the required lactol (68).

The reported synthesis of hydroxy lactone (81) employed the trityl
protecting group for the C-5 hydroxy group, presumably for economic reasons.
However it was found that the more stable t-butyldiphenylsilyl protection

gave an improved overall yield of the final product. Deoxygenation at C-5

was achieved by converting the hydroxyl group into either the tosylate (82)4]

or the selenide (83)42

43

, followed by reduction with tri-n-butyltin hydride

and AIBN™® in dimethoxyethane at 80°C. 1In the case of tosylate (82), it was
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necessary to include sodium iodide to effect in situ iodide formation, before

the reduction could take place. Treatment of the resulting lactone (84) with
Scheme 35.

OH

o

@)

69

(1) TsC1, Py, DMAP; (i1) N-PSP, "BujP; (i1) Nal, "BuSnH, AIBN, DME, 80°C;

(iv) "Bu,SnH, AIBN, DME, 80°C; (v) DIBAL-H.
3

diisobutylaluminium hydride cleanly gave the desire lactol (68) (Scheme 35).

Crude yields of both lactone (84) and lactol (68) were high and the moderate
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yields obtained after purification reflect losses occurring during the
distillation of relatively small amounts of these materials. Other routes to
this optically active lactol (68) are currently under investigation in this
laboratory.

Having prepared both the phosphonium salt (74) and Tactol (68), Wittig
couplings of these two fragments were next examined. The deep red phosphorane
(85) could be readily generated from compound (74) by treatment with two
equivalents of n-butyllithium in tetrahydrofuran at -78OC, however
disappointingly this material did not react with either lactol (68) or its

1ithio anion, even after several hours at room temperature (Scheme 36).

OH ®@BF4 OLi
O._-PPhy -BuLi
-78°¢

OBn OBn

No Reaction

R= H, (5)
R= Li, (62
Scheme 36.

Prolonged reaction times simply lead to decomposition of the phosphorane (85).
Conversion of phosphonium salt (74) into the corresponding phosphine oxide
(86) was not straigtforward, since the salt was insoluble in aqueous sodium
hydroxide. A two phase system had to be employed, where phosphonium salt (74)
was dissolved in tetrahydrofuran containing 10 mol % of tetra-n-butylammonium
hydroxide as phase transfer catalyst, and this mixture was heated at 50°C with

3N aqueous sodium hydroxide for 6 h. Phosphine oxide (86) could still only be
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isolated in a poor 387 yield (Scheme 37).

Scheme 37.

OH Ogr OH 0
o _Pp ! O _Ppi
PPh3  NaOH (aq), THF, j '
nBuaNOH, 50°C, 6 h.
OBn Obn
() 9

38:

Reaction of the phosphine oxide anion, generated by treatment of compound
(86) with two equivalents of n-butyllithium at -78°C, with the lithio anion of
lactol (68) was again unsuccessful.

At this point in the synthesis, it was decided to attempt to trap the
lactol in its open hydroxy aldehyde form, in order to utilise the more
reactive aldehyde function in the coupling reaction. Hence, treatment of
lactol (68) with four eqivalents of 1,2-ethanedithiol and one equivalent of

0,44

titanium (IV) chloride at -78°C °, gave the hydroxy dithiolane (87) (Scheme 38).

\CDJOH HSCH,CH,,SH, -78°C,HO/E\E/\‘/3

TiC]4 S
69 @)

67%

Scheme 38.

Shortage of material necessitated the investigation of subsequent reactions

using the model system (89), which could be prepared as above from the lactol

Scheme 39.
O OH 0
HSCHQCH?SH, -787C S
L2 HO
O Y,

(6g) (69

767
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(88) (Scheme 39). Tetrahydropyrany]45 and t-buty]dipheny]si1y146 protecting
groups were investigated for the hydroxy group in compound (89), both proving
unstable to the conditions necessary for hydrolysis of the dithiolane group.

The acetate (90) however, could be prepared in high yie1d47

, and allowed
rapid, clean removal of the dithiolane function with thallium (III) tri-

f1uoroacetate48 to give the aldehyde (91) (Scheme 40).

Scheme 40.
S S
HO AcCl, Py, rt AcO
RS D
b9 69

90%

CF,y)qs rt,
THF
&)
70%

Application of this method to compound (87), gave the optically pure

aldehyde (93) required for Wittig coupling (Scheme 41).

Scheme 41.

Ho/:\s/\/\s) AcCl, Py, rt AcO/:\E/\i/\S)

DMAP S
67) (02)

91%
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TI(0COCF,)os Tty pcor > CHoO
THF '
03
75

This time aldehyde (93) reacted smoothly with the phosphorane (85) to
give the Wittig adduct. This material was not isolated, but treated
immediately with sodium methoxide in methano]49, to remove the acetate
protecting group. After treatment of the reaction mixture with acid for 30

min, the desired spiroacetal (94) was isolated, in 36% overall yield (Scheme

1

42). Compound (94) appeared to be a single isomer by high field 'H nmr

(Scheme 44), and this data compared well with the literature reported

spectrum of a related derivative36.

Scheme 42,

L\ O PPhy 1 @@

2) NaOMe, MeOH, rt.

OBn 3) HC1, HZD, rt.
OBn
(85)
64)

36%

Reaction of the aldehyde (91) with the phosphorane (85) was also
investigated and under the same conditions gave spiroacetal (95) in 40%
overall yield (Scheme 43). This compound again appeared to be a single
isomer, its structure being in accord with the high field ]H nmr data
(Scheme 45). A COSY spectrum of this material confirmed these findings

and enabled almost complete assignment of the ]H nmr spectrum (Scheme 45).
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Schome 43.

OH
4 1) @) o K O\D
B ) Nadiie, weoil, rt. g
3)

HCT, H?O, rt.
- OoBn

(03

407
gt

3.5.3 Strategy 2.

As mentioned earlier, this strategy involves a proposed coupling of the

two fragments (69) and (70), to give the spiroacetal (66).

"t X
Yo Y= Ph3PX or Ph2P0

- - - - -

OR’
(69)

The optically active lactone (98), from which it should be possible to
prepare phosphonium salt (70) has been obtained from citronellene (96) by the

35. Unfortunately, in our hands the iodo-

route outlined below (Scheme 46)
lactonisation step was found to be low yielding, giving material that was

difficult to purify, hence preventing the use of this reaction on a large
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Scheme 45.
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Scheme 46.

1).0,, -78°C _ 'Ei\\L;
O ™SOH X

X 2) Jones Oxidation.

01, ij'\'

2) "Bu,SnH

scale. A related phenylseleno lTactonisation procedure3 with N-PSP and tin
(IV) chloride however, gave an excellent yield of the required trans phenyl-
seleno lactone (99), contaminated with only trace amounts of the cis-isomer

(100) (Scheme 47). Crystallisation of the crude reaction mixture from

Scheme 47.

N-PSP, DCM, - ) -
(%7 snCl. . & 04[;;:L\//SePh Oji:;:L\//SePh
e9)

4>
(100)

78%

dichloromethane-petrol gave the pure trans lactone in 78% yield. To the best
of our knowlege, this is the first example of a phenylseleno lactonisation
under thermodynamic conditions, and it was found to be necessary to add the
N-PSP as a solution in dichloromethane toan already refluxing mixture of the
unsaturated acid (97) and tin (IV) chloride, otherwise poor yields resulted.

At Tower temperatures, less of the desired thermodynamic product was obtained.

1
The "H nmr spectrum of compound (99) clearly showed a 9.2 Hz axial-axial
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coupling constant between the protons at C-5 and C-4, thus indicating a ¢rans

disposition of the two substituents.

Removal of the phenylseleno group using Raney nicke]so proved to be
unreliable, often giving mixtures of the desired lactone (98) and anothér
product that appeared from its spectral properties to be 4(R)-methyl hexanoic

acid (101) (Scheme 48). Compound (101) may arise as a consequence of base

Scheme 48.

Raney Ni, Hy, rt. ﬁii\:[;
0™0

g)

Ve
10}
. - e .o e oo
D tD
y
.

o - L
O"™OH O"™0OH

&) (101)

catalysed reversal of the cyclisation step, followed by hydrogenation of the
resulting olefin. It is unlikely that this ring opening proceeds via a
radical process on the surface of the nickel catalyst, since reduction of
compound (99) with tri-n-butyltin hydride and AIBN43 gave only the desired

lactone (98) in a high 87% yield (Scheme 49). This material was identical to

Scheme 49 .

n
@@ Bu?SnH,OAIBN, DME, _ ‘
80~C 0™ g

()

87%
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34,35 . .
, confirming the trans nature of the substituents.

the reported compound
Reduction of compound (98) with diisobutylaluminium hydride gave the

lactol (102) in 94% yield. Subsequent conversion to the methoxyacetal (103)

followed by treatment with triphenylphosphonium tetrafluoroborate again proved

to be the best method for the preparation of the phosphonium salt (104) (Scheme

50).

Scheme 50.

b9 DIBAL-H Q CSA, rt,
PhMe, -78°C HO g MeOH

(102)

94%

MeO~ g CH.,CN Phop”’ 0

3
(103) (104)

86%

100%

Phosphonium salt (104) was isolated in quantitative yield, as a stable
white amorphous solid and as with the other tetrafluoroborate salts prepared,
did not require further purification. This material appeared to exist as
a mixture of two isomers by ]H nmr, as was clearly indicated by a doubling of
the two methyl signals. Since it is unlikely that any epimerisation of the
two methyl centres would have occurred under the reaction conditions employed,
this result is probably due to the phosphonium group being able to adopt
both axial and equatorial positions as a consequence of the relatively long
C-P bond. This observation echoes those obtained with other substituted
phosphonium salts prepared in the course of this work.

For the synthesis of fragment (69), the readily available lactone (105)5]
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was chosen as starting material. Treatment of this material with diisobutyl-
aluminium hydride gave the hydroxy lactol (106). Unfortunately it was not
possible to selectively reduce the lactone function without also reducing,

and hence removing, the acetate substituent (Scheme 51).

Scheme 51.
R OR
0 0 0
0 DIBAL-H, PhMe, -787C OH
OAc OH
(05) (106)
R= Ph, BuSi 61%

2
A1l attempts to couple the phosphorane obtained by treatment of

phosphonium salt (104) with n-butyllithium at -78°C, with the preformed
dilithio dianion of hydroxy lactol (106) were unsuccessful. By analogy with
the previous strategy, it was therefore decided to trap open the lactol in
its more reactive hydroxy aldehyde form.

Treatment of compound (106) with 1,2-ethanedithiol and titanium (IV)
chloride as before, gave the dihydroxy dithiolane (107) in good yield, 94%

(Scheme 52). Several protecting groups for the diol were examined, namely

Scheme 52.
OR S
0 .
0 .
- OH
OH THF, -78°C OH
(106) (107)

94%

52, and t—buty]dimethy1si]y146, however all

tetrahydropyrany]45, acetonide
proved unstable to the conditions required for hydrolysis of the dithiolane
group. Formation of the diacetate47 (108) (Scheme 53) this time did not solve
the problem. This was thought to be a consequence of the instability of the

t-butyldiphenylsilyl group present in the molecule. Reaction of compound
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Scheme 53.

S S
OH OH DMAP, rt. OAc OAc
(107) (t0g)
Ac,0, 53 ‘
t
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S‘B T CHO
AcO” S Y R‘O/\:’/\(
OAc OAc OAc OAc

(9 (o)

637 R= Ph, “BUSi

2

(107) with acetic anhydride and tetra-n-butylammonium f]uoride53, conditions
known to acetylate both free hydroxyl groups and those protected with sily]l
groups, gave the triacetate (109) as expected (Scheme 53). Again a wide
variety of conditions reported for dithiolane remova]54 were examined, all
failing to give the desired aldehyde (110). It is not clear exactly why
these reactions were not successful. In most cases ]H nmr indicated the loss
of an acetate group from one of the secondary hydroxyl groups, but the
products could not be identified. Conditions employing the use of a base
(e.g. methyl iodide in refluxing aqueous acetone, with potassium carbonate

as a buffer) caused elimination of acetic acid, giving compound (111) as the

S
Aco” Y = :}
: s
OAc

)
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only product. This was clearly evident from the ]H nmr spectrum, which
showed Yoss of the C-2 acetate group and the C-1 proton resonance, in addtion
to the presence of a one proton triplet at § 5.5 , assumed to correspond to
the newly formed olefinic proton.

Unfortunately it was not possible to investigate further protecting
groups, or other modifications to this strategy, due to lack of time. This

work is however continuing in these laboratories.

3.6 SYNTHETIC STUDIES TOWARDS THE SPIROACETAL PORTION OF AVERMECTIN A,, .

3.6.7 Introduction.

The avermectins are a family of potent antiparasitic agents2 structurally
very similar to the milbemycins. As yet, none of the avermectins have
yielded to total synthesis, although the spiroacetal portion has been prepared

55. As part of our studies in this area, it was sought to apply the Wittig

R"=H, (113

coupling reaction to the preparation of the spiroacetal unit of avermectin

A]b (112). By analogy to the retroanalysis proposed earlier for the
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milbemycin spiroacetal portion, it is obvious that compound (113) can only be

prepared by the disconnection outlined below (Scheme 54).

Scheme 54,
RO

O -OH

OR’
(113) e e———— (69) +

or

RO CHO

(SR’ OR’

(114)

Since a phosphonium salt of type (115) on treatment with base, would
give a partially stabilised, and hence less reactive phosphorane, it seemed

likely that the aldehyde (114) would again be necessary for the coupling

reaction.

3.6.2 Preparation of the Phosphonium Salt.

In order to develop a route to the phosphonium salt (115), two main
factors had to be considered. The route had to allow variation in the R"-
substituent, in order that it could be applied to other avermectin systems,
and it was also necessary to be able to prepare the product in optically
active form.

A synthesis of 2-pentenolides (118), from which it should be possible to
prepare compound (115), had been reported using an enamine alkylation reaction

56 (Scheme 55), although no experimental details were published. Such a route
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Scheme 55.

<T—> 0_-0._.R
\)N\/(])\ ]) LDA, —78OC L’J\
=~ OMe
@17

2) RCHO, -78°C N
(116) <;—7
)

1) IN HC1-THF OT:ji:L:R
2) Pt,0, H, ~
3) MsCl, Py, 60°C (19

clearly allows variation in the R-group and also should, with the use of a
chiral enamine57, be amenable to the preparation of optically active material,
However, the proposed synthesis was initially investigated using racemic
materials in order to establish optimum reaction conditions.

Formation of the dianion from methyl acetoacetate, by treatment with one
equivalent of sodium hydride at 0°C, followed by one equivalent of n-butyl-

lithium at -20°¢'°

and kinetic quenching with methyl iodide, gave the R-keto-
ester (119) in 99% yield. This compound (119) was reacted with pyrrolidine
and a catalytic amount of camphor sulphonic acid in benzene at room
temperature to give the enamine (116), 98%. Deprotonation of this material
with Tithjum diisopropylamide at —780C, followed by addition of iso-
butyraldehyde, gave the kinetically quenched adduct (120), which lactonised
under the reaction conditions to yield the crystalline enamine-lactone (121)
(Scheme 56). All attempts to hydrolyse compound (121) to the keto-lactone

as reported, were unsuccessful. Fortunately, compounds similar to (121) had

been converted to the corresponding 2-pentenolides via reduction of the
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enamine double bond, followed by Cope elimination of the resulting aminegs.

Scheme 56.

O o0 0 o O
, 0°C
/)\V/K\QMQ 1) Nah, O \\/ﬂ\v)k\ome

2) "BuLi, -20°C

3) Mel (9
999
N™ o
Pyrrolidine () 1) LDA, -78°C OMe
CSA, PhH, rt. 2) (Me).,CHCHO .
98 2 R

Application of this method to compound (121) provided a solution to the
problem. Hence, dissolving metal reduction of compound (121) with Tithium in
liquid ammonia, gave the amine (122) as a mixture of epimers in 92% yield.
Oxidation to the N-oxide with m-CPBA followed by elimination on heating with
triethylamine, gave the desired 2-pentenolide (123) (Scheme 57) as a single
isomer. Elimination of the N-oxide towards the C-4 methyl position would
have led to the 3-pentenolide, but none of this product was detected. In
addition, epimerisation of the C-4 methyl group could have occurred had the
3-pentenolide formed and the double bond subsequently migrated into

conjugation with the lactone. No such epimerisation was observed.
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Scheme 57.
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3

Diisobutylaluminium hydride reduction of compound (123) to the lactol
(124) proceeded well, and subsequent treatment with methanol and camphor
sulphonic acid gave the methoxy acetal (125) in 93% overall yield. This
compound appeared to be rather unstable, turning bright red on standing at
room temperature, and therefore was immediately reacted with triphenyl-
phosphonium tetrafluoroborate, to give the required phosphonium salt (126)

(Scheme 58).

Compound (126) was isolated as a mixture of isomers, as indicated by a

1

doubling of the methyl and iso-propyl resonances in the 'H nmr spectrum. As

with the other salts studied, these were presumed to be phosphonium anomers,

Scheme 58.

O .-
(23) -DIBAL-H, *4O“x[;v:1;}\ CSA, MeOH
™

PhMe, -78°C
(124)

93%
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BF,
® o .

MeOn O PhoPHBF,, rt,  Phf ,
X AT:\/:L\

CH3CN
(125) (126)

88%

although it was not possible to prove this conclusively.
Application of this route to the preparation of optically active
phosphonium salts could not be studied in the time available, but will be the

source of future work in this laboratory.

3.6.3 Synthetic Studies towards the Wittig Coupling Reaction.

Unfortunately as mentioned earlier, the aldehyde (114) required for Wittig
coupling could not be produced in the time available, to allow investigation

of this reation. The condensation of the phosphorane (127) derived from

OR

k(izou

"BuLi, -78%¢ PhaPs-O A OLi ,

(i26) U N.R.
(127)

Scheme 5§9.

phosphonium salt (126) on treatment with n-butyllithium at -78°C, with the
dilithio dianion of hydroxy lactol (106), was however examined. As before,
this reaction failed to produce the desired adduct underlining the necessity

for aldehyde (114) (Scheme 59).
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4, PREPARATION OF SPIRQACETALS USING SULPHONE CQUPLING REACTIONS.,

4.1 INTRODUCTION.

With the success of the Wittig and Horner-Wittig couplings in the
preparation of a variety of spirocacetal systems, it was decided to investigate
the related sulphone coupling reactions, since they may offer a complementary
reactivity profile.

At the start of this work, carbohydrates substituted at the anomeric
position by a sulphone group were known. All such compounds had been prepared
by oxidation of the corresponding sulphide by either potassium permanganate in
acetic ac1d58, or hydrogen peroxide in acetic acid59, but attempts to
deprotonate these compounds had not been reported. Compounds of type (128)
had also been reported, and their derived anions used in the preparation of

60

tetracyclic systems , such as (#)-y-citromycin ~ (130) (Scheme 60).

Scheme 60.
o (0]
Lio%Bu, THF,
o +
OAC 0
-787Coreflux
OMe SO2Ph
f2e)
OH O O OH ‘/
OIOL_ 1o O JOL Jrom
OMe OH oH O OH

(129) (130)

4.2 PREPARATION OF THE SULPHONE.
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For the purposes of this study, the simple 2-benzenesulphonyl tetrahydro-
pyran (132) system was examined. This could be prepared in reasonable yield
from the corresponding sulphide (131) by oxidation with either m-CPBA or per-
acetic acid. In both cases buffered conditions were required to prevent the

acid catalysed elimination of benzenesulphinate (Scheme 61). Literature

Scheme 61,

@ PhSH, CSA, rt. C)J/SP"

(o)

100%

m-CPBA or CH,CO,H [ji:]/SOQPh
buffer

(132)

712%

reported oxidative methods for the related carbohydrate systems, were
unsuccessful because of the ease of this elimination. The sulphide (131) was
prepared from 2,3-dihydro-4H-pyran by treatment with benzenethiol and a trace
of camphor sulphonic acid.

This sulphone was a stable crystalline solid and ]H nmr clearly showed
it to be one isomer, with the benzenesulphonyl group occupying an equatorial
position. However this material did decompose to a certain extent on silica
gel chromatography, possibly due to the acid catalysed elimination process
mentioned. This made purification of the compound difficult and time
consuming, therefore an alternative method of preparation was sought.

The use of sodium benzenesulphinate as a sulphur nucleophile in the

preparation of sulphones from a1ky]iha]ides is well knowns]. It was
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considered that the corresponding acid, benzenesulphinicacid, should react
with 2,3-dihydro-4H-pyran in a similar manner. Its acidity would be expected
to catalyse the initial oxonium ion formation and the benzenesulphinate species
should then capture this intermediate to give the sulphone.

Benzenesulphinic acid can be prepared by treatment of the sodium salt with
hydrochloric acid62 but is relatively unstable, decomposing to a variety of
sulphur compounds over several days at ambient temperatures. However as
postulated, it did react with 2,3-dihydro-4H-pyran giving the required
sulphone (132) in high yield, 82%, after stirring at room temperature for 2

h, without any appreciable decomposition of the reagents (Scheme 62). The

Scheme 62.

J 9

(7s)

OMe

PhSOH,
PhSO,H i cac1,
829 79

Eo/\I/SOQPh

()

material from this reaction was free of by-products requiring only simple
recrystallisation, to give the pure product.

It is known that in the preparation of sulphones using sodium benzene-
sulphinate, small amounts of product derived from oxygen attack of the
reagent are obtained, however no evidence of the corresponding sulphinate
ester (133) was detected in this reaction. This may simply be a consequence

of the instability of compound (133) to isolation.
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O OSOPh

T

(133)

Application of this method to 2-methoxy tetrahydropyran (75) was less
successful because reaction was slow, leading only to decomposition of the
sulphinic acid. Addition of molecular sieves to remove methanol, and hence
accelerate the reaction did not help, however powdered calcium chloride was
useful, giving the sulphone (132) in 79% yield after 1 h at room temperature.
Small amounts of methyl benzenesulphinate (134) and 2-hydroxy tetrahydropyran
were also obtained from this reaction. These by-products could have resulted

from reaction of the sulphinate ester (133) with Tliberated methanol (Scheme

Scheme 63.

O OH

~
(133) HeOH O < MeOSOPH

(134)

63). Despite these contaminents recrystallisation of the sulphone was still

possible.

4.3 REACTIONS OF THE SULPHONE.

Sulphone (132) was readily deprotonated by n-butyllithium at -78°C in
tetrahydrofuran, to give a pale yellow anion solution, which after quenching

with deuterium oxide led to complete incorporation at the 2-position.
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Reaction of the sulphone anion (135) with iso-butyraldehyde at -78°%¢
proceeded cleanly to give a single product in 77% yield, identified as the
cyclic enol ether (137). This product must have resulted from elimination

of benzenesulphinate from the initial adduct (136), which suggests that once

Scheme 64.

//O\T/SOQPH NguLi, -78°C [jijf/sozph Me., CHCHO

\\/
(152) (135)
SO,Ph oH
o) -(PhSO,H) [jiﬂ/l\T/
é)

the 2-position is substituted, elimination becomes a very facile process.
The possibility of this elimination process only occurring as a

consequence of intramolecular proton transfer (Scheme 65) was discounted

Scheme 65.
[jfiff‘<%\ - (PhSO,H)
(137)
Ti’ 0
\jD

(136)

because as will be discussed later, the reaction of anion (135) with alkyl
halides, also gives rise to enol ether products. It seems likely that steric

strain at the anomeric position may be responsible for the observed
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climination, the mechanism at lecast in the case of the alkyl halide adducts,

Scheme 66.
SO»Ph
" 51 %
(135) — R
(138)
ST R

L/\EH

(139)

proceeding via a oxonium ion intermediate (139) (Scheme 66).
Indeed, reaction of the sulphone anion with methyl chloroformate cleanly

gave the sulphone (140) (Scheme 67). In this case elimination of benzene-

Scheme 67.

C02M6
O

[fthSOzph Me0COC1, -78°C [l/:%\so PI
) )

& &

84%

sulphinate is suppressed presumably due to the ester function destabilising
any intermediate oxonium ion formation.
A rather anomolous product was obtained on reaction of anion (135) with

63. It was hoped that this reaction would

1,3-dithienium tetrafluoroborate
provide access to the ketene thioacetal (141), but the only product obtained

was the sulphone (142) (Scheme 68).
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Scheme 68.

S/\]
0
/\S

040‘

(135)

x

S
o)
S

S
PhOQS—~<S::>
(142)

92%

The formation of compound (142) can be rationalised by the mechanism
shown below (Scheme 69). It is thought that reaction proceeds as expected to
give the desired ketene thioacetal (141), but under the reaction conditions

benzenesulphinic acid adds across the very reactive olefin bond, giving

Scheme 69.

0.8 S05Ph [jijéT/s - (PhSO,H)
O ()

(135) ‘
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S S
KSJ?&)/VS SN PhSO,H
H -

(143) (142)

intermediate (143). Elimination of the stabilised 2-benzenesulphonyl-1,3-
dithiane anion, followed by protonation, would then lead to the observed

product (142).

The sulphone anion (135) was found to be unreactive towards alkyl

chlorides and epoxides.

4.4 APPLICATION OF SULPHONE (132) IN SPIROACETAL SYNTHESIS.

The utility of the sulphone (132) in spiroacetal synthesis was

demonstrated by the preparation of the major component of the O0live Fly,

Dacus oleae sex pheromone (58)32. Thus treatment of tetrahydrofuran with

64, followed by protection of the resulting bromo alcohol

as the tetrahydropyranyl ether45, gave the bromide (144) required for

boron tribromide

coupling. This reacted smoothly with the sulphone anion (135) at -SOOC, to
give the spiroacetal (58) (Scheme 70), which was identical to the previously

prepared material. This reaction is particularily useful for the preparation
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Scheme 70,

@) .
i ; 1) BBr,; MeOH B S OTHP
2) DHP, CSA, DCM.
(144)

69:

0.©e-S0,Ph
L
(a9 (‘U

/s

08
77%

of spiroacetals, since the benzenesulphinic acid produced effects removal of
the tetrahydropyranyl protecting group and subsequent cyclisation of the enol
ether intermediate, to give the product directly, without the need for a
separate deprotection step. The overall yield of compound (58) from tetra-
hydropyran was a respectable 53%, and this procedure could easily be
carried out in a day.

This new sulphone methodology was also applied in the synthesis of the
optically active 2(S)-methyl-1,6-dioxaspirol4.5)decane (7) a natural
product isolated from the Common Wasp, Paravespula UMZgaPiS6. The iodide
(147) required for coupling with the sulphone (132) was prepared from (S)-
butane-1,3-diol, by conversion of the more reactive primary hydroxyl group
to a iodide (146) via the tosylate (145), and protection of the remaining
secondary hydroxyl group as a tetrahydropyranyl ether. Reaction of this
iodide (147) with the sulphone anion (135) proceeded rapidly at -78°C, to
give on work-up, the optically active spiroacetal (7) in 46% overall yield

from the diol (Scheme 71).
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Scheme 71.
OH OH
gy, ML MesCO o~ DHP, CSA,
A (146) DCM

(14 5)

OTHP [;/:}/ . :i:j/
o )

(g
(1) 0

81%
79%

This spiroacetal was obtained as a 2:1 mixture of trans:cis isomers,
identical in all respects except Opti¢a1 rotation, to the racemic material
prepared earlier.

These two syntheses clearly demonstrate the utility of this sulphone
coupling reaction in the preparation of spiroacetals, and show the sulphone

to be a useful 2,3-dihydro-4H-pyran anion equivalent.
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5. EXPERIMENTAL,

Melting points were determined using a Kofler hot-stage apparatus
and are uncorrected. Optical rotation measurements were conducted using
a Perkin-Elmer 141 polarimeter at ambient temperature. Infrared spectra
were recorded on a Perkin-Elmer 298 infrared spectrophotometer or a Perkin-
Elmer 983 G infrared spectrophotometer. H n.m.r. spectra were recorded
at 60 MHz on a Varian EM-360A, at 90 MHz on a Jeol FX 90 Q, at 250 MHz on
a Bruker WM-250, and at 400 MHz on a Bruker WH-400 machine, and are
quoted for solutions in deuteriochloroform with tetramethylsilane as
internal standard. Mass spectra were determined with a VG micromass
7070 B instrument. Elemental microanalyses were performed in the
Imperial College Chemistry Department microanalytical laboratory.

Analytical thin layer chromatography was performed on precoated
aluminium- or glass-backed plates (Merck Kieselgel 60 Focg) and preparative
chromatography was conducted under low pressure using either MN Kieselgel
60 (230-400 mesh) or BOH Florisil (200-300 mesh). Silica refers to the
Kieselgel.

Petrol refers to petroleum ether (bp 40—600C) and was redistilled
before use. Ether refers to diethyl ether and was dried by reflux over
sodium/benzophenone and distilled before use, as were dimethoxyethane and
tetrahydrofuran. Dichloromethane was dried by reflux over phosphorous
pentoxide and distilled before use. Dimethylformamide was dried over 4 %
molecular sieves and distilled under reduced pressure before use. All
other reagents were purified by usual methods.

Solutions were dried over anhydrous sodium sulphate.
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General Procedure for the Addition of Grignard Reagents to -

Valerolactone.

A solution of the appropriate Grignard reagent (2.0 mmol) in ether
(2 m1) was added dropwise to a stirred suspension of &-valerolactone
(2.0 mmol) in dry tetrahydrofuran (6 ml) under argon at —7806, over a
period of 3 h, via a motorised syringe.

Stirring was continued for a further 1 h, after which time aqueous
saturated ammonium chloride (2 ml1) was added, and the mixture allowed to
warm to room temperature. The aqueous phase was extracted with ether
(3 x 2 ml), and the combined organic extracts dried and evaporated. The
residue was subjected to chromatography on silica (30% ether- 70% petrol)

to give the pure hydroxy keto alkene.

(1) Preparation of 9-Hydroxy-1-nonen-5-one (9).

Using the above procedure, but-3-enylmagnesium bromide was reacted

with é-valerolactone to give 9-hydroxy-1-nonen-5-one (9) (38 mg, 12%), as

a colourless oil, Vax (film) 3476, 2927, 2872, 1708, and 1634 cm"]; &

(60 MHz) 6.09-4.73 (3H, m), 3.56 (2H, =t), and 2.62-1.43 (11H, m); m/z

156 (M+), 87, 69, 58, 55, and 41; and the product of double Grignard
addition 5-but-3-enylnon-8-ene-1,5-diol (10) (34 mg, 8%), as a colourless
0il, Vimax (film) 3370, 2923, 2859, and 1637 cm_]; §(60 MHz) 6.16-4.67 (6H,

m), 3.57 (2H, =t), and 2.17-1.31 (16H, m); m/z (no &), 195, 157, 139, 83,
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51, and 41,

(2) Preparation of 1-Hydroxy-9-decen-5-one (11).

Using the above general procedure, pent-4-enylmagnesium bromide was

reacted with §-valerolactone to give 1-hydroxy-9-decen-5-one (11) (77 mg,

1

23%) as a colourless o0il, (film) 3398, 2930, 1705, and 1639 cm ',

Vmax
§ (60 MHz) 6.03-4.67 (3H, m), 3.53 (2H, m), and 2.53-1.27 (13H, m); m/z
170 (), 116, 101, and 98. (Found: " 170.1312, CqH,40, requires
170.1307), and the product of double Grignard addition 5-pent-4-enyldec-9-

ene-1,5-diol (29 mg, 6%) as a colourless oil, v (film) 3360, 2929, 2858,

max
and 1638 cm']; 6(60 MHz) 6.15-4.74 (6H, m), 3.59 (2H, br.t), 2.70 (2H, br.s
0,0 exch.), and 2.20-1.20 (18H, m); m/z (no M+), 222, 171, 84, and 69.

(3) Preparation of 1-I(Tetrahydro-2H-pyran-2-yi)oxyl8-nonen-4-one (13).

f
PN THPO
So~_~MgBr  THPO CHO \\\j\b

(13)

To a stirred solution of 4((tetrahydro-2H-pyran-2-yl)oxylbutanal (12)
(0.35 mg, 2.0 mmol) in ether (7 ml) at 0°C under argon, was added a

solution of pent-4-enylmagnesium bromide (2.0 mmol) in ether (5 ml).
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After the addition, stirring was continued for 30 min at room temperature.
Saturated ammonium chloride (7 ml) was added, and the mixture extracted
with ether (3 x 5 ml1). The organic extracts were dried and the solvent
removed under reduced pressure, to give the crude alcohol which was added
directly, as a solution in dichloromethane (2 ml) to Collins reagent9
(12.0 mmol) in dichloromethane (7 ml) under argon. The reaction mixture
was stirred at room temperature for 2 h, diluted with ether (10 ml) and
the solution decanted off. The residue was extracted further with ether
(5 x 5 ml) and the combined organics filtered through a pad of Florisil.
Removal of the solvent under reduced pressure and chromatography on
silica (50% ether- 50% petrol) gave I1-/(tetrahydro-2H-pyran-2-yl)oxyl 8-

nonen—-4-one (13) (0.46 g, 97%) as a colourless oil, v (film) 2933,

1

ma X
1710, 1635, 1112, and 1028 cm '; (60 MHz) 6.17-4.70 (3H, m), 4.54-4.36
(1H, m), 4,02-3.12 (4H, m), and 2.36-1.13 (16H, m); m/z (no M+), 155, 139,
97, 85, 84, and 41. (Found: C, 69.76; H, 10.19. C]4H2403 requires C,

69.96; H, 10.07%)

(4) Preparation of 2-Hydroxy, 2-pent-4'-enyl tetrahydrofuran (15).

(ens

THPO o o

(13) (5)

The tetrahydropyranyl derivative (13) (0.36 g, 1.5 mmol) was dissolved
in methanol (3 ml) containing camphor sulphonic acid (CSA) (2 mg) and the
resulting solution stirred at 50°C for 30 min. After cooling to room
temperature, the reaction mixture was passed through a pad of silica (to

remove the CSA) and the solvent evaporated to give crude hemiacetal (15)
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(0.21 g, 90%) as a colourless oil, v (film) 3410, 2950, 2389, 1635, and

max
913; §(60 MHz) 6.00-4.69 (3H, m), 3.98-3.61 (2H, =t), and 2.53-1.28 (11H,

my; m/z 156 (47), 71, 51, and 41.

General Procedure for the Selenium-mediated Cyclisation.

To a solution of the appropriate hydroxy keto alkene (1.0 mmol) and
N-phenylselenophthalimide (N-PSP) (0.33 g, 1.1 mmol) in dry dichloromethane
(3 m1) under argon at room temperature, was added anhydrous zinc (II)
bromide (12 mg, 0.01 equiv.). The mixture was stirred for 1-2 h, diluted
with petrol (4 ml), filtered (to remove precipitated phthalimide), washed
with saturated aqueous sodium bicarbonate (1 ml) and dried. The solvent
was removed under reduced pressure and the residue subjected to

chromatography on silica (10% ether- 90% petrol) to afford the product.

(5) Cyclisation of 9-Hydroxy-1-nonen-5-one (9).

oS 2

(0) (16)

Treatment of compound (9) (0.16 g, 1.0 mmol) with N-PSP and zinc (II)
bromide gave 2-phenylselenomethyl-1,6-dioxaspiro(4.5]decane (16) (0.25 g,
78%) as a colourless oil, and a 2:1 mixture of trans:eis isomers, Vinax
(CHC13) 2920, 2875, and 984 cm_]; §(250 MHz) 7.54 (2H, m, ArHd), 7.24 (3H,
m, Ar#), 4.40-3.52 (3H, m), 3.29 (0.3H, dd, Jax 5-85 Jd p 11.7 Hz, Hy cts-
isomer), 3.13 (0.3H, dd, be 5.0, Jab 11.7 Hz, Hy cts-isomer), 3.08 (0.7H,

dd, Jax 5.8, Jab 11.7 Hz, Ha trans-isomer), 2.96 (0.7H, dd, J__ 7.8, J

hx ab
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80

11.7 Hz, H_ trans-isomer), and 2.24-1.48 (10H, m); w/z 312 (M+, Se), 141,

b

and 85. (Found: C, 58.04; H, 6.60. C]SH OZSe requires C, 57.88; H, 6.48%)

20

(6) Cyclisation of 2-Hydroxy, 2-pent-4-enyl tetrahydrofuran (15).

Treatment of compound (15) (0.16 g, 1.0 mmol) with N-PSP and zinc (II)

bromide gave (E)-7-phenylselenomethyl-1,6-dioxaspirold.5]decane (17)

1

(0.26 g, 81%) as a colourless oil, v (CHC1,) 2936, 1574, and 1431 cm '3

ma Xx
§(250 MHz) 7.50 (2H, m, AriZ), 7.22 (3H, m, Arg), 4.07-3.93 (1H, m, H_ ),
3.92-3.34 (2H, m), 3.04 (1H, dd, J,, 6.9, J., 12.0 Hz, H), 2.90 (1H, dd,

+ 80

be 4.7, Jab 12.0 Hz, H.), and 2.09-1.59 (10H, m); m/z 312 (M , "Se), 241,

and 97. (Found: C, 57.95; H, 6.56. C]5H20025e requires C, 57.88; H, 6.48%)

(7) Cyclisation of 1-Hydroxy-9-decen-5-one (11).

Treatment of compound (11) (0.17 g, 1.0 mmol) with N-PSP and zinc (II)
bromide gave (E)-2-phenylselenomethyl-1,7-droxaspirols.5]lundecane (18)

(0.25 g, 77%) as a colourless oil, v (CHC13) 2930 and 978 cm"]; s (250

maXx
MHz) 7.52 (2H, m, Arg), 7.23 (3H, m, Arg), 3.94-3.50 (3H, m), 3.12 (IH, dd,
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Jay 8.6, J_, 12.2 Hz, Ha)’ 2.95 (MH, dd, be 5.1, Jab 12.2 Hz, Hb), and

ab

+ 80

1.89-1.21 (12H, m); m/z 326 (M, Se), 155, and 111. (Found: C, 58.81;

H, 6.81. C16H22025e requires C, 59.07; H, 6.82%).

General Procedure for Deselenation using Raney-nickel.

The phenylselenomethyl spiroacetals (1.0 mmol) were added to a stirred
mixture of W4 Raney-nickel (5 wt. equiv.) in ether (2 ml) under a hydrogen
atmosphere (maintained by a hydrogen filled balloon) at room temperature.
After the reduction was complete (3-5 h), the mixture was filtered through
a pad of silica and the solvent removed under reduced pressure to give the

deselenated product. Generally further purification was not necessary.

(8) Deselenation of 2-Phenylselenomethyl-1,6-dioxaspiro(4.5]decane (16).

EO/\‘T/O\/__gf\SePh ) LO/\{U/

(16) (7)

By the above general procedure, compound (16) (0.31 g, 1.0 mmol) after
reduction, afforded 2-methyl-1,6-dioxaspirol4.5] decane (7) (0.14 g, 90%)

as a colourless o0il, and a 1:2 mixture of cis:trans jsomers, v
1

max (film)

2929, 1435, and 1367 cm '; §(250 MHz) 4.28-3.25 (3H, m), 2.20-1.40 (10H,
m), 1.31 (1H, d, J 5.4 Hz, Me cis-isomer), and 1.24 (2H, d, J 5.8 Hz, Me
trans-isomer); m/z 156 (M+), 85, 67, and 53, which was identical with

the natural product.

(9) Deselenation of (E)-7-Phenylselenomethyl-1,6-dioxaspirol4.5] decane (17).
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(0] . O ;
(isﬁ[ji:]’ﬁ\\SePh {;~S[Ii:]'

(7) (&)

By the above general method, compound (17) (0.31 g, 1.0 mmol) after

reduction afforded (E)-7-methyl-1,6-dioxaspirol4.5]decane (6) (0.14 g, 92%)

1

as a colourless oil, v % (CHC13) 2940 and 1050 cm '; 6(250 MHz) 3.92-3.60

ma
(34, m), 2.07-1.21 (10H, m), and 1.11 (3H, d, J 6.3 Hz, Me); m/z 156 (i),

141, and 97, which was identical with the natural product.

(10) Deselenation of (E)-2-Phenylselenomethyl-1,7-dioxaspirol5.5)lundecane

(18).

By the above general method, compound (18) (0.33 g, 1.0 mmol) after

reduction, gave (E)-2-methyl-1,7-dioxaspirol5.5lundecane (19) (0.15 g,

1

88%) as a colourless oil, Voax (film) 2932 and 1058 cm '; (250 MHz)

3.79-3.50 (3H, m), 1.93-1.33 (12H, m), and 1.15 (3H, d, J 6.3 Hz, Me);
+

m/z 170 ("), 155, and 101. (Found ¥’ 170.1303, C;oH;g0, requires

170.1307), and was identical to the previously reported compound.
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(11) Preparation of 8-Nonen-2,4-dione (27).

Pentane-2,5-dione (5.13 ml, 50.0 mmol) was added dropwise to a stirred
solution of sodium hydride (2.4 g of a 50% dispersion in 0il, washed twice
with petrol and once with tetrahydrofuran, 50.0 mmol) in dry
tetrahydrofuran (100 ml) at 0°C under argon. The resulting mixture was
stirred for 10 min at 0°C, cooled to -20°C, and n-butyllithium (34.3 ml of
a 1.46M solution in hexane, 50.0 mmol) was added, to form a pale yellow
solution. After 30 min at -20°C, 1-bromo but-3-ene (6.75 g, 50.0 mmol)
was added and the mixture stirred at 0°C for 3 h, then at room temperature
for 2 h. The solution was then poured into saturated aqueous ammonium
chloride (50 m1) and ether (50 ml). The Tlayers were separated and the
aqueous phase extracted with ether (2 x 50 ml). The combined organic
extracts were dried, concentrated under reduced pressure, and the residue
distilled to give 8-nonen-2,4-dione (27) (4.2 g, 55%) as a colourless

0il, bp 67-68°C at 0.9 mmHg; v
1

nax (film) 3420, 2941, 1710, 1607, and 1421

cm '3 6(60 MHz) 6.04-4.71 (3.7H, m, including 5.38, s, enolic CH), 3.48
(0.6H, s, keto CHy), and 2.48-1.48 (9.7H, m, including 2.01, s, Me); m/z

154 (#"), 100, and 85.

(12) Preparation of 1-Hydroxy-1-phenyldec-9-en-3,5-dione (21).




0O 0] Ph 0

° )

The dione (27) (0.2 g, 1.3 mmol) was added dropwise to a stirred
solution of lithium diisopropylamide [from diisopropylamine (0.38 ml,
2.1 equiv.) and n-butyllithium (1.70 ml of a 1.61M solution in hexane,
2.1 equiv.) at 0°C) in dry tetrahydrofuran (5 ml) at -78°C under argon.
The resulting solution was stirred at -78°C for 3 h, benzaldehyde
(0.13 m1, 1.3 mmol) added, and the mixture allowed to warm to room
temperature over 3 h. The solution was poured into saturated aqueous
ammonium chloride (5 ml) and the layers separated. After extraction
of the aqueous layer with ether (3 x 5 ml), the organic layers were dried
and the solvent removed under reduced pressure, to give a residue which
was subjected to chromatography on silica (20% ether- 80% petrol) giving
1-hydroxy-1-phenyldec-9-en-3,5-dione (21) (0.22 g, 65%) as a colourless

1

0il, v (film) 3402, 2917, 1709, and 1603 cm

max
Ar#), 6.09-4.72 (4.7H, m, including 5.40, s, enolic C#), 3.47 (0.6H, s,

; 6(60 MHz) 7.29 (5H, s,

keto CH,), and 2.88-1.45 (9.7H, m); m/e 260 (#*), 113, 107, and 85.
(Found 4" 260.1404, CycH, 05 requires 260.1412).

General Procedure for the Cyclisation of 1-Hydroxy-1-phenyldec-9-en-3,

5-dione (21) using N-PSP and a lLewis acid.

To a solution of compound (21) (0.2 mmol) in dry dichloromethane (2 ml)

containing N-PSP (66.2 mg, 0.2 mmol) at room temperature under argon, was
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added the appropriate Lewis acid. The resulting mixture was stirred at
room temperature until reaction was complete, diluted with petrol (2 ml)
and filtered (to remove precipitated phthalimide). The solution was
washed with saturated aqueous sodium bicarbonate (2 ml) and dried.
Solvent was removed under reduced pressure to leave a residue which was

subjected to chromatography to give the products.

(13) Cyclisation using Zinc (II) Bromide as the Lewis acid.

Ph (@)

0
@9

° @)

According to the above general procedure, compound (21) was treated
with N-PSP and zinc (II) bromide (0.1 equiv.), to give after 120 h at
room temperature (x) 2(S)-phenyl,8(S)-phenylselenomethyl-1,7-dioxaspiro—

(5. 5]undecan—4-one (25) (7 mg, 9%) as a colourless low melting solid,

1

2932, 1716, and 1190 cm~

(CHC s §(250 MHz) 7.50-7.17 (10H, m,

Vmax 3)
Arz), 5.09 (1H, dd, J 4.8 and 15.6 Hz, H2), 4.83 (1H, m, H8), 3.02 (1H,

dd, Jax 7.6, Jab 12.9 Hz, CH&HbSePh), 2.89 (M4, dd, J, 4.5, Ja 12.9 Hz,

bx b
CHaHbSePh), 2.58 (4H, m), and 1.99-1.47 (6H, m); m/z 416 (M#,BOSe), 155,

and 111. (Found: C, 63.53; H, 5.78. C22H2403Se requires C, 63.61; H,

5.82%); and () 2(S)-phenyl,8(R)-phenylselenomethyl-1,7-dioxaspiroi5.57 -

>

undecan-4-one (28) (7 mg, 9%) as a colourless oil, Viax (film) 2930, 1690

and 1130 cm_]

; 6(250 MHz) 7.68-7.14 (10H, m, ArH), 5.33 (0.6H, dd,
J 2.1 and 13.1 Hz, H, major conformer), 5.09 (0.4H, dd, J 2.1 and 16.9
Hz, H2 minor conformer), 3.53-3.33 (1H, m, H8), 3.21-2.10 (6H, m), and

1.87-1.00 (6H, m).
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According to the above general procedure, compound (21) was treated

&9

with N-PSP and tin (IV) chloride (0.1 equiv.), to give after 96 h at room
temperature (x) 2(S)-phenyl,8(S)-phenylselenomethyl-1,7-dioxaspirel5.5]-
undecan-4-one (25) (46 mg, 50%), identical with the previously prepared

material.

(15) Deselenation of (+) 2(S)-Phenyl,8(S)phenylselenomethyl-1,7-dioxa-

spiro(5.5)undecan-4-one (25).

(25) 9

Compound (25) (0.46 g, 1.1 mmol) was deselenated using Raney-nickel
as in the general procedure, to give (&) 8(R)-methyl,2(S)-phenyl-1,7-
dioxaspire(5.5)undecan-4-one (29) (0.27 g, 94%) as a colourless oil,
Vmax (film) 2928 and 1720 cm_]; §(60 MHz) 7.32 (5H, m, Ar#), 4.84 (1H,
dd, J 5.0 and 9.5 Hz, H,), 3.64 (1H, m, H8), 2.55 (4H, m), 2.29-1.23 (6H,
m), and 1.12 (3H, d, J 6.0 Hz, Me); m/z 260 (M), 154, and 112. (Found

M* 260.1417, CigHag03 requires 260.1412).
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(16) Reduction_of (). 8(R)-Methyl,2(S)-phenyl-1,7-dioxaspiro(b.5] undecan-4

-one (29)

.

9

To a solution of compound (29) (0.19 g, 0.73 mmol) in dry dimethoxy-
ethane (20 ml) at 0°C under argon, was added sodium borohydride (30.5 mg,
0.80 mmol). The mixture was stirred at 0°C for 1 h, then poured into
saturated aqueous sodium chloride solution (20 mi) and ether (50 ml). The
layers were separated, the organics dried and evaporated. Chromatography
on silica (20% ether- 80% petrol) gave {+) 4(S)-hydroxy,8(R)-methyl,2(S)-

phenyl-1,7-dioxaspirol5. 5]undecane (30) (61.4 mg, 32%) as a white

1

crystalline solid, mp 63OC; Vmax (CHC]3) 3500, 2930, and 1039 cm '; &(250

MHz) 7.35 (5H, m, Ar#), 4.98 (1H, dd, J 2.5 and 12.0 Hz, H2), 4.43 (1H, br,

d, 0%), 4.15 (1H, m, H,), 3.84 (1H, m, Hg), 2.26-1.24 (10H, m), and 1.18

(3H, d, J 7.0 Hz, Me); m/z 262 (M), 244, and 122. (Found: C, 73.25; H,

8.40. C]6H requires C, 73.25; H, 8.45%); and () 4(R)-hydroxy,8(R)-

22%3
methyl, 2(5)-phenyl-1,7-dioxaspiro [5. 5]undecane (20) (0.12 g, 61%) as a

1

colourless oil, v X (film) 3335, 2924, and 948 cm '; §(250 MHz) 7.33 (5H,

ma
m, Ari), 4.63 (TH, dd, J 2.2 and 11.8 Hz, H,), 4.32 (1H, m, H,), 3.74 (IH,

-+

m, Hg)s 2.30-1.22 (11H, m), and 1.13 (3H, d, J 6.3 Hz, Me); m/z 262 (i),

244, and 156. (Found: C, 73.09; H, 8.69. C]6H2203 requires C, 73.25; H,

8.45%).
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General Procedure for the Sulphur-mediated Cyclisation.

To a solution of the appropriate hydroxy alkene (0.50 mmol) and N-
phenylsulphenopyrrolidine (107 mg, 0.55 mmol), in dry dichloromethane (2
ml) under argon at room temperature, was added anhydrous zinc (II)
bromide (113 mg, 1.0 equiv.). The mixture was stirred at room temperature
for 2 h, poured into saturated aqueous sodium bicarbonate (2 ml) and
extracted with ether (3 x 2 m1). The organic extracts were dried and
evaporated, to give a residue which was subjected to chromatography on

silica (5% ether- 95% petrol) to afford the product.

(17) Preparation of 2-Phenylsulphenomethyl tetrahydrofuran (32).

C(j; C?/\SPh
(32)

According to the above general procedure, 1-hydroxy pent-4-ene (36 mg,
0.42 mmol) was cyclised to give, after chromatography, 2-phenylsulpheno-

methyl tetrahydrofuran (32) (71.7 mg, 88%) as a colourless oil, v
1

max

(film) 2940, 2850, 1475, 1045, and 735 cm '; 6(60 MHz) 7.60-6.80 (5H, m,

Ari), 4.20-3.50 (3H, m), 3.13 (1H, dd, J 6 and 12 Hz, CH,H SPh), 2.83 (1H,

dd, J 7 and 12 Hz, CHaHbSPh), and 2.25-1.40 (4H, m); m/z 194 (M*), 124

b

71, and 43. (Found: C, 68.01; H, 7.47. C]]H]4OS requires C, 68.00; H,
7.26%).
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(18) Preparation of (E)-7-Phenylsulphenomethyl-1,6-dioxaspiro[4.5)decane

(33)

~N. .
8 /l LOT\O/I ~sph

(15) (59

Treatment of compound (15) (78 mg, 0.50 mmol) with N-phenylsulpheno-
pyrrolidine and zinc (II) bromide according to the above general procedure,

gave (E)-7-phenylsulphenomethyl-T1,6-dioxaspirol4.5)decane (33) (57 mg, 43%)

1

as a colourless oil, v (film) 2938 and 1008 cm 3 &(250 MHz) 7.38-7.11

max
(5H, m, Arn), 4.03-3.80 (3H, m, including 3.98, t, J 6.9 Hz), 3.07 (1H, dd,

J 6.9 and 13.2 Hz, CHaHbSPh), 2.91 (1H, dd, J 6.9 and 13.2 Hz, CHaH SPh),

b
and 2.08-1.59 (10H, m); m/z 264 (M), 141, 97, 55, and 41. (Found M"

264.1182, C S requires 264.1184).

15H2002

(19) Preparation of (E)-2-Phenylsulphenomethyl-1,7-dioxaspiro(5.5]

undecane (34).

l

0]
s C./O 5P
O .

(1) _ )

Treatment of compound (11) (85 mg, 0.50 mmol) with N-phenylsulpheno-
pyrrolidine and zinc (II) bromide according to the above general procedure,

gave (E)-2-phenylsulphenomethyl-1,7-dioxaspirols. 5] undecane (34) (64 mg,

1

46%) as a colourless oil, v (film) 2932 and 1040 cm 5 §(250 MHz) 7.39-

max
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7.0 (5H, m, Ar#), 3.90-3.68 (2H, m), 3.59-3.50 (1H, m), 3.12 (1, dd, J
7.5 and 13.1 Mz, Cil HiSPh), 2.95 (1H, dd, J 5.0 and 13.1 Hz, CHl 1, SPh),
and 1.89-1.18 (124, m)s m/z 278 (M), 155, 111, 71, 55, and 41. (Found:

C, 68.92; H, 8.14. C]6H22028 requires C, 69.03; H, 7.97%).

(20) Preparation of Tetrahydro-2H-pyran-2-yl1 triphenylphosphonium chloride

(47)-Method A.

©
@CI

C)J/OH ©/Pph3

@)

2-Hydroxytetrahydropyran (46) (128 mg, 1.27 mmol) was added dropwise
to a solution of triphenylphosphine (334 mg, 1.27 mmol) in dry benzene
(4 m1) at room temperature. Dry hydrogen chloride was bubbled through the
resulting solution for 3 h, and the solvent removed to give a white solid,
which could be semi-purified by recrystallisation from dichloromethane-
ethyl acetate, to give tetrahydro-2H-pyran-2-yl triphenylphosphonium
chloride (47) (413 mg, 85%) as a white amorphous solid, mp 113-116°¢;

1

3369, 1439, 1113, and 691 cm '; (90 MHz) 8.95 (=3.5H, br.s,

Viax (CHC13)
impurity), 8.00-7.55 (15H, m, Ar#), 6.15-5.85 (1H, m, H,), 4.20-3.80 (2H,

m, He)» and 2.20-1.50 (6H, m); m/z (no M), 85.

(21) Preparation of Tetrahydro-2H-pyran-2-yl triphenylphosphonium chloride

(47)-Method B.
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2,3-Dihydro-4H-pyran (40.0 g, 0.48 mol) was added dropwise to a solution
of triphenylphosphine (120 g, 0.46 mol) in dry benzene (1000 ml), and dry
hydrogen chloride bubbled through the resulting solution at room
temperature for 5 h. The solvent was removed under reduced pressure to
give a solid, which could be semi-purified by recrystallisation from
dichloromethane-ethyl acetate, to give tetrahydro-2H-pyran-2-y1 triphenyl-
phosphonium chloride (47) (158 g, 90%), identical to the material prepared

earlier.

(22) Preparation of Tetrahydro-Z2H-pyran-2-yl triphenyl phosphonium bromide

(48).

oeBr

g S

(9

2,3-Dihydro-4H-pyran (27.0 g, 0.32 mol) was added dropwise to a
solution of triphenylphosphine (83.8 g, 0.32 mol) in dry benzene (350 ml).
Dry hydrogen bromide was bubbled through the resulting solution at room
temperature for 5 h. The solvent was removed under reduced pressure and

the product recrystallised from dichloromethane-ether to give tetrahydro-
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M-pyran-0-yl Lriphenylphosphontuwn bromide (48) (109 g, 80%) as a white
Py y !

crystalline solid, mp 173-175°¢ CHCI 3396, 1438, 1112, and 692

3)
cn™'; §(90 MHz) 8.15-7.60 (15H, m, Ari), 6.65-5.40 (1H, m, Hy), 4.40-

> Vmax (

3.90 (2H, m, Hg), and 2.50-1.40 (6H, m); m/= (FAB) 347 (M"), 263, 85, 57,
and 43. (Found: C, 64.44; H, 5.68; Br, 18.79; P, 6.83. CZ3H24BrOP

requires C, 64.65; H, 5.66; Br, 18.70; P, 7.25%).

General Procedure for the Wittig-Reaction of Tetrahydro-2H-pyran-2-yl

triphenyl phosphonium salts with benzaldehyde.

The phosphonium salt (2.0 mmol) was dissolved in dry tetrahydrofuran
(10 ml) at —]OOC, under argon. n-Butyllithium (2.0 mmol) was added
dropwise, and the mixture stirred at -10°C for 30 min to give a clear red
solution. Benzaldehyde (0.2 ml, 2.0 mmol) in tetrahydrofuran (2 ml), was
added, immediately quenching the red colouration. After warming to room
temperature, the solution was poured into saturated aqueous sodium
chloride (5 ml) and extracted with diethyl ether (3 x 10 m1). The ether

extracts were dried and evaporated, and the crude residue distilled, to

give the adduct.

(23) Wittig reaction of the Phosphonium chloride (47) with Benzaldehyde.

ecl

®

@)

Phosphonium chloride (47) was reacted with benzaldehyde as in the
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general procedure to give, after Kugelruhr distillation, the adduct (50)
(84 mg, 24%) as a mixture of three olefin isomers, bp 110°C at 0.3 mmHg
Vnax (film) 2925, 1645, 1048, and 694 cm—]; §(60 MHz) 7.60-6.93 (5H, m,
Ari), 5.98 (0.5, s, C=CiPh E-isomer), 5.23 (0.25H, s, C=C/Ph Z-isomer),
4.41 (0.25H, t, J 4 Hz, C=CH endo-isomer), 3.87 (2H, m, OCHZ), 3.25
(0.5H, s, CHHPh endo-isomer), and 2.60-1.53 (5.5H , m) m/z 174 (M+), 91,
90, 83, and 55. (Found: C, 82.66; H, 8.31. C]2H14O requires C, 82.72;

H, 8.10%).

(24) Wittig reaction of the Phosphonium bromide (48) with Benzaldehyde.

Phosphonium bromide (48) was reacted with benzaldehyde as in the above
general procedure to give, after Kugelruhr distillation, the adduct (50)

(108 mg, 31%) as the same mixture of isomers as obtained above.

(25) Wittig reaction of Phosphonium bromide (48) with Lactol anion (52).

(48) (53

Phosphonium salt (48) (2.10g, 4.9 mmol) was dissolved in dry

tetrahydrofuran (25 m1) and the resulting solution cooled to -10°C, under
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argon. n-Butyllithium (4.05 m1 of a 1.33M solution in hexane, 5.4 mmol)
was added dropwise, rapidly generating the deep red phosphorane. After
stirring at -10°C for 30 min, a solution of the lactol anion (52) [from
2-hydroxy,5-methyl tetrahydrofuran (0.50 g, 4.9 mmol) and n-butyllithium
(4.05 ml, 5.4 mmol) at 0°Cl in tetrahydrofuran (2 ml) was added slowly.
The resulting mixture was warmed to room temperature over 1 h, and stirred
for 5 h, before pouring into saturated aqueous sodium chloride (10 ml).
Extraction with ether (3 x 15 ml) followed by drying of the organic layer
and removal of the solvent under reduced pressure, gave the crude product.
Kugelruhr distillation gave the adduct (53) (0.10 g, 12%) as a mixture of

olefin isomers, bp 100°C at 0.005 mmHg 5 v (film) 3400, 2928, 1625, and

max
1059 cm_]; 6(60 MHz) 4.87 (0.3H, t, J 8 Hz, C=Cx Z-isomer), 4.42 (0.7H, t,
J 7 Hz, C=CH endo-isomer), 4.10-3.20 (3H, m), and 2.40-0.80 (14H, m); m/z
170 (M+), 111, 98, 85, 55, 43, and 41. (Found M 170.1305, CmH]gO2
requires 170.1307).

(26) Preparation of 2-Methyl-1,7-dioxaspiro(5.5]lundecane (19).

Oy

(53) (19)

The compound (53) (138 mg, 0.81 mmol) was dissolved in dry dichloro-
methane (2 ml) containing camphor sulphonic acid (2 mg), and the resulting
solution stirred overnight. After passing through a silica pad (to
remove the CSA), the solvent was evaporated to give 2-methyl-1,7-dioxa-

spirol5.5]undecane (19) (113 mg, 82%) identical to the material prepared



-139-

carlier.

(27) Preparation of Tetrahydro-2H-pyran-2-yl diphenyl phosphine oxide (54).

©
o ¢! Q

[ji:T,Ppha [ji:r,PPhQ

() 54

Phosphonium salt (47) (36.3 g, 94.9 mmol) was dissolved in 3N aqueous
sodium hydroxide (180 ml, 540 mmol) and the resulting solution heated under
reflux for 30 min. After cooling to room temperature, the mixture was
extracted with chloroform (3 x 100 ml) and the organic extracts dried and
evaporated, to give a solid. Recrystallisation from dichloromethane-ethyl
acetate gave tetrahydro-2H-pyran—2-yl diphenyl phosphine oxide (54) (23.0

g, 85%) as a white crystalline solid, mp 154°¢C; vmax(CHC1
1

4) 2939, 1437,

1183, and 696 cm '; §(90 MHz) 8.10-7.70 (4H, m, ArH), 7.60-7.20 (6H, m,
Ary), 4.40-3.90 (2H, m), 3.60-3.25 (1H, m), and 2.15-1.30 (6H, m); m/z
(no #7), 203, 202, 201, 155, 85, 77, and 47. (Found: C, 71.13; H, 6.70;

P, 10.55. C,.H,40,P requires C, 71.32; H, 6.69; P, 10.82%).

1771972

General Procedure for the Horner-Wittig Reaction of Compound (54) with

Aldehydes and Lactol anions.

A solution of the phosphine oxide (4.9 mmol) in dry tetrahydrofuran
(20 m1) was added to a stirred solution of lithium diisopropylamide [from
diisopropylamine (0.76 ml, 5.4 mmol) and n-butyllithium (5.4 mmol) at 0°¢]

in tetrahydrofuran (5 ml) at -100°C under argon. The resulting deep red
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anion solution was diluted with ether (20 ml), and the aldehyde (or lactol
anion) (4.9 mmol) in tetrahydrofuran (5 ml) added. After quenching of the
anion colouration was complete, the mixture was warmed to room temperature
and poured into saturated aqueous sodium chloride solution (20 ml).
Extraction with chloroform (3 x 20 ml), drying of the organics, and
evaporation of the solvent, gave the crude adduct. This was immediately
dissolved in dry tetrahydrofuran (20 ml), and a solution of potassium t-
butoxide (0.60 g, 5.4 mmol) in tetrahydrofuran (20 ml) was added dropwise.
The resulting mixture was stirred at room temperature under argon for 1 h,
the solvent removed, and the residue extracted with ether-petrol (5 x 10 ml
of a 1:2 mixture). Evaporation of the extracts gave the crude product

which was purified by Kugelruhr distillation.

(28) Horner-Wittig Reaction of Compound (54) with Benzaldehyde.

Using the above general procedure, compound (54) was condensed with
benzaldehyde (0.50 ml, 4.9 mmol) at -100%C over 30 min. Treatment of the
crude adduct with potassium t-butoxide gave after distillation, the adduct

(50) (0.65 g, 76%) as a colourless 0il, identical to that prepared earlier.

(29) Horner-Wittig Reaction of Compound (54) with 1-[(Tetrahydro-2H-pyran-

2-y1)oxylbutanal (12).
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(54) (57)

Using the above procedure, compound (54) was condensed with 1-[(tetra-
hydro-2H-pyran-2-y1)oxylbutanal (0.84 g, 4.9 mmol) at -100°C over 30 min.
Treatment of the crude adduct with potassium t-butoxide followed by
distillation gave 2-[4'-(tetrahydro-2H—pyran—2-yl)oxy butan]-5,6~dihydro-
¢l-pyran (57) (0.73 g, 62%) as a colourless oil, bp 120°C at 0.04 mmHg;

1

film) 2938, 1675, 1114, and 1050 cm §(250 MHz) 4.59 (1H, br.s,

Vmax
0C#0), 4.08 (WH, t, J 6.5 Hz, C=CH), 3.91-3.71 (4H, m), 3.57-3.37 (2H, m),
2.42 (MH, br.t), and 1.99-1.25 (15H, m); m/z 240 (M+), 155, 101, 98, 85,

and 55. (Found: C, 70.11; H, 10.17. CMH24O3 requires C, 69.96; H, 10.07%).

(30) Preparation of 1,7-Dioxaspirol5.5]undecane (58).

o o o
l OTHP <:#/| ;]

Compound (57) (0.49 g, 2.0 mmol) was dissolved in methanol (3 ml)
containing camphor sulphonic acid (2 mg), and the resulting solution was
stirred at room temperature for 5 h. Removal of the solvent under reduced
pressure followed by Kugelruhr distillation of the crude product gave

1,7-dioxaspiro(5.5]undecane (58) (0.29 g, 93%) as a colourless oil, bp
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100°C at 28 mmtlg (1it.3?

193°C at 750 mmig); v, (Film) 2940, 1171, 1045,
and 984 cm_lz §(250 MHz) 3.77-3.55 (44, m, OCH,), 1.95-1.73 (2H, m), and
1.68-1.36 (10H, m); m/z 156 (M+), 101, 100, 98, 83, 55, and 41, and was

identical to the natural product.

(31) Horner-Wittig Reaction of Compound (54) with Aldehyde (59).

™ Cer
J "OH

(59 (69)

Using the general procedure, compound (54) (0.30 g, 1.05 mmol) was
condensed with aldehyde (59) (0.15 g, 0.95 mmol) at -100°C over 30 min.
Treatment of the crude adduct with potassium t-butoxide gave adduct (53)
(0.14 g, 65%), which was added directly to a solution of camphor sulphonic
acid (2 mg) in methanol. After stirring at room temperature for 6 h, the
solvent was evaporated and the residue subjected to chromatography on
silica (40% ether- 60% petrol) to give (E)-2-hydroxymethyl-1,7-dioxaspiro-
(5.5Jundecane (60) (70 mg, 61%) as a colourless oil, Vinax (film) 3430,

2930, 1045, and 990 cm”

s §(250 MHz) 3.82-3.47 (5H, m), 2.21 (1H, br.s,
0#), 1.99-1.74 (24, m), and 1.69-1.18 (10H, m); m/z 186 (4'), 155, 111,

101, and 55.

(32) Horner-Wittig Reaction of Compound (54) with Lactol (51).
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59 5

Using the general procedure, compound (54) (1.40 g, 4.9 mmol) was
condensed with the anion (52) (from lactol (51) (0.50 g, 4.9 mmol) and
n-butyllithium (3.27 ml of a 1.5M solution in hexane, 4.9 mmol) at 0°¢)
by warming the reaction mixture to room temperature over 3 h, and stirring
for a further 3 h. Treatment of the crude adduct with potassium t-
butoxide followed by distillation of the crude material gave adduct (53)

(0.56 g, 67%) identical to the previously prepared sample.

(33) Preparation of Tetrahydrofuran-2-yl triphenylphosphonium chloride (62).

<l;y <;_7,,8Ph3

2,3-Dihydrofuran (20:0 g, 0.29 mol) was added dropwise to a solution
of triphenylphosphine (74.9 g, 0.29 mol) in dry benzene (300 ml). Dry
hydrogen chloride was bubbled through the resulting solution at room
temperature for 3 h. The solvent was removed under reduced pressure to
give a solid, which could be semi-purified by dissolving in dichloro-
methane and titration of the resulting solution with ethyl acetate giving

tetrahydrofuran-2-y1 triphenylphosphonium chloride (62) (94 g, 88%) as a



-144-

white amorphous solid, v . (CHCTj) 3358, 1438, 1113, and 691 Vs §(90
MHz) 8.90-8.30 (=1.5H, br.s, ¢mprerity), 8.00-7.50 (15H, m, Ar), 6.50-
6.15 (1H, m, “2)’ 4.15-3.85 (1H, m), 3.70-3.45 (1H, m), 3.30-2.70 (1H, m),
and 2.50-1.40 (30, m); m/: (no &), 71.

(34) Preparation of Tetrahydrofuran-2-yl diphenylphosphine oxide (63).

S}
Cli o

C]/ gp "3 ®/ B P h2
) ®

Phosphonium salt (62) (10.0 g, 27.1 mmol) was dissolved in 3N aqueous
sodium hydroxide solution (60 ml, 180 mmol) and the resulting solution
was heated at reflux for 30 min. After cooling to room temperature, the
mixture was extracted with chloroform (3 x 50 m1) and the organic layers
dried and evaporated to leave a solid. Recrystallisation from dichloro-
methane-ethyl acetate gave tetrahydrofuran-2-yl diphenylphosphine oxide
(63) (6.1 g, 82%) as a white amorphous solid, mp 115%C; v (CHCT

max 3)
1437, 1120, and 697 cm-]; §(90 MHz) 8.10-7.70 (4H, m, ArH), 7.60-7.20
(6H, m, Ard), 4.70 (1H, q, J 7 Hz, HZ)’ 4.00-3.50 (2H, m), and 2.45-
1.50 (4H, m); m/z (no M+), 202 (Ph2P0H), 155, 77, 71, and 43. (Found:
C, 70.50; H, 6.31; P, 11.30. Ci6H 0,P requires C, 70.56; H, 6.29; P,

1772
11.38%).

(35) Horner-Wittig Reaction of Compound (63) with Lactol (51).
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Using the standard procedure, compound (63) (3.09 g, 11.4 mmol) was
condensed with the anion (52) (from lactol (51) (1.16 g, 11.4 mmol) and
n-butyllithium (8.60 ml of a 1.45M solution in hexane, 12.5 mmol) at 0°c)
by slowly warming the reaction mixture to foom temperature over 15 h.
Treatment of the crude adduct with potassium t-butoxide gave the coupled
product (1.53 g, 86%). This material was immediately dissolved in dry
~dichloromethane (25 ml) containing camphor sulphonic acid (5 mg) and
stirred at room temperature for 5 h. Removal of the solvent under
reduced pressure followed by Kugelruhr distillation of the residue gave
(E)-7-methyl-1,6-dioxaspirol4.5]ldecane (6) (1.16 g, 76%) as a colourless

0il, identical to the material prepared earlier.

(36) Preparation of (1S, 3S, 5R)-3-Benzyloxy-6,8-dioxabicyclol3.2.1]loctane
(72).

0O 0o
(0] O
OH ‘ OBn

@ 2

Alcohol (71) (1.0 g, 7.7 mmol) in dry tetrahydrofuran (5 ml) was added

dropwise to a stirred suspension of sodium hydride (0.36 g of a 57%
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dispersion in oil, washed twice with petrol and once with tetrahydrofuran,
8.5 mmol) in dry tetrahydrofuran (25 ml) at room temperature under argon
and the mixture stirred at room temperature for 30 min until clear.

Benzyl bromide (0.9 ml, 7.7 mmol) was then added, followed by a solution
of tetra-n-butylammonium iodide (5 mg) in tetrahydrofuran (0.1 ml1) and the
resulting solution stirred for 12 h. Water (25 ml) was added, and the
mixture extracted with ether (3 x 25 ml). The organic extracts were dried
and evaporated under reduced pressure to give, after chromatography on
silica (20% ether- 80% petrol), (1S, 35, S5R)-3-benzyloxy-6,8-dioxabicyclo-

[3.2.1]octane (72) as a colourless solid, mp 36-37°C; [u]SZ —60.30; v

1

ma X
2949, 1123, and 862 cm '; §(60 MHz) 7.30 (5H, s, Ara), 5.50 (1H, br.s, H,),
4.50 (2H, s, CH2Ph), 4.35 (2H, d, J 7 Hz, H7), 3.65 (2H, m, Hys He), and

2.40-1.50 (4H, m); m/z 202 (M - H20), 163, 146, and 91. (Found: C, 70.67;

H, 7.52. C]3H]603 requires C, 70.89; H, 7.32%).

(37) Preparation of [4(S)-Benzyloxy, 6(S)-hydroxymethyl tetrahydropyran-

2-y1ltriphenylphosphonium tetrafluoroborate (74).

)
0 OH A BF,
O 0 PP h3
OBn OBn

) @

Compound (72) (0.79 g, 3.6 mmol) was dissolved in dry acetonitrile
(20 m1) containing tripheny]phosphoniﬁm tetrafluoroborate (1.25 g, 3.6
mmol) and the resulting solution was stirred at room temperature under
argon for 4 h. Removal of the solvent under reduced pressure gave [4(S)-
benzyloxy, 6(S)-hydroxymethyl tetrahydropyran-2-ylltriphenylphosphonium

tetrafluoroborate (74) (2.04 g, 100%) as a colourless glass, mp 68°C;
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CHIC1.,) 1439, 1060, and 751 cm™'5 (90 Miz) 7.95-7.15 (204, m, Arg),

Yma x ( 3)
6.01-5.50 (1H, m, HZ)’ 4.70-3.30 (6H, m), 2.75 (1H, br.s, 0n), and 2.40-
1.10 (4H, m); m/s (FAB) 483 (#*), 279, 263, 75, 57, and 45. (Found: C,

65.06; H, 5.73. C BF,0,P requires C, 65.28; H, 5.65%).

3113287403

(38) Preparation of Tetrahydro-2H-pyran-2-yl triphenylphosphonium tetra-

fluoroborate (76).

©
o By

(O/\I/PPhs

(g

OMe

9l

2-Methoxy tetrahydropyran (0.50 g, 4.3 mmol) was added dropwise to a
solution of triphenylphosphonium tetrafluoroborate (1.50 g, 4.3 mmol) in
dry acetonitrile (5 ml) at room temperature under argon, and the resulting
solution was stirred for 4 h. Removal of the solvent under reduced pressure
gave tetrahydro-2H-pyran-2-yl triphenylphosphonium tetrafluoroborate (76),

(1.87 g, 100%) as a white crystalline solid, mp 171-173%; Vinax (CHCI
1

3)

1321, 1056, and 690 cm " ; §(90 MHz) 7.76 (15H, m, Ard), 5.61 (1H, m, H

2)’

-+

4.05 (2H, m, H.), and 2.10-1.50 (6H, m); m/z (FAB) 347 (M"), 263, 85, and

6)

43. (Found: C, 63.51; H, 5.50; P, 7.57. C23H24BF4OP requires C, 63.62; H,

5.57; P, 7.13%).

(39) Wittig Reaction of Compound (76) with Benzaldehyde.
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o
® BFy

Eo(j/bph:; (OJAP’]
)

(76

Phosphonium salt (76) (0.87 g, 2.0 mmol) was suspended in dry tetra-
hydrofuran (10 m1) at -78°C under argon. n-Butyllithium (1.25 ml of a
1.60M solution in hexane, 2.0 mmol) was added and the mixture stirred at
-78°%¢ for 1 h, until a clear red solution was obtained. Benzaldehyde (0.20
ml, 2.0 mmol) in dry tetrahydrofuran (2 ml) was added dropwise,
immediately quenching the reaction colour. The mixture was warmed to room
temperature over 1 h, poured into saturated aqueous sodium chloride (5 ml)
and extracted with ether (3 x 10 ml). The ether extracts were dried and
evaporated to give a residue, which on Kugelruhr distillation gave the
adduct (50) (0.28 g, 79%) as a colourless oil, identical to that prepared

earlier.

(40) Preparation of 5-0-(t-Butyldiphenylsilyl)-2,3-0~(thiocarbonyl)-D-

ribono-1,4-lactone (78b).

OR OR
k‘ii?ﬂ kxii7,o
e}
o 0

SH oH N
(7o) >
(78b)

Compound (77b)51(7.8 g, 20.2 mmol) was dissolved in dry acetone (1000 ml)

containing thiocarbonyl diimidazole (5.0 g, 28.1 mmol) and the solution was
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heated at reflux under argon for 4 h. After cooling, the mixture was
concentrated to ea 750 ml, poured into water (750 ml) and extracted with
dichloromethane (3 x 500 m1). The organic extracts were washed with
saturated aqueous sodium bicarbonate solution (500 ml), dried, and the
solvent removed under reduced pressure. The crude product was passed
through a Florisil pad with ether, and the solvent evaporated to give
5-0-(t-butyldiphenylsilyl)=2, 3-0—(thiocarbonyl)~D-ribono-1, 4~lactone (78b)
(7.1 g, 82%) as a pale yellow solid, v

maXx
Cm—]', 6(90 MHZ) 7.75-7.30 (]OH, nt, AY‘H), 5.42 (ZHa S, Hza H3)3 4.90 <]H: t,

(CHC13) 1801, 1319, and 1113

J 1.8 Hz, H,), 4.00 (1H, dd, J 1.8 and 12.0 Hz, H5), 3.78 (1H, dd, J 1.8

4
and 12.0 Hz, Hg), and 1.05 (9H, s, “Bu); m/z 371 (3"~ ®mu), 254, 199, 164,
and 115. (Found: C, 61.39; H, 5.79. C22H240553i requires C, 61.66; H,

5.64%).

(41) Preparation of 5-(t-Butyldiphenylsilyloxy), 4(S)-hydroxy-2-pentenoic

Acid-1,4-lactone (79b).

OR
OR
Ny (oo
W N
S

(7ob)

(781)

Compound (78b) (7.1 g, 16.6 mmol) was dissolved in dry tetrahydrofuran
(700 m1) containing Raney nickel (35 g, previously refluxed overnight 1in
acetone) and the resulting mixture was stirred vigorously at reflux under
argon for 16 h. After cooling to room temperature, the solution was
filtered through a pad of silica and the solvent removed under reduced
pressure. The residue was subjected to chromatography on silica (50%

ether- 50% petrol) to give 5-(t-butyldiphenylsilyloxy), 4(S)-hydroxy-2-
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pentenote actd-1,4-Llactone (79b) (5.3 g, 91%) as a white solid, mp 78OC;

22 0 -1
[a]D - 51.77 Viax (CH613) 2932, 1751, 1101, and 706 cm 5 (60 MHz) 7.77-

7.23 (11H, m, Ari, H 6.09 (1H, dd, J 1.5 and 6.0 Hz, H2), 5.00 (TH, m,

3)>

H 3.91 (2H, d, J 4.4 Hz, H

) 5)»> and 1.07 (9H, s, ®Bu); w/z 295 (i~ ‘pu),

199, 77, and 45. (Found: C, 71.47; H, 6.87. C2]H240351 requires C, 71.55;
H, 6.86%).

(42) Preparation of 5-(t-Butyldiphenylsilyloxy), 4(S)-hydroxy, 3(S)-methyl-

pentanoic Acid-1,4-lactone (80b).

OR OR
(7an) 'éo@

Compound (79b) (4.0 g, 11.4 mmol) in dry ether (50 ml) was added drop-
wise to a stirred solution of dimethylcopper lithium (from methyl1ithium
(90.7 ml of a 1.2M solution in ether, 108.8 mmol) and copper (I) bromide-
dimethylsulphide complex (11.6 g, 56.4 mmol)l in ether (50 ml) at -30°¢C
under argon, and the resulting mixture was stirred at -30°¢ for 12 h.
Saturated aqueous ammonium chloride solution (50 m1) was added, followed by
ether (100 m1). The organic layer was washed with saturated aqueous
ammonium chloride (3 x 50 ml), dried, and evaporated under reduced pressure.
Chromatography on silica (50% ether- 50% petrol) gave 5-(t-butyldiphenyl-
stlyloxy), 4(S)-hydroxy, 3(S)-methyl-pentanoic acid-1,4-lactone (80b) (3.9

g, 93%) as a colourless oil, [a]gz

1

+23.7% v ___ (film) 2931, 1782, 1113,

max

and 703 cm '; §(250 MHz) 7.66 (4H, m, ArH), 7.42 (6H, m, Arg), 4.11 (1H, dt,
J 3.7 and 5.6 Hz, H,), 3.87 (1H, dd, J 3.7 and 11.5 Hz, H;), 3.71 (1H, dd, J

3.7 and 11.5 Hz, Hg), 2.82 (1H, dd, J 8.8 and 16.9 Hz, Hy), 2.59 (H, m, Hj),
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2.17 (1, dd, J 6.9 and 16.9 iz, H,), 1.14 (3H, d, J 6.6 Hz, pe), and 1.06
(94, s, [Hu); m/z 311 (M+— tﬁu), 199, 111, 75, and 57. (Found: C, 71.49; H,

7.86. C 0,S1 requires C, 71.70; H, 7.66%).

22!12g03

(43) Preparation of 4(S), 5-Dihydroxy, 3(S)-methyl-pentanoic Acid-1,4-

lactone (81).

OR OH
o9 o

Tetra-n-butylammonium fluoride (11.9 ml of a 1M solution in tetrahydro-
furan, 11.9 mmol) was added dropwise to a stirred solution of compound
(80b) (4.0 g, 10.8 mmol) in dry tetrahydrofuran (150 ml) at room
temperature under argon and the resulting solution was stirred for 30 min.
Removal of the solvent under reduced pressure followed by chromatography of
the residue on silica (30% ethylacetate- 70% petrol) and Kugelruhr
distillation gave 4(S), 5-dihydroxy, 3(S)-methyl-pentanoic acid-1,4-Tactone
(81) (1.32 g, 93%) as a colourless oil, bp 135°C at 0.07 mmHg (litﬂobp 90°C

at 0.01 mmHg); v___ (Film) 3550, 2948, 1790, 1113, and 1030 cm '; (60 MHz)

max
4.20-3.30 (4H, m, 1H DZO exchangeable), 3.00-1.90 (3H, m), and 1.15 (3H, d,

J 6 Hz, Me), and was identical to the reported material

(44) Preparation of 4(S)-Hydroxy, 3(S)-methyl, 5-(tosyloxy)-pentanoic Acid-

1,4-lactone (82).
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Compound (81) (1.22 g, 9.4 mmol) was dissolved in dry pyridine (15 ml)
containing 4,4'-dimethylaminopyridine (10 mg) and the solution cooled to
0°C under argon. Tosyl chloride (1.79 g 9.4 mmol) was added and the
resulting mixture stirred at room temperature for 18 h, poured into ether
(75 m1) and washed with 1IN hydrochloric acid (5 x 25 ml). The organic
layer was dried and the solvent removed under reduced pressure.
Chromatography on silica (50% ether- 50% petrol) gave 4(S)-hydroxy, 3(S)-
methyl, 5-(tosyloxy)-pentanoic acid-1,4-lactone (82) (1.99 g, 75%) as a
22

low melting solid, [u]D max
1

cm 5 §(250 MHz) 7.75 (2M, m, ArH), 7.34 (2H, m, Ard), 4.21-4.05 (3H, m),

+43.27; v ilm , s 77, and 663
43.2° film) 1785, 1361, 11 d

2.69 (1H, dd, J 9.0 and 17.1 Hz, HZ)’ 2.44 (1H, m, H3), 2.42 (3H, s, Arme),

2.15 (1H, dd, J 8.2 and 17.1 Hz, H,), and 1.12 (3H, d, J 7.1 Hz, Me); m/=z

2

284 ("), 138, 99, 71, and 43. (Found: C, 54.84; H, 5.68. CqgH,0cS

requires C, 54.92; 5.67%).

(45) Preparation of 4(R)-Hydroxy, 3(S)-methyl-pentanoic Acid-1,4-lactone

(84).
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A solution of compound (82) (1.81 g, 6.4 mmol), tri-n-butyltin hydride
(2.8 g, 9.6 mmol), sodium iodide (1.9 g, 12.7 mmol), and AIBN (10 mg), in
dry dimethoxyethane (50 ml) was heated at 80°C for 1h under argon. After
cooling to OOC, carbon tetrachloride (35 ml) was added and the mixture
stirred at room temperature for 2 h, poured into saturated aqueous
potassium fluoride solution (20 ml), and filtered. The organic layer was
washed with saturated aqueous potassium fluoride (2 x 20 ml), dried, and
the solvent removed under reduced pressure. Chromatography on Florisil
(petrol-> 50% ether- 50% petrol) followed by Kugelruhr distillation gave
4(R)-hydroxy, 3(S)-methyl-pentanoic acid-1,4-Tactone (84) (0.40 g, 55%) as

a colourless oil, bp 100°C at 10 mmHg; v (film) 2972, 1781, 1225, 1180,

max
and 1058 cm”'; (250 MHz) 4.08 (1H, dq, J 6.3 and 7.3 Hz, Hy)» 2.69-2.00
(2H, m, Hy), 1.82 (TH, m, Hy), 1.33 (3H, d, J 6.3 Hz, Me,), and 1.07 (3H,

d, J 6.8 Hz, Meq)s; m/z 114 ("), 70, 55, 45, and 42.

(46) Preparation of 4(S)-Hydroxy, 3(S)-methyl, 5-(phenylseleno)-pentanoic

Acid-1,4-lactone (83).
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OH SePh

) ®

Compound (82) (344 mg, 2.6 mmol) was dissolved in dry tetrahydrofuran
(15 m1) containing N-phenylselenophthalimide (1.60 g, 5.3 mmol) and the
resulting solution was treated with tri-n-butylphosphine (1.44 ml, 5.3 nmol)
at room temperature under argon. After stirring for 4 h at room temperature
the solvent was removed under reduced pressure and the residue subjected to
chromatography on silica (petrol— 50% ether- 50% petrol) to give 4(5)-

hydroxy, 3(S)-methyl, S5-(phenylseleno)-pentanoic acid-1,4-lactone (83)

22
+

(488 mg, 70%) as a low melting solid, [alj 27.1°; (film) 2960, 1778,

Ymax
1579, and 1175 Cm—]; §(250 MHz) 7.53 (2H, m, Ar#), 7.28 (3H, m, ArH), 4.23

(1H, q, J 5.9 Hz, H 3.18 (1H, dd, J 5.9 and 13.1 Hz, H5), 3.10 (1H, dd,

4)>
J 5.9 and 13.1 Hz, Hg), 2.74 (H, dd, J 8.1 and 17.3 Hz, Hy), 2.41 (TH, m,

Hy), 2.20 (1H, dd, J 8.4 and 17.3 Hz, HZ)’ and 1.14 (3H, d, J 7.1 Hz, Me);

3)
80
m/z 270 (M*, ~ Se), 99, 71, 43, 41, and 40. (Found: C, 53.55; H, 5.44,

C 0,.Se requires C, 53.54; H, 5.24%).

12M149%

(47) Preparation of 4(R)-Hydroxy, 3(S)-methyl-pentanoic Acid-1,4-lactone

(84).
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SePh
e e

(83) ®4)

A solution of compound (83) (426 mg, 1.6 mmol), tri-n-butyltin hydride
(550 ul, 2.0 mmol) and AIBN (3 mg) in dry dimethoxyethane (10 ml) was heated
at 80°C under argon for 1 h. After cooling to OOC, carbon tetrachloride
(10 m1) was added and the mixture stirred at room temperature for 2 h,
poured into saturated aqueous potassium fluoride solution (5 ml), and
filtered. The organic layer was washed with saturated aqueous potassium
fluoride (2 x 5 ml), dried, and the solvent removed under reduced pressure.
Chromatography on Florisil (petrol- 50% ether- 50% petrol) followed by
Kugelruhr distillation gave 4(R)-hydroxy, 3(S)-methyl-pentanoic acid-1,4-
lactone (84) (109 mg, 60%) as a colourless oil, identical to the previously

prepared material.

(48) Preparation of 2-Hydroxy, 4(S), 5(R)-dimethyl-tetrahydrofuran (68).

64 &9

Lactone (84) (0.40 g, 3.5 mmol) in dry toluene (2 ml) was added dropwise
to a stirred solution of diisobutylaluminium hydride (3.50 ml of a 1.5M

solution in toluene, 5.3 mmol) at -78°C under argon. The mixture was
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stirred at -78°C for 3 h, then acetic acid (0.71 ml, 12.4 mmol) added drop-
wise over 30 min. After warming to room temperature, water (0.21 ml, 11.7
mmol) was added, followed by solid sodium bicarbonate (1.41 g, 16.8 mmo1l).
The resulting alum was extracted with ethylacetate (5 x 30 ml), and the
extracts evaporated under reduced pressure. The crude product was passed
through a Florisil pad with ether, then Kugelruhr distilled to give 2-
hydroxy, 4(S), 5(R)~dimethyl-tetrahydrofuran (68) (0.22 g, 54%) as a

colourless oil (mixture of anomers), bp 100°C at 4 mmHg, v
1

max (film)

3410, 2964, 1104, and 995 cm '; &(60 MHz) 5.67-5.37 (1H, m, H2), 4.43 (1H,

br.s, 0#), 3.70 (1H, m, Hc), and 2.53-0.93 (9H, m).

(49) Preparation of [4(S)-Benzyloxy, 6(S)-hydroxymethyl tetrahydropyran-

2-y1ldiphenylphosphine oxide (86).

OH OBF OH 0
® 4
0] Pph3 0O PPh,

OBn OBn

() )

Compound (74) (270 mg, 0.47 mmol) was dissolved in tetrahydrofuran (6
ml) containing tetra-n-butylammonium hydroxide (31 ul of a 1.54M solution
in water, 0.05 mmol), and this mixture was added to 3N aqueous sodium
hydroxide (2 ml). The resulting mixture was stirred vigorously at 50°¢C
for 6 h, cooled, and extracted with chloroform (3 x 7 ml). The organic
extracts were dried and the solvent removed under reduced pressure.
Chromatography of the residue on silica (ethyl acetate) gave [4(S)-benzyl-
oxy,s 6(S)-hydroxymethyl tetrahydropyran-2-ylldiphenylphosphine oxide (86)
(75 mg, 38%) as a white solid, v

em™ 'y 6(250 MHz) 7.97-7.74 (4H, m, Ari), 7.58-7.38 (6H, m, Ar), 7.36-

max (CHC13) 3363, 2920, 1588, and 1116



7.20 (5H, m, Aril), 4.51 (28, m, CHZPh), 4,23 (1M, br.dd, J 7.9 and 11.8 Hz,

H 3.72-3.45 (4H, m), 2.70 (1, br.s, 0r), 2.45 (1H, br.d, J 10.6 Hz),

2)»
1.98 (1, br.d, J 10.6 Hz), and 1.60-1.22 (2H, m),

(50) Preparation of 4(R)-Hydroxy, 3(S)-methyl-pentanal-1,3-dithiolane (87).

@) ®7)

Compound (68) (171 mg, 1.47 mmol) was dissolved in dry dichloromethane
(10 m1) containing 1,2-ethanedithiol (488 ul, 5.82 mmol) and the resulting
solution cooled to -78°C under argon. Titanium (IV) chloride (163 ul,
1.48 mmol) was added, and the mixture stirred for 1h, before warming to
room temperature. Saturated aqueous ammonium chloride was added, and the
mixture extracted with dichloromethane (3 x 10 m1). The organic extracts
were dried and the solvent evaporated under reduced pressure.
Chromatography on silica (20% ether- 80% petrol) gave 4(R)-hydroxy, 3(S)-

methyl-pentanal-1, 3-dithiolane (87) (189 mg, 67%) as a colourless oil,

22
D max

(1H, dd, J 4.5 and 9.0 Hz, H), 3.61 (1H, m, H,), 3.28-3.09 (4H, m,

(01%? -35.8% v (film) 3391, 2967, 2927, and 1096 cn” '; §(250 MHz) 4.55

SCH,CH,S)» 2.20-1.83 (2H, m, Hy, OH), 1.70-1.54 (2H, m, H,), 1.09 (3H, d,

3’
J 6.1 Hz, Me,), and 0.89 (3H, d, J 6.1 Hz, Meg); m/z 192 ("), 118, 105,

and 45. (Found: C, 49.72; H, 8.31. C8H]6OSZ requires C, 49.96; H, 8.38%).

(51) Preparation of 4-Hydroxy-butanal-1,3-dithiolane (89).
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@worc HOW}

s
&) 69

2-Hydroxy-tetrahydrofuran (88) (5;35 g, 60.8 mmol) was dissolved in dry
dichloromethane (50 ml) containing 1,2-ethanedithiol (20.1 ml, 245 nmol)
and the resulting solution cooled to -78°C under argon. Titanium (IV)
chloride (6.7 ml, 60.8 mmol) was added dropwise and the mixture stirred for
1 h, before warming to room temperature. Saturated aqueous ammonium
chloride (50 ml) was added, and the mixture extracted with dichloromethane
(3 x 50 m1). The organic extracts were dried and the solvent evaporated
under reduced pressure. Chromatography on silica (20% ether- 80% petrol)
gave 4-hydroxy-butanal-1,3-dithiolane (89) (7.55 g, 76%) as a colourless

0il, v___ (film) 3349, 2925, and 1055 cm '; §(60 MHz) 4.38 (1H, t, J 6 Hz,

max
H]), 3.53 (2H, t, J 5 Hz, H4), 3.18 (4H, s, SCH2CH28), and 2.08-1.40 (5H,

m); m/z 164 (M"), 105, 71, 61, and 45.

(52) Preparation of 4-Acetoxy-butanal-1,3-dithiolane (90).

Ho/\/\g} Aco/\/tj)
69 (89

Compound (89) (1.00 g, 6.1 mmol) was dissolved in dry pyridine (20 ml)
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containing 4,4'-dimethylaminopyridine (5 mg), and the resulting solution
cooled to 0°C under argon. Acetyl chloride (0.65 ml, 9.1 mmol) was added
dropwise and the mixture stirred at room temperature for 1 h, then poured
into 3N aqueous hydrochloric acid (25 ml) and ether (100 ml). The organic
layer was washed with 3N hydrochloric acid (3 x 50 m1), dried, and the
solvent removed under reduced pressure. Chromatography of the residue on
silica (20% ether- 80% petrol) gave 4-acetoxy-butanal-1,3-dithiolane (90)
(1.13 g, 90%) as a colourless o0il, Vima x (film) 2924, 1734, 1240, and 1043

cm—]

; &(60 MHz) 4.58-3.98 (3H, m, H], H4), 3.20 (4H, s, SCHgCHZS), and
2.20-1.60 (7H, m, including 2.03, s, Me); m/z 206 (M+), 118, 105, and 43.

(Found: C, 46.65; H, 6.98. C8H14OZS requires C, 46.57; H, 6.84%).

2

(53) Preparation of 4-Acetoxy-butanal (91).

ACO/VY\S) AcO~ " cHo
(69 ©)

Compound (90) (340 mg, 1.65 mmol) in dry tetrahydrofuran (2 ml) was
added dropwise to a stirred solution of thallium (III) trifluoroacetate
(1.35 g, 2.48 mmol) in tetrahydrofuran (10 ml) at room temperature under
argon. The resulting orange solution was stirred for 30 min, then saturated
aqueous sodium bicarbonate solution (10 ml) was added. Extraction with
ether (3 x 25 ml), followed by drying of the organic layers and evaporation
of the solvent, gave the crude product. Chromatography on silica (50%
ether- 50% petrol) gave 4-acetoxy-butanal (91) (150 mg, 70%) as a colourless
0il, v (film) 2962, 1737, 1241, and 1050 cm']; §(60 MHz) 9.70 (1H, t,

max
J 1 Hz, Hy), 4.06 (2H, t, J 7 Hz, Hy), and 3.50-1.70 (7H, m, including 2.03,



s, te )3 mlz 87 (M- Ae), 61, and 43.

(54) Preparation of 4(R)-Acetoxy, 3(S)-methyl-pentanal-1,3-dithiolane (92).

S S

67) (02

Compound (87) (190 mg, 0.99 mmol) was dissolved in dry pyridine (5 ml)
containing 4,4'-dimethylaminopyridine (1 mg) and the resulting solution
cooled to 0°C under argon. Acetyl chloride (211 ul, 2.97 mmol) was added
and the mixture stirred at room temperature for 1 h, then poured into 3N
hydrochloric acid (5 ml) and ether (25 ml). The organic layer was washed
with 3N hydrochloric acid (3 x 10 ml1), dried, and the solvent removed under
reduced pressure. Chromatography of the residue on silica (10% ether- 90%
petrol) gave 4(R)-acetoxy, 3(S)-methyl-pentanal-1,3-dithiolane (92) (210

22

mg, 91%) as a colourless oil, {alD -13.20; v (film) 2928, 1731, and

max

1245 cm™ 'y §(60 MHz) 5.02-4.37 (2H, m, Hy, H,), 3.23 (4H, s, SCH,CH,S) 5

10 Hg)
2.40-1.70 (6H, m, including 2.05, s, Me ), 1.15 (3H, d J 6 Hz, Mey), and
0.98 (3H, d, J 6 Hz, Meg); m/z 175 ('~ 04c), 146, 118, 105, and 43.
(Found: C, 51.22; H, 7.91. C]OH]8OZSZ requires C, 51.25; H, 7.74%).

(55) Preparation of 4(R)-Acetoxy, 3(S)-methyl-pentanal (93).
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Aco/\s/\‘/s) ACO/\:/\CI*iO
(02) 9)

Compound (92) (200 mg, 0.85 mmol) 1in dry tetrahydrofuran (1 ml) was
added dropwise to a stirred solution of thallium (III) trifluoroacetate
(690 mg, 1.27 mmol) in tetrahydrofuran (4 ml) at room temperature under
argon. The resulting orange solution was stirred for 30 min, then
saturated aqueous sodium bicarbonate solution (5 ml) added. Extraction
with ether (3 x 10 m1), followed by drying of the organic layers and
removal of the solvent under reduced pressure, gave the crude product.

Chromatography on silica (30% ether- 70% petrol) gave 4(R)-acetoxy, 3(S)-
22 _
D

; 8§(60 MHz) 9.70 (1H, t,

methyl-pentanal (93) (101 mg, 75%) as a colourless o0il, [«1%°-18.3°;

¥ max (film) 2980, 1721, 1374, 1244, and 1047 cm_]

J 2 Hz, H]), 4.57 (1H, m, H4), 3.10-1.80 (6H, m, including 2.00, s, Me),

1.19 (3H, d, J 6 Hz, Me ,), and 0.98 (3H, d, J 7 Hz, Me

2 3)-

(56) Preparation of 4(S)-Benzyloxy, 2(S)-hydroxymethyl, 8(R), 9(S)-

dimethyl-1,7-dioxaspiro(5.5Jundecane (94).

OBn OBn
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n-ButylTithium (1.02 ml of a 1.24M solution in hexane, 1.26 mmol) was
added dropwise to a stirred solution of phosphonium salt (74) (343 mg,
0.60 mmol) in dry tetrahydrofuran (10 ml) at -78°C under argon, to generate
a deep red phosphorane. After 10 min at -78%¢, aldehyde (93) (95 mg, 0.60
mmol) in tetrahydrofuran (1 ml) was added, and the mixture allowed to warm
slowly to room temperature over 6 h. Water (5 ml) was added, and the
mixture extracted with chloroform (3 x 20 m1). The extracts were dried, and
the solvent removed under reduced pressure. The residue was dissolved in
methanol (1 ml) and added to a solution of sodium methoxide (86 mg, 1.80
mmol) in methanol (1 ml) at room temperature. After stirring for 30 min,
the reaction mixture was acidified with 3N hydrochloric acid, and stirred
for a further 30 min. Water (5 ml) was added, and the mixture extracted
with chloroform (3 x 10 m1). The organic extracts were dried, and the
solvent removed under reduced pressure. Chromatography of the residue on
silica (20% ether- 80% petrol) gave 4(S)-benzyloxy, 2(S)-hydroxymethyl,
8(R), 9(S)-dimethyl-1,7-dioxaspiroi5.5)undecane (94) (69 mg, 36%) as a
colourless oil, [alZ%+46.7% v (film) 3453, 2929, 2876, and 1076 cm™ s
6(400 MHz) 7.35-7.25 (5H, m, ArH), 4.56 (2H, d, J 1.0 Hz, CHgPh), 4.00 (1H,

tt, J 4.7 and 11.0 Hz, H,), 3.75-3.68 (IH, m, H,), 3.67 (IH, dd, J 3.2 and

4)>
11.3 Hz, CHHOM), 3.59 (1H, dd, J 7.0 and 11.3 Hz, CHHOH), 3.30 (TH, dq, J

6.0 and 9.8 Hz, Hy), 2.16 (1H, ddd, J 1.7, 4.7, and 12.5 Hz, H. ), 2.05

8 e
(1H, br.s, OH), 2.01 (1H, symmetrical m, 10 Tines, J 1.7, 4.7, and 12.1 Hz,

Hy ), 1.75-1.69 (TH, m, Hyp ), 1.63-1.49 (34, m, H

102 Mog> Hy7e)s 1-38
), 1.30 (1H, dd, J 11.0 and 12.1 Hz, H

3e)

(1H, dd, J 11.0 and 12.5 Hz, He 3g)°

1.27 (W, m, Hg), 1.13 (3H, d, J 6.0 Hz, Meg), and 0.85 (3H, d, J 6.0 Hz,

Meg)s m/z 320 (M"), 289, 128, 91, and 70.
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(57) Preparation of 4(S)-Benzyloxy, 2(S)-hydroxymethy1-1,7-dioxaspirol(5.51-

undecane (95).

OBn OB8n

) 09

n-Buty1lithium (1.47 ml of a 1.46M solution in hexane, 2.15 mmol) was
added dropwise to a stirred solution of phosphonium salt (74) (585 mg,
1.03 mmol) in dry tetrahydrofuran (15 ml) at -78°C under argon, to generate
a deep red phosphorane. After 10 min at -78°¢, aldehyde (91) (133 mg, 1.02
mmol) in tetrahydrofuran (1 ml) was added and the mixture warmed slowly to
room temperature over 6 h. Water (10 ml) was added and the mixture
extracted with chloroform (3 x 40 ml). The extracts wre dried and the
solvent removed under reduced pressure. The residue was dissolved in
methanol (2 ml) and added dropwise to a solution of sodium methoxide (147
mg, 3.06 mmol) in methanol at room temperature. The resulting mixture was
stirred at room temperature for 30 min, then acidified with 3N hydrochloric
acid, and stirred for a further 30 min. Water (10 ml) was added and the
mixture extracted with chloroform (3 x 40 ml). The organic extracts were
dried and the solvent removed under reduced pressure. Chromatography of
the residue on silica (50% ether- 50% petrol) gave 4(S)-benzyloxy, 2(S)-

hydroxymethyl-1, 7-dioxaspiro (5. 5]undecane (95) (119 mg, 40%) as a
22
D Vma x
§(400 MHz) 7.36-7.24 (5H, m, Arx), 5.55 (2H, s, CHZPh), 3.95 (MH, tt, J 4.7

1

colourless oil, [al -+57.]0; (fi1m) 3458, 2940, 1072, and 993 cm ';

and 11.0 Hz, H,), 3.76 (1H, m, H,), 3.70-3.53 (4H, m), 2.16 (IH, ddd, J 1.7,
4.7, and 12.5 Hz, HSe)’ 2.08 (1H, br.s, OH), 1.99 (1H, symmetrical m, 10

lines, J 1.7, 4.7, and 12.0 Hz, H, ), 1.85 (TH, m), 1.70 (1H, m), 1.66-

3e
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1.48 (4, m), 1.36 (14, dd, J 11.0 and 12.5 Hz, Hc ), and 1.31 (14, dd, J
a

11.0 and 12.0 Hz, H3a); m/ n 292 (Af), 261, 201, 186, 137, 101, and 91.

(Found: C, 69.765 H, 8.49. C]7H2404 requires C, 69.84; H, 8.27%).

(58) Preparation of 5(S)-Hydroxy, 4(S)-methyl, 6-phenylseleno-hexanoic

Acid-1,5-Tactone (99).

oi:)l OIO\/k/SOPh

9

4(S)-Methyl-hexenoic acid (9.0 g, 70.3 mmol) and tin (IV) chloride (7.0
ml of a 1M solution in dichloromethane, 7.0 mmol) were dissolved in dry
dichloromethane (75 ml) under argon and the resulting solution was heated
to reflux. N-Phenylselenophthalimide (23.4 g, 77.5 mmol) in dry
dichloromethane (250 ml1) was added at such a rate as to maintain reflux.
The mixture was heated at reflux for 1.5 h, then cooled to room temperature
and washed with IN aqueous sodium hydroxide (3 x 75 ml). The organic layer
was dried, and the solvent removed under reduced pressure to give a solid.
Recrystallisation from dichloromethane-petrol gave 5(S)-hydroxy, 4(S)-

methyl, 6-phenylseleno-hexanoic acid-1,5-lactone (99) (15.5 g, 78%) as a
322
D Ymax
§(250 MHz) 7.56 (2H, m, Ary), 7.27 (3H, m, Ar#), 4.21 (1H, symmetrical m,

white solid, mp 106%C; [a) 22 + 62°; (CHCT5) 2955, 1728, and 842 cn™ '
7 lines, J 3.4, 5.5, and 9.2 HZ,'HS), 3.29 (1H, dd, J 3.4 and 12.5 Hz,
CaHSe), 3.15 (1H, dd, J 5.5 and 12.5 Hz, CHaSe), 2.62 (1H, ddd, J 4.5,
11.2, and 17.5 Hz, Hy), 2.49 (1H, ddd, J 6.7, 9.5, and 17.5 Hz, H2), 2.08-

1.83 (2H, m), 1.55 (1H, m), and 0.95 (3H, d, J 6.7 Hz, Me); m/z 284 (i,
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80
Se), 13, 85, 55, and 43. (Found: C, 54.88; H, 5.71. C]3H]6025e requires

C, 55.13; H, 6.69%).

(59) Preparation of 5(R)-Hydroxy, 4(S)-methyl-hexanoic Acid-1,5-lactone

(98).

OIO\/(\/SePh OJ\/Oj\

09 o9

A solution of compound (99) (0.50 g, 1.8 mmol), tri-n-butyltin hydride
(0.77 g, 2.7 mmol) and AIBN (8 mg) in dry dimethoxyethane (10 ml) was
heated at 80°C under argon for 10 min, cooled to 0°C, and carbon tetra-
chloride (10 ml) added. After stirring at room temperature for 2 h, the
mixture was poured into saturated aqueous potassium fluoride solution (5
ml) and filtered. The organic layer was washed with saturated aqueous
potassium fluoride (2 x 5 ml), dried, and the solvent removed under reduced
pressure. Chromatography on silica (petrol 50% ether- 50% petrol) gave
5(R)-hydroxy, 4(S)-methyl-hexanoic acid-1,5-Tactone (98) (0.20 g, 87%) as
a colourless oil, lal? + 12.6% v (film) 3550, 1785, and 1030 cm’ s
§(250 MHz) 4.07 (1H, dg, J 6.0 and 9.5 Hz, HS)’ 2.48 (1H, ddd, J 7.0, 9.5,

and 17.5 Hz, HZ)’ 2.64 (1H, ddd, J 4.0, 7.0, and 17.5 Hz, H 1.91 (TH, m,

2)s
Hy)» 1.75-1.84 (2H, m, Hy), 1.37 (3H, d, J 6.0 Hz, Meg), and 1.01 (3, d,

J 6.0 Hz, Me4), and was identical to the literature prepared material

(60) Preparation of 5(S), 6(R)-Dimethyl, 2-methoxy-tetrahydropyran (103).
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o) fod)

Lactone (98) (461 mg, 3.6 mmol) in dry toluene (2 ml) was added dropwise
to a stirred solution of diisobutylaluminium hydride (4.5 ml of a 1M
solution in toluene, 4.5 mmol) at -789C under argon. The mixture was
stirred at -78°C for 3 h, then water (250 ul1) added and the solution
warmed to room temperature. Solid sodium bicarbonate (3.8 g) was added,
and the resulting mixture extracted with ethyl acetate (5 x 10 m1). The
extracts were filtered through a Florisl pad and the solvent removed under
reduced pressure to give lactol (102) (440 mg, 94%). This was dissolved
in methanol (10 ml) containing camphor sulphonic acid (5 mg) and the
resulting solution stirred at room temperature under argon for 12 h.
Removal of the solvent under reduced pressure and chromatography of the
residue on silica (5% ether- 95% petrol) gave 5(S), 6(R)-dimethyl, 2-

methoxy-tetrahydropyran (103) (420 mg, 86%) as a colourless oil, v
1

nax (fi1m)

2932 and 1075 cm™'; §(250 MHz) 4.69 (1H, br.d, J 2 Hz, H,), 3.45 (1H, dq,

o)

J 6.0 and 9.0 Hz, H 3.35 (3H, s, OMe), 1.77-1.67 (2H, m), 1.56-1.42

6>

(2H, m), 1.40-1.24 (1H, m), 1.16 (3H, d, J 6.0 Hz, Me ), and 0.84 (3H, d,

6)
J 6.0 Hz, Me.); m/z 144 ('), 113, 95, 69, 58, 56, 43, and 41,

(61) Preparation of [5(S), 6(R)-Dimethyl-tetrahydropyran-2-ylitriphenly-

phosphonium tetrafluoroborate (104).
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Compound (103) (103 mg, 0.72 mmol) was dissolved in dry acetonitrile
(3 m1) containing triphenylphosphonium tetrafluoroborate (252 mg, 0.72
mmol) and the resulting mixture was stirred at room temperature under
argon for 4 h. Removal of the solvent under reduced pressure at room
temperature gave [(5(S), 6(R)-dimethyl-tetrahydropyran—-2-ylltriphenyl-
phosphonium tetrafluoroborate (104) (333 mg, 100%) as a white amorphous

solid (1:1 mixture of anomers), (CHC13) 2967, 1438, 1057, and 691

Ymax
cm-]; §(90 MHz) 7.95-7.45 (15H, m, Arx), 5.90-5.45 (1H, m, HZ)’ 3.95-
3.45 (1H, m, H6), 2.40-1.45 (5H, m), 1.42 (1.5H, d, J 6.9 Hz, Meg o~
anomer), 1.18 (1.5H, d, J 6.4 Hz, Meg g-anomer), 0.92 (1.5H, d, J 6.9
Hz, Meg g-anomer), and 0.82 (1.5H, d, J 6.4 Hz, Meg a-anomer).

(Found: C, 64.96; H, 5.94. C25H28BF40P requires C, 64.96; H, 6.11%).

(62) Preparation of 4(S)-(t-Butyldiphenylsilyloxy), 2, 3(S)-dihydroxy-

tetrahydrofuran (106).
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R ’ OR

o) @)
(0] L(_Z\AOH

OAc OH

(1os) | (106)

Compound (105)5]

(1.5 g, 3.6 mmol) in dry toluene (10 ml) was added
dropwise to a solution of diisobutylaluminium hydride (12.0 ml of a 1M
solution iﬁ toluene, 12.0 mmol) at -78%¢ under argon. The mixture was
stirred at -78°C for 4 h, then acetic acid (3.3 ml, 57.7 mmol) added drop-
wise over 30 min. After warming to room temperature, water (1.0 ml, 55.6
mmol) was added followed by solid sodium bicarbonate (6.7 g, 79.8 mmol).
The alum was extracted with ethyl acetate (5 x 50 ml) and the solvent
removed under reduced pressure. Chromatography of the residue on Florisil
(ether) gave 4(S)-(t-butyldiphenylsilyloxy)methyl, 2, 3(S)-dihydroxy-tetra-
hydrofuran (106) (0.82 g, 61%) as a colourless oil (mixture of anomers),

1

film) 3412, 2933, 1113, and 704 cm '; §(250 MHz) 7.69 (4H, m, Arg),

Vmax
7.42 (6H, m, Arg), 5.41 (0.7H, d, J 1.9 Hz, H, g-anomer), 5.18 (0.3H, dd,
J 3.0 and 10.0 Hz, H2 a~anomer), 4.45-3.39 (4H, m), 2.63-1.77 (4H, m, 2H
DZO exchangeable), 1.08 (6.3H, s, ®Bu g-anomer), and 1.05 (2.7H, s, ’By

a-anomer); m/z (no M), 241, 199, 181, and 163.

(63) Preparation of 5-(t-Butyldiphenylsilyloxy), 2(S), 4(S)-dihydroxy-

pentanal-1,3-dithiolane (107).
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OR o S3
- OH OH
(106) (107)

.

Compound (106) (1.1 g, 2.9 mmol) was dissolved in dry dichloromethane
(25 m1) containing 1,2-ethanedithiol (0.96 ml, 11.5 mmol) and the resulting
solution cooled to -78°C under argon. Titanium (IV) chloride (0.32 ml,
2.9 mmol) was added dropwise to the stirred solution and the mixture
stirred at -78°C for 1 h, before warming to room temperature. Saturated
aqueous ammonium chloride (20 ml) was added and the mixture extracted with
dichloromethane (3 x 20 m1). The organic extracts were dried and the
solvent removed under reduced pressure. Chromatography of the residue
on silica (50% ether- 50% petrol) gave 5-(t-butyldiphenylsilyloxy), 2(5),
4(S)-dihydroxy-pentanal-1, 3-dithiolane (107) (1.22 g, 94%) as a colourless

a1 22

. 0.
oil, I D " 6.7 Vnax

MHz) 7.70 (4H, m, Awi), 7.40 (6H, m, Arz), 4.50 (1H, d, J 6.5 Hz, H,),

(film) 3438, 2930, 1427, 1113, and 704 cm™'; &(250

4.11 (M, m), 3.89 (1H, m), 3.73 (14, dd, J 3.8 and 9.6 Hz, H), 3.6]

(TH, dd, J 6.5 and 9.6 Hz, H.), 3.56 (2H, br.s, 0H), 3.30-3.00 (4H, m,

5
SCHZCHZS), 1.84 (1H, m), 1.68 (1H, m), and 1.12 (9H, s, tBu); m/lz 412 Qv*—
tBu), 241, 199, and 105. (Found: C, 60.50; H, 7.32. CZ3H32528103 requires

C,61.56; H, 7.19%).

(64) Preparation of 2(S), 4(S)-Diacetoxy, 5-(t-butyldiphenylsilyloxy)-

pentanal-1,3-dithiolane (108).
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Ro/\./\fis‘) — RO/\./\‘/ES‘)

OH OH OAc OAc

(107) (108)

Compound (107) (570 mg, 1.3 mmol) was dissolved in dry pyridine (20
m1) containing 4,4'-dimethylaminopyridine (5 mg) and the resulting solution
was cooled to 0°C under argon. Acetyl chloride (574 1, 8.1 mmol) was added
and the mixture stirred at room temperature for 12 h, poured into 3N
hydrochloric acid (20 ml) and ether (100 ml). The organic layer was washed
with 3N hydrochloric acid (3 x 30 ml), dried and the solvent removed under
reduced pressure. Chromatography of the residue on silica (20% ether- 80%
petrol) gave 2(S), 4(S)-diacetoxy, 5-(t-butyldiphenylsilyloxy)-pentanal-1,3-
dithiolane (108) (347 mg, 53%) as a colourless oil, (a5 - 13.8%
(film) 2929, 1744, 1238, and 1113 cm'1; §(250 MHz) 7.64 (4H, m, Ary), 7.40
(6H, m, Ar#), 5.09-4.95 (2H, m, H2, H4), 4.57 (1H, d, J 6.8 Hz, H1), 3.68
(2H, d, J 4.7 Hz, Hg), 3.31-3.12 (4H, m, SCH,CH,S), 2.22 (IH, m, Hy), 2.05
(3H, s, Me), 2.01 (31, s, Me), 1.91 (1H, m, Hy), and 1.05 (9H, s, “Bu);

ml/z (no u"), 475 ("= TBu), 241, 199, 157, and 43.

(65) Preparation of 2(S), 4(S), 5-Triacetoxy-pentanal-1,3-dithiolane (109).
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S

ROW13 Aco/\/\]/<S 3

OH OH 6Ac OAc

(107) (109)

Compound (107) (200 mg, 0.47 mmol) was dissolved in dry tetrahydrofuran
(10 m1) and the solution cooled to 0°C under argon. Acetic anhydride (2.23
ml, 23.58 mmol) was added, followed by tetra-n-butylammonium fluoride
(9.43 m1 of a 1M solution in tetrahydrofuran, 9.43 mmol). The resulting
mixture was stirred at room temperature for 12 h, the solvent removed
under reduced pressure, and the residue subjected to chromatography on
silica (20% ether- 80% petrol) to give 2(S), 4(S), 5-triacetoxy-pentanal-
1,3-dithiolane (109) (100 mg, 63%) as a colourless oil, Vnax (film) 2925,

1741, 1366, and 1223 cm” |

; §(250 MHz) 5.70 (1M, m, H,), 5.03 (H, ddd, J
2.7, 6.8, and 10.2 Hz, H,), 4.50 (1H, d, J 6.8 Hz, H,), 4.27 (IH, dd, J 4.1
and 11.5 Hz, Hc), 4.01 (1H, dd, J 6.1 and 11.5 Hz, H;), 3.32-3.14 (4H, m,

SCH,CH,S), 2.17 (1H, ddd, J 2.7, 10.6, and 14.0 Hz, H,), 2.08 (6H, s, we),

2.05 (3H, s, Me), and 1.88 (IH, ddd, J 3.0, 10.2, and 14.0 Hz, H).

(66) Preparation of Methyl, 3-oxo-pentanocate (119).

O O (0] 0]

AN ome SANAMNome
(19)
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Methyl acetoacetate (10.0 m1, 92.8 mmol) was added dropwise to a stirred
suspension of sodium hydride (4.9 g of a 50% dispersion in 0il, washed twice
with petrol and once with tetrahydrofuran, 102.1 mmol) in dry tetrahydro-
furan (150 ml) at 0°C under argon. The resulting mixture was stirred at
0°C for 10 min, before cooling to -20°C, and formation of the pale yellow
dianion with n-butyllithium (67.0 ml of a 1.52M solution in hexane, 101.8
mmol). After 5 min at -20%C, methyl iodide (5.8 ml, 93.1 mmol) was added
dropwise and the mixture warmed to room temperature, stirred for 3 h, then
poured into saturated aqueous ammonium chloride (100 mi). Extraction with
ether (3 x 100 m1) followed by drying of the organic layers and removal of
the solvent under reduced pressure gave a residue which was distilled to
give methyl, 3-oxo-pentanoate (119) (11.9 g. 99%) as a colourless o0il, bp

1

75°C at 10 mmHg 3 vmax(fi1m) 2972, 2939, 1741, and 1709 cm '; &(60 MHz) 3.73

(3H, s, OMe), 3.45 (2H, s, H,), 2.54 (2H, q, J 7 Hz, H,), and 1.07 (3H, t,

4)
J 7 Hz, Mey)s m/z 130 ("), 101, 59, 57, and 43.

(67) Preparation of Methyl, 3-pyrrolidyl-pent-2-encate (116).

o o N" o
AN ome \VJ\V*\OM
(9) (116)

e

Compound (119) (10.0 g, 76.9 mmol) was dissolved in dry benzene (500
ml) containing camphor sulphonic acid (10 mg) to give a clear solution.
Pyrrolidine (7.0 ml, 84.0 mmol) was added to the stirred solution at room
temperature, and the mixture stirred for 96 h. The solvent was removed
under reduced pressure and the crude product passed through a Florisil pad

with ether (to remove the CSA). Evaporation of the solvent and distillation
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of the residue gave methyl, S-pyrrolidyl-pent—=2-cuoate (116) (13.8 g, 98%)

as a pale yellow oil, bp 110°C at 0.001 mmHg; v
1

max (film) 2972, 1680, and

789 cm” '3 (60 Miz) 4.30 (1H, s, H,), 3.58 (3H, s, Ome), 3.25 (4H, m,
CHZNCU?), 2.88 (24, q, J 7 Hz, H4), 1.92 (4H, m), and 1.15 (3H, t, J 7 Hz,
Me4); m/z 183 (M+), 168, 152, 124, and 70. (Found: C, 65.59; H, 9.40; N,

7.64, C]OH”NO2 requires C, 65.54; H, 9.53; N, 7.64%).

(68) Preparation of (+) 4(S), 6-Dimethyl, 5(R)-hydroxy, 3-pyrrolidyl, 2-

heptenoic Acid-1,5-lactone (121).

<::> o oo L
\\/J*Q/)k\. Me N
o o
(116) <;;7
(o)

Enamine (116) (10.0 g, 54.6 mmol) in dry tetrahydrofuran (60 ml) was
added dropwise to a solution of 1ithium diisopropylamide [from diisopropyl-
amine (8.5 ml, 60.8 mmol) and n-butyllithium (40.0 ml1 of a 1.52M solution
in hexane, 60.8 mmol) at 0°C1 in dry tetrahydrofuran (60 m1) at -789C under
argon, and the resulting solution stirred at -78°C for 30 min. Isobutyr-
aldehyde (4.9 ml, 55.6 mmol) was added and the mixture warmed to room
temperature over 1 h. After 30 min at room temperature, the reaction
mixture was poured into saturated aqueous ammonium chloride (100 m1) and
ether (50 ml1), and the aqueous layer was extracted with ether (3 x 50 ml).
The organic extracts were dried and the solvent removed under reduced
pressure to give a solid. Recrystallisation from dichloromethane-petrol
gave (x) 4(S), 6-dimethyl, &§(R)-hydroxy, 3-pyrrolidyl, 2-heptenoic acid-

1, 5-lactone (121) (12.1 g, 99%) as a pale yellow crystalline solid, v

max
(CHC1,) 1665 and 1583 em™ 'y 6(250 MHz) 4.40 (1H, s, H,) 3.63 (1H, d, J 10.7
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Hz, Hc), 3.38 (2H, m, NC# ), 3.12 (2H, m, NC# ), 2.57 (1H, q, J 7.0 Hz, U

5 4)»
1.94 (5H, m), 1.25 (3H, d, J 7.0 Hz, Mc4)

0.80 (3H, d, J 7.0 Hz, Mc6);7n/z 223 (M*), 152, 124, 85, and 83. (Found:

, 0.98 (3H, d, J 7.0 Hz, Akb), and

C, 69.70; H, 9.59; N, 6.22. C]3H2]NO2 requires C, 69.92; H, 9.48; N, 6.27%).

(69) Preparation of () 4(S), 6-Dimethyl, 5(R)-hydroxy, 3-pyrrolidyl-hept-

anoic Acid-1,5-lactone (122).

Oj:f;:[}\ o 0O ,L\
O O
(121) (122)

Freshly cut T1ithium metal (0.3 g, 43.2 mmol) was added to a mixture of
Tiquid ammonia (100 ml), dry tetrahydrofuran (15 ml), and t-butanol (1 ml),
at -78°C under argon. After 15 min at -78°C, a solution of compound (121)
(3.0 g, 13.5 mmo1) in dry tetrahydrofuran (15 ml) was added to the deep blue
solution. The resulting mixture was stirred at -78°¢ for 5 min, then warmed
to room temperature, allowing the ammonia to evaporate off. Saturated
aqueous ammonium chloride (50 ml1) was added and the solution extracted
with ethyl acetate (3 x 75 ml). The organic extracts were dried and the
solvent removed under reduced pressure. The crude product could be
purified by dissolving in 3N hydrochloric acid (50 ml), extracting with
ether (3 x 50 ml), neutralising the aqueous layer with 3N sodium hydroxide
solution, and extracting with ethyl acetate (3 x 50 ml). The ethyl acetate
extracts were dried and evaporated to give (&) 4(8), 6-dimethyl, 5(R)-
hydroxy, 3-pyrrolidyl-heptanoic acid-1,5-lactone (122) (2.8 g, 92%) as a

pale yellow oil (mixture of epimers at C-3), v
1

nax (film) 2940, 1730, and

1000 cm™'5 (250 MHz) 5.48 (0.5H, m, Hg g-isomer), 4.71 (0.5H, dd, J 2.5
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and 9.0 Hz, II5 a-isomer), 3.83 (0.5H, dd, J 3.0 and 9.5 Hz, H3), 3.75 (0.5H,

dd, J 3.0 and 10.7 Hz, H,), and 3.03-0.75 (21H, m); m/z 225 (M+), 142, 97,

3)

69, and 44, (Found: C, 69.58; H, 10.65; N, 6.01. C]3H23NO2 requires C,

69.29; H, 10.29; N, 6.22%).

(70) Preparation of (&) 4(S), 6-Dimethyl, 5(R)-hydroxy-2-heptenoic Acid-

1,5-lactone (123).

m-Chloroperoxybenzoic acid (2.2 g, 12.7 mmol) was added in batches to
a solution of compound (122) (1.5 g, 6.7 mmol) in dry toluene (15 ml) at
0°C under argon. The resulting mixture was stirred at 0°C for 30 min, then
at room temperature for 24 h. Triethylamine (2.8 ml, 20.1 mmol) was added
and the mixture heated at 100°C for 30 min. After cooling to room
temperature, the solvent was removed under reduced pressure and the residue
subjected to chromatography on silica (5% ether- 95% petrol) to give (%)
4(S), 6-dimethyl, 5(R)-hydroxy-2-heptenoic acid-1,5-lactone (123) (0.56 g,
54%) as a colourless oil, bp 80°C at 0.1 mmHg ; Vmax (film) 2950, 1706, and

1

1230 cm”'; (250 MHz) 6.65 (1H, dd, J 2.8 and 9.4 Hz, H.), 5.94 (1H, dd, J

30>

2.8 and 9.4 Hz, H,), 4.92 (1H, dd, J 3.1 and 9.4 Hz, H5), 2.59 (TH, m, H

2) 4)’
1.98 (1H, m, Hg), 1.10 (3H, d, 3 6.9 Hz, Me,), 1.08 (3H, d, J 6.3 Hz, Meg),

and 0.97 (3H, d, J 6.3 Hz, Meg); m/z 153 (i'- &), 110, 82, and 70.

(71) Preparation of (#) 2-Hydroxy, 6(R)-isopropyl, 4(S)-methyl-5,6-dihydro-

2H-pyran (124).
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(123) (124)

Compound (123) (371 mg, 2.4 mmol) in dry toluene (2 ml) was added drop-
wise to a stirred solution of diisobutylaluminium hydride (3.6 m1 of a 1M
solution in toluene, 3.6 mmol) at -78°C under argon. The resulting solution
was stirred at -78°C for 3 h, water (0.2 ml) added, and the mixture warmed
to room temperature. Solid sodium bicarbonate (2.5 g) was added and the
mixture thoroughly extracted with ethyl acetate (5 x 10 ml1). Removal of
the solvent under reduced pressure, followed by Kugelruhr distillation of
the residue gave (%) 2-Hydroxy, 6(R)-isopropyl, 4(S)-methyl-5,6-dihydro-
2H-pyran (124) (348 mg, 93%) as a colourless oil, bp 90°C at 0.1 mmHg;

voay (Film) 3380, 2958, 2873, and 1000 cm™ ' §(250 MHz) 5.81-5.60 (2H, m,

H3, H

3.41 (0.8H, dd, J 2.0 and 10.4 Hz, H6.B-anomer), 3.13 (0.2H, dd, J 2.4 and

4), 5.36 (0.8H, br.s, H2 g-anomer), 5.28 (0.2H, br.s, H2 a-anomer),
9.1 Hz, H6 a-anomer), 2.22 (1H, m, HS)’ 1.90 (1H, m, H7), 1.01 (3H, d, d
7.5 Hz, MeS)’ 0.91 (3H, d, J.6.9 Hz, Me7), and 0.86 (3H, d, J 6.9 Hz, Me7);

m/z 139 (M- oH), 55, 43, and 41.

(72) Preparation of (*) 6(R)-Isopropyl, 5(S)-methyl, 2(S)-methoxy-5,6-

dihydro-2H-pyran (125).
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(=) (9

Compound (124) (203 mg, 1.3 mmol) was dissolved in methanol (3 ml)
containing camphor sulphonic acid (2 mg) and the resulting solution was
stirred overnight at room temperature. Removal of the solvent under reduced
pressure gave the crude product which was passed through a silica pad with
ether (to remove the CSA). Removal of the ether under reduced pressure
gave () 6(R)-isopropyl, 5(S)-methyl, 2(S)-methoxy-5,6-dihydro-2H-pyran

(125) (221 mg, 100%) as a colourless oil, &§(60 MHz) 5.66 (2H, br.s, H,, H

3° 4)a

4.77 (TH, br.s, HZ)’ 3.50-3.10 (4H, m, including 3.33, s, OMe, H6), and
2.50-0.70 (12H, m, including 1.07, d, J 6 Hz, Meg and 0.90, d, J 7 Hz, Me7),
this material decomposed on storage and so was used immediately.

(73) Preparation of (z) [6(R)-Isopropyl, 5(S)-methyl-5,6-dihydro-2H-pyran-

2-y1}triphenylphosphonium tetrafluoroborate (126).

’ 4
MeO (0] .:k Phsfg) 0] ,'l\
L

(129) (126)

Compound (125) (167 mg, 0.98 mmol) was dissolved in dry acetonitrile (3

ml) containing triphenylphosphonium tetrafluoroborate (344 mg, 0.98 mmol)
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and the resulting solution was stirred at room temperature under argon for
6 h. Removal of the solvent under reduced pressure gave (+) [6(R)—isopropyl,
5(8)=-methyl-5, 6-dihydro-2H-pyran—2-yl] triphenylphosphoniun tetrafluoroborate

(126) (421 mg, 88%) as a pale yellow solid, mp 70-73°C; v
1

(CHC1,) 2967,

max 3)

1637, 1439, 1060, and 725 cm '; &(90 MHz) 8.20-7.30 (15H, m, Ar#), 6.70-

5.60 (3H, m, H2, H H4), 3.35 (1H, m, H6), and 3.00-0.45 (11H, m, including:

3,
1.05, d, J 7.2 Hz, Me5 major anomer; 0.92, d, J 7.2 Hz, Me7 major anomer;

0.55, d, J 7.2 Hz, M@7 major anomer). (Found: C, 66.55; H, 6.18, C27H3OBF4

OP requires C, 66.41; H, 6.19%).

(74) Preparation of 2-Phenylsulphenyl tetrahydropyran (131).

O Sh

(121

2,3-Dihydro-4H-pyran (5.4 g, 59.5 mmol) was added dropwise to a stirred
solution of benzenethiol (6.1 g, 59.5 mmol) and camphor sulphonic acid (25
mg) in dry dichloromethane (100 ml) at 0°C under argon. The resulting
solution was stirred at 0°C for 30 min, then at room temperature for 1 h.
Removal of the solvent under reduced pressure gave a residue which was
distilled to give 2-phenylsulphenyl tetrahydropyran (131) (11.5 g, 100%)
as a colourless oil, bp 140°C at 3 mmHg; Vimax (film) 2940, 1437, 1035, and

742 cm!

; 6(60 MHz) 7.55-7.00 (5H, m, Ar#), 5.13 (1H, br.dd, J 4 and 5 Hz,
Hy), 4.35-3.80 (1H, m, H¢), 3.75-3.30 (1H, m, H), and 2.17-1.35 (6H, m);

m/z 194 (1), 110, 85, 67, 57, 43, and 41.
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(75) Preparation of 2-Benzenesulphonyl tetrahydropyran (132):- Method 1.

[fij/sph [iij/sozpn

(131) (132)

A solution of compound (131) (1.0 g, 5.2 mmol) in dichloromethane (10
ml) at 09C was treated with peroxyacetic acid (3.85 ml of a 3.95M solution
in water, 15.2 mmol) buffered with sodium acetate (0.5 g, 6.1 mmol). The
resulting mixture was stirred at 0°C for 1 h, water (10 m1) added and the
mixture extracted with dichloromethane (3 x 20 m1). The organic extracts
were washed with 3N aqueous sodium hydroxide solution (10 m1), dried, and
the solvent removed under reduced pressure. Chromatography of the residue
on Florisil (30% ether- 70% petrol) gave 2-benzenesulphonyl tetrahydropyran

(132) (0.85 g, 72%) as a white crystalline solid, mp 78°C; v
1

max (CHC13)

1315, 1150, 1084, 728, 692, and 608 cm '; 5(250 MHz) 7.91 (2H, m, Ar#),
7.58 (3H, m, Ard), 4.39 (1H, dd, J 3.1 and 10.0 Hz, H,), 4.11 (TH, m, H),
3.45 (1H, m, H6), and 2.18-1.46 (6H, m); m/z 85 (Mﬁ— S0,Ph), 84, 77, 55,
41, and 39. (Found: C, 58.24; H, 6.14; S, 14.41. C]1H]4O3S requires C,

58.39; H, 6.24; S, 14.17%).

(76) Preparation of 2-Benzenesulphonyl tetrahydropyran (132):- Method 2.
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0 0._SO,Ph
L - J

()

2,3-Dihydro-4H-pyran (1.11 g, 13.2 mmol) was added dropwise to a stirred
solution of benzene sulphinic acid (1.88 g, 13.2 mmol) in dry dichloro-
methane (20 m1) at room temperature under argon. After stirring for 2 h at
room temperature, the solvent was removed under reduced pressure, and the
crude product recrystallised from ether-petrol to give 2-benzenesulphonyl

tetrahydropyran (132) (2.45 g, 82%), identical to the material prepared

above.

(77) Preparation of 2-Benzenesulphonyl tetrahydropyran (132):- Method 3.

(O;'/OMQ (O/\rSOzPh

) (132)

2-Methoxy tetrahydropyran (75) (1.54 g, 13.3 mmol) was added dropwise
to a stirred mixture of benzene sulphinic acid (2.83 g, 19.9 mmol) and
calcium chloride (4.36 g, 39.6 mmol), 1in dry dichloromethane (40 ml) at
room temperature under argon. The resulting mixture was stirred at room
temperature for 1 h, filtered, and the solvent removed under reduced

pressure. Recrystallisation of the crude product from ether-petrol gave
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2-benzenesulphonyl tetrahydropyran (132) (2.38 g, 797) identical to the

previously prepared material.

(78) Reaction of the anion of 2-Benzenesulphonyl tetrahydropyran (132) with

Isobutyraldehyde.

OH

(,OTSOZP” C)/J\‘/
|
~—

(132) (137)

n-Buty1lithium (1.53 ml of a 1.53M solution, 2.4 mmol) was added to a
stirred solution of compound (132) (500 mg, 2.2 mmol) in dry tetrahydro-
furan (10 m]) at -789C under argon. The resulting pale yellow anion
solution was stirred at -78°C for 10 min, then isobutyraldehyde (200 ul,
2.2 mmol) added. The mixture was warmed slowly to room temperature over
2 h, poured into saturated aqueous sodium bicarbonate (20 ml1) and
extracted with ether (3 x 30 ml1). The organic extracts were dried and the
solvent removed under reduced pressure, to give the crude adduct.
Chromatography on Florisil (20% ether- 80% petrol) gave 2-(1'-hydroxy,
2'-methyl-propyl1)-5,6-dihydro~-4H-pyran (137) (260 mg, 77%) as a colourless

1

oil, v (film) 3454, 2958, 1675, and 1065 cm '; §(90 MHz) 4.70 (1H, t,

max
J 3.9 Hz, H3), 4.00 (2H, t, J 5.1 Hz, H6), 3.50 (1H, br.d, J 7.7 Hz, H1,),

2.20-1.00 (6H, m); m/z 156 (M"), 113, 73, 55, and 43.

(79) Reaction of the anion of 2-Benzenesulphonyl tetrhydropyran (132) with

Methyl chloroformate.
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COQMC
O

0._S0,Ph
[;;]/ SO,Ph

(132) (140)

n-Butyllithium (316 ul of a 1.5M solution in hexane, 0.47 mmol) was
added dropwise to a stirred solution of compound (132) (100 mg, 0.44 mmo1)
in dry tetrahydrofuran (5 ml) at -78°C under argon. The resulting solution
was stirred at -78°C for 10 min, then methyl chloroformate (34 u1, 0.44
mmol) was added and the mixture warmed slowly to room temperature over 1
h. Water (5 ml) was added and the mixture extracted with dichloromethane
(3 x 5 ml). The organic extracts were dried and the solvent removed under
reduced pressure to give a solid. Recrystallisation from dichloromethane-
petrol gave methyl(2'-benzenesulphonyl tetrahydropyran—-2-yl)formate (140)

(105 mg, 84%) as a white crystalline solid, v
1

nax (CHC13) 1744, 1078, and

689 cm”'; 6(60 MHz) 8.00-7.27 (5H, m, ArE), 4.35-3.30 (5H, m, including
3.75, s, Me), and 2.70-1.20 (6H, m); m/z 141 (s0.Ph), 125, 109, 77, and

59. (Found: C, 54.81; H, 5.65. C]3H]6OSS requires C, 54.91; H, 5.65%).

(80) Preparation of 2-Benzenesulphonyl-1,3-dithiane (142).

0._-SO,Ph S
[;;I/ Ph0O,S— :>
S

(139 (142)
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n-Butyllithium (325 ;1 of a 1.5M solution in hexane, 0.49 mmol) was
added dropwise to a stirred solution of compound (132) (100 mg, 0.44 mmol)
in dry tetrahydrofuran (3 ml) at -78°C under argon. The resulting solution
was warmed to room temperature, then added dropwise to a stirred suspension
of 1,3-dithienium tetrafluoroborate (91 mg, 0.44 mmol) in tetrahydrofuran
(2 ml) at -78°C.  The resulting solution was warmed to room temperature over
30 min, poured into water (3 ml), and extracted with dichloromethane (3 x
5 ml). The organic extracts were dried and the solvent removed under
reduced pressure to give a solid. Recrystallisation from ether-petrol
gave 2-benzenesulphonyl-1l,3-dithZane (142) (105 mg, 92%) as a white

1

solid, mp 168°C; v 1302, 1138, and 868 cm”

max 3)
(2H, m, Ary), 7.70-7.50 (3H, m, Ary), 4.38 (1IH, s, HZ)’ 3.65 (2H, dt, J

(CHCY 5 §(250 MHz) 7.95

10.4 and 13.5 Hz, Hy, Hg), 2.53 (2H, dt, J 3.8 and 13.5 Hz, Hy, Hg), 2.22

3,
(H, m, Hy), and 2.02 (1H, m, Hy); m/z 119 (i~ §0,Ph), 77, and 45.

(Found: C, 45.87; H, 4.67. C]OH]ZOZSZ requires C, 46.13; H, 4.65%).

(81) Preparation of 4-Bromo, 1-((tetrahydro-2H-pyran-2-y1)oxylbutane (144),

//\\/A\V/OTHP
{ ] Br

Dry tetrahydrofuran (633 ul, 7.8 mmol) was added dropwise to a stirred
solution of boron tribromide (246 wl, 2.6 mmol) in dry dichloromethane (5
ml) at 0°C under argon. The resulting solution was heated at reflux for 1
h, cooled to room temperature, and the solvent removed under reduced

pressure. The residue was dissolved in methanol (5 ml) and heated at reflux
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for 1 h. After cooling to room temperature, the solvent was removed under
reduced pressure leaving 4-bromo butan-1-ol, which was added directly to a
stirred solution of 2,3-dihydro-4H-pyran (710 ul, 7.8 mmol) and camphor
sulphonic acid (5 mg) at room temperature. This mixture was stirred for 30
min, the solvent removed, and the residue subjected to chromatography on
silica (10% ether- 90% petrol) to give 4-bromo, 1-{(tetrahydro-2H-pyran-2-
y1)oxylbutane (144) (1.27 g, 69%) as a colourless oil, Vinax (film) 2942,
2870, and 1035 cm_]; §(60 MHz) 4.50 (1H, br.s, HZ')’ 4.00-3.25 (6H, m),

and 2.13-1.35 (10H, m); m/z 237 (Mﬁ— H, 81Br), 137, 85, and 55.

(82) Preparation of 1,7-Dioxaspiro(5.5)undecane (58).

C)J/sogph By~~~ OTHP C(o)
(144)
(3 64

n-Butyllithium (1.62 ml of a 1.5M solution in hexane, 2.4 mmol) was
added dropwise to a stirred solution of compound (132) (0.50 g, 2.2 mmol)
in dry tetrahydrofuran (7 ml) at -78°C under argon. The resulting pale
yellow anion solution was stirred at -78°C for 10 min, then bromide (144)
(0.52 g, 2.2 mmol) added. The mixture was warmed slowly to room temperature
over 4h, poured into water (10 ml). Extraction with ether (3 x 20 ml)
followed by drying of the extracts, and removal of the solvent under reduced
pressure gave the crude product. Kugelruhr distillation gave 1,7-dioxa-
spirol5.5lundecane (58) (265 mg, 77%) as a colourless oil, identical to the

material prepared earlier.
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(83) Preparation of 3(S)-Hydroxy, 1-(tosyloxy)butane (145).

OH oM
SN0

(S)-Butane-1,3-diol (2.0 g, 22 mmo1) was dissolved in dry dichloro-
methane (25 ml) containing tosyl chloride (4.3 g, 23 mmol). The resulting
solution was cooled to 0°C under argon and pyridine (2.0 ml, 25 mmol) added
dropwise. After stirring at room temperature for 12 h, the solution was
poured into 1N hydrochloric acid (20 m1) and dichloromethane (25 ml). The
organic layer was washed with 1IN hydrochloric acid (3 x 20 ml), dried, and
the solvent removed under reduced pressure. Chromatography of the residue
on silica (50% ether- 50% petrol) gave 3(S)-hydroxy, 1-(tosyloxy)butane

22

(145) (4.1 g, 76%) as a colourless 0il, [a]5° + 10.7% v . (film) 3405,

max
2970, 1354, 1176, and 663 cm-]; §(90 MHz) 7.80 (2H, m, ArH), 7.35 (2H, m,
Ard), 4.40-3.60 (3H, m, H;, Hj), 2.47 (3H, s, Arie), 2.00-1.50 (3H, m, H,,
0#), and 1.22 (3H, d, J 6.1 Hz, Me); m/z 264 (¥*), 172, 91, 72, and 43.

(84) Preparation of 1-lodo, 3(S)-I[(tetrahydro-2H-pyran-2-yl)oxylbutane

(147).

OH OTHP

(145) (147)
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Compound (145) (4.0 g, 16.4 mmol) was dissolved in dry acetone (100 ml)
containing sodium jodide (20 g, 133.3 mmol) and the resulting mixture was
heated at reflux for 5 h under argon. The solvent was removed under reduced
pressure and the residue dissolved in water (70 ml). Extraction of this
mixture with ether (3 x 75 ml) followed by drying of the extracts and
removal of the solvent under reduced pressure gave the crude 3(S)-hydroxy,
1-iodo butane (3.25 g, 99%). This material was dissolved in dry dichloro-
methane (30 ml) containing 2,3-dihydro-4H-pyran (1.63 ml, 17.8 mmol) and
camphor sulphonic acid, and the resulting mixture stirred at room
temperature for 30 min. Removal of the solvent under reduced pressure
followed by chromatography of the residue on silica (2% ether- 98% petrol)
gave I-todo, 3(S)-[(tetrahydro-2H-pyran-2-yl)oxylbutane (147) (3.74 g, 81%)
as a colourless 0il (mixture of isomers at C-2'), [a]gz + 33.2°%; Vmax (film)

2940 and 1033 cm™

; 6(90 MHz) 4.57 (TH, br.s, H,,), 4.10-3.40 (3H, m), 3.27
(2H, q, J 7.2 Hz, Hy), 2.20-1.40 (8H, m), 1.25 (1.2H, d, J 7.2 Hz, Me one
diastereoisomer), and 1.12 (1.8H, J 6.1 Hz, Me one diastereoisomer); m/z
283 (M"- #), 183, 85, and 55. (Found: C, 38.08; H, 6.05. CgH;,10, requires
C, 38.04; H, 6.03%). |

(85) Preparation of 2(S)-Methyl-1,6-dioxaspirol4.5)decane (7).

OTHP

O._S0,Ph NN [fi:ﬁftj/
[:v:]/ (147)

(132) @

n-Butyllithium (7.9 ml of a 1.54M solution in hexane, 12.2 mmol) was
added dropwise to a stirred solution of compound (132) (2.5 g, 11.1 mmol)

in dry tetrahydrofuran (50 ml) at -78°C under argon. The resulting pale
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yellow anion solution was stirred at -78°C for 10 min, then iodide (147)
(3.1 g, 11.0 mmol) was added. The mixture was warmed to room temperature
over 1 h, poured into water (30 ml), and extracted with ether (3 x 50 ml).
The extracts were dried and the solvent removed under reduced pressure to
give the crude product. Kugelruhr distillation gave 2(S)-methyl-1,6-dioxa~

spiro(4.5)decane (7) (1.37 g, 79%) as a colourless oil (1:2 mixture of cis:

22

trans isomers), bp 759 at 10 mmHg; (a) g~ - 12.1°, and had identical spectra

to the racemic material prepared earlier.
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Synthesis of (¢cis-6-Methyltetrahydropyran-2-yl)acetic Acid
Involving the Use of an Organoselenium-mediated Cyclization Reaction

Steven V. Ley,” Barry Lygo, Huguette Molines, and Judith A. Morton
Department of Chemistry, Imperial College, London SW7 2AY, UK.

A short stereospecific synthesis of (cis-G-methyltetrahydropy'ran-2-y|)acetic acid (1) has been achieved from
readily available starting materials using a novel organoselenium-mediated cyclization of alkenyl-substituted

B-oxoesters.

The use of organoselenium-mediated cyclizations to construct
both hetero'- and carbo?-cyclic ring systems is now well
recognised. Here we show how methodology developed in
our laboratories® can be used efficiently to synthesise (cis-
6-methyltetrahydropyran-2-ylacetic acid (1), a natural pro-
duct recently isolated from Viverra civetta.

The readily available alkenyl-substituted B-oxoester® (2)
reacts at room temperature with N-phenylselenophthalimide
(NPSP),* and trace amounts (0.01 equiv.) of tin tetrachloride to
give a 9:1 mixture of compounds (3, R=Me) and (4, R=Me)
in 84 % combined yield. This mixture can be used directly in
the next reaction; however, if conventional flash chromato-
graphy is used to purify the products, (4) is seen to rearrange
to (3) which can be isolated in a pure form.t Trcatment of
(2) with NPSP and greater quantities of SnCl; (1 equiv.)
results in the rapid formation of the carbocyclic product (5)
in 839% yield.

Reduction of (3) and (4) with tri-n-butyitin hydride’ pro-
cecds well, without ring opening, to give (6, R=Me) and
(7, R=Me) in 649 yield. Upon similar treatment, pure (3)
gave (6) in comparable yield.

Hydrogenation of (6) and (7) using Raney-nickel as a
catalyst gave a single compound shown to be methyl (cis-6-
methyltetrahydropyran-2-yl)acetate (8) in 719 yield. This
ester was identical with the previously synthesised material.*
Hydrolysis of (8) gave a 92% yield of (cis-6-methyltetra-
hydropyran-2-ylacetic acid (1)*® [m.p. 51—52 °C; 'H n.m.r.
6 10.1 (1H, br.s, CO,H), 3.84—3.72 (1H, m, Hy), 3.53 (1H,
m, Hy¢), 2.9 (1H, q, Hp, Jap 15, Jox 7.5 Hz), 2.48 (1H, q, Ha,
Jan 15 Hz), 1.9—1.15 (6H, m), and 1.19 (3H, d, J 6.3 Hz)].

In an effort to simplify this route further we chose to com-
bine the two reduction steps with a final deprotection reaction.

T All new compounds were fully characterised by spectroscopic
and microanalytical methods.

)/oj\/coﬁi

(2)R = Me
(9)R = CH,Ph
ii :
\/(l/ ' \/Ej\/
PhSe 0 PhSe o CO,R  PhSe o xC03R

COzMe

Scheme 1. Reagents and conditions: i, NPSP-SnCl; (1.1:0.01),
room temp., CH,Cl,, 2 h; ii, NPSP-SnCl, (1.1:1.0), room temp.,
CH.Cl,, 30 min; iii, Bu™SnH, azoisobutyronitrile, toluene, heat,
1 h; iv, H~-Raney-nickel, 100 atm, EtOH, 60 °C, 20 h; v, 109
NaOH, MeOH-H,O0, heat, 15 min.

Thus, when the benzyl-substituted compound (9) was treated
with NPSP-SnCl, (1.1:0.01 equiv.) as before, a 4:1 mixture
of (3, R=CH,Ph) and (4, R=CH,Ph) was obtained in 57%,
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yietd. This mixture, on reduction with Hy-Raney-nickel,
afforded (1) in one step in an unoptimised 47 %; yicld.

We thank the S.E.R.C. for research studentships (to B.L.
and J.A.M.), NLA.T.O. for a study grant (to H. M.), and the
R.S.C. for the Hickinbottom Research Award (to S.V.L)).
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SYNTHESIS OF HETHYL-1,6-DIOXASPIRO (4,5 DECANES
USING ORGANOSELEMIUH MEDIATED CYCLIZATION REACTIONS

By Steven VY. Ley* and Barry Lygo
Department of Chemistry, Imperial College, London SW7 2AY, U.K.

SUMNARY - Three naturally occurring methyl-l.6-dioxaspirq[d.SJdecanes have been prepared in
good yield using organoselenium mediated reactions during the crucial cyclization
nrocess.

The spiro-xetal wolety occurs in many biologically active natural products including
. ! G . S
insect phercmones , polyether ant1h\ot\cszand the extremely potent antiparasitic agents,
the avermectinsj. Consequently new methods for their preparation are becoming increasingly

important.

The use of organoselenium mediated cyclization reactions to synthesise oxygen containing
heterocyclic species is known4 however, application to natural product synthesis has so far

fe,h,5 In this Letter we show how natural 1,6-dioxaspiro-

been limited to only a few examples.
(4.5]decanes can be prepared using organo-selenium based methodology. In principle this route

could be applied to many other related spiro-ketal systems.

In the first of these syntheses the alkenylhydroxy ketone6(1) was treated with N-phenyl-
selenophtha1in1ide7. NPSP, and zinc bromide (0.1 eq) in dichloromethane at room temperature for
1.5h to give & Z:/ mixture (1:2) of the phenylseleno-spiroketals (2) and (3) in 78.3% yield.
These were not isolated scparately but were reduced with Raney-nickel in cthanol at SOOC to
afford the methyl-l.6—dioxaspiro[d.s}decanes (4) and (5) in the same ratio in 90% yield(Scheme 1)
These compounds were identical to the pheromone components isolated recently from the common
wasp i'. nulgupixg_ No attempt was made to separate these materials,although this is possible,

as it is known that these z:; -diastereomers undergo equilibration at 5% within & few days?c

Ouring the cyclization reaction of {1) it was not possible to detect by ]H n.m.r. spectro-
scopy any intermediate formation of the related dioxaspiroLS.S]ana]ogues that one may expect

to be the kinetic cyclization product.

4625
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Scheme 1

PhSe

OH
(1) (2) (3)

(4) (5)

i) NPSP(1.1eq), ZnBrz(O.leq), CHZCIZ, 1.5h, RT; i) Raney-nickel, EtOH, 50°, 1n.

For the synthesis of the remaining methy]-l,6-dioxaspiro[4.5]decane (6) a somewhat longer
synthetic sequence was necessary. The tetrahydropyranyl protected hydroxyaldehyde (7) was
reacted with pent-4-enyl magnesium bromide to give (8) on oxidation work-up with Collins reagent
in greater than 96% yield. Deprotection of (8) with camphor sulphonic acid / methanol at 40-
50°C for 30 min gave a mixture of the lactol (9) and the uncyclized ketoalcohol (10) in 70 and
19% yields respectively. Treatment of either (9) or (10) with NPSP / ZnBr2 (1.0:0.1 equiv) in
dichloromethane at room temperature gave a single phenylselenospiro-ketal(11) as a colourless
0il in 80% yield. Reduction of this ketal with Raney-nickel as before gave exclusively E-methyl-

1,6—dioxaspiro[4.5]decane (6} (92%) (Scheme 2).

The mechanistic implications of these reactions, together with other examples will be discussed

at a later date.
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Scheme 2
///A\\\///“\\\ !
THPO CHO o
THPO O
N\
(7) L (8)
i
:() \\ .%~ OH
OH 0
X X
(9) (10)

(Koo, = (X2

SePh
(11) (6)

i) Pent-4-enyl magnesium bromide, -10°C, Ether; Cr03.2py; i1) Camphor sulphonic acid/
methanol, 40-50°C, 30 min; ii1) NPSP{i.leq), ZnBrz(O.leq); iv) Raney-nickel, EtOH, 500, th.

We thani the 5.2.3.C. for a rescarch studeniship (to 3 L ) and the Hickinbe::zom

Rescarch Awvard (to S V L)
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Compound 5. 3.32-4.21 (3H,m), 2.15-1.43 (10H,m), 1.24 (3H,d J=5.5Hz)

Compound 6. 3.92-3.60 (3H,m), 2.07-1.21 (10H,m), 1.1 (3H,d J=6.3Hz)

Compound 11:7.50 (2H,m), 7.22(3H,m), 4.07-3.93(1H,m,H ), 3.92-3.34 (2H,m,H_,Hy), 3.06 (1H,dd,H,
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a b HaHX b HaHb Hbe

(Received in UK 20 August 1982)
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A HEW ROUTE TO SPIRO-KETALS USING THE HORNER-WITTIG REACTION
OF 2-DIPHENYLPHOSPHINOXY CYCLIC ETHERS

Steven Y. Ley* and Barry Lygo

Department of Chemistry, Imperial College, London SW7 2AY, U.K.

Summary: Two insect pheromones along with other spiro-ketals have been
synthesised by a new route which involves Horner-Wittig coupling of 2-
diphenylphosphinoxy cyclic ethers with aldehydes and lactols followed by
acid catalysed cyclisation.

Owing to the increased interest in the formation of spiro-ketals,] we report here a new method
which is potentially very general and applicable to a wide range of compounds. The method

relies upon the Horner-Wittig coupling of cyclic ethers with either aldehydes or lactols
followed by acid catalysed spiro-ketal formation (Scheme).

HO
CH) 1 oHc(eH,)cH.om CH), RGN
[ o (O/&W(C Hy), [o )[ O>

PPh
(CHz)y

TR 2 Base
(0]

Scheme

The cyclic ether phosphonium saltz (1) was readily prepared by tireatment of a benzene solution
of either 5-hydroxypentanal 1lactol or 3,4-dihydro-2H-pyran and triphenylphosphine with
gaseous hydrogen chloride over a period of 5-10 h at ambient temperature (eq. 1). The
phosphonium salt (1) was difficult to purify to acceptable microanalytical levels, however
similar preparation of the bromide (2) using HBr (eq. 2) gave analytically pure materia13.
Preparation of (3) was achieved from dihydrofuran by an analogous method (eq. 3). The salts
(1) and (3) were subsequently converted to the corresponding diphenylphosphine oxides (4) and
(5) by brief (30 min) treatment with 3N sodjum hydroxide under ref]ux4.

o 85-~90% 83%
_ eq.1
+ -
O PPh.CI 0o PPh,
o~ >~ OH (1) (

4)%

113



80 %

- eq.2
+ -—
0] o) PPh, Br
(2)
% 82 %
[~\> _88%» Q+ e (1\ eq.3
o] e} PPh.Cl 0 ﬁph?

With the 2-diphenylphosphinoxy cyclic ethers to hand, their reactions with various aldehydes
and lactols under Horner-Wittig cor.ditions5 were next examined. In a typical experiment the
diphenylphosphine oxides were deprotonated with lithium diisopropylamide (LDA) at -78°C in THF
to give a deep red anion which was diluted with diethy! ether. To this mixture was added the
appropriate aldehyde (or the lithio salt of the lactol) and,upon loss of the red colour,was
quenched by the addition of water.5 After separation and evaporation of solvent, the residue
was dissolved in THF and potassium tert-butoxide (1 eq.) was added to effect the elimination
of diphenylphosphinic acid. This elimination was normally complete after 1 h at room
temperature. THF was removed and replaced by a small amount of dichloromethane followed by
extraction with ether. Removal of the ether afforded the crude enol ethers which could be
further purified by Kugelruhr distillation. It was not necessary to separate the various enol
ethers formed as they could be used directly in the next reaction. Following the above
procedure enol ethers (6) to (9) were prepared (eq. 4-7).

THPO ~ " >CHO

- eq.4
(4) 62 %
o}
><oj\/\
4) CHO _ cq.s
( 65% ’
/Q”‘o Li
4 - ! OH
( ) 70% & €q.6



OH
)

~—~
(1)

Cyclisation of the enol ethers (6)-(9) to the corresponding spiro-ketals ({10)-(13) was
straightforward using a trace of camphor sulphonic acid in methanol, over a period of several
hours (6-12) with concomitant removal of tetrahydropyranyl or acetonide protecting groups in
relevant examples.

(©) 93% (10)
61%
() (11)
o 5
82%

76%

The spiro-ketal (10) was identical to the major sex pheromone isolated from the olive fly
Dacus oleae, while (13) was identical to a common wasp pheromone from Paravespula vulgaris

(L).

The above method is clearly very general and its application to the construction of more
biologically important spiro-ketal containing natural products, such as the avermectins and
mﬂbemycins,9 is obvious and will be reported at a later date.
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Synthesis of Spiroacetals using Organoselenium-mediated Cyclisation Reactions.
X-Ray Molecular Structure of (2S,8R)-8-Methyl-2-phenyl-1,7-dioxaspiro-
[6.5]Jundecan-4(R)-ol

Annette M. Doherty, Steven V. Ley,' Barry Lygo, and David J. Williams
Department of Chemistry, Imperial College, London SW7 2AY

Alkenyl hydroxyketones undergo cyclisation via their hemiacetal form, in the presence of N-
phenylselenophthalimide (NPSP) and a Lewis acid, to give the corresponding phenylseleno-substituted
spiroacetals. Using this methodology the synthesis of trans- and cis-2-methyl-1,6-dioxaspiro-
[4.4]nonane (1), trans- and cis-2-ethyl-1,6-dioxaspiro[4.4]nonane (chalcogran) (2), trans- and cis-2-
methyl-1,6-dioxaspiro[4.5]decane (3), trans-7 -methyl-1,6-dioxaspiro[4.5]decane (8), trans-2-methyl-
1,7-dioxaspiro[5.5]Jundecane (5), and (2S,8R)-8-methyl-2-phenyl-1,7-dioxaspiro{5.5]undecane-4-
one (6) has been achieved, after reductive removal of selenium using Raney-nickel in diethyl ether.
Compound (2) is the principal aggregation pheromone from Pityogenes chalcographus (L), whilst
compounds (3) and (4) constitute the pheromone components of the common wasp, Paravespula
vulgaris. The structure of the spiroacetal (6) was determined as a result of X-ray crystallography of a later
derivative, obtained by sodium borohydride reduction of (6).

The spiroacetal functional group is common to a wide range of
natural products, notably insect pheromones,' oxygenated { \( \ ~No Me
‘terpenoids,? polyether antibiotics, the cytovaricins,* and the 0" ™0 R o)

recently isolated potent antiparasitic agents, the milbemycins
and avermectins.’ We report here a new spiroacetal-forming
reaction ® which could prove useful in the preparation of such (2) R=Et c¢/s and trans

molecules and their structural analogues.

(1) R=Me c¢is and trans (3) cis and trans

[CHy] phse*  [CH [ﬁ '
L [cHa),  PnSe [Lﬂy[cm] 0" 0" o Me o O TMe
° N 0% seph H :
OH (4) trans (5) trans

Scheme 1.

Conceptually the reaction involves the organoselenium-
mediated intramolecular trapping of a hemiacetal by a suitably
disposed carbon—carbon double bond? (Scheme 1). The use of
organosclenium-mediated cyclisation reactions in the prepara-
tion of oxygen-containing heterocyclic compounds is a rapidly
developing and important synthetic strategy;® however,
application to natural product synthesis has so far been
limited.® In this work the synthesis of the spiroacetals (1)}—(6) is
described. Compound (2) is the principal aggregation
pheromone from Pityogenes chalcographus (L),'°® compounds
(3) and (4) are pheromone components of the common wasp
Paravespula vulgaris,'* and compound (6) is a useful precursor

for avermectin/milbemycin analogues. For the preparation of ‘
/ ’, & bep OHC” >"0THp m

the spiroacetal (1), but-3-enylmagnesium bromide was treated,

at 0°C in diethyl ether, with the known tetrahydropyranyl- orR O =
protected aldehyde (7) '? to give an adduct, which was oxidised (7 (8) R = THP
with Collins’ reagent to provide the enone (8) in 75% yield. -
Deprotection of (8) with camphorsulphonic acid in methanol (9)R =H

gave a mixture of the hydroxyketone (9) and the hemiacetal (10)
in 949, combined yield. Treatment of this mixture with one
equivalent of N-phenylselenophthalimide (NPSP),! and a m—;,_/
trace of zinc(i) bromide (0.1 equiv.), in dichloromethane at 0 =~ 070 SePh
room temperature gave a 1:1 cisitrans mixture of the OH

spiroacetals (11) in 529 yield. The reaction was conveniently
followed by tl.c. and/or by 'H n.m.r. spectroscopy. Reductive
removal of the phenylseleno substituent was achieved by
treatment with Raney-nickel in diethyl ether, at room

temperature under hydrogen, to give an excellent yield of THP = (1
compound (1) asa 1:1 mixture of cis: trans isomers. No attempt 0

(10) (1)

§
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was made to separate these isomers as similar systems are
known to undergo cquilibration at 5 °C over a period of a few
days.!!

Synthesis of the natural product (2) was achieved in a similar
fashion, namely reaction of pent-3-enylmagnesium bromide
with (7) which gave enone (12) after Collins' oxidation. This,
upon hydrolysis to (13) and selenium-mediated cyclisation, gave
the spiroacctals (14). Reduction with Raney-nickel afforded
compound (2} in 349 overall yield.

Preparation of the spiroacetals (3) was accomplished by a
slightly different strategy, in that starting materials were
prepared by an alternative route. Accordingly, but-3-cnyl-
magnesium  bromide was treated  with  S-valerolactone  at
— 178 °C, to give the cnone (15) in low yield alter separation from
the other product, that of diaddition of the Grignard reagent to
the lactone. Cyclisation of (15) with NPSP gave a 1:2 mixture of
cis:trans isomers of compound (16) in 78Y yield, which after
Rancy-nickel reduction gave (3), again as a 1:2 mixture of
cis:trans isomers in 90% yield. This cquilibration ratio was
identical with that observed for the natural material.'*

Me

0 =
OTHP OH
(12) (13)

Me

:
2

SePh
OH

Q
o
<
o
(@]
4

(14) (15)

SePh
THPO

b

(16) (17)

2

. SePh
0
OH
N\
(18) (19)
; SePh
OH Co\'(ol
° R
(20) (21)

However, during the synthesis of the spiroacetals (4) and (5)
only single trans isomers were obtained. Reaction of pent-4-
enylmagnesium bromide with the protected aldehyde (7) gave
the enone (17), after Collins’ oxidation, in 969 overall yield.
Hydrolysis afforded compound (18), which upon subsequent
selenium-mediated  cyclisation gave the trans-phenyl-
selenospiroacetal (19) in 73% yield. Finally, Raney-nickel
reduction afforded the natural spiroacetal (4).

For the synthesis of (5), pent-4-enylmagnesium bromide was

3. CHEM SOC PERKIN TRANS 1 JUS

Table 1. 250 MHz "H nuer, spectra of the phenylseleno-spitoacetals

[CH3- CHY . Ha [c HZ]M[CM]W
( e )\—-(/HB L - /\.—"'“x
0”0 ‘Ho SePh 0" 0 /Y‘ScPh
X H
A Hg
trans cis
Compound o H, S Hy  JaxtH2) Sy (H2) JulH2)
(D) trans i = n" =~ | 3.00 2,96 2.6 3.7 12S
cly 3.26 KRN 59 4.7 125
(16) transn =2, n" =1 3.08 2.96 5.8 7.8 1.7
cis 3.29 313 5.8 5.0 117
(1N ransn =1, n" =2 3.04 2.90 6.9 4.7 120
Q20 ransn =n" = 2 312 2.95 8.6 5.1 122

treated with &-valerolactone at —78°C to provide the
hydroxyketone (20) in poor (22%;) yicld, alter separation by
silica gel chromatography from the diaddition product.
Compound (20) was cyclised with NPSP in the normal way to
provide the trans-spiroacetal (21) (77%) which was reduced to
compound (5) using Raney-nickel (88%).

The structural proof of the initially formed phenylseleno-
spiroacetals follows from their spectral data, especially their
high-field 'H n.m.r. parameters, some key features of which are
noted in Table 1.

The last spiroacetal to be studied, (6), was designed as a
suitable model compound for avermectins/milbemycins. The
dianion from pentane-2,4-dione was formed by sequential
treatment with sodium hydride in tetrahydrofuran (THF) at
0 “C, followed by n-butyl-lithium at — 20 °C. This dianion was
treated with 4-bromobut-1-ene to give the kinetically quenched
adduct (22). Re-formation of the dianion using 2 equivalents of
lithium di-isopropylamide followed by reaction with benz-
aldehyde at —78 °C gave the necessary starting material (23)
for cyclisation studies. Treatment of (23) with NPSP (1.1 equiv.)
and SnCl, (0.1 equiv.) in dichloromethane afforded the
spiroacetal (24) as the major product (50%) after 96 h at room
temperature. The high-field 250 MHz 'H n.m.r. spectrum of
(24) is entirely in accord with the proposed structure, which was
confirmed by X-ray crystallographic determination of a later
derivative. The phenylseleno group in compound (24) was
removed by Raney-nickel to give compound (6) as a colourless
oil in 949 yield. Finally reduction of the carbonyl group in (6)
was achieved using NaBH, in dimethoxyethane at 0 °C, 1o give
a separable mixture of the alcohols (25) and (26) in 61 and 32%
yield respectively (Scheme 2). Use of other reducing systems
gave a less favourable ratio of the desired isomer (25). During
the organoselenium-mediated cyclisation of (23) to the
spiroacetal (24), organoselenium-containing intermediates were
noticed by means of t.lc. and 'H n.m.r. spectroscopy, but were
not isolated. We propose that the first formed intermediate was
that of seleniation on the central carbon of the dicarbonyl
system, i.e. (27), and this then undergoes Lewis acid-catalysed
rearrangement, with migration of the phenylseleno group, to
form the monocyclic intermediate (28). This intermediate
subsequently cyclises with anomeric control '3 to give the final
product (24) (Scheme 3). Evidence for the phenylseleno group
migration and the proposed intermediates is based upon our
earlier studies on related systems.!® While the spectroscopic
data for the two alcohols (25) and (26) agree with their structure
assignment, unambiguous proof was derived from X-ray
crystallographic analysis of the minor isomer (26) (Figure).

From the above studies, the new selenium-based methodology
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C(13)

Figure. The molecular structure of (26)

can be used effectively to afford methyl- [4.4]-,[4.5]-,and [5.5]-
dioxaspiro systems and compares favourably with current
methods of spiroacetal formation.'”

Experimental

M.p.s were determined using a Kofler hot-stage apparatus and
are uncorrected. Lr. spectra were recorded with a Perkin-Elmer
298 spectrophotometer and 'H n.m.r. spectra with a Varian EM
360A, or Brucker WH250 spectrometer, for solutions in
deuteriochloroform with tetramethylsilane as internal standard.
Mass spectra were obtained using a V.G. Micromass 7070
spectrometer. Light petroleum refers to the fraction boiling in
the range 40—60°C. Solutions were dried over anhydrous
sodium sulphate, and solvents by standard methods. Chro-
matography was performed on MN-Silica gel 60, 230—400
mesh, under pressure.

General Procedure for the Reaction of Grignard Reagenis with
4-(Tetrahydropyran-2-yloxy)butanal (7) and Subsequent Oxid-
arion.—To a solution of compound (7) (2 mmol) in diethyl ether
(7ml)at 0 °C under argon was added a solution of the Grignard
reagent (1—2 equiv.) in diethyl ether (5 ml). After the addition,
the mixture was stirred for 30 min at room temperature.
Saturated aqueous ammonium chloride (7 ml) was added and
the organic phase was separated and dried. The solvent was
removed under reduced pressure to give the crude product,
which was added directly to a solution of Collins’ reagent
(6-—10 equiv.) in dichloromethane (7 ml). The reaction mixture
was stirred at room temperature for 2 h, diluted with dicthyl
ether (60 ml), and filtered through a pad of Celite. The solvent
was removed under reduced pressure and the crude product
subjected to chromatography (50% diethyl ether-light petrol-
eum) to provide the pure compounds.

Reactrion with but-3-enylmagnesium bromide. Reaction of
compound (7) with but-3-enylmagnesium bromide [from but-3-
enyl bromide (0.41 g, 3.0 mmol) and magnesium (0.08 g)]
followed by oxidation and chromatography gave 1-(tetrahydro-
pyran-2-yloxy)oct-T-en-4-one (8) (0.47 g, 75%), 8 (250 MHz) 5.80
(1 H, m), 5.00 (2 H,m),4.53 (1 H, t, J 3.0 Hz), 3.83—3.40 (4 H,
m), 2.50 (4 H, m), and 2.10—1.10 (10 H, m); v, (film) 1 710,
1630, and 1 120 cm™!; m/z 226, 208, 141, and 85 (Found: C,
69.0; H, 10.05. C,;H,,0, requires C, 68.99; H, 9.80%).

Reaction with pent-3-enylmagnesium bromide. Reaction of
compound (7) with pent-3-enylmagnesium bromide [from pent-
3-enyl bromide (0.45 g, 3.0 mmol) and magnesium (0.08 g)]
followed by oxidation and chromatography gave 1-(tetrahy-
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dropyran-2-yloxynon-T-cn-4-one (12) (0.50 g, 74%,) as an oil, &
(250 MHz) 542 2 H, m), 4.55 (1 H, t,J 3.1 Hz), 3.83--3.40 (4 H,
m), 2.48 (4 H, m), and 2.30--1.45 (13 H, m); v,,, (CHCl,) 1 717,
1630, and 1120 cm™Y; m/z 240, 155, 139, and 85 (Found: C,
69.85; H, 10.25. C,,H,;,0, requires C, 69.96; H, 10.06%,).

Reaction with pent-d-enylmagnesium bromide. Reaction of
compound (7) with pent-4-enylmagnesium bromide [from pent-
4-enyl bromide (0.33 g, 2.2 mmol) and magnesium (0.06 g)]
followed by oxidation and chromatography gave 1-(tetrahy-
dropyran-2-yloxy)non-8-en-4-one (17) (0.48 g, 97%,), 6 (60 M Hz)
6.17—4.70 (3 H, m), 4.54—4.36 (1 H, m), 4.02—3.12 (4 H, m),
and 2.63—1.13 (16 H, m); v,,...(film) 2933, 1 710, 1 635, 1 112,
and 1028 cm™'; mjz no M* peak, 155, 139, 97, 85, 84, and 41
(Found: C, 69.75; H, 10.2%)).

General Procedure for the Removal of the Tetrahydropyran-
2-yl Protecting Group.—The tetrahydropyranyl derivative
(1.5 mmol) was added dropwise to a stirred solution of
camphorsulphonic acid (CSA) (2 mg) in methanol (3 ml). After
30 min at 50 °C the mixture was cooled and filtered through a
pad of Celite. Removal of the solvent under reduced pressure
gave the crude product which contained the alkenyl-substituted
hemiacetal as the major product, together with a small amount
of the corresponding open-form hydroxyketone. This mixture,
however, could be used directly in the next reaction.

Depratection of compound (8). By the above general method,
compound (8) (0.24 g, 1.1 mmol) gave the crude hemiacetal (10)
(0.15 g, 95%), & (250 MHz) 5.83 (1 H, m), 5.09—4.92 (2 H, m),
3.87(1 H,m), 3.39(1 H,m),2.50 (2 H,m),and 2.35—1.61 (7TH, m).

Deprotection of compound (12). By the above general method
compound (12) (0.34 g, 1.5 mmol) gave the crude hemiacetal
(13) (0.19 g, 81%).

Deprotection of compound (17). By the above general method,
compound (17) (0.34 g, 1.5 mmol) gave the crude hemiacetal
(18) (0.21 g, 90%), & (60 MHz) 6.00—4.69 (3 H, m), 3.98—3.61
(2 H, 1), and 2.53—1.28 (11 H, m); v,,,. (film) 3410, 2950,
2389,1 635 and 913 cm™*; m/z 156,71, 51, and 41.

General Procedure for the Addition of Grignard Reagents to
8-Valerolactone—A solution of the appropriate Grignard
reagent (2.0 mmol) in diethyl ether (2 ml) was added dropwise to
a suspension of §-valerolactone (2.0 mmol) in dry THF (6 mli)
under argon at —78 °C during 3 h, via a motorised syringe. The
mixture was stirred for a further 1 h, after which time saturated
aqueous ammonium chloride (2 ml) was added and the mixture
was allowed to warm to room temperature. The organic phase
was separated, dried, and the solvent was removed under
reduced pressure. The residue was subjected to rapid
chromatography (30% diethyl ether-light petroleum) to give
the product, the hydroxyketo alkene.

Reaction of §-valerolactone with but-3-enylmagnesium bro-
mide. Using the above procedure, but-3-enylmagnesium
bromide  [from but-3-enyl bromide (0.27 g, 2.0 mmol) and
magnesium (0.06 g)] was treated with 8-valerolactone (2.0
mmol) to give 9-hydroxynon-1-en-5-one (15) (38 mg, 12%), &
(60 MHz) 6.09—4.73 (3 H, m), 3.56 (2 H, t), and 2.62—1.43 (11
H, m); v..,.(CHCI,) 3 476, 2927, 2872, 1 708, and 1 634 cm™?;
m/fz 156, 87, 69, 58, 55, and 41; and the product of diaddition, 5-
but-3-enylnon-8-ene-1,5-diol (34 mg, 8%), & (60 MHz) 6.16—
4.67 (6 H, m), 3.57 (2 H, t), and 2.17—1.31 (16 H, m);
Veax.(film) 3 370, 2923,2859,and 1 637 cm™!; m/z no M* peak,
195, 157, 139, 83, 51, and 41.

Reaction of &-valerolactone with pent-4-enylmagnesium
bromide. Using the above procedure, pent-4-enylmagnesium
bromide [from pent-4-enyl bromide (0.3 g, 2.0 mmol) and
magnesium (0.06 g)] was treated with §-valerolactone (2.0
mmol) to give I-hydroxydec-9-en-5-one (20) (77 mg, 23%), & (60
MHz) 6.03—4.67 (3 H, m), 3.53 (2 H, t), and 2.53—1.27 (13 H,

JoCHEM SOC. PERKIN TRANS 1 1U84
m); Vo {film) 3 398, 2930, 1 705, and 1 639 cm Y myz 170, 116,
101, and 98 (Found: A*, 170.1312. C,oH 4,0, requires M,
170.1307); and the product of diaddition, 5-pent-d-cnykdec.y-
cne-1,5-diol (29 mg, 6%,), 8 (60 MHz) 6.15—4.74 (6 H, m), 3.59(2
H, br t), 2.70 (2 H, br, exch. D,0), and 2.20—1.20 (I8 1, m);
Vo (filM) 3 360, 2 929, 2 858, and 1 638 em™t; mfz no M* peak,
222, 171, 84, and 69.

General Procedure for the Selenium-mediated Cyclisation.—To
a solution of the appropriate hydroxyalkene (1 mimol) and
NPSP (0.33 g, 1.1 mmol) in dry dichloromethane (3 ml) under
argon at room temperature was added dry zinc(t) bromide (16
mg, 0.1 equiv.).

The mixture was stirred for 1—2 h, diluted with light
petrolcum (4 ml), filtered (to remove precipitated phthalimide),
washed with saturated aqueous sodium hydrogen carbonate (1
ml), and dried. The solvent was removed under reduced
pressure and the residue subjected to chromatography to afford
the product.

Cyclisation of compound (10). Treatment of compound (10)
(0.14 g, 0.98 mmol) with NPSP and zinc(it) bromide gave 2-
phenylselenomethyl-1,6-dioxaspiro[4.4]Jnonane (11) (0.17 g,
58%) as a 1:1 mixture of diastercoisomers, § (250 MHz) 7.52 (2
H, m), 7.24 (3 H, m), 4.34 (0.5 H, m, cis isomer), 4.22 (0.5 H, m,
trans isomer), 3.88 (2 H, m), 3.26 (0.5 H, dd, J,4 12.5, /o x 5.9 H2),
311 (0.5 H,dd, J,p 12.5, Jpx 4.7 Hz), 3.00 (0.5 H, dd, J, . 125,
Jax- 2.6 Hz),2.96 (0.5 H, dd, J 4.y 12.5, Jy.x- 3.7 Hz), and 2.31 —
1.67 (8 H, m); v.,,,.(CHCl;) 2940, 1 580, and 1 440 cm™'; iz
298, 141, and 127 (Found: M*, 298.0466. C,,H,3O,Se requires
M, 298, 0471).

Cyclisation of compound (13). Treatment of compound (13)
(0.16 g, 1 mmol) with NPSP and zinc(i1) bromide gave 2-(1-
phenylselenoethyl)-1,6-dioxaspiro[4.4]nonane (14) (0.14 g, 45%)
as a mixture of diastereoisomers, § (250 MHz) 7.58 (2 H, m),
7.26 (3 H, m), 4.25—3.20 (4 H, m), and 2.20—1.35 (11 H, m,
including Me doublets at 1.47 and 1.39); v, (film) 2 920, 2 875,
and 1 580 cm™}; m/z 312, 155, and 127 (Found: C, 57.65; H, 6.4.
C, sH,,0,Se requires C, 57.88; H, 6.48%)

Cyclisation of compound (15). Treatment of compound (15)
(0.16 g, 1 mmol) with NPSP and zinc(u1) bromide gave 2-
phenylselenomethyl-1,6-dioxaspiro[4.5]decane (16) (0.24 g, 78%/)
as a 2:1 mixture of E: Z isomers, § (250 MHz) 7.54 (2 H, m), 7.24
(3 H, m), 4.40—3.52 (3 H, m), 3.29 (0.3 H, dd, Jxx 5.8, Jay 1 1.7
Hz, H, cisisomer), 3.13 (0.3 H, dd, Jpx 5.0, J,5 11.7 Hz, Hy cis
isomer), 3.08 (0.7 H, dd, J,x 5.8, Jop 11.7 Hz, H, trans isomer),
2.96(0.7H,dd, Jgx 7.8, Jup 1 1.7 Hz, Hy trans isomer), and 2.24—
1.48 (10 H, m); v,,,,.(CHCl,) 2 920, 2 875, and 984 cm™!; mj:
312, 141, and 85 (Found: C, 58.05; H, 6.6. C,3H,,0,Se requires
C, 57.88; H, 6.48%,).

Cyclisation of compound (18). Treatment of compound (18)
(0.16 g, 1 mmol) with NPSP and zinc(11) bromide gave trans-7-
phenylselenomethyl-1,6-dioxaspiro[4.5)decane (19) (0.25 g, 81%/)
as an oil, § (250 MHz) 7.50 (2 H, m), 7.22 (3 H, m), 4.07—3.93 (I
H, m, Hy), 3.92—3.34 (2 H, m), 3.04 (1 H, dd, J,5 12, J,x 6.9 Hz,
H,), 290 (1 H, dd, J,5 12, Jzx 4.7 Hz, Hp) and 2.09—1.59 (10
H, m); v....(CHCl;) 2 936, 1 574, and 1 431 cm™}; m/z 312, 241,
and 97 (Found: C, 57.95; H, 6.55. C, sH,,0,Se requires C, 57.88;
H, 6.48%).

Cyclisation of compound (20). Treatment of compound (20)
(0.17 g, 1 mmol) with NPSP and zinc(11) bromide gave trans-2-
phenylselenomethyl-1,7-dioxaspiro[5.5]undecane (21) (0.25 g
77%) as an oil, 8 (250 MHz) 7.52 (2 H, m), 7.23 (3 H, m), 3.94—
3.50(3H,m), 3.12(1 H,dd, J,x 8.6, Jup 12.2 Hz, H,),2.95 (1 H,
dd, Jpx 5.1, Jas 12.2 Hz, Hg), and 1.89—1.21 (12 H, m)
Vomax (CHCly) 2930 and 978 cm™!; m/z 326, 155, and 11|
(Found: C, 58.8; H, 6.8. C,4H,,0,Se requires C, 59.07; H,
6.82%).
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General Procedure for Deselenation using Raney-nickel.--The
phenylseleno spiroacetal (1 mmol) were added to a stirred
mixture of W-Raney-nickel (5 mass equiv.) in diethyl ether (2
ml) under hydrogen (maintained by a hydrogen-filled balloon)
at room temperature. After reduction was complete (3---5 h),
the mixture was filtered through a pad of silica gel and the
solvent was removed under reduced pressure to give the
deselenated product. In most cases no further purification was
necessary.

Reduction of compound (11). By the above method compound
(11) (0.145 g, 0.5 mmol) after reduction afforded 2-methy!-1,6-
dioxaspiro{4.4]nonane (1) (50 mg, 72%) as a 1:1 cis:trans
mixture of isomers, § (250 MHz) 4.30—3.80 (3 H, m), 2.21—1.40
(8 H, m), 1.34 (1.5 H, ¢, cis isomer Cll,), and 1.25 (1.5 H, d,
trans-isomer CH3); v, (film) 1450, 1380, and 1180 cm™};
m/z 142, 141, and 127, which was identical with the previously
reported compound.

Reduction of compound (14). By the above general method
compound (14) (0.25 g, 0.8 mmol) after reduction afforded
2-ethyl-1,6-dioxaspiro[4.4]nonane (chalcogran) (2) (0.11 g,
90%) as a 1:1 cis:trans mixture of isomers, & (250 MHz)
4.10—3.30 (3 H, m), 2.15—1.70 (10 H, m), and 0.90 (3 H, m);
Viar (film) 2926, 2870, and 1440 cm™'; m/z 156, 155, and
127, which was identical with the natural product.

Reduction of compound (16). By the above general method
compound (16) (0.31 g, I mmol) after reduction afforded 2-
methyl-1,6-dioxaspiro{4.5]decane (3) (0.14 g, 90%) as a 1:2
cis:trans mixture, 8 (250 MHz) 4.28—3.25 (3 H, m), 2.20—1.40
(10 H, m), 1.3t (1 H, d, J 5.4 Hz, cis isomer), and 2.24 (2 H,d, J
5.8 Hz, trans isomer); V.. (film) 2929, 1435, and 1 367 cm™;
mfz 156, 85, 67, 65, and 53.

Reduction of compound (19). By the above general method
compound (19) (0.31 g, 1 mmol) after reduction afforded trans-
7-methyl-1,6-dioxaspiro[4.5]decane (4) (0.14 g, 92%), & (250
MHz) 3.92—3.60 (3 H, m), 2.07—1.21 (10 H, m), and 1.11 (3 H,
d, J 6.3 Hz); v,.. (CHCl,) 2940 and 1 050 cm~!; m/z 156, 141,
and 97.

Reduction of compound (21). By the above general method
compound (21) (0.33 g, | mmol) after reduction afforded trans-
2-methyl-1,7-dioxaspiro[5.5Jundecane (5) (0.15 g, 88%) as a
single isomer, & (250 MHz) 3.79—3.50 (3 H, m), 1.93—1.33 (12
H, m), and 1.15 (3 H, d, J 6.3 Hz); v, (film) 2932 and 1 058
cm™!; mfz 170, 155, and 101 (Found: M ™, 170.1303. C,,H, 0,
requires M, 170.1307).

Preparation of Compound (22).—Pentane-2,4-dione (5.13 ml,
50 mmol) was added dropwise to a stirred solution of sodium
hydride (2.4 g of a 50%, dispersion in oil, washed twice with light
petroleum and once with THF) in THF (100 ml) at 0 °C under
argon. The resulting mixture was stirred for 10 min at 0 °C,
cooled to —20°C, and n-butyl-lithium (34.3 ml of a 1.46Mm
solution in hexane) was added dropwise to form a pale yellow
solution. After 30 min at —20 °C the mixture was treated with
4-bromobut-1-ene (6.75 g, 50 mmol) and the mixture was stirred
at 0 °C for 3 h, then at room temperature for 2 h. The mixture
was poured into a mixture of saturated aqueous ammonium
chloride (50 ml) and diethyl ether (50 ml). The layers were
separated and the aqueous phase was extracted with diethyl
ether (2 x 20 ml). The combined organic layers were dried,
concentrated under reduced pressure, and the residue was
distilled to give non-8-ene-2,4-dione (22) (4.2 g, 55%), b.p. 67—
68 °C at 0.9 mmHg; § (60 MHz) 6.04—4.71 (3.7 H, m including &
5.38 s, enolic C-H), 3.48 (0.6 H, s, OCCH,CO), and 2.48—1.48
(9.7 H, m, including & 2.0l s); v,,,,.(film) 3420, 2941, 1 710,
1607, and 1421 cm™'; m/z 154, 100, and 85.

Preparation of Compound (23).—The dione (22) (0.2 g, 1.3
mmol) was added dropwise to a stirred solution of lithium di-
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isopropylamide [from di-isopropylamine (0.382 ml, 2.1 ¢quiv.)
and n-BulLi (1.7 ml of a 1.61M solution in hexane, 2.1 equiv.)] at
0°C) in THF (§ ml) at --78°C, under argon. The resulting
solution was stirred at — 78 °C for 3 h, benzaldehyde (0.132 ml,
1.3 mmol) was added, and the mixture was allowed to warm to
0°C over 3 h and was then poured into saturated aqueous
ammonium chloride (5 ml) and the layers were separated. After
extraction of the aqueous layer with dicthyl ether (3 x 2 ml),
the organic layers were combined, dried, and after concentration
under reduced pressure gave a residue which was subjected
to chromatography to give I-hydroxy-1-phenyldec-9-ene-3,5-
dione (23) (0.22 g, 65%), 5 (60 MHz) 7.29 (5 H, s), 6.09—4.72 (4.7
H, mincluding & 5.4, s, enolic C-H), 3.47 (0.6 H, s, COCH,CO),
and 2.88—1.45 (9.7 H, m); v,,,..(film) 3402, 2917, 1 709, and
1603 cm™'; m/z 260, 113, 107, and 85 (Found: Af*, 260.1404.
C,¢H 100, requires M, 260.1412).

Selenium-mediated Cyclisation of Compound (23)—To a
solution of compound (23) (56.5 mg, 0.22 mmol) in dry
dichloromethane (2 ml) containing NPSP (72.2 mg, 1.1 equiv.)
at room temperature, under argon, was added tin tetrachloride
(22 pl of a 1a solution in dichloromethane, 0.1 equiv.).

The resulting mixture was stirred at room temperature for 96
h, diluted with light petroleum (2 ml), and filtered to remove
phthalimide. The solution was washed with saturated aqueous
sodium hydrogencarbonate (2 ml) and dried. The solvent was
removed under reduced pressure to leave a residue which was
subjected to chromatography (10% diethyl ether-light pet-
roleum) to give (2S,8S)-2-phenyl-8-phenylselenomethyl-1,7-
dioxaspiro[ 5.5]undecan-4-one (24) (46 mg, 50%) as a low
melting solid, 8 (250 MHz) 7.50—7.17 (10 H, m), 5.09 (1 H,dd, J
4.8, 15.6 Hz), 4.83 (1 H, m, Hy), 3.02 (1 H, dd, J,x 7.6, Jo, 12.9
Hz, H,), 2.89 (1 H, dd, Jgx 4.5, Ja 12.9 Hz, Hy), 2.58 (4 H, m),
and 1.99—1.47 (6 H, m); v,... (CHCl,) 2932, 1 716, and 1 190
cm™'; m/z 416, 155, and 111 (Found: C, 63.55; H, 58.
C,,H,,0,Se requires C, 63.61; H, 5.82%).

Deselenation of Compound (24).—Deselenation of compound
(24) (0.46 g, 1.1 mmol) with Raney-nickel as in the general
procedure (above) gave (2S5,8R)-8-methyl-2-phenyl-1,7-dioxa-
spiro[5.5]Jundecan-4-one (6) (0.27 g, 94%/) as an oil, 5 (60 MHz)
7.32 (5 H, m), 4.84 (1 H, dd, J 5.0, 9.6 Hz), 3.64 (1 H, m), 2.55 (4
H,m), 2.29—1.23 (6 H, m) and 1.12 (3 H, d, J 6.0 Hz); v,,,, (film)
2928 and 1720 cm™'; m/z 266, 154, and 112 (Found: M*,
260.1417. C,¢H,,0, requires M, 260.1412).

Reduction of Compound (26) with Sodium Borohydride—To a
solution of compound (26) (0.19 g, 0.73 mmol) in dry
dimethoxyethane (20 ml) at 0°C under argon was added
sodium borohydride (30.5 mg, 4.4 equiv.). The mixture was
stirred at 0 °C for 1 h, then poured into a mixture of saturated
aqueous sodium chloride (20 ml) and diethyl ether (50 mi). The
layers were separated and the organic layer was washed with
saturated aqueous sodium chloride, dried, and evaporated to
leave an oil. This oil was subjected to chromatography (20%
diethyl ether-light petroleum — 409 diethy! ether-light
petroleum) to give (2S,8R)-8-methyl-2-phenyl-1,7-dioxaspiro-
[5.5]undecan-4(S)-ol (25) (0.117 g, 61%) as an oil, § (250 MHz)
7.33(5H,m),4.63(1 H,dd, /2.2, 11.8 H2),4.32 (1 H, m), 3.74 (1
H, m), 2.30—1.12 (11 H, m), and 1.13 (3 H, d, J 6.3 Hz); v,..,.
(film) 3 335, 2.924, and 984 cm!; m/z 262, 244, and 156 (Found:
C, 73.1; H, 8.7. C,4H,,0, requires C, 73.25; H, 8.45%) and
(2S,8R)-8-methyl-2-phenyi-1,7-dioxaspiro[ 5.5Jundecan-4(R)-ol
(26) (61.4 mg, 32%), 8 (250 MHz) 7.35(5H, m), 4.98 (1 H, dd, J
2.5,12.0 Hz), 4.43 (1 H, br d, exch. D,0),4.15 (1 H,m), 3.84 (1 H,
m), 2.26—1.24 (10 H, m), and 1.18 (3 H, d, J 7.0 Hz); v,,,, (film)
3500, 2 930, and ! 039 cm™'; m/z 262, 244, and 112 (Found: C,
73.25; H, 8.4%).
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Table 2. Atomic co-ordinates (= 10*) and  temperature factors
AT <10

Atom X ¥ N 194
o -2107(2) 41311 1722(1) SN
CQ) - 3359(3) 4270(1) 1935(1) 49(1)*
C(3) —4 828(4) 4418(2) 175K 65(1)*
C(4) -5 160(4) 3685(2) 1 530(1) 67(1)*
C(S) -3 783(9) 3509(2) 1329(1) [(RIQ I
C(6) =231} 3422(1) 1 .520(1) S2(n*
O7) —-25152) 2681(1) 1705(1) Sicn*
() ~ 12341 2469(2) 1 906(1) o7(1)*
) 181(4) 2352(2) 1.702(1) RE(1)*
C(10) 501(4) I172) 1 .506(1) 87(1)*
1 - 905(4) 3357(2) 1 317(1) TI(1)*
O(12) —5638(3) 2956(1) 1703(1) (1)
C(13) -1 719(5) 1 699(2) 2089(1) 98(1)*
C(14) -2986(3) 4991(1) 2 149(1) A9
C(15) —2025(4) 5637(1) 2062(1) 60(1)*
C(16) -1 796(4) 6313(2) 2266(1) [RGB
camn —2503(4) 6 334(2) 2 555(1) 71
C(18) —3452(5) 5694(2) 2642(1) 50(1)*
C(19) —3674(4) 5026(2) 2.442(1) 69(1)*

* Equivalent isotropic U defined as one third of the trace of the
orthogonalised Uj; tensor.

Table 3. Bond lengths (A)

O(1)-C(2) 1.436(3) O(1)-C(6) 1.426(2)
C(2)-C(3) 1.521(4) C(2)-C(14) 1.499(3)
C)»C(4) 1.521(4) C(4)-C(5) 1.501()
C(4)-0(12) 1.434(3) C(5)-C(6) 1.524(4)
C(6)-0(7) 1.428(2) C(6)-C(11) 1.506(4)
O(7)-C(8) 1.445(3) C(8)-C(9) 1.519(5)
C(8)-C(13) 1.510(4) C(9»-C(10) 1.501(5)
C(I0)-C(11)  1.517(5) C(14)-C(15)  1.378(3)
C(14)-C(19)  1.381(3) C(15-C(16)  1.392(3)
C(16)-C(17)  1.372(4) C(IT-C(18)  1.364(5)
C(18)-C(19)  1.372(4)

Crystal Data—(26) C,¢H,,0,, orthorhombic, a = 8.749(2),
b= 15916(4), ¢ = 42316(11) A, U = 5892 A3 space
group F2dd, Z = 16, M = 262.3, D, = 1.19 g cm *. Refined
unit-cell parameters were obtained by centering 18 reflections
on a Nicolet R3m diffractometer. 1 071 Independent reflections
were measured (o < 58°) with Cu-K, radiation (graphite
monochromator) using the omega-scan measuring routine. Of
these, 1 045 had |F}, > 30(|F,) and were considered to be
observed. The data were corrected for Lorentz and polarisation
factors. No absorption correction was applied.

Initial attempts at fully automatic solution of the structure by
direct methods were unsuccessful. This was surprising as the
structure contains only 19 non-hydrogen atoms. Increasing the
size of the starting set did not improve the figures of merit.
Incorporation into the starting set of the 4 principal
contributers to the list of negative quartets also resulted in very
poor figures of merit. However, 3 cycles of automatic A£-map
recycling for the best solution from this phase expansion
(Nquest '® —0.11, R, 1, 7 0.25) gave the positions of all the non-
hydrogen atoms.

The non-hydrogen atoms were refined anisotropically. The
hydroxy hydrogen atom was clearly located in a AF-map and
refined isotropically. The positions of the other hydrogen atoms

* For details of the Supplementary publications scheme, see
Instructions for Authors (1984), J. Chem. Soc., Perkin Trans. 1, 1984,
Issue 1.
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Table 4. Bond angles (7)

C(2)-O(1)-C(6) 113.7(2) O(1)-C(2)-C(3) 110.3(2)
O(1)-C(2)-C(14) 109.4(2) C(3)-C2)-C(14) 112.602)
C(2)-C(3)-C(H 110.9(2) C(3)-C(4)-C(5) 109.9(2)
C(3)-C(4)-0(12) 111.3(2) C(5)-C(4)-0(12) 111.82)
C(4)-C(5)y-C(6) 113.2¢2) O(1)-C(6)-C(5) 110.62)
O(1)-C(6)-0(7) 109.8(1) C(5)-C(6)-0(7) 105.2(2)
O(1)-C(6)-C(11) 107.0(2) C(5)-C(6)-C(11) 113.22)
O(7)y-C(6)-C(11) 111.0(2) C(6)-0(7)-C(8) HL82)
O(7)-C(8)-C(v) 109.1(2) O(7)-C(8)-C(13) 105.7(3)
C(9)-C(8)-C(13) 114.8(3) C(8)-C9)y-C(10) H1.53)
C(9)-C(10)-C(11)  110.2(3) C(6)-C(11)-C(10) 11232
C()-C(14)-C(15)  122.9(2) C(2-C(14)-C(19)  113.42)
C(15)-C(14)-C(19) 118.4(2) C(14)-C(15)-C(16) 120.02)
C(15)-C(16)-C(17)  120.4(3) C(16)-C(17)-C(18) 119.82)
C(17)-C(18)-C(19) 119.9(3) C(14)-C(19)-C(18) 121.53)

were idealised (C-H 096 A), assighed isotropic thermal
parameters, U(H) = 1.2 U,(C), and allowed to ride on their
parent carbon atoms. Refinement was by block-cascade least-
squares to R 0.030, R, 0.035, [w! = c¥(F) + 0.00027F].
Computations were carried out on an Eclipse S140 computer
using the SHELXTL program system.?®

Table 2 lists the fractional atomic co-ordinates. Tables 3 and
4 give the bond lengths and valence angles, respectively. The
anisotropic thermal parameters, the structure factors, and the
hydrogen co-ordinates and temperature factors have been
treated as a Supplementary Publication [SUP No. 23898 (11
pp)]*

The structure (Figure) shows the molecule (26) to have the
spiro configuration with the C(2) Ph and C(8) Me equatorial
and the C(4) OH axial. There is an intramolecular hydrogen
bond (277 A, O-H ... O angle 139°) between O(12) and
O(7). The structures is loosely packed with only 1
intermolecular contract of less than 3.4 A.
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