
AN ABSTRACT OF THE THESIS OF

Anura Pathmasiri Dantanarayana for the degree of Doctor of

Philosophy in Chemistry presented on August 24, 1987.

Title: Synthesis of Two Subunits of Avermectin Bla

Abstract approved: Redacted for privacy
(it James D. White

Avermectins are a group of potent anthelmintic agents produced

by Streptomyces avermitilis. They are active at extremely low

dosages and are now in commercial use. In this study, the synthesis

of two segments of avermectin Bla are described.

The synthesis of the hexahydrobenzofuran subunit (segment A)

began with the Diels-Alder reaction between maleic anhydride and

3-methyl-1-[(trimethylsilyl)oxyl-113-butadiene which gave the

synthon 79. Cleavage of the silyl protecting group of 79

afforded the acid-lactone 81 which was resolved using (R)-(+)-a-

methylbenzylamine. The absolute configuration of the resolved acid

was determined by X-ray crystallographic analysis of its salt.

Conversion of 81 to diazoketone 86, followed by acid catalyzed

cyclization, then gave the key hexahydrobenzofuran building block

88. Stereoselective epoxidation of the C-617 olefin of 88

furnished the 13-epoxide 94.



Opening of the epoxide moiety of 94 to form the required

C-5,6 olefin was attempted using several methods. Hydroiodic acid,

followed by further manipulations, led to the undesired, conjugated

isomer 104. The problem was solved by the use of triethylsilyl

trifluoromethanesulfonate, which afforded a mixture of endo and exo

olefins 118 and 119 with concomitant formation of the silyl

ether of the ketone. Regioselective epoxidation of this mixture

furnished two alcohols, the major product being the exo isomer

120.

Attempted epimerization at C-4 of 94 with sodium methoxide

gave epoxy lactone 126 which, upon treatment with triethylsilyl

trifluoromethanesulfonate, afforded exclusively the endo olefin

127. Acidic hydrolysis of 127 gave 133 with the desired

(natural) configuration at C-4. However, introduction of an angular

hydroxyl group into 133 using the same methodology as before was

unsuccessful in this case.

The synthesis of segment B was initiated with the enantio-

selective epoxidation of allylic alcohol 141. Cuprate-mediated

methylation of 142 gave exclusively the (2S,3S)pentanediol 143.

Subsequent oxidation of the primary alcohol, followed by Wittig

olefination with (carbomethoxymethyl)triphenylphosphorane, provided

the required carbon skeleton. Reduction of the ester function of

149 furnished the allylic alcohol 150 which was transformed to

the corresponding phosphonium salt. An attempted Wittig reaction of

the ylid derived from 152 with 120 failed to give the desired

product, presumably due to steric hindrance of the ketone function.
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SYNTHESIS OF TWO SUBUNITS OF AVERMECTIN Bia

INTRODUCTION

Avermectin Bia owes its discovery to a search by a group at

Merck for microbial products possessing anthelmintic activity, and

the commercial importance that this substance and its relatives have

assumed derives from their extensive use as antiparasitic agents in

veterinary medicine. Parasitic infections of livestock result in

substantial losses to this industry worldwide. 1 While protozoal

infections are of importance in some segments of the livestock indus-

try, most economic losses are due to parasitic worms, especially the

helminths, nematodes and arthropods, with arthropods alone account-

ing for more than half of the total. Losses still occur despite the

fact that effective antiparasitic drugs have been developed in the

last few years.

Anthelmintic compounds, which are used to treat these

infections, have been studied for almost three decades. Although

many of these compounds belong to the aminoglycoside family of

antibiotics,2-6 other structural classes also show anthelmintic

activity including the netropsin anthelvencin7 group and two

glycine-containing antibiotics, aspiculamycin and anthelmycin.

Extensive screening for more potent and less toxic antipara-

sitic agents resulted in the isolation of the milbemycin and aver-

mectin families of macrolides, which are structurally unrelated to

any of the above compounds, and interest in these natural products
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was immediately stimulated by their activity at extremely low

concentrations against a wide variety of nematode and arthropode

parasites. 10 The isolation of the milbemycins from Streptomyces

aureolacrimosus was first reported in 1974 by researchers in the

Sankyo laboratories in Japan.11 Extensive chromatography of the

fermentation extract gave thirteen structurally related lactones

termed milbemycins al-a10 and /31-)63.

The history of the avermectins closely parallels that of the

milbemycins. Isolated at Merck, Sharp & Dohme during routine screen-

ing of actinomycete metabolites, the avermectins showed remarkable

activity against the helminth Nematospiroides dubius in mice, a

parasite resistant to common anthelmintics.12 The actinomycete

responsible for producing the active agent was given the name

Streptomyces avermitilis and considerable work has been done to

increase the yield of antiparasitic agents from this strain.13

Structurally, avermectins and milbemycins are closely related

members of a class of 16-membered macrolides. The avermectins,

1-8, fall into two main groups, designated A and B. The former

possesses a methoxy substituent at C-5 whereas the latter displays a

5-hydroxyl substituent in this position. The families are further

subdivided into the "1-series", with a C-22,23 double bond, and the

"2-series", which has a hydroxyl substituent at C-23 giving this

center R configuration. A final subdivision into a and b series

designates the presence of a sec-butyl or isopropyl substituent

respectively at C-25 (Figure 1).

Milbemycins, although structurally simpler than the aver-

mectins, have much greater diversity of functionalization, which
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OMe

23

0111

R
1

R
2

C
22

-C
23

1 Avermectin A
la

Me Et CH=CH

2 Avermectin A
lb

Me Me CH=CH

3 Avermectin A
2a

Me Et CH
2
CH ( OH)

4 Avermectin A
2b

Me Me CH
2
CH(OH)

5 Avermectin B
la

H Et CH=CH

6 Avermectin Bib H Me CH=CH

7 Avermectin B
2a

H Et CH
2
CH(OH)

8 Avermectin B
2b

H Me CH
2
CH(OH)

9 Ivermectin H >80% Et CH2CH(OH)
(22,23-dihydro-
avermectin Biz)

<20% Me CH
2
CH

2 2

Figure 1. Structures of natural avermectins
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H

Figure 2. Structures of a milbemycins
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OMe

20 R = Me ($1)

21 R = Et ($2)

OH

22

Figure 3. Structures of $ milbemycins
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results in a less formalized nomenclature. The principal subdivi-

sion which has been made of milbemycins comprises the a series,

10-19 (Figure 2), and $ series, 20-22 (Figure 3). The a series

has a tetrahydrofuran fused to the cyclohexane as in the avermec-

tins, while the $ series lacks the heterocyclic ring. The variation

in substitution found in the a, milbemycins is demonstrated by a

hydroxyl or methoxyl substituent at C-5, a hydrogen or axial

$-hydroxyl at C-22, a hydrogen or axial OCOCH(CH3)(CH2)3CH3

group at C-231 a methyl or ethyl substituent at C-25 and, in the

case of milbemycins a9 and alo, a 2-pyrrolylcarbonyloxy substi-

tuent at the C-4 methyl group. The aromatic ring of milbemycin $3

(22) is a unique structural feature in this series. The major

difference between the avermectins and milbemycins is the absence of

the disaccharide moiety at C-13 in the milbemycin series. Addition-

ally, avermectins have either a sec-butyl or isopropyl side chain

attached to C-25 while the milbemycins have methyl and ethyl substi-

tuents at this position.

Most studies on the mode of action of these macrolides have

been carried out with either avermectin B1 or ivermectin (22,23-

dihydroavermectin B1). Although both compounds are highly

effective, ivermectin has been established as more suitable for

animal and human use whereas avermectin B1 is particularly suited

to agricultural applications. Early studies on the free living

nematode Caenorhabditis eleons and Ascaris suum in vitro indicated

that avermectin B1 acted neither as a nicotinic agonist nor as a

blocking agent of cholinergic nerve transmission.14 The same

investigators dissected the anterior end of Ascaris suum to expose
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one pair of intact commissures of the dorsal excitatory neuron and

the ventral inhibitory neuron for electrophysiological studies.15

The dorsal excitatory motoneuron could be stimulated indirectly by

way of the ventral nerve cord and the induced response recorded.

Avermectin B1, at a concentration of five micrograms per milli-

liter, abolished this response, and washing the neurons with

picrotoxin, an antagonist of /-aminobutyric acid (GABA) restored

it. These findings suggest that avermectin Bl acts by blocking

signal transmission from interneurons to excitatory motoneurons and

that GABA is the neurotransmitter that is blocked.

The effect of avermectin B1 on nerve transmission to muscle

was studied further by using the stretcher muscle in the walking leg

of lobster.16 The neuromuscular junction in this organ is known

to be innervated by one excitatory axon regulated by glutamate and

one inhibitory axon regulated by GABA. 17,18. Avermectin B1

inhibited both the excitatory and inhibitory postsynaptic potentials

by reducing muscle membrane resistance. All responses were restored

by picrotoxin. It is known19 that GABA receptors regulate the

opening of chloride ion channels in crustacean muscle and that those

channels can be blocked with picrotoxin;20 hence, it is likely

that avermectin B
1

stimulates GABA-mediated chloride ion conduc-

tance in this system. These findings lead to a conclusive argument

for the mechanism of avermectin Bia action as a potentiation of

the GABA action.

The structures of the avermectins were determined mainly by

high- resolution mass spectroscopy and 13C NMR spectroscopy.21

A comparison of these data with the structures of known microbial
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metabolites suggested that the avermectins are related to the

milbemycins, the structures of which had been determined by single-

crystal x-ray crystallography.22 Eventually, avermectin Bia and

the aglycone of B2a were crystallized, permitting confirmation of

the relative configuration at all asymmetric centers by the x-ray

technique. Since the absolute stereochemistry of the monosaccharide

substructures of avermectins was shown to be that of a-L-oleandrose,

the crystal structure of avermectin Bia, in fact, revealed the

absolute configuration at all of its stereocenters.

One could postulate that the milbemycin and avermectin agly-

cones are derived by way of novel cyclizations of open chains con-

structed from irregularly connected acetyl and propionyl residues.

However, biosynthetic studies have suggested that the sec-butyl

group at C-25 originates from S-methylbutyric acid derived from

L-isoleucine,24 consistent with the absolute configuration at

C-26. The isopropyl group could similarly be derived from L-valine.

It has been confirmed that all oxygen atoms of the aglycones, except

for the oxygens at C-6 and C-251 are derived directly from propionic

and acetic acids25 (Figure 4).

The potent anthelmintic activity, unique structural feature, and

complex stereochemistry of avermectins and milbemycins make these

compounds attractive synthetic targets. Two separate studies on the

degradation of avermectin Bia (5)26,27 and three total syntheses of

milbemycin )53 (22)28-30 have been reported. Very recently, the first

synthesis of avermectin Bia from the coupling of segments derived, in

part, from degradation of avermectin Bia and, in part, from total

synthesis (vida infra) was published by Hanessian.31
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RO

00°4`s.1

0 '0
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OH

from CH3COOH

from CH3CH2COOH

NH2

y%.. from CH3CH2FICHCOOH

CH3

Figure 4. Proposed biosynthesis of avermectins.

Conventional degradation employing ozonolysis or macrolide

hydrolysis are inappropriate to these complex molecules due to the

oxidation of the 3,4- double bond and epimerization of the proton at

C-2. Base catalyzed aromatization of the cyclohexane ring can also

intervene. The degradation reported by Smith26 has circumvented

this problem by protecting the 8,9-double bond of 23 through selec-

tive epoxidation (Scheme 1). Reduction of the macrocyclic linkage

of 24 with lithium aluminum hydride and final cleavage of the

8,9-bond with lead tetraacetate afforded the intact "northern"

(25) and "southern" (26) hemispheres.
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OSiPh2t-Bu

OSiPh2t-Bu
23

10

ii

= a -L-oleandrosyl-a -L-oleandrosyl
= Me

OSiPh2t-Bu

24

OHr-
91127

H
OSiPh2t-Bu

26

Reagents : i, t-BuPh2SiCI, imidazole, DMF; ii, t- BuOOH, benzene, VO(acac)2; iii, CH2N2,
Et20; iv, HBF4, H2O, Et20; v, LiAIH4, Et20; vi, Pb(OAc)4, CH2Cl2.

Scheme 1. The Smith degradation of avermectin Bia
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Hanessian has also carried out a controlled degradation of aver-

mectin Bia.27 Hydrolysis of the macrocyclic lactone with

aqueous base, followed by esterification, afforded the seco ester

27 with concomitant migration of the 3,4-double bond into conju-

gation (Scheme 2). Silylation and controlled ozonolysis of 27,

followed by hydride reduction, led to the formation of "southern"

(28) and "northern" (29) segments.

5

OH

27

OH OSiMe2t-Bu

OH

iii, iv

29

= a -L-oleandrosyl- a -L-oleandrosyl )

Reagents : i, aq KOH, DME; ii, CH2N2; iii, t-BuMe2SiCI; iv, 03, NaBH4.

OSiMe2t-Bu

28

Scheme 2. The Hanessian degradation of avermectin Bia
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In his synthesis of avermectin Bia, Hanessian utilized the

"southern" C1 -C10 subunit 28 in a coupling with a synthetic

"northern" C11-C28 segment derived from (S)-malic acid and

L-isoleucine. A final macrolactonization, followed by deconjugation

of the 2,3-double bond under thermodynamic conditions, gave

avermectin Bl .3°

Our own synthetic strategy differs from Hanessian's in that the

avermectins are trisected retrosynthetically into three segments A, B

and C (Figure 5). The spiro-ketal unit (segment C) of both

Figure 5. Retrosynthetic analysis of avermectin Bia

avermectins and milbemycins has been the target of a number of

synthetic ventures. 32-36 The "southern" hexahydrobenzofuran

subunit (segment A) has, until recently, received less attention.

The only approach to the synthesis of segment B appears in a report

by Hanessian, in which the synthesis of 30 (Scheme 3), originating

from (2S,3S)-2-hydroxy- 3-methylsuccinic acid, is described.31



OH

Iii iv, v

OSiPh2t-Bu

30

13

Reagents : i, Cyclohexanone, BF3.Et20; ii, BH3.Me2S; then BF3.Et20; iii, BnBr, Ag20, CH2Cl2;
iv, MeLi, THF,-78°C; v, t-BuPh2SiCI, imidazole, CH2Cl2.

Scheme 3. Hanessian's synthesis of 30

The first synthesis of the optically active hexahydrobenzofuran

subunit (segment A) of avermectin was achieved by Fraser-Reid37

using an intramolecular cycloaddition of a nitrile oxide to a vinyl

group as the key step. The nitro alkene 31, available from diace-

tone glucose, underwent conjugate addition with methyllithium to

give 32. Generation of the nitrile oxide under forcing conditions

furnished the tricyclic derivative 33. This was transformed into

alcohol 34 which, after protection and ring opening, gave the

triol 35. Cyclization, followed by Swern oxidation, yielded the

hexahydrobenzfuran 36 (Scheme 4).

A few months after the Fraser-Reid communication appeared,

Kozikowski 38 reported a model study based on the intramolecular



CH = CHNO2

McO-J 0

BzO

31

MeO

33

OBz

% OBz
HO t-BuCO2-"'

34 35

32

MeO H

MeS020 OBz

Phi C0

vii, viii

OMe OMe

OH

OH

OH

xii, xiii

14

OBz 0
t -BuCO2

Reagents : i, MeLi; ii, PhNCO, Et3N, benzene; iii, H2,nickel; iv, LiAIH4; v, Ph3CCI;
vi, MsCI; vii, NaOAc, HMPA; viii, camphorsulfonic acid, Me0H; ix, t-BuCOCI; x,
0.5% aq H2SO4; xi, NaBH4; xii, TsCI, pyridine; xiii, (C0C1)2, Me2SO, Et3N.

Scheme 4. Fraser-Reid's synthesis of segment A

36

nitrile oxide cycloaddition reaction (INOC) for synthesis of this

segment. The key intermediate 40 required for the INOC reaction

was synthesized in seven steps from 39, which was prepared from

condensation of sulfone 37 with the aldehyde 38 (Scheme 5).

Upon treatment with sodium hypochlorite, 40 afforded the isoxazo-

line 41. The major defect of this sequence is that the nitrone



L
SO2 Ph

37 38

xiv

O

OH

vi-viii

OH

MOM0'..

SO2Ph

Me
OMe

OSiMe2t-Bu

SO2 Ph

H Me
OMe

42

OH

39

SO2Ph

Me

OMe

40

xii, xiii

ix

ii-v

41

15

SO2 Ph

Reagents : i, n-BuLi; ii, NaH, Mel; iii, Me0H, HCI, H2O; iv, t-BuCOCI, pyridine; v, (Me0)2CH2,
P205; vi, EtMgBr, Et20; vii, PCC, NaOAC; viii, NH2OH.HCI, NaOAc; ix, NaOCI, Et3N; x, HCI,
Me0H; xi, NaH, CH2= C(Br)CH2Br; xii, TiCI3, Me0H; xiii, t-BuMe2SiCI, imidazole, DMF;
xiv, n-Bu2CuLi, pentane, Et20

Scheme 5. Kozikowski's approach to segment A
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cycloaddition of 40 results in poor diastereoselectivity.

Although further functionalization of 41 afforded the tetrahydro-

furan ring system 42, attempts to eliminate the sulfone in order

to set the desired unsaturation in the carbocyclic ring were

unsuccessful.

Very recently, three approaches to synthesis of the hexahydro-

benzofuran subunit (A) using a Diels-Alder strategy have been

published. Crimmins' approach,39 as illustrated in Scheme 6,

introduces chirality by asymmetric epoxidation of the allylic

alcohol derived from the Diels-Alder adduct 43. Base catalyzed

opening of the epoxy ketone 44, followed by oxidation of the enol

ether 45, afforded the key intermediate 45. In this synthesis,

electrophilic ring closure of the diene 46 to 47 was the

critical step, which established the hydrobenzofuranone subunit in

the correct configuration. A silver acetate induced cyclization of

48 gave the acetal 49 which, upon treatment with lithium

aluminum hydride and subsequent oxidation with Jones' reagent,

yielded the enone 50.

A convergent and straightforward approach to the hexahydrobenzo-

furan subunit has been devised by Ireland and his co-workers4°

through a strategy similar to that of Crimmins. This route

originates from a highly regio- and stereoselective Diels-Alder

cycloaddition involving dienophile 51 and diene 52. The adduct

53 was smoothly converted into the enone 54 (Scheme 7) which,

under mild acidic conditions, was transformed to the bicyclic ketone

55 via an intramolecular Michael addition. Selective tosylhydra-

zone formation at C-6 gave 56, which should allow introduction of



CHO

III +

iv-vi

ix

OSiMe2t-Bu

vii

47

OR

43

45

OR

viii

HO

17

xiii-xv

R = t-BuMe2Si

Reagents : i, 120°C, benzene; ii, Dibal; iii, t-BuO0H, Ti(O i-pr)4, (+)-diethyl tartrate, CH2Cl2;
iv, (C0C1)2, MeS02, Et3N; v, MeLi; vi, Cr03.2 pyridine; vii, LDA, t-BuMe2SiCI, THF; viii,
m-CPBA; ix, NBS, CH2C12; x, 5% HF, CH3CN; xi, PCC; xii, AgOAc, HOAc; xiii, LiAIH4; xiv,
t-BuMe2SiCI; xv, Jones oxidation.

H

48

50

46

Scheme 6. Crimmin's approach to segment A.
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the 5,6-double bond. Ireland speculates that conversion of 56 to

hexahydrobenzofuran 57 can be accomplished by unspecified litera-

ture procedures.

OSiPh2t-Bu

t -BuCOO
H t-BuMe2SK)

t-BuMe2SiO
0 +

51

t-BuMe2SiO

Me0
OAc

52

OSiMe2t-Bu

0
OSiPh2t-Bu

OR

R = COt-Bu

OAc

54

iii

0

0 OSiPh2t-Bu

OR

MeO

OAc

53

ii

OSiMe2t-Bu

OSiPh2t-Bu
'

OSiPh2t-Bu
e

F OR

OSiPh2t-Bu

OR

57

OAc

55

0

iv

H
OAc

56

Reagents : i, 110°C; ii, BF3.Et2O, CH2C12; ii, THE / 1N HCI ( 3 : 1 ); iv, H2NNHTs, THE.

Scheme 7. Ireland's approach to segment A.

Hannesian's

N-NHTs

approach41 to the hexahydrobenzofuran subunit

began with elaboration of Diels-Alder adduct 58, obtained from the



HO

OAc

vii

63

Br

CO2 Me

`O OAc

OAc

60

CO2 Me0 Ac0

..

H
OAc

OAc

62

viii

19

61

Reagents : i, heat; ii, TIOEt, DMF; iii, CH2 = C(Br)CH2Br; iv, Ac20, pyridine; v, Ph3SnH, AIBN;
vi, 03, DMS; vii, Pb(OAc)4, AcOH; viii, SOCl2, pyridine.

Scheme 8. Hanessian's approach to segment A
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reaction of 2-acetoxyfuran with maleic anhydride, to 59 (Scheme

8). Selective etherification of the allylic alcohol 59 with

2,3-dibromo- 1-propene in the presence of thallium ethoxide in

N,N- dimethylformamide, followed by acetylation of the resulting

diol, gave the bromovinyl ether 60. A functionalized oxahydrin-

dane system 61 was fabricated from this intermediate by a radical-

induced, intramolecular Michael cyclization. Ozonolysis of 61 and

treatment of the derived ketone with lead tetraacetate in acetic

acid afforded 62 with the desired a-acetoxy substituent at the

ring juncture. A parallel study directed toward the introduction of

the endocyclic 5,6- double bond was carried out with 63. Treatment

of this compound with thionyl chloride in pyridine effected

elimination with concomitant epimerization of the C-4 hydrogen to

give 64. It is noteworthy that this sequence has not yet led to

synthesis of the intended target.

Our strategy for elaboration of avermectin Bia, illustrated

in Scheme 9, envisions the synthesis and coupling of segments A, B

and C into a seco acid which would be lactonized at the final stage

of the synthesis. The linkage of segments A and B is projected via

a Wittig reaction and would form the trisubstituted double bond at

C-8,9. The subsequent coupling of this unit to segment C to form

the trisubstituted double bond at C-14,15 would complete the seco

acid.

The discussion which follows describes the synthesis of

segments A and B of avermectin Bia. For segment A, a Diels-Alder

reaction employing achiral synthons is followed by a novel furanone

annulation using intramolecular cyclization of a diazoketone.
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Scheme 9. Retrosynthetic plan to avermectin Bia

A

OR3

Subsequent elaboration of this bicyclic ketone leads to the

synthesis of a fully functionalized version of segment A. The

synthesis of segment B involves an asymmetric epoxidation of an

allylic alcohol, followed by regiocontrolled opening of the epoxide

to generate the correct absolute configuration at the two adjacent

chiral centers C-12 and C-13.
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SYNTHESIS OF THE HEXAHYDROBENZOFURAN SUBUNIT (SEGMENT A)

A retrosynthetic plan for segment A is outlined in Figure 6.

The key feature of this strategy is the annulation of the furanone

(B ring) to the A ring synthon to give the hexahydrobenzofuran

nucleus 67. At the outset, we envisioned two possible pathways

for the elaboration of the furanone from a pre-existing cyclohexane

structure. These routes, indicated by a and b, involve either

construction of a C-C bond (path a) or construction of a C-0 bond

(path b). The nucleus 67 embodies three of the four chiral

centers present in the target molecule 65, and introduction of the

remaining stereocenter at C-7 was envisaged from a precursor such as

2

CO2Me
OH CO2Me CO2Me:4 0 H 0 H

:

67

66

0 H
CO2Me

X,
CH2

O

Figure 6. Retrosynthetic plan for segment A

H

67
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epoxide 66, which would be generated from 67. Incorporation of

the angular hydroxyl group at C-3a and the C-5,6 unsaturation was

planned for the last stages of the synthesis.

A Diels-Alder reaction provided rapid entry into the A ring of

67 through the cycloaddition of 3-methy1-1-acetoxy-113-butadiene

68 to diethyl fumarate 69. The diene 68 was prepared on a

large scale according to the procedure of Snider,42 and reaction

with commercially available 69 in refluxing benzene for 20 h gave

the expected endo adducts43 70 and 71 in 80% yield as a (1:1)

inseparable mixture. The adduct 71 represents a potential

precursor to the AB ring system since it contains both the correct

stereochemistry and desired functionality for further elaboration.

OAc

CO2Et

EtO2C

68 69

Reagents : i, benzene, reflux.

Of the two pathways proposed (Figure 6) for the synthesis of

CO2 Et 902 Et

70 71

the key intermediate 67, we initially explored the route involving

C-C bond formation (path a) from the substrate 71. Thus,

selective saponification of the acetates with potassium carbonate in

methanol gave allylic alcohols 72 and 73 in 98% yield. The ,8

orientation of the hydroxyl group directed the epoxidation of the

trisubstituted olefin according to the Henbest principle,44 so
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that treatment of the mixture 72 and 73 with m-chloroperoxy-

benzoic acid (M-CPBA) afforded only 74 and 75. These were

separated by flash chromatography. Since introduction of the C-516

double bond of 65 from epoxide 74 was envisioned at a later

stage, it was essential that further transformations on this sub-

stance not destroy the epoxide function. For this reason, only

those methods for annulation of the furanone were considered that

eschewed acidic reagents.

70 71

ii

CO2Et

CO2Et

EtO2C,.

HO

72

CO2Et

74

Reagents : i, K2CO3, Me0H; ii, m-CPBA, CH2C12.

75

73

The alcohol 74 was treated with sodium hydride and ethyl

bromoacetate in ether to give 76 in 19% yield. With the stage now

set for a Dieckman condensation, 76 was treated with several bases

under a variety of conditions. However, none of these experiments

afforded the desired hexahydrobenzofuranone skeleton.
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CO2Et
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EtO2C

EtO2C
/* 0

0 0
76

CO2Et
:3

Reagents : i, NaH, BrCH2CO2Et.

EtO2C

25

This unexpected difficulty, perhaps associated with competing

anion formation at C-3 and C-4 positions, led us to pursue the

alternative option via path b. In order to pursue this approach

selective conversion of the C-4 carboethoxy substituent of 74 to a

carboxylic acid was required. However, the desired selectivity

could not be achieved under any of the conditions employed for

saponification.

In light of these results, it became clear that an approach to

67 based upon a Diels-Alder reaction would necessitate modifica-

tion of both starting components. An attractive possibility

involved maleic anhydride 77 as the dienophile and 3-methyl-1-

[(trimethylsilyl)oxy]-1,3-butadiene 78 as the diene. The use of

maleic anhydride as dienophile would be expected to not only yield

the endo adduct exclusively45 but could also provide a means for

differentiating carbonyl groups. 3-Methyl-1-[(trimethylsilyl)oxy]-

113-butadiene was chosen as the diene since its functionality can be

unmasked under non-basic conditions that preserve the anhydride

moiety and also because it is readily available on a large scale

from 3-methyl-1-acetoxy-1,3-butadiene according to a procedure

described by Trost.46 The reaction of 77 with 78 in refluxing
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benzene for eight hours furnished a single product, as anticipated

in 80% yield after chromatography. Subsequent transformations

confirmed the structure of this adduct as 79 in which two of the

three asymmetric centers are in the relative configuration required

for 67. The C-7a position has the opposite configuration to that

of 67 but it was assumed that this center could be epimerized at a

subsequent stage of the synthesis.

OSiMe3

78

Reagents : i, benzene, heat.

0
77 79

With 79 in hand, it was expected that removal of the silyl

protecting group with tetra-n-butylammonium fluoride (n-Bu4NF)

would give allylic alcohol 80. Much to our surprise, none of the

anticipated alcohol was detected. Instead a more polar product was

isolated in quantitative yield, which was tentatively identified as

the lactone 81 from its spectral data. The structure of 81 was

confirmed by its conversion to methyl ester 82, conveniently

prepared with diazomethane. Fortunately, this unanticipated lactoni-

zation could be used to our advantage, since the acid function is

amenable to further elaboration while both the hydroxyl and the C-1

carboxyl substituents are protected as the lactone.
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79

81

ii

Me00C

Reagents : i, Bu4NF, THF, 0°C; ii, CH2N , ether.

80

82
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Since the synthesis of 65 began with achiral materials, an

optical resolution of an intermediate in this sequence, preferably

at an early stage, was required before coupling this segment with

the B and C chiral subunits. The carboxylic acid 81, provided

convenient functionality for the application of resolution tech-

niques and these efforts focused initially on separation of the

diastereomeric brucine salts47 of the acid. However, although

fractional recrystallization of the salts proceeded satisfactorily,

difficulty was encountered in deducing the structure of the carboxyl-

ate moiety by X-ray crystallography due to the large size of the

accompanying brucine cation. Fortunately, the salt of 81 with

(S)-(-)-a-methylbenzylamine48 also fractionally crystallized as a

single diastereomer and unequivocal proof of the absolute configura-

tion of 81 was obtained by a single-crystal X-ray analysis of this
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salt (Figure 7). This particular salt was found to be derived from

the undesired enantiomer of the acid but the enantiomer of 81 with

absolute configuration corresponding to avermectin Bia was readily

obtained using (R)-(+)-a-methylbenzylamine as the resolving agent

(Figure 8).

The question of whether 81 was a suitable precursor for con-

struction of the furanone 67 was addressed at this juncture. The

pioneering work of Elderfield49 and, later, of Yates5° on the

reaction of a-diazo-o-methoxyacetophenone 83 with acids to give

83

H+

84

coumaranone 84 led us to explore this cyclization chemistry for

our system. Although no reports on extensions of this methodology

to complex molecules containing other functional groups and multiple

stereocenters have appeared, this strategy seemed well suited to the

synthesis of 67. Attention was therefore focused on the prepara-

tion of diazoketone 86 from 81.

Toward this end, 81 was converted to the acid chloride 85

through reaction of its sodium salt with oxalyl chloride, and 85

was then smoothly taken to the diazoketone 86 with a freshly pre-

pared ethereal solution of diazomethane at 0 °C.51 The presence

of the diazoketone functionality was confirmed by the IR spectrum of

86, which showed strong absorption at 2100 cm-1. The initial
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Figure 7. A perspective view showing absolute configuration of 81
with (S)-(-)-a-methylbenzylamine
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Figure 8. A perspective view showing absolute configuration of 81
with (R)-(+)-a-methylbenzylamine
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attempt to effect cyclization of 86 was carried out under

Elderfield's original conditions using acetic acid. These condi-

tions, however, led to decomposition of the substrate; the same

result was experienced when hydrochloric acid, according to the

procedure of Yates, was employed. We were encourged, however, by

the subsequent work of Bhati, 52 who showed that such a cyclization

can be achieved with 10% sulfuric acid in hot dioxane, and

application of these conditions to 86 successfully led to 87.

The latter, upon esterification with diazomethane, furnished the

methyl ester 88 in 64% yield.

II II

CI' N2HC

1,81 0 0

H

88

85 86

I iv

H

87

Reagents : i, NaH, benzene; ii, (C001)2, 0°C; iii, CH2N2, 0°C; iv,10% aq H2SO4, dioxane, 1h;

v, CH2N2, Et20.

The structure assignment to 88 was supported by its IR

spectrum, which showed carbonyl absorptions corresponding to a
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ketone in a five-membered ring (1760 cm-1) and an ester function

(1735 cm-1). 13C NMR peaks at 210 and 168 ppm confirmed the

presence of the ketone function and an ester function respectively.

The 1
H NMR spectrum of 88 revealed a new AB quartet at S 3.75

and 3.91, assigned to the methylene protons of the furanone, while

the signals arising from protons in the A ring were similar to those

of the diazoketone.

The formation of 87 in an aqueous acidic medium can be

rationalized by initial protonation of the diazo group followed by

intramolecular displacement of nitrogen from the a carbon of the

protonated diazoketone by the oxygen of the lactone ring (Figure

9). The resultant oxonium ion undergoes attack by water at the

lactone carbonyl, and subsequent fragmentation affords the

hexahydrobenzofuran nucleus of 87.

o O o
II II,C It2\ C

N2HC- '` CH2

0 H+

86

Figure 9. Possible mechanism leading to 87

87

The transformation of 88 to 65 requires the introduction of

the two hydroxyl groups at C-3a and C-7, and we next turned our
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attention to functionalization of these positions. First, an

attempt was made to introduce the angular hydroxyl group at C-3a

through oxidation of the enol ether53 of 88. However, when 88

was treated with triethylsilyl trifluoromethanesulfonate and

2,6-lutidine in methylene chloride, a single, unstable product was

isolated which was found to be the undesired enol ether 89. The

regiochemistry of enol ether 89 was established from the 1H NMR

spectrum, which showed a low field signal at S 6.50 for the vinylic

proton. The absence of methylene protons on the five-membered ring

and the presence of a multiplet at S 3.25, attributable to H-3a

further supported the assigned structure. Additional evidence for

this assignment was provided by 13C NMR, which displayed only two

signals (51.94 and 74.93 ppm) for saturated carbons linked to ether

oxygens, whereas the desired tetrasubstituted enol ether 90 should

display three signals in this region. In view of this unfavorable

result, introduction of the angular hydroxyl group was postponed to

a later stage.

Reagents : i, Et3SiOTf, 2,6-lutidine, CH2Cl2.
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Since the plan for installation of the allylic alcohol moiety

of 65 envisioned rearrangement of an epoxide such as 66, methods

for stereoselective epoxidation of the alkene 88 were next

examined. Not surprisingly, reaction with m-chloroperoxybenzoic

acid yielded exclusively the a-epoxide 91, arising from attack by

the peracid at the more accessible convex face of the olefin. There-

fore, in order to obtain the 8 epoxide, an indirect method had to be

employed.

88

91

Reagents : i, m-CPBA, CH2Ci2; ii, NBS, acetone / water (1 : 1), 0°C.

The addition of hypobromous acid to olefins is generally regio-

specific and proceeds in accord with Markovnikov's rule.54 Since

it may be reasonably assumed that the intermediate bromonium ion

would be formed by attack at the more accessible a face of 88

(Figure 10), entry of the nucleophile at the tertiary position would
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lead to the trans bromohydrin whose configuration is expressed in

92. In fact, treatment of 88 with hypobromous acid, generated

in situ from N-bromosuccinimide in acetone-water (1:1)755 afforded

a single bromohydrin in 65% yield. The IH NMR spectrum of this

bromohydrin was in agreement with the assigned regiochemistry of

92 since it showed a methyl singlet at S 1.38, consistent with a

tertiary hydroxyl substituent attached to this position.

Figure 10. The formation of bromohydrin 92

The bromohydrin 92 was treated with acetic anhydride and

pyridine in an attempt to protect the tertiary hydroxyl group but

instead of the anticipated bromoacetate, a product having structure

93 was isolated in 84% yield. This anomalous reaction presumably

occurs by acetylation of the ketone in preference to the sterically

hindered hydroxyl, with subsequent internal trapping of the acetoxy

cation to form the oxide bridge. The IH NMR signal at S 1.40

further established that the tertiary methyl group is attached to a

carbon bearing an oxygen substituent. the singlet at S 3.71 which

may be attributed to the axial proton on the carbon bearing a

bromine substituent supported our assigned structure. The 13C NMR
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of 93 showed the absence of the peak for the carbonyl carbon and

the presence of a peak at 102.47 ppm due to a ketal carbon.

92

Reagents : i, Ac20, pyridine, DMAP, CH2C12.

Aoc) CO2 Me

H
Br

93

Exposure of 92 to 118-diazobicyclo[5.4.0)undec-7-ene (DBU) in

methylene chloride afforded a single product 94, the IH NMR

spectrum of which confirmed the trisubstituted epoxide. The diag-

nostic feature that establishes the /3 configuration of this epoxide

is the coupling constant of ^3 Hz between H-6a and H-6b. This is

consistent with a dihedral angle of 50° between these protons. By

contrast, a epoxide 91 displayed negligible coupling between these

protons. The latter result is in agreement with molecular models

which confirm that the dihedral angle between H-6a and H-6b in 91

is 90°.

92

Reagents : i, DBU, CH2Cl2.

94
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The next stage of our plan called for transformation of the

epoxide moiety of 94 into the allylic alcohol of 95 in a regio and

stereospecific manner. A variety of methods is available for

this type of conversion, and we initially chose a procedure,

described by Rickborn56 and Cranda11,57 that utilizes lithium

diethylamide. However all attempts to rearrange 94 to 95 with

this reagent gave only unchanged starting material. Presumably, the

acidic protons at C-3 and C-3a make abstraction of a third proton

from either C-2 or the C-la methyl substituent unlikely.

An alternative but less direct method for this transformation

would entail opening of the epoxide under acidic conditions, whereby

protonation of the epoxide oxygen would be followed by attack of a

nucleophile at the tertiary carbocation. Thus, treatment of 94

with hydroiodic acid in benzene furnished 96 as the major product,

accompanied by 97 as a minor product. The 1H NMR of 96 showed

a chemical shift (S 2.18) for the C-6 methyl group indicating that

an iodo substituent was present at this position. 58 The ketone

97 presumably arises via a 1,2-hydride shift to the tertiary

cation in competition with nucleophilic attack.
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Reagents : i, HI, benzene.

H
CO2Me n CO2Me

H H
OH 0

96 97
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Iodohydrin 96 was slowly reconverted to the epoxide 94 at

room temperature and protection of the secondary hydroxyl group was

therefore necessary before further elaboration could be considered.

Toward this end, 96 was treated with triethylsilyl trifluoro-

methanesulfonate59 and 2,6-lutidine in methylene chloride to give a

silyl ether in 90% yield after flash chromatography. The mass

spectrum of this product showed the molecular ion peak (m/z 468)

and characteristic fragments expected for the desired product 98.

Reagents : i, Et3SiOTf, 2,6-lutidine, CH2Cl2.

0 H CO2Me

OSiEt3
98

Et3sio C O2 Me

H

99
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However, the IR spectrum showed the presence of only one carbonyl

absorption (1743 cm-1), which was clearly due to the ester

carbonyl group. Further, the 1
H NMR spectrum showed a chemical

shift for the methylene protons of the five-membered ring (8 3.57)

that was incompatible with the presence of a furanone. From these

data the structure of this silyl ether was assigned as 99. The

formation of 99 is evidently a consequence of proximity of the

secondary hydroxyl group on the concave face of the molecule to the

carbonyl carbon. Coordination of the electrophilic silyl reagent to

the carbonyl oxygen presumably activates this site toward internal

attack by the hydroxyl group thereby leading to 99.

An attempt to convert 96 to its tetrahydropyranyl ether 100

with 3,4- dihydro -2H -pyran in the presence of several acidic

catalysts failed to afford any of the desired product, but when the

recently developed bis(trimethlysilyl) sulfate6° was used as a

catalyst, 100 was produced in quantitative yield. This now opened

a prospective route to 101 by elimination of hydroiodic acid and

treatment of 100 with DIN in refluxing ether was indeed found to

give an olefinic product. However, this material was identified as

102 from its 1H NMR and ultraviolet spectrum. Although 102

was not our intended target, the possibility of introducing the

angular hydroxyl substituent at C-7 was investigated at this point

in the hope that deconjugation of the double bond could be effected

at a later stage. Following the procedure used previously, the

silyl enol ether 103 was prepared from 102 with tert-butyldi-

methylsily1 trifluoromethanesulfonate and triethylamine in benzene.

Epoxidation61 of 103 with m-chloroperoxybenzoic acid, followed
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by an acidic work-up, gave the a-hydroxy ketone 104 in 61% yield.

With the full complement of functionality now in place, the

remaining task was deconjugation62 of the double bond into the

C-516 position to furnish segment A of avermectin Bia. To our

disappointment, treatment of 104 with lithium diisopropylamide

(LDA) under a variety of conditions, followed by acidification,

yielded only unchanged starting material. Interestingly, Hanessian

claimed that a similar deconjugation was employed as the final step

in his total synthesis of avermectin Bia (vide supra) and this has

subsequently been challenged by Fraser-Reid.63

96

CO2Me
OH

H H
OTHP OTHP

101 104

ii

iv

CO2Me
H

H
OTHP

102

iii

Reagents : i, DHP, {(CH3)3S10}2S02, CH2Cl2; ii, DBU, Et20; iii, t-BuMe2Si0Tf, Et3N, benzene;

iv, m-CPBA, NaHCO3, CH2Cl2.

Frustrated by our inability to effect the requisite migration

of the double bond in 104, we considered reversing the steps from
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100 in order to circumvent the problem. Treatment of 100 with

tert-butyldimethylsilyl trifluoromethanesulfonate and triethylamine

in benzene yielded the silyl enol ether 105 and epoxidation of

this substance with m-chloroperoxybenzoic acid gave a product which

subsequently rearranged to the a-hydroxy ketone 106. However,

attempted elimination of hydrogen iodide from 106 with DBU in

refluxing benzene, a seemingly trivial process, led to complex,

intractable mixtures. In an alternative approach to this dehydro-

iodination, 106 was treated with silver fluoride and pyridine in.

acetonitrile, a method that has been used when DBU is ineffec-

tive.64965 This reaction furnished a mixture of alkenes 107 and

108 which unfortunately could not be separated satisfactorily.

100 ii

OH
CO2Me O

OH
CO2Me

OTHP OTHP OTHP

105 106

OH
CO Me

H H
OTHP OTHP

107 108

Reagents : i, t-BuMe2Si0Tf, Et3N, benzene; ii, m-CPBA, NaHCO3, CH2Cl2; iii, AgF, CH3CN,
pyridine.
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With the hope that a different protecting group on the

hydroxyl, substituent might facilitate dehydroiodination, 96 was

acetylated to give 109. Conversion of this iodoacetate to its

silyl enol ether 110 and subsequent epoxidation with m-chloro-

peroxybenzoic acid, followed by rearrangement, furnished the

a-hydroxy ketone 111. For completion of the synthesis of segment

A all that remained was introduction of the C-516 unsaturation and

epimerization at the C-4 position. Treatment of 111 with DBU in

benzene at ambient temperature, however, yielded only aromatic

product, as evidenced by the 1H NMR resonances between S 7.00 and

8.00.

96

Et3SiO

ii

CO2Me

H
OAc

110

iii

Reagents : i, Ac20, pyridine, DMAP, CH2Cl2; ii, Et3Si0Tf, 2,6-lutidine, CH2Cl2; iii, m-CPBA,

CH2Cl2.

We were convinced from these results that a different

functional group would have to be introduced at C-6 to permit
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elimination to a C-516 double bond and, accordingly, 94 was

treated with 3N perchloric acid in aqueous tetrahydrofuran66 to

furnish the trans diol 112 together with ketone 97.

94

Reagents : i, 3N HCIO4, THF.

CO2 Me
H

H
OH

OH

112

97

The reaction of 112 with acetic anydride and pyridine gave

monoacetate 113 as the major product, along with diacetate 114

as a minor component. In the hope that the tertiary hydroxyl group

of 113 could be induced to undergo dehydration,67 this compound

was exposed to phosphorus oxychloride in pyridine at room tempera-

ture to give an inseparable 1:1 mixture of endo 115 and exo 116

olefins. In contrast to these observations, Hanessian, in his

approach to segment A, asserted that 63 underwent dehydration in

thionyl chloride and pyridine to form exclusively the endo C-5,6

double bond isomer. He further claimed that this regiospecific

elimination was accompanied by epimerization of the carbomethoxy

group to the natural a configuration (vide supra).
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112

CO2Me O CO2Me

H .OH H
OAc

OAc OAc
113 114

ii

OAc

116

Reagents : i, Ac20, pyridine, DMAP, CH2Cl2; ii, POCI3, pyridine.

From these results it was surmised that an appropriate electro-

phile might lead to the allylic alcohol by direct opening of epoxide

94. Application of a procedure described by Noyori68 to 94,

using triethylsilyl trifluoromethanesulfonate and 2,6- lutidine in

methylene chloride, gave a mixture of three compounds. The two less

polar components in this mixture had the same Rf values, a minor,

more polar compound was identified as 117. Inspection of the 1H

NMR and 13C NMR spectra of the less polar constituents revealed

that these were the endo (118) and exo (119) allylic silyl

ethers arising from epoxide opening with concomitant formation of

the silyl enol ether from the ketone. Although the yield of the

desired endo isomer 118 was lower than that of exo isomer 119,
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these enol ethers were utilized to introduce the C-3a hydroxyl group.

Thus, the inseparable mixture of 118 and 119 was treated with

m-chloroperoxybenzoic acid in the presence of sodium bicarbonate and

the products were purified by flash chromatography. The major

product isolated from the reaction was identified as 120. A minor

94

Et3SiO CO2Me Et3SiO CO2Me 0 CO2Me

H H 1 H
OSiEt3 OSiEt3 OSiEt3

118 119 117

Reagents : i, Et3Si0Tf, 2,6-lutidine, CH2Cl2.

component, which was identified as 122, showed a single carbonyl

absorption (1762 cm-1) and a hydroxyl function (3420 cm-1) in

its IR spectrum, while the 1H NMR spectrum clearly indicated the

absence of a carbomethoxy group. The mass spectrum of 122 showed

a fragment at m/z 313 (M+ -29) and characteristic fragments

further supporting the assigned structure. The formation of 122

presumably results from the attack of water on the ketone 121,

followed by lactonization. This facile lactonization is believed to

occur during the aqueous work-up, and probably reflects a preference

by 121 for a boat conformer. Unfortunately, although 122 has

all functional groups in place and, except for the ester at C-4, in

the correct stereochemical arrangement, the low yield of 122 made

this route unsuitable for further elaboration of the A segment of

avermectin



118 + 119

Reagents : i, m-CPBA, NaHCO3, CH2012.

OSiEt3

121

10
HO.

OH

H
OSiEt3
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In an attempt to introduce an angular hydroxyl group at C-3a

without the accompanying epoxide opening, 94 was treated with

tert-butyldimethylsilyl trifuoromethanesulfonate and triethylamine

under a variety of conditions. Interestingly, when ether was used

as the solvent, instead of the expected silyl enol ether 124, the

bridged ketal triflate 123 was obtained. The structure of 123

t-BuMe2SiO CO2Me

94

Reagents : i, t-BuMe2Si0Tf, Et3N, ether.

H

124

t- BuMe2SiO CO2Me

H
OTf

123
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was assigned primarily on the basis of an NMR analysis. In

particular, the 13C NMR spectrum of 123 showed no signal for

olefinic carbons while supporting the presence of six carbons

bearing ether oxygens. After careful scrutiny of the 1H NMR

spectrum, a four-level contour plot of the autocorrelated (COSY),

and a two-dimensional IH NMR6977° (Figure 11) as well as IR

spectral data, 123 emerged as the only plausible assignment. The

production of 123 from 94 seemingly involves initial coordina-

tion of the silyl electrophile to the carbonyl oxygen to form a

carbocation, thereby rendering this position vulnerable to nucleo-

philic attack by the proximal epoxide oxygen. Formation of the

oxide bridge with concurrent attack by triflate at the secondary

position of the epoxide leads to 123 (Figure 12). The assignment

of the trifluoromethanesulfonate substituent to C-8 rather than C-2

is based on the chemical shift of the methine proton at C-8 (S

4.46), which is consistent with similar, secondary triflates,71

and also on the chemical shift (S 1.32) of the tertiary methyl

substituent at C-2. The stereochemistry of the trifluoromethane-

sulfonate substituent was verified by analysis of the 1
H NMR

signals for protons at C-5 and C-8, which showed no coupling between

these two protons. This is in excellent agreement with a prediction

from a molecular model of 123, which shows that these protons are

exactly perpendicular to each other. A further comparison of 123

with 93, which also shows no coupling between protons at C-5 and

C-8, makes it clear that both structures adopt the same

conformation.
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Figure 11. Two-dimensional 1H shift-correlated spectra of 123
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OSiEt3

0 CO2Me

H

S= 4.46

OSiEt3

H CO2Me

OTf

OSiEt3

0 CO2Me

1

Et3SiO

Figure 12. Proposed mechanism for the formation of 123

In contrast to its reaction with triethylsilyl trifluoromethane-

sulfonate and triethylamine in ether, 94 gave with the same reagents

in methylene chloride a product that had retained both carbonyl bands

(1765 and 1730 cm-1). However, the multiplets at S 1.95 and 2.38 in

the 1
H NMR spectrum of 125 due to protons at C-4 were absent and two

doublets at S 0.76 and 1.08, with a coupling constant of 5.3 Hz were

now present. This is indicative of a cyclopropane and leads to 125

as a logical structure assignment.

94

Reagents : i, Et3Si0Tf, Et3N, CH2Cl2.
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Unfortunately, this material proved to be worthless for further

elaboration. The divergent behavior of 94 under varying condi-

tions is not well understood. However, it is assumed that in

ethereal solution, the silyl reagent coordinates to the solvent

rather than to the epoxide oxygen leading to the formation of bridge

acetal 123. In methylene chloride, the siTY1 reagent coordinates

to the epoxide oxygen favoring the cyclopropane structure 125.

It was clear from these experiments that a direct route to

segment A of avermectin Bia from 94 was not likely to be success-

ful. It was therefore decided to attempt the required epimerization

of the ester at C-3 in the hope that this modification would change

the reactivity of 94. Analysis of molecular models also suggest

that this epimerization would induce a ring flip to minimize 1,3

interactions in 94 and in this conformation the axial proton at

C-2 is more accessible to abstraction thus favoring the desired endo

olefin.

Exposure of 94 to freshly prepared sodium methoxide in

methanol afforded a crystalline solid in 80% yield, the 1H NMR of

which was very similar to that of the starting material except for

the marked upfield shift (S 3.39) of the three proton singlet charac-

teristic of the methoxy group. The IR spectrum of the product

showed a single carbonyl absorption (1780 cm-1) that was consis-

tent with a '-lactone moiety. These and other spectral data

suggested 126 as the structure of this product and an X-ray

analysis was carried out to confirm this assignment. An ORTEP plot

of 126 is shown in Figure 13.
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Reagents : ti, NaOMe, Me0H; ii, Et3SIOTf, 2,6-lutidine, CH2Cl2.
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The adventitious formation of lactone 126 placed in our hands

a new intermediate for prospective conversion to our target, and

attention was again focused on the rearrangement of the epoxide to

an allylic alcohol employing Noyori's conditions. To this end,

126 was treated with triethylsilyl trifluoromethanesulfonate and

2,6-lutidine in methylene chloride and a single product was isolated

in 78% yield. Examination of the IH NMR spectrum of this product

revealed the presence of a single vinylic proton, while the 13C

NMR spectrum showed two lines for olefinic carbons which were

confidently assigned to C-5 and C-6. These and other spectral data

are in precise agreement with structure 127, for this compound

indicating that elimination of the epoxide in 126 proceeded regio-

specifically to give only the endocyclic allylic silyl ether. The

intrinsic preference of 126 for formation of the endo olefin is in

distinct contrast to elimination of the epoxide in 94 but is

consistent with the facile lactonization encountered earlier with

the olefin 121 (vida supra).

The evident stability associated with the endocyclic 5,6-

double bond in 122 and 7-lactone 127 can be understood in terms
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Figure 13. ORTEP plot of the molecular structure of '- lactone 126
from a single-crystal X-ray analysis
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of a relatively unstrained conformation (Figure 14) in which the

cyclohexene ring adopts a boat orientation.

Et3SiO

OMe

0

Figure 14. Possible conformation of 127

The conversion of 94 to 126 with methoxide suggested that

an analogous reaction might occur with hydroxide as the nucleophile.

Accordingly, 94 was treated with potassium carbonate in aqueous

methanol to afford 128 as anticipated. The latter was exposed to

triethylsilyl trifluoromethanesulfonate and 2,6-lutidine in methyl-

ene chloride to give 129 in which epoxide elimination again showed

a high preference for the endocyclic olefin. However, the low yield

of 128 made this sequence less attractive than that leading to

127 and it was not pursued further.

94

128

ii

Reagents : i, K2CO3, Me0H, 0°C; ii, Et3SiOTf, 2,6-lutidine, CH2Cl2.
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Opening of the lactone of 127 appeared to be a

straightforward transformation since many examples are known72 in

which lactones of this type are hydrolyzed under either basic or

acidic conditions. The first attempt involved the reaction of 127

with mild base (potassium carbonate in methanol at 0 °C) to give

keto ester 130, in which migration of the C-5,6 unsaturation into

conjugation with the ester function had occurred. As with 102,

this product represents a cul-de-sac since we have found no way to

effect deconjugation of the double bond.

Reagents : i, K2CO3, Me0H,0°C.

Attempts to hydrolyze 127 under acidic conditions appeared

more promising and when aqueous 3N hydrochloric acid in refluxing

acetone was used the hemiketal of 127 was opened to a mixture of

epimeric acids 131. This was esterified with diazomethane and,

after purification by flash chromatography, a 3.5:1 mixture of two

alcohols 132 was obtained. The 1
H NMR of the mixture 132

showed that epimerization of the methoxycarbonyl group had taken

place during acidic hydrolysis. Treatment of this mixture with

acetic anhydride, pyridine and 4-(dimethylamino)pyridine in



127

CO2 Me0 H

H
OAc

133

OH

131 , R = H

132 ,R=Me

iii
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Reagents :i, 3N HCI, acetone, reflux; ii, CH2N2, ether; iii, Ac20, pyridine, DMAP, CH2Cl2.

methylene chloride gave a pair of acetates 133 and 134 as a

3.5:1 mixture which were separated by flash chromatography.

AcO

Figure 15. Conformation of 133

002 Me

The 13
C NMR spectrum of 133 showed the expected 13 lines

and established the presence of three carbonyl carbons (210.72,

171.07, 170.77 ppm). It was the 1H NMR spectrum of 133,

however, that permitted complete assignment of its structure and
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stereochemistry. The proton at C-7 (S 5.63)is split into a doublet

by the neighboring proton at C-7a, and the coupling of 3.6 Hz

strongly implies an axial-equatorial or equatorial-equatorial

relationship between these hydrogens. The stereochemical relation-

ship between at C-3a and C-4 of 133 was revealed by selected homo-

nuclear decoupling. Thus when the signal at S 3.82 (H-7a) was

irradiated, the doublet of doublets at S 3.15 collapsed to a simple

doublet, indicating that the signal at S 3.15 is due to the H-3a.

Likewise, when the proton at 5 3.15 was irradiated, the multiplet at

S 3.22 collapsed to a broad singlet, confirming that the signal at S

3.22 is due to proton at C-4. The H-3a14 coupling constant (3=12.8

Hz) stipulates an axial-axial relationship and implies that 133

adopts the conformation shown in Figure 15. This conformation is

that which suffers the fewest 1,3-interactions; moreover, the

epimerization at C-4 that accompanies acid-catalyzed hydrolysis of

127 can be readily understood in terms of removal of the

methoxycarbonyl group from the congested endo cavity of the cis

fused bicyclic structure to place it in the more stable exo

configuration. Similar analysis of the 1H NMR spectrum of the

minor isomer 134 confirmed that this was in fact the C-4 epimer of

133 (33a14 3.5 Hz).

With the establishment of stereochemistry of 133, introduc-

tion of the C-3a hydroxyl group was then attempted using our

previous methodology. However, in this case, treatment of 133

with triethylsilyl trifluoromethanesulofonate and 2,6-lutidine in

methylene chloride led to the isolation of silyl enol ether 135

only in 13% yield along with 66% of unreacted starting material.
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Although this is somewhat surprising, it prevented further efforts

towards the introduction of the angular hydroxyl group at C-3a by

this methodology.

0 H
CO2Me

Et3SiO CO2Me

0 .

H H H
OAc OAc OAc

133 135

1N-

Reagents : i, Et3Si0Tf, Et3N, CH2Cl2.
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SYNTHESIS OF SEGMENT B

In devising a synthetic route to the chiral subunit B of

avermectin Bia, we sought a strategem that could provide the required

asymmetric centers in high optical purity with the desired absolute

configuration. We chose to utilize the method of asymmetric epoxida-

tion of allylic alcohols developed by Sharpless73 to generate the

absolute configuration at C-13 since this strategy also provides a

means for introducing the C-12 methyl substituent in the correct

absolute configuration via nucleophilic attack on the chiral epoxide.

II

PPh3

Segment B

Synthesis of allylic alcohol 138 began from ethyl levulinate

which was first transformed to 136 by bromination at the position

O

CO2 Et
iii

F-A
0

CO2Et

136 137

r\
0 0).?"OH

138

z
Reagents : i, Br2, CHCI3; ii, Et3N, 0°C; iii, (CH2OH)2, p -TsOH, benzene
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a to the ketone followed by dehydrobromination.74 Subsequent

ketalization of the ketone functionality yielded 137.

Although reduction of 137 with lithium aluminum hydride

afforded the desired allylic alcohol 138, the latter was found to

be very unstable, decomposing in the presence of traces of moisture.

An alternative protecting tactic for the C-4 oxygen function

was therefore sought that would provide greater stability and this

was achieved by reduction of 136 with sodium borohydride in the

presence of cerium trichloride, 75 followed by protection of the

resultant secondary alcohol 139 with triethylsilyl trifluoro-

methanesulfonate and triethylamine. The methyl ester 140 was

reduced with diisobutylaluminum hydride to give the desired allylic

alcohol 141 in 81% yield.

136

OR

R=H, 139

R = SiEt3, 140

141

I iv

Et3SiO
0,

V

OH

143

3

142

OH

OH

Reagents : i, NaBH4, CeCI3, Me0H; ii, Et3SiCI, pyridine; iii, Dibal, toluene; iv, Ti(i-OPr)4,
(-)-diethyl tartrate, t- BuOOH, CH2Cl2; v, CuBr-Me2S, DMSO, MeLi, Et20

Epoxidation of 141 in the presence of (-)-diethyl D-tartrate

gave the (2S,3S)-epoxide 142 as expected. The slow epoxidation of
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this trans allylic alcohol led to the recovery of >30% of the start-

ing material during this transformation.

The bulky substituent at C-4 of 142 was expected to direct

nucleophilic attack exclusively at the distal C-2 carbon. Further-

more, literature precedent76 suggested that the primary alcohol

would assist the regioselective opening of the epoxide at this

site. These arguments thus allowed us to go confidently forward

with 142 in the belief that attack on the epoxide by a nucleo-

philic methyl group would led to 143. Thus, 142 was subjected

to lithium dimethylcuprate in ether, according to the procedure

described by House.77 The 1H NMR spectrum of the resultant diol

143 revealed a single compound arising via regioselective, SN2

attack on the epoxide. Thus, this methodology successfully

established the crucial threo relationship between the C-3 hydroxyl

and the C-2 methyl substituents. That 143 was indeed a 1,3-diol

established by exposing the compound to sodium metaperiodate which

showed no reactivity under the usual conditions.

With fabrication of the required C-2, C-3 stereochemistry in

143, the next goal was to homologate this diol by two carbon from

the primary terminus. For this purpose, it was necessary to mask

the C-3 alcohol and, since there are no reliable methods to selec-

tively block a secondary hydroxyl function in the presence of a

primary alcohol, it was first obligatory to protect the more exposed

primary hydroxyl group. It is known78 that primary alcohols can

be masked selectively as pivaloyl esters and hence 143 was treated

with pivaloyl chloride in pyridine to afford 144 in quantitative

yield. For protection of the secondary alcohol function of 144 a
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group was required that would survive a variety of reaction condi-

tions including the removal of the pivaloyl ester. A silyl ether

appeared to be idea179 for this purpose provided that it would remain

in place during cleavage of the triethylsilyl protecting group.

Thus, 144 was treated with tert-butyldimethylsilyl chloride in the

presence of imidazole80 to furnish the diether 145 in 85% yield.

143
OCOt-Bu

ii
OCOt-Bu

OH OSiMe2t-Bu

144 145

iii

OH

OSiMe2t-Bu

146

Reagents : i, t-BuCOCI, pyridine; ii, t-BuMe2SiCI, Et3N, DMAP; iii, Dibal, toluene

The pivaloyl group was removed from 145 by reduction with

diisobutylaluminum hydride. An alternative procedure for cleaving

the pivalate using methyllithium in this case led to silyl migration

from the secondary to the primary position.

Our next concern was selection of a method for the oxidation of

146 to the corresponding aldehyde 147 since it was recognized that

elimination of the ,8 siloxy group or epimerization at the a position

could pose a threat to the structural and stereochemical integrity of

the product. Kishi reported76 in his rifamycin synthesis, for

example, that optical purity was lost when pyridinium chlorochromate
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was used as the oxidant for a system analogous to 146. On the other

hand, less than 2% racemization of a similar substrate occurred dur-

ing oxidation under Swern conditions.81 Encouraged by these find-

ings, oxidation of the alcohol 146 was carried out with dimethyl-

sulfoxide, oxalyl chloride and triethylamine and, under these condi-

tions, the alcohol 146 reacted smoothly without epimerization at C-2

to give 147 in 50% yield.

With the requisite aldehyde 147 in hand, the stage was set for

coupling with the ylide 148 to assemble the carbon skeleton of seg-

ment B. Thus, two equivalents of (carbomethoxymethylene)triphenyl-

phosphorane82 were reacted with 147 in refluxing toluene for 18 h to

146

Et3SiO

OSiMe2t-Bu
147

OSiMe2t-Bu

151

iv

Et3SiO

OSiMe2t-Bu

152

Et3SiO

ii

iv

PPh3 Br

V CO2Me
OSiMe2t-Bu

149

OSiMe2t-Bu

150

OH

Reagents : i, (C0C1)2, DMSO, Et3N, CH2Cl2; ii, Ph3P =CHCO2Me, toluene, reflux; iii, Dibal,

toluene; iv, CBr4, Ph3P; v, Ph3P, Et20
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give a single olefin. The 1H NMR of the product showed coupling con-

stant (J=16.4 Hz) of the vinyl protons consistent with trans stereo-

chemistry of the 0(1$-unsaturated ester 149. This ester was reduced

to alcohol 150 with diisobutylaluminum hydride in toluene at -78 °C.

Completion of the synthesis of segment B required bromination

of 150 followed by displacement of bromide with triphenylphosphine

to furnish the phosphonium salt 152. The allylic bromide 151

was prepared by treatment of 150 with carbon tetrabromide and

triphenylphosphine 83 and the product, without purification, was

reacted with triphenylphosphine in ether to give 152.

Finally, with the subunits A and B constructed efficiently,

we then turned our attention to effect their coupling. However,

initial attempt using 152 with two equivalents of n-butyllithium,

t-BuMe2SiO,
OSiEt3

OSiEt3

+PPh3
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followed by addition of 120 in tetrahydrofuran, failed to yield

any trace of 153. Observation of the reaction mixture by TLC

revealed that a surprisingly polar product had formed, but diffi-

culty in the isolation of this product prevented its characteriza-

tion. The failure of this Wittig reaction may be associated with

steric hindrance in the region of the carbonyl group, leading to

consequent enolization of the ketone. 84 Although this methodology

was unsuccessful for the synthesis of the C1 -C14 segment, a

small modification to subunit A, as shown in Scheme 10 could lead to

a substance such as 154.

In summary, it was demonstrated that an appropriate Diels-Alder

reaction, followed by acid catalysed cyclization of a derived a-

diazoketone provided ready access to the key hexahydrobenzofuran

nucleus of avermectin Bia and related structures. The proper use

of resolution techniques at an early stage of the synthesis

established the desired absolute configuration. It was also

demonstrated that a series of highly efficient and stereoselective

transformations led to the synthesis of useful precursors of subunit

A. These could be used for coupling reactions with both segments B

and C at a later stage.

Our approach to segment B involving enantioselective epoxida-

tion and alkylation precisely established the stereochemistry of key

asymmetric centers at C-12 and C-13. Although there remains the

challenging problem of coupling segments A and B, this research

provides a convenient route to these subunits of avermectin Bia.
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OTHP

154

Scheme 10. An alternate approach to C1 -C14 segment
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EXPERIMENTAL

Analytical thin-layer chromatography (TLC) was carried out on

silica-coated aluminum plates (silica gel 60 F-2541 0.2 mm layer

thickness, manufactured by E. Merck). Column chromatography85 was

carried out with E. Merck silica gel 60 (230-400 mesh ASTM); the

eluants are given in brackets. Monitoring of the effluent was done

by TLC. Spots were visualized by ultraviolet lamp, by spraying with

3% Ce(SO4)2 in 3N H2SO4, or by dipping plates in a 10%

solution of phosphomolybdic acid in ethanol followed by heating.

Melting points were measured on a hot-stage microscope and are

uncorrected. Infrared spectra (IR) were run on a Perkin-Elmer Model

727B spectrometer or a Nicolet 5DXB FT-IR spectrometer. Mass

spectra (MS) were recorded on a Varian MAT CH-7 or a Finnigan 4500

spectrometer at an ionization potential of 70 ev. High-resolution

mass spectra (HRMS) were determined on a CEC-110C spectrometer at an

ionization potential of 70 ev or a Kratos MS50 mass spectrometer.

Nuclear magnetic resonance spectra (NMR) were determined on a Varian

FT-80 A, IBM NR-80F or Bruker AM-400 spectrometer. Carbon NMR

spectra were measured on a Bruker AM-400 spectrometer. Samples were

prepared in deuteriochloroform solution and chemical shifts are

reported downfield from tetramethylsilane on the S scale; the

abbreviations s = singlet, d = doublet, t = triplet, q = quartet,

m = multiplet, bs = broad singlet are used throughout. Optical

rotations were measured in 1 dm cells of 1 mL capacity using a

Perkin-Elmer Model 243 polarimeter. Elemental analyses were

performed by MicAnal, Tucson Arizona.
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For reactions requiring dry solvents, 86 diethyl ether and

tetrahydrofuran were distilled from sodium benzophenone ketyl under

nitrogen. Benzene, toluene, dichloromethane, triethylamine and

2,6-lutidine were distilled from calcium hydride and stored over 4 A

molecular sieves. Methanol was distilled from magnesium turnings.

Starting materials were purchased from commercial suppliers and used

without further purification. For routine isolation of reaction

products, the solvent was removed by rotary evaporation at water

aspirator pressure and residual solvent was removed by vacuum pump

at less than 0.5 Torr. Syringes and reaction flasks were dried in

an oven (at 165 °C) overnight and stored in a desiccator over

anhydrous calcium sulfate prior to use. Alternatively, flasks were

flame-dried under a stream of nitrogen. Reactions were routinely

carried out under an inert atmosphere of argon or nitrogen. When

the temperature of a reaction is not specified, it was conducted at

room temperature.

3-Methyl -1-acetoxy-113-butadiene (68).

A solution of 2-methyl-3-butyn-2-ol (84.0 g, 1 mol) and

phosphoric acid (1.75 g) in acetic anhydride (112 mL) was stirred

for 18 h. To this mixture, acetic acid (303 mL), anhydrous sodium

carbonate (3.05 g), and silver carbonate (0.5 g) were added, and the

reaction was heated at 110 °C for 3.5 h. After cooling to room

temperature, the reaction mixture was poured into water (500 mL) and

extracted with petroleum ether (8x150 mL). The combined petroleum

ether fractions were washed with water (2x150 mL), saturated sodium

bicarbonate (2x120 mL), brine (3x120 mL) and dried (magnesium
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sulfate). The solvent was removed in vacuo affording a yellow oil.

Fractional distillation provided 28.0 g (22%) of 68: IR (neat)

2925, 1760, 1650, 1225, 1112, 937, 828 cm-1; 1H NMR (CDC13) S

1.88 (3H, d, J=1.5 Hz), 2.15 (3H, s), 4.99 (2H, m), 6.17 (1H, d,

J=12.0 Hz), 7.42 (1H, d, J=12.0 Hz);

Diethyl (1)8,20738)-3-Acetoxy-5-methyl-4-cyclohexene-112-dicarboxylate

(70) and

Diethyl (1a72,8,3,8)-3-Acetoxy-5-methyl-4-cyclohexene-1,2-dicarboxylate

(71).

To a solution of diethyl fumarate (880 mg, 5.17 mmol) in

benzene (3 mL) was added 3-methyl -1-acetoxy-113-butadiene (68)

(620 mg, 4.92 mmol) in benzene (3 mL). To this mixture was added

2 ,6- di- tert butyl -4- methylphenol (5 mg) and the solution was

refluxed for 20 h. Evaporation of the solvent under reduced

pressure gave a residue which was chromatographed on silica using

30% ethyl acetate-hexanes as eluant to afford 1.16 g (80%) of a

mixture of 70 and 71 as a colorless oil: IR (neat) 2990, 1725,

1425, 1350, 1300, 1225, 1010 cm-1; 1H NMR (CDC13) S 1.25 (12H,

m), 1.75 (6H, s), 1.95 (3H, s), 2.05 (3H, s), 2.25 (4H, m), 2.95

(4H, m), 4.00-4.25 (8H, m), 5.30 (1H, m), 5.65 (1H, m); MS m/z 298

(e), 255, 224, 209, 193, 151, 93; exact mass m/z 298.1415 (calcd

for C102206: 298.1416).
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Diethyl (14,2a,3,8)-3-Hydroxy-5-methyl-4-cyclohexene-1,2-dicarboxylate

(72) and

Diethyl(la,2a,38)-3-Hydroxy-5-methyl-4-cyclohexene-1,2-dicarboxylate

(73).

To a stirred solution of 70 and 71 (711 mg, 2.38 mmol) in

methanol (5 mL) was added potassium carbonate (355 mg, 2.57 mmol) at

0 °C. After stirring for 3 h at 0 °C, the mixture was diluted with

water and the aqueous layer was washed with ether (3x). The

combined ether portions were washed with brine and dried (magnesium

sulfate). Evaporation of the solvent in vacuo yielded 601 mg (98%)

of a mixture of 72 and 73 as a colorless oil. IR (neat) 3450,

1720-1705, 1420, 1380, 1300, 1240, 1010 cm-1; 1H NMR (CDC13) S

1.25 (6H, t, J=6.0 Hz), 1.75 (6H, s), 2.25 (4H, m), 2.60-3.10 (4H,

m), 3.65 (m), 4.02-4.30 (4H, m), 4.45 (2H, m), 5.40 (1H, m), 5.65

(1H, m); MS m/z 256 (e) 242, 211, 196, 183, 109;

Diethyl (1a,3a,4,8,5,8,60) -5-Hydroxy-1-methyl -7-oxabicyclo

14,1101heptane-314-dicarboxylate (74) and

Diethyl (1a,3)5,40(75,600-5-hydroxy-1-methyl-7-oxabicyclo

[411,0]heptane-3,4-dicarboxylate (75).

To a stirred solution of allylic alcohols 70 and 71 (220 mg,

0.86 mmol) in methylene chloride (4 mL) was added m-chloroperoxy-

benzoic acid (200 mg, 1.03 mmol) in methylene chloride (2.5 mL) at

0 °C. After stirring for 16 h, the mixture was diluted with

methylene chloride (10 mL) and was washed with saturated aqueous

sodium thiosulfite, saturated aqueous sodium bicarbonate, brine, and

dried (magnesium sulfate). Removal of the solvent in vacuo afforded
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230 mg (98%) of a colorless oil which showed two spots on TLC.

Separation of the mixture by flash chromatography using 40% ethyl

acetate-hexanes as eluant gave 121 mg (51%) of 74 and 89 mg (38%)

of 75.

Compound 74: IR (neat) 3500, 3000, 1740-1705; 1H NMR

(CDC13) S 1.25 (6H, t, J=6.0 Hz), 1.40 (3H, s); 1.75-3.22 (4H, m);

3.25 (1H, d, J=6.0 Hz); 4.00-4.62 (5H, m); MS m/z 273 (M++1) 255,

227, 209, 183.

Compound 75: IR (neat) 3500, 2950, 1725, 1360, 1240, 1010

cm-1; 1H NMR (CDC13) S 1.22 (3H, t, J=6.0 Hz), 1.24 (3H, t,

J=6.0 Hz), 1.35 (3H, s), 2.10 (2H, m), 3.77 (m), 3.18 (1H, d, J=3.0

Hz), 3.70 (1H, d, J=3.0 Hz), 4.10 (2H, m), 4.15 (2H, m); MS m/z 227

(M+ -45), 199, 181, 180, 169.

Diethyl (1a,3a,48,58,6a)-5-(2-Ethoxy-2-oxoethoxy)-1-methyl-

7-oxabicyclo[4.1.0]heptane-3,4-dicarboxylate (76).

To a stirred suspension of 60% sodium hydride in oil (25.20 mg,

1.05 mmol) in N,N-dimethylformamide (3 mL) was added alcohol 74

(100.5 mg, 0.35 mmol) in N,N-dimethylformamide (2 mL). Ethyl bromo-

acetate (0.03 mL, 0.35 mmol) was added at 0 °C and the mixture was

stirred overnight. After quenching the reaction with water (5 mL),

the mixture was extracted with ether and the combined organic por-

tions were washed with brine and dried (magnesium sulfate). Solvent

evaporation gave a residue (55 mg) which was flash chromatographed

on silica using 40% ethyl acetate-hexanes as eluant. This yielded

25.0 mg (19%) of 76 as a colorless oil. IR (neat) 2950, 1725

(br), 1360, 1290, 810 cm-1; 1H NMR (CDC13) S 1.25 (3H, t,
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J=8.0 Hz), 1.26 (1H, d, J=5.0 Hz), 4.00-4.30 (m), 4.50 (1H, t, J=5

Hz); MS m/z 343 (M+ -15), 313, 312, 297, 229.

3-Methyl-l-[(trimethylsilyl)oxy]-1,3-butadiene (78)

To n-butyllithium (46.7 mL of a 1.5 M solution, 0.016 mol) in

hexane was added the acetoxydiene 68 (4.33 g, 0.33 mol) in THE (10

mL) dropwise at -78 °C. After the addition was complete (0.5 h),

the solution was warmed to 0 °C when neat trimethylsilyl chloride

(7.93 g, 0.033 mol) was added. After stirring at 0 °C for 0.5 h,

the reaction was diluted with pentane (100 mL) and quenched slowly

with saturated aqueous sodium bicarbonate at 0 °C. The mixture was

further diluted with pentane (75 mL), washed with 10% aqueous sodium

bisulfite (1x20 mL), saturated aqueous sodium bicarbonate (1x20 mL),

aqueous brine (1x20 mL), and dried (sodium sulfate). The solvent

was removed in vacuo and the residue was distilled through a

Vigreaux column to yield 78 (2.1 g, 40%) in a fraction boiling at

30 °C/10 mm; 1H NMR (CDC13) S 0.30 (9H, s), 1.84 (3H, s), 4.68

(2H, m), 5.60 (1H, d, J=12 Hz), 6.40 (1H, d, J=12 Hz).

(3aa,43,7aa)-3a14,777a-Tetrahydro-6-methyl-4-[(trimethylsily1)-

oxy]-1,3-isobenzofurandione (79).

A stirred solution of (78) (8.36 g, 0.053 mol), maleic

anhydride (77) (5.35 g, 0.055 mol) and 2,6-di-tert-butyl-4-methyl-

phenol (0.01 g) in dry benzene (8.0 mL) was refluxed for 10 h. Upon

cooling, the solvent was removed in vacuo and the residue was flash

chromatographed on silica using 20% ethyl acetate-hexanes as eluant.

This afforded 8.1 g (60%) of 79 as an oil: IR (neat) 2950, 1860,
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1790, 1440, 1240 cm-I; 1H NMR (CDC13) S 0.90 (9H, s), 1.70

(3H, s), 2.40 (2H, m), 2.85-3.45 (2H, m), 4.50 (1H, dd, 3=4.0 Hz),

5.70 (1H, m); MS m/z 254 (e), 239, 195, 167, 156, 103; exact mass

m/z 254.0986 (calcd for C12H1804Si: 254.0974). Anal. calcd

for C12H1804Si: C, 56.67; H, 7.13. Found: C, 56.97; H,

6.83.

Methyl anti-3-Methyl-7-oxo-6-oxabicyclo[3.2.1]oct-3-ene-8-carboxylate

(82)

To a solution of 79 (105 mg, 0.41 mmol) in tetrahydrofuran

(6 mL) was added a 1.00 M solution of tetra-n-butylammonium fluoride

in tetrahydrofuran (0.4 mL, 0.4 mmol). After stirring for 30 min at

0 °C, the mixture was acidified to pH 6 and extracted with ethyl

acetate (3x). The organic portions were washed with brine and dried

(magnesium sulfate). Removal of the solvent in vacuo afforded 81

as a. light yellow oil, which was taken up in ether (10 mL) and

treated with diazomethane. After 2 h, the solvent was removed in

vacuo to give a residue, which was chromatographed on silica using

25% ethyl acetate-hexanes as eluant to furnish 80 mg (100%) of 82;

m.p. 126° C ; IR (KBr) 2950, 1770, 1720, 1440, 1380 cm-1; 1H NMR

(CDC13) S 1.67 (3H, s), 2.42 (2H, br s), 3.02 (1H, s), 3.20 (1H,

br s), 3.71 (3H, s), 4.90 (1H, m), 5.90 (1H, m); 13C NMR (CDC13)

S 177.17, 170.81, 139.94, 123.11, 75.20, 52.58, 50.77, 40.41, 33.92,

21.76; MS m/z 196 (e), 152, 137, 109, 93; exact mass m/z 196.0732

(calcd for C10H1204: 196.0735). Anal. calcd for

C10H1204: C, 61.23; H, 6.16. Found: C, 60.95; H, 6.18.
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Resolution of anti-3-Methy1-7-oxo-6-oxabicyclo[3.2.11oct-3-en-8-

carboxylic Acid (81).

(S)-(-)-a-Methylbenzylamine (480 mg, 3.96 mmol) was added to

acid 81 (544 mg, 2.98 mmol) at 0° C. The mixture solidified

spontaneously. Acetone (10 mL) was added and the solution was heated

until the solid was completely dissolved. The cloudy solution was

left at room temperature overnight. The deposited crystals (352 mg)

were recrystallized four times from acetone and once from methanol-

ether (3:1) to give 46.0 mg of the a-methylbenzylammonium salt of

81: mp 163-164 °C; [alp +122.5° (c 0.9, Me0H); 1H NMR

(MeOH) -D4 S 1.60 (3H, d, J=6.9 Hz), 1.70 (3H, s), 2.59 (2H, m),

2.83 (1H, s), 4.41 (1H, q, J=6.9 Hz), 4.90 (1H, m), 5.98 (1H, m),

7.42 (5H, m); 13C NMR (CDC13) S 182.09, 178.09, 141.03, 139.99,

130.26, 127.65, 125.08, 79.15, 54.56, 52.27, 43.21, 35.16, 21.93,

20.87.

The salt C9H1004.C8HI1N crystallizes in space group

P212121 with a = 6.715 (5)A, b = 12.602 (1)A, C = 19.451(2)A, .

= 1.224 g/cm3, 1.223 g/cm3. The4, dcal dobsd

intensity data were measured on an Enraf-Nonius CAD4 diffractometer

(Ni-filtered Cu Ka radiation, w -28 scans). The size of the

crystal used for data collection was approximately 0.48 x 0.44 x

1.27 mm and the data were corrected for absorption. Of the 1437

independent reflections for 0 < 60°, 1362 were considered to be

observed {I>3.05 (I)}. The structure was solved by a multiple-

solution procedure and was refined by full matrix least squares.

Fourteen reflections which were strongly affected by extinction were

excluded from the final refinement and difference map. In the final
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refinement, anisotropic thermal atoms and isotropic temperature

factors were used for the hydrogen atoms. The hydrogen atoms were

included in the structure factor calculations but their parameters

were not refined. The final discrepancy indices are R = 0.039 and

Rw = 0.054 for the remaining 1348 observed reflections. The final

.difference map has no peaks greater than 0.1 e A-3.

By the same procedure as described above, a solution of 81

(578 mg, 3.16 mmol) and (R)-(+)-a-methylbenzylamine (510 mg, 4.20

mmol) was recrystallized four times from acetone to give 131.4 mg

(12%) of the salt: mp 161-162° C; [a] -122.04° (c 0.9, Me0H). An

aqueous solution of this amine salt (131.0 mg) was slightly

acidified with 1N HC1 and the liberated carboxylic acid was

thoroughly extracted with ether (4x). The combined ether layers were

washed with brine and dried (magnesium sulfate). The solution was

concentrated to 10 mL and treated with diazomethane to afford, after

chromatography on silica using 25% ethyl acetate-hexanes as eluant,

77 mg (13%) of (-)-81: mp 126° C; [a] -17.5° (c 0.8, Me0H).

anti- 8- (Diazoacetyl) -3- methyl- 6- oxabicyclo[3.2.1]oct- 3 -en -7 -one

(86).

To a stirred suspension of 60% sodium hydride in oil (23.6 mg,

0.55 mmol) in dry benzene (5 mL) was added a solution of 81 (100

mg, 0.55 mmol) in benzene (5 mL). The suspension was stirred for

1 h and then cooled to 0 °C. Oxalyl chloride (0.675 mL) was added

and the mixture was stirred for 10 min at 0 °C and lh at room

temperature. Filtration under nitrogen and evaporation of the

filtrate at reduced pressure gave a pale yellow oil. This was taken
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up in benzene (3 mL) and was added slowly to a solution of freshly

distilled diazomethane (alcohol free) at 0 °C. After 15 min, the

excess diazomethane was removed with a stream of nitrogen and the

volatiles were evaporated in vacuo to give a yellow residue. This

was subjected to flash chromatography on silica, using 60% ethyl

acetate-hexanes as eluant, to yield 77.1 mg (66%) of 86 as a

yellow oil: IR (neat) 2100, 1780, 1770, 1635, 1380 cm-1; 1H NMR

(CDC13) S 1.70 (3H, d, J=2.0 Hz), 2.48 (2H, m), 2.95 (1H, s), 3.10

(1H, m), 4.80 (1H, dd, J=2.0, 6.0 Hz), 5.38 (1H, s), 5.95 (1H, m);

MS m/z 178 (M+ 28), 133, 132, 123, 93; exact mass 178.0630

(calcd for C10H1003: 178.0630).

Methyl (3aa,L1,8,7aa)-3a,4,5,7a-Hexahydro-6-methyl-3-oxo-4-benzo-

furancarboxylate (88).

To a solution of diazoketone 86 (100.0 mg; 0.48 mmol) in

dioxane (6 mL) was added 10% aqueous sulfuric acid (2 mL). The

mixture was stirred at 50-55 °C for 1 h, cooled to room temperature

and diluted with water. The reaction mixture was extracted with

ethyl acetate (4x) and the combined organic portions were washed

with brine. After drying (magnesium sulfate), the solvent was

evaporated to yield a yellow residue, which was taken up in 5 mL of

ether and treated with diazomethane. After 2h, the solvent was

removed in vacuo to give a residue, which was chromatographed on

silica using 40% ethyl acetate-hexanes as eluant to give 65.0 mg

(64%) of 88 as a pale yellow oil. IR (neat) 2975, 1760, 1735, 1440

cm-1; 1H NMR (CDC13) S 1.68 (3H, s), 2.07-2.23 (2H, m), 2.80

(1H, m), 3.28 (1H, dd, J=4.2 Hz), 3.72 (3H, s), 3.75 and 3.90 (2H,
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dd, J=16.5, 17.1 Hz), 4.96 (1H, d, J=5.8 Hz), 5.41 (1H, br s); 13C

NMR (CDC13) S 214.14, 172.67, 139.75, 120.88, 75.74, 68.12, 52.05,

46.02, 37.15, 27.89, 23.48; MS m/z 210 (e), 168, 151, 149, 93;

exact mass m/z 210.0900 (calcd for CI1H1405: 210.0890).

Methyl (3aciAajaa)-3a1415,7a-Tetrahydro-6-methyl-31(triethyl-

sily1)oxyl-4-benzofurancarboxylate (89).

To a stirred solution of 88 (13.0 mg, 0.06 mmol) in methylene

chloride (5 mL) was added 2,6- lutidine (0.029 mL, 0.24 mmol) and

triethylsilyl trifluoromethanesulfonate (0.053 mL, 0.24 mmol).

After 20 h at room temperature the reaction was diluted with ether

and washed with saturated aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). Evaporation of the solvent, followed by

column chromatography on silica using 10% ethyl acetate-hexanes as

eluant, afforded 4.0 mg (32%) of unreacted 88 and 7.8 mg (40%) of

89: IR (neat) 2910, 1739, 1175 cm-1; 1H NMR (CDC13) S 0.61

(2H, q,J=7.8 Hz), 0.98 (3H, t, J=8.1 Hz), 1.55 (3H, s), 1.68 (1H,

dd, J=11.11 13.3 Hz), 2.42 (1H, dd, J=13.5, 5.6 Hz), 2.58 (1H, m),

3.23 (1H, m), 3.70 (1H, s), 5.41 (1H, s), 6.20 (1H, d, J=12.1 Hz),

6.50 (1H, d, J=7.6 Hz); 13C NMR (CDC13) S 173.05, 136.81,

136.52, 132.45, 114.21, 74.93, 51.94, 41.97, 36.68, 35.85, 23.04,

6.60, 4.39.

Methyl (lacy,3a,3a1316a/3,6ba)-Octahydro-la-methyl-4-oxooxireno{g}-

benzofuran-3-carboxylate (91).

To a stirred solution of 88 (11.0 mg, 0.052 mmol) in

methylene chloride (3 mL) was added m-chloroperoxybenzoic acid (9.1
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mg, 0.052 mmol, based on 85% purity) in methylene chloride (5 mL)

over 5 min. The mixture was stirred for 10 h, washed successively

with 10% aqueous sodium thiosulfate, saturated aqueous sodium

bicarbonate, brine, and dried (magnesium sulfate). After solvent

evaporation, flash chromatography on silica using 40% ethyl

acetate-hexanes as eluant provided 10.7 mg (91%) of 91: IR (neat)

2950, 1755, 1735, 1435 cm-I; 1H NMR (CDC13) S 1.30 (3H, s),

1.78-2.25 (2H, m), 2.75 (1H, m), 2.95 (1H, s), 3.25 (1H, dd, J=4.0,

10.0 Hz), 2.70 (3H, s), 3.90 and 3.95 (2H, ABq, J=2.0, 14.0 Hz),

4.85 (1H, d, J=10.0 Hz); MS m/z 226 (e), 195, 194, 167, 153, 109;

exact mass m/z 226.0840 (calcd for CI1H1405: 226.0840).

Methyl (3aa,4,13,613,7ajaa)-7-8romooctahydro-6-hydroxy-6-methyl-3-

oxo-4-benzofurancarboxylate (92).

To a solution of 88 (210.0 mg, 0.95 mmol) in acetone and

water (5 mL, 1:1) was added N-bromosuccinimide (210.0 mg, 1.14

mmol). The reaction was stirred at 0 °C for 1 h, diluted with water

and extracted with ethyl acetate (3x). The combined ethyl acetate

layers were washed with brine, dried (sodium sulfate), and concen-

trated in vacuo. The resulting oil was purified by flash chroma-

tography (silica gel column) in 50% ethyl acetate-hexanes to yield

200.0 mg (65%) of 92: IR (neat) 3500, 2890, 1720-1750 (br), 1440

cm-1; 1H NMR (CDC13) S 1.38 (3H, s), 1.85 (2H, m), 2.50 (2H,

m), 3.25 (1H, dd, J=8.0 Hz), 3.70 (2H, d, J=6.0 Hz), 3.75 (3H, s),

4.50 (1H, d, J=5.8 Hz), 5.90 (1H, s); MS m/z 308 (e), 306 (M+),

293, 227, 213, 197; exact mass m/z 306.0110 (calcd for
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C11H 1505Br: 306.0100); Anal. calcd for CI1H1505Br: C,

43.02; H, 4.92. Found: C, 43.04; H, 4.81.

Methyl (2a70,4a,815aja,13,8R*)-7a-(Acetyloxy)-8-bromohexahydro-2-

methyl-2,5-methano-2H-furo[3,4-b]pyran-4-carboxylate (93).

To a solution of bromohydrin 92 (18.0 mg, 0.05 mmol) in

methylene chloride (3 mL) was added dry pyridine (0.15 mL), acetic

anhydride (0.10 mL), and 4-dimethylaminopyridine (1.5 mg). The

mixture was stirred for 2 h, diluted with water (10 mL), and

extracted with ethyl acetate (3 x 15 mL). The combined ethyl

acetate layers were washed with 1N hydrochloric acid and brine, and

dried (magnesium sulfate). The solvent was evaporated to give a

residue, which was flash chromatographed on silica using 40% ethyl

acetate-hexanes as eluant to yield 16.0 mg (91%) of 93: IR (neat)

2900, 1743, 1735, 1435, 1371 cm-1; 1H NMR (CDC13) S 1.40 (3H,

s), 2.02 (3H, s), 2.28 (2H, d, J=9.3 Hz), 2.97 (1H, d, J=5.6 Hz),

3.10 (1H, t, J=10.5 Hz), 3.71 (1H, s), 3.76 (3H, s), 3.76 (1H, d,

J=8.2 Hz), 4.23 (1H, d, J=8.2 Hz), 4.52 (1H, d, J=5.8 Hz); 13C

NMR (CDC13) S 172.91, 168.49, 102.47, 80.47, 73.48, 72.86, 54.86,

52.26, 39.63, 31.01, 28.61, 23.95, 21.06; MS m/z 350 (e),

348(e), 306, 197, 151; exact mass m/z 348.0210 (calcd for

C13H1706Br: 348.0208).

Methyl (2aa,38,3aal6aa,6ba)-Octahydro-1a-methyl-4-oxooxireno{g}-

benzofuran-3-carboxylate (94).

To a solution of bromohydrin 92 (552.0 mg, 1.78 mmol) in dry

methylene chloride (6 mL) was added 1,8-diazabicyclo[5.4.0]undec-7-
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ene (0.31 mL, 2.16 mmol). After 10 min, the reaction mixture was

subjected to flash chromatography on silica using 50% ethyl acetate-

hexanes to yield 367.0 mg (91%) of 94 as a crystalline solid: mp

100 °C; IR (neat) 2900, 1760, 1730, 1440; 1H NMR (CDC13) S 1.37

(3H, s), 1.95 (1H, m), 2.38 (1H, dd, J=7.7 Hz), 2.85 (2H, m), 3.27

(1H, d, J=2.8 Hz), 3.73 (3H, s), 3.94 and 4.23 (2H, dd, J=16.61 16.1

Hz), 4.75 (1H, dd, J=2.8, 8.1 Hz); 13C NMR (CDC13) S 211.17,

173.23, 75.04, 70.96, 59.72, 59.20, 52.28, 43.33, 36.80, 27.45,

22.96; MS m/z 226 (e) 194, 167, 140, 139; Anal. calcd for

C11H1405: C, 58.40; H, 6.24. Found: C, 58.64; H, 6.23.

Methyl (3aa,413,6a,7,8,7aa)-Octahydro-7-hydroxy-6-iodo-6-methyl-3-

oxo-4-benzofurancarboxylate (96) and

Methyl (3aa,4,8,7aa)-Octahydro-3,7-dioxo-6-methy1-4-benzofurancarb-

oxylate (97).

To a solution of epoxide 94 (130.4 mg, 0.55 mmol) in benzene

(3 mL) was added hydroiodic acid (0.5 mL) and the resulting two

phase solution was stirred for 1 h at room temperature. The reac-

tion mixture was diluted with ether and washed with 50% aqueous

sodium bicarbonate and water. The combined aqueous phases were

extracted with ether (2x). The ethereal layers were washed with

brine and dried (sodium sulfate). Removal of the solvent, followed

by flash chromatography on a silica gel column using 50% ethyl

acetate-hexanes as eluant, furnished 187.1 mg (91%) of 96 and 11.8

mg (8%) of 97.

Compound 96: IR (neat) 3450, 1760, 1730, 1440, 1380 cm-1;

1
H NMR (CDC13) S 1.98 (2H, m), 2.18 (3H, s), 3.15 (1H, dd,
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J=7.0, 8.4 Hz), 3.27 (1H, dd, J=7.01 8.4 Hz), 3.76 (3H, s), 4.10

(2H, dd, J=157 Hz), 4.20 (1H, t, J=4.0 Hz), 5.24 (1H, dd, J=4.0,

8.0 Hz); MS m/z 354 (e), 323, 278, 265, 254, 227, 209, 195; exact

mass m/z 353.9960 (calcd for CI1H1505I: 353.9970).

Compound 97: IR (CHC13) 2900, 1770, 1730, 1440 cm-1;

1H NMR (CDC13) S 1.08 (3H, d, J=6.5 Hz), 1.54 (3H, m), 2.30 (1H,

m), 2.45 (1H, m), 3.15 (1H, m), 3.76 and 3.90 (2H, ABq, J=2.21 17.6

Hz), 4.95 (1H, d, J=10.1 Hz); MS m/z 195 (11+ 31), 167, 156, 142;

exact mass m/z 195.0660 (calcd for C
10H11°4 : 195.0660).

Methyl (3a,3aa,4,616a,713,70)-Octahydro-6-iodo-6-methyl-3-

[(triethylsilyl)oxy)-3,7-epoxybenzofuran-4-carboxylate (99).

To a solution of iodohydrin 96 (24 mg, 0.07 mmol) in

methylene chloride (3 mL) was added 2 6-lutidine (0.033 mL, 0.28

mmol) and triethylsilyl trifluoromethanesulfonate (0.051 mL, 0.14

mmol). The mixture was stirred for 1 h, diluted with ether, washed

with saturated aqueous sodium bicarbonate and brine, and dried

(magnesium sulfate). Solvent evaporation gave a residue which was

chromatographed on silica, using 10% ethyl acetate-hexanes as

eluant, to yield 31 mg (90%) of 99 as a colorless oil: IR (neat)

1743, 1288, 1274 cm-1; 1H NMR S 0.55 (6H, q, J=8.0 Hz), 0.90

(9H, t, J=8.0 Hz), 1.99 (3H, s), 2.09 (1H, dd, J=15.3 Hz), 2.31 (1H,

dd, J=15.5 Hz), 2.69 (1H, t, J=2.6 Hz), 3.02 (3H, m), 3.57 (2H, dd,

J=6.25 Hz), 3.67 (3H, s), 4.12 (1H, s), 4.75 (1H, d, J=2.10 Hz); MS

m/z 468 (e), 440, 341, 311; exact mass m/z 468.0831 (calcd for

C17H2905SiI: 468.0829).
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Methyl (3aa,4,6,60/77/3,7aa)-Octahydro-6-iodo-6-methyl-8-oxo-7-

[(tetrahydro-2H-pyran-2-yl)oxy]-4-benzofurancarboxylate (100).

To a solution of iodohydrin 96 (79.0 mg, 0.23 mmol) in

methylene chloride (3.0 mL) was added 3,4- dihydro -2H -pyran (0.018

mL, 0.26 mmol) and bis(trimethylsilyl) sulfate (0.01 mL) in

1,2-dichloroethane. After 3.5 h at 0 °C the reaction was determined

to be complete by TLC analysis. After quenching with pyridine (0.2

mL), the mixture was diluted with methylene chloride (10 mL). The

organic layer was washed with saturated aqueous sodium bicarbonate

and brine, and dried (magnesium sulfate). Solvent evaporation gave

a residue which was flash chromatographed on silica, eluting with

50% ethyl acetate-hexanes, to give 99.0 mg (99%) of 100 as a

mixture of epimers.

Compound 100a: IR (neat) 2900, 1760, 1725, 1430 cm-1; 1H

NMR (CDC13) S 1.35-1.63 (6H, bm), 1.76 (1H, br s), 1.92 (1H, dd,

J=4.4 Hz), 2.17 (3H, s), 3.18 (1H, m), 3.25 (1H, t, J=7.7 Hz), 3.42

(1H, m), 3.70 (3H, s), 3.90 (3H, bm), 4.33 (111, d, 3=3.7 Hz), 4.57

(1H, dd, 3=2.0 Hz), 5.38 (1H, dd, J=3.8 Hz); MS m/z 354 (M+ 84),

333, 311, 287.

Compound 100b: IR (CHC13) 2900, 1760, 1730, 1435 cm-1;

1H NMR (CDC13) S 1.45 (3H, m), 1.50-1.79 (4H, m), 1.90 (1H, dd,

J=4.4; 4.7 Hz), 2.12 (3H, s), 3.13 (1H, m), 3.24 (1H, t, J=7.5 Hz),

3.42 (1H, m), 3.75 (3H, s), 3.93 and 4.16 (1H, dd, J=16.0 Hz), 4.02

(1H, m), 4.23 (1H, d, J=3.8 Hz), 4.44 (1H, dd, J=2.2, 2.0 Hz), 5.34

(1H, dd, J=4.0 Hz); MS m/z 438 (e), 354 (Mi- 84), 227, 167,

151, 111, 109, 93.
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Methyl (3aa,713,7aa)-2,3,3a,6,717a-Hexahydro-6-methyl-3-oxo

-7-[(tetrahydro-2H-pyran-2-yl)oxy]-4-benzofurancarboxylate 102.

To a solution of 100 (46.0 mg, 0.09 mmol) in ether was added

1,8-diazabicyclo[5.4.01undec-7-ene (0.13 mL, 0.99 mmol). The

mixture was refluxed for 6 h and the ether was evaporated. The pale

yellow residue was flash chromatographed on silica, using 30% ethyl

acetate-hexanes as eluant, to afford 15.2 mg (49%) of 102: IR

(neat) 2900, 1760, 1700, 1600 cm-1; 1H NMR (CDC13) S 1.08 (3H,

d, J=3.2 Hz), 1.45-1.75 (6H, m), 2.78-2.87 (1H, m), 3.50 (IH, m),

3.72 (1H, m), 3.81 (3H, s), 3.89 (2H, d, J=3.0 Hz), 4.16 (2H, dd,

J=15.5 Hz), 4.70-4.85 (2H, m), 6.83 (1H, d, J=8.0 Hz); MS m/z 310

(e), 226, 167, 121; exact mass m/z 310.1435 (calcd for

C102206: 310.1417).

Methyl (7a,7a8)-216,7,7a-Tetrahydro-3-[(tert-butyldimethyl-

silyl)oxy]-6-methyl-7-[tetrahydro-2H-pyran-2-y1)oxy]-4-benzofuran-

carboxylate (103).

To a solution of ketone 102 (27.0 mg, 0.09 mmol) in dry

benzene (3.0 mL) was added triethylamine (0.059 mL, 0.44 mmol) and

tert-butyldimethylsilyl trifluoromethanesulfonate (0.059 mL, 0.26

mmol). The mixture was stirred for 20 h and was added to a

saturated aqueous sodium carbonate solution and extracted with ethyl

acetate (3x). The organic layer was washed with brine and dried

(magnesium sulfate). Solvent evaporation gave a residue which was

chromatographed on silica, using 20% ethyl acetate-hexanes as

eluant, to yield 15.7 mg (42%) of 103: IR (neat) 2900, 1720,

1680, 1600, 1520, 1420 cm-1; 1H NMR (CDC13) S 0.11 (3H, s),
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0.15 (3H, s), 0.92 (9H, s), 1.07 (3H, d, J=7.6 Hz), 1.55 (6H, m),

2.65 (1H, m), 3.56 (1H, m), 3.80 (3H, s), 3.80-4.10 (m), 4.50-4.65

(m), 4.80-4.90 WI 6.40 (1H, d, J=4.6 Hz); MS m/z 310 (M+ 114),

226, 177, 85; exact mass m/z 226.0842 (calcd for CI1H1405:

226.0841).

Methyl (3aa,7$,7aa)-2,3,3a16,717a-Hexahydro-3a-hydroxy-6-methy1-

3-oxo-7-[(tetrahydro-2H-pyran-2-yl)oxyl-4-benzofurancarboxylate(104).

To a stirred suspension of sodium bicarbonate (3.6 mg, 0.043

mmol) and silyl enol ether 103 (18.0 mg, 0.043 mmol) in methylene

chloride (3.0 mL) was added a solution of m-chloroperoxybenzoic acid

(8.7 mg, 0.05 mmol) in dry methylene chloride (2.0 mL). After

stirring for 30 min. at 0 °C, the reaction was determined to be

complete by TLC analysis. The mixture was diluted with methylene

chloride (10.0 mL), washed with 10% aqueous sodium thiosulfate,

saturated aqueous sodium bicarbonate and brine. The organic layer

was dried (magnesium sulfate) for 5 h and evaporated in vacuo to

give a residue which was purified by flash chromatography on a

silica gel column. Elution with 40% ethyl acetate-hexanes provided

8.5 mg (61%) of 104: IR (neat) 3400-3500 (br), 2950, 1775, 1705,

1450, 1350, 1300 cm-1; 1H NMR (CDC13) S 1.23 (3H, d, J=7.3

Hz), 1.54-1.85 (6H, bm), 2.87 (1H, m), 3.52 (1H, m), 3.66 (H, dd,

J=2.2 Hz), 3.79 (3H, s), 3.96 (1H, m), 4.09-4.37 (4H, m), 4.51 (1H,

d, J=2.2 Hz), 4.67 (1H, dd, J=2.8 Hz), 4.90 (1H, s), 6.96 (1H, d,

J=2.3 Hz); MS m/z 242 (M+ 84), 184, 167, 136, 85; exact mass

m/z 242.0778 (calcd for CI1H140 : 242.0790).
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Methyl (4a1663,7a17a,5)-2,475,6,777a-Hexahydro-6-iodo-6-methyl-7-

[(tetrahydro-2H-pyran-2-yl)oxy]-3-[(tert-butyldimethylsilyl)oxy]-4-

benzofurancarboxylate (105).

To a stirred solution of ketone 100 (27.0 mg, 0.06 mmol) in

dry benzene (3.0 mL) was added triethylamine (0.019 mL, 0.12 mmol)

and tert-butyldimethylsilyl trifluoromethanesulfonate (0.028 mL,

0.12 mmol). The reaction mixture was stirred for 40 h at room

temperature, diluted with ethyl acetate and the organic layer was

washed with saturated aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). The solvent was evaporated to give a

residue,

20% ethyl

oil: IR

which was flash chromatographed on silica. Elution with

acetate-hexanes gave 32.5 mg (97%) of 105 as a colorless

(CHC13), 2950, 1735, 1710, 1450, 1350 cm-1; 1H NMR

(CDC13) S 0.14 (3H, s), 0.15 (3H, s), 0.92 (9H, s), 1.50-1.90

(8H, m), 2.15 (3H, s), 3.45 (1H, m), 3.48 (1H, m), 3.76 (3H, s),

4.07-4.12 (2H, m), 4.13 (1H, d, J=3.2 Hz), 4.40-4.54 (1H, m), 4.55

(1H, m), 4.75 (1H, t, J=3.4 Hz), 5.57 (1H, m); MS m/z 425 (M+

127), 341, 324, 309, 283, 213, 85.

Methyl (3aa,48,601,7,5,7a0)-Octahydro-3a-hydroxy-6-iodo-6-methyl-

3-oxo-7-[(tetrahydro-2H-pyran-2-y1)oxy]-4-benzofurancarboxylate (106).

To a stirred suspension of sodium bicarbonate (4.5 mg, 0.06

mmol) and silyl enol ether 105 (34.0 mg, 0.06 mmol) in dry

methylene chloride (2 mL) was added a solution of m-chloroperoxy-

benzoic acid (12.7 mg, 0.07 mmol) in dry methylene chloride (3 mL)

at 0 °C. After 30 min, TLC analysis showed complete conversion of

starting material to the product. The mixture was diluted with
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methylene chloride (10 mL) and was washed with 10% aqueous sodium

thiosulfate and brine. The organic layer was dried (magnesium

sulfate) for 10 h and evaporated in vacuo. The crude product was

purified by flash chromatography on silica, using 40% ethyl

acetate-hexanes as eluant, to yield 17.2 mg (64%) of 106 as a

colorless oil: IR (CHC13) 3500, 2950, 1760, 1705, 1125 cm-1;

1H NMR (CDC13) S 1.48 and 1.68 (8H, m), 2.13 (3H, s), 3.34 (1H,

dd, J=5.2 Hz), 3.43 (1H, m), 3.89 (3H, s), 4.02 (1H, m), 4.20-4.36

(4H, m), 4.49 (1H, bs), 4.95 (1H, bs); MS m/z 454 (e), 370, 243,

168, 167, 85.

Methyl (3aa,46,6a,7/3,7aa)-7-(Acetyloxy)octahydro-6-iodo-6-methyl

-3-oxo-4-benzofurancarboxylate (109).

To a solution of iodohydrin 96 (53.0 mg, 0.14 mmol) in dry

methylene chloride (4 mL) was added pyridine (0.20 mL), 4-dimethyl-

aminopyridine (2 mg) and acetic anhydride (0.20 mL). After stirring

for 2 h the mixture was diluted with ether, washed with saturated

aqueous sodium bicarbonate and brine, and dried (magnesium sulfate).

Solvent evaporation gave a residue which was chromatographed on

silica, using 40% ethyl acetate-hexanes as eluant to yield 59.0 mg

(100%) of 109: IR (CHC13) 2900, 1751, 1748, 1440, 1380 cm-1;

1H NMR (CDC13) S 1.50 (1H, dd, J=12.5, 15.5 Hz), 2.00 (3H, s),

2.05 (3H, s), 2.10 (1H, m), 3.20 (1H, m), 3.38 (1H, t, J=7.6 Hz),

3.78 (3H, s), 3.85 and 4.10 (2H, dd, 3=16.2 Hz), 5.40 (1H, dd,

J=4.21 9.0 Hz), 5.60 (1H, d, J=4.0 Hz); 13C NMR (CDC13) S

209.00, 172.21, 168.53, 75.86, 75.03, 70.14, 52.14, 44.59, 44.36,

39.66, 35.13, 33.95, 20.78; MS m/z 396 (e), 354, 323, 269, 227,
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209, 197; exact mass m/z 396.0090 (calcd for C13H17061:

396.0070).

Methyl (40/76,8,7a,70)-2,47516,777a-Hexahydro-7-(acetyloxy)-6-iodo-

6-methyl-3-[(triethylsilyfloxy]-4-benzofurancarboxylate (110).

To a solution of ketone 109 (50.0 mg, 0.12 mmol) in methylene

chloride (3 mL) was added 2,6-lutidine (0.06 mL, 0.48 mmol) and

triethylsilyl trifluoromethanesulfonate (0.12 mL, 0.48 mmol). After

20 h the reaction was diluted with ether, washed with saturated

aqueous sodium bicarbonate and brine, and dried (magnesium

sulfate). After solvent evaporation, the pale yellow residue was

chromatographed on silica, using successively 10% and 20% ethyl

acetate-hexanes as eluants, to supply 53.0 mg (82%) of 110: IR

(neat) 2915, 1748, 1705, 1304, 1166 cm-1; 1H NMR (CDC13) S

0.64 (6H, q, J=8.0 Hz), 0.99 (9H, t, J=8.0 Hz), 1.78 (1H, dd, J=12

Hz), 2.01 (1H, m), 2.04 (3H, s), 2.07 (3H, s), 3.42 (1H, m), 3.77

(3H, s), 4.33-4.45 (2H, m), 5.44 (1H, d, J=3.4 Hz), 5.56 (1H, m);

13
C NMR (CDC13) S 172.05, 169.62, 142.36, 102.80, 82.71, 75.65,

73.52, 51.80, 45.21, 41.77, 41.49, 34.21, 20.63, 6.43, 5.27; MS m/z

481 (1+-29), 383; exact mass m/z 383.1889 (calcd for

C19H3106SiI: 383.1889).

Methyl (3aa,11,8,60/,-4317aa)-7-(Acetyloxy)octahydro-3a-hydroxy-6-

iodo-6-methyl-3-oxo-4-benzofurancarboxylate (111).

To a stirred solution of silyl enol ether 110 (26.0 mg, 0.05

mmol) in dry methylene chloride (3 mL) was added m-chloroperoxy-

benzoic acid (10.4 mg, 0.06 mmol) in methylene chloride (2 mL)
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dropwise at 0 °C over 5 min. The mixture was stirred at 0 °C for 30

min and diluted with ether, washed with saturated aqueous sodium

bisulfite, saturated aqueous sodium bicarbonate, brine and dried

(magnesium sulfate). The solution was filtered, evaporated in vacuo

and the colorless residue was chromatographed on silica gel column

using 30% ethyl acetate-hexanes as eluant to yield 11.0 mg (53%) of

111 as an oil; IR (neat) 3600, 2915 1771, 1755, 1243, 1022 cm-I;

IH NMR (CDC13) S 1.53 (1H, dd, J=12.91 12.6 Hz), 2.00 (3H, s),

2.05 (3H, s), 2.16 (1H, m), 3.42 (1H, dd, J=4.61 12.9 Hz), 3.82 (1H,

d, J=16.4 Hz), 3.85 (3H, s), 4.37 (1H, d, J=16.2 Hz), 5.02 (1H, d,

J=4.7 Hz), 5.08 (1H, s), 5.61 (1H, J=4.3 Hz); 13C NMR S 207.67,

173.01, 168.36, 80.83, 76.35, 73.99, 68.35, 52.77, 45.25, 42.58,

36.52, 33.58, 20.67; MS .m/z 353 (M+ -59), 285; exact mass m/z

285.0976 (calcd for C13H1707: 285.0974).

Methyl (3act74,3,6a,71317aa)-Octahydro-6,7-dihydroxy-6-methy1-3-oxo-

4-benzofurancarboxylate (112).

To a solution of epoxide 94 (81.0 mg, 0.36 mmol) in aqueous

tetrahydrofuran (6.0 mL) was added 3N perchloric acid (1.5 mL). The

solution was stirred for 12 h, diluted with water (5 mL) and

extracted with ethyl acetate (3x). The combined organic portions

were washed with saturated aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). Removal of the solvent under reduced

pressure gave a residue which was chromatographed on silica using

60% ethyl acetate-hexanes as eluant to supply 71.5 mg (81%) of

112: IR (neat) 3600, 2900, 1760, 1730, 1440, cm-1; 1H NMR

(CDC13) S 1.36 (3H, s), 1.58 (bm), 1.95 (2H, m), 3.08 (1H, m),
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3.30 (1H, dd, J=6.9, 8.8 Hz), 3.76 (3H, s), 3.77 (1H, bs), 4.09 (2H,

d, J=1.9 Hz), 4.85 (1H, dd, J=4.0 Hz); MS m/z 244(e), 212, 153,

128, exact mass m/z 244.0950 (calcd for C11H1606: 244.0950).

Further elution gave 12 mg (15%) of 97.

Methyl (3a0(144,6a,713,7aa)-7-(Acetyloxy)octahydro-6-hydroxy-6-

methyl-3-oxo-4-benzofurancarboxylate (113) and

Methyl (3aa,41316a,7/3,7aa)-6,7-(Diacetyloxy)octahydro-4-methyl-3-

oxo-4-benzofurancarboxylate (114).

To a solution of diol 112 (71.0 mg, 0.29 mmol) in dry

methylene chloride (4 mL) was added pyridine (0.117 mL, 1.45 mmol),

acetic anhydride (0.136 mL, 1.45 mmol) and 4-dimethylaminopyridine

(2.0 mg). After stirring for 15 h the mixture was diluted with

ether, washed with saturated aqueous sodium bicarbonate and brine,

and dried (magnesium sulfate). The ethereal solution was concen-

trated to give 56.0 mg of crude product. This was chromatographed

on a silica gel column, using 30% ethyl acetate-hexanes as eluant,

to afford 30.0 mg (37%) of monoacetate 113 and 17.0 mg (18%) of

diacetate 114.

Compound 113: IR (neat) (CHC13) 3500, 2850, 1760-1740

(br), 1440, 1380 cm-I; 1H NMR (CDC13) S 1.21 (3H, s), 1.82

(2H, m), 2.05 (3H, s), 3.12 (1H, sextet, J=5.5, 6.8 Hz), 3.36 (1H,

t, J=8.1 Hz), 3.76 (3H, s), 3.83 and 4.07 (2H, dd, J=16.11 16.3 Hz),

4.98 (1H, dd, J=4.51 9.2 Hz), 5.21 (1H, d, J=4.3 Hz); 13C NMR

(CDC13) S 210.00, 173.38, 169.26, 75.58, 73.95, 71.84, 70.42,

52.03, 44.78, 33.90, 30.97, 27.47, 21.28; MS m/z 286 (e), 244,
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213, 212, 155, 128, 124; exact mass m/z 286.1060 (calcd for

C13H1807: 286.1050).

Compound 114: IR (neat) 1735-1750 (br), 1380 cm-1; 1H

NMR (CDC13) S 1.44 (3H, s), 1.85 (1H, t, J=13.9 Hz), 2.03 (3H, s),

2.06 (3H, s), 2.49 (1H, dd, J=14.7, 4.7 Hz), 2.85 (1H, m), 3.37 (1H,

t, J=8.0 Hz), 3.77 (3H, s), 3.82 and 4.01 (2H, ABq, J=2.01 16.0

Hz), 4.81 (1H, dd, J=4.3, 8.0 Hz), 5.68 (1H, d, J=4.3 Hz); MS m/z

328 (Mt), 286, 268, 255, 226, 213, 209, 195.

Methyl (3aa,4/3,7,5,7aa)-7-(Acetyloxy)-213,3a,4,7,7a-hexahydro-6-

methyl-3-oxo-4-benzofurancarboxylate (115) and

Methyl (3aa,4,8,7,817a0) -7-(Acetyloxy)-2,3,3a1415,7,7a-heptahydro-

6-methylene-3-oxo-4-benzofurancarboxylate (116).

To a stirred solution of 113 (28.0 mg, 0.10 mmol) in pyridine

(3 mL) was added phosphorus oxychloride (0.037 mL, 0.40 mmol) and

4-dimethylaminopyridine (0.015 mg). After stirring for 7h at room

the mixture was diluted with ethyl acetate and the organic layer was

washed with 1N hydrochloric acid, saturated aqueous sodium

bicarbonate and brine, and dried (magnesium sulfate). Solvent

evaporation gave a light yellow oil, which was chromatographed on a

silica gel column. Elution with 40% ethyl acetate-hexanes as eluant

furnished, in addition to 12 mg (42%) of unreacted 113, 11.0 mg

(41%) of a mixture of 115 and 116 as a coloress oil: IR (neat)

2915, 1743, 1720, 1205, 1094, 906 cm-1; 1H NMR (CDC13) S 1.80

(3H, s), 2.04 (3H, s), 2.20 (3H, s), 2.43 (2H, m), 2.73 (1H, m),

3.15 (1H, m), 3.32 (2H, m), 3.77 (3H, s), 3.81 (3H, s), 3.82-41.2

(4H, m), 4.62 (1H, dd, J=4.5 Hz), 5.06 (1H, dd, J=4.5 Hz), 5.09 (1H,
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s), 5.19 (1H, s), 5.27 (1H, m), 5.56 (1H, d, J=4.5 Hz), 6.02 (1H,

m); MS m/z 268 (e), 209, 193, 176; exact mass m/z 268.0947 (calcd

for C13H1606: 268.0949).

Methyl (3aa,4,8175,7aa)-21313a14,517,7a-Heptahydro-6-methylene-oxo-

7-[(triethylsily1)oxy] -4-benzofurancarboxylate (117),

Methyl (4,7/3,7g)-21417,7a-Tetrahydro-6-methyl-3,7-bis-[(triethyl-

sily1)oxy]-4-benzofurancarboxylate (118) and

Methyl (4,8,7,817aa)-214,517,7a-pentahydro-6-methylene-317-bis-[(triethyl-

sily1)oxy]-4-benzofurancarboxylate (119).

To a solution of epoxy ketone 94 (34.0 mg, 0.15 mmol) in dry

methylene chloride (4 mL) was added 2,6- lutidine (0.069 mL, 0.601

mmol) and triethylsilyl trifluoromethanesulfonate (0.067 mL, 0.30

mmol). The mixture was stirred for 38 h, diluted with ether, washed

with saturated aqueous sodium bicarbonate and brine, and dried

(magnesium sulfate). The ethereal solution was concentrated under

reduced pressure and the residue was chromatographed on silica,

using 10% ethyl acetate-hexanes as eluant, to give 41 mg (58%) of a

mixture of 118 and 119 and 10 mg (20%) of 117.

Compounds 118 and 119: IR (neat) 1747, 1715 cm-1; 1H

NMR (CDC13) S 0.47 (12H, m), 0.89 (18H, m), 1.85 (3H, s), 2.15

(1H, dd, J=3.9 Hz), 2.70 (1H, t), 2.90 (1H, m), 3.68 (3H, s), 3.74

(3H, s), 4.03 (1H, d, J=3.85 Hz), 4.26 (1H, d, J=3.21 Hz), 4.40-4.67

(5H, m), 4.86 (1H, s), 5.38 (1H, m).

Compound 117: IR (neat) 2915, 1760, 1740, 1331, 1294 cm-1;

1
H NMR (CDC13) S 0.69 (6H, q, J=7.8 Hz), 0.99 (9H, t, J=8.0 Hz),

2.15-2.38 (2H, m), 2.78 (1H, m), 3.38 (1H, dd, J=4.0 8.2 Hz), 3.75
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(3H, s), 3.80 and 3.98 (2H, dd, J=17.3 Hz), 4.84 (1H, s), 4.85 (1H,

s); 13C NMR (CDC13) S 213.60, 172.44, 140.90, 116.92, 76.92,

68.34, 52.10, 47.89, 37.01, 28.29, 16.61, 6.80, 5.64; MS m/z 340

(M+), 311, 283, 281, 223; exact mass m/z 340.1706 (calcd for

C17H2805Si: 340.1706); Anal. calcd for C17H2805Si: C,

59.97; H, 8.28. Found: C, 60.08; H,8.32.

(2aa,4aa,7,8,7ao,7ba)-2,2a14a,7,7a,7b-Hexahydro-2a,7b-dihydroxy-6-

methyl-7-[(triethylsilyl)oxy]-4H-furo[2,3,4-cd]benzofuran-4-one (120)

and Methyl (3aa,4,8173,7a)-2,3,3a,4,5,7,7a-Heptahydro-6-methylene-7-

[(triethylsilyl)oxy]-3-oxo-4-benzofurancarboxylate (122)

To a stirred suspension of 118 and 119 (52 mg, 0.12 mmol)

and sodium bicarbonate (15 mg) in methylene chloride (5 mL) was

added m-chloroperoxybenzoic acid (29.2 mg, 0.14 mmol) in methylene

chloride (2 mL) dropwise at 0 °C over a 5 min period. The mixture

was stirred at this temperature for 30 min, then diluted with ether

(15 mL), washed with saturated aqueous sodium bisulfite, saturated

aqueous sodium bicarbonate and brine, and dried (magnesium sulfate)

for 5h. The solution was filtered and evaporated under reduced

pressure, and the colorless liquid was chromatographed on a silica

gel column, using 10% ethyl acetate-hexanes as eluant, to yield 4.10

mg (10%) of 122 and 12 mg (28%) of 120.

Compound 120: IR (neat) 3420, 3916, 1762, 1237, 1076 cm-1:

IH NMR (CDC13) S 0.68 (2H, q, J=7.5 Hz), 0.95 (3H, 6, J=7.5 Hz),

1.85 (3H, bs), 3.19 (1H, m), 3.31 (1H, s), 3.56 (1H, d, J=9.8 Hz),

3.87 (1H, d, J=4.3 Hz), 4.179 (1H, d, J=10.1 Hz), 4.41 (1H, m), 5.50
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(1H, m); MS m/z 313 (M+ -29) 279, 167; exact mass m/z 313.1107

(calcd for C14H2106Si: 313.1107).

Compound 122: IR (neat) 1771, 1752, 1709, 1437, 1264 cm-1;

1H NMR (CDC13) S 0.55 (6H, 2q, J=8.0 Hz), 0.90 (9H, t, J=8.0

Hz), 2.36 (1H, dd, J=13.7, 13.6 Hz), 2.54 (1H, dd, J=13.21 13.5 Hz),

2.74 (1H, dd, J=13.0, 13.0 Hz), 3.80 (3H, s), 4.00 (1H, d, J=4.2

Hz), 4.10 and 4.25 (2H, ABX, J=15.8 Hz), 4.40 (1H, d, J=4.2 Hz),

4.85 (1H, s), 4.95 (1H, s), 4.97 (1H, s); 13C NMR (CDC13) S

207.85, 173.30, 144.01, 113.05, 84.34, 75.49, 74.84, 69.32, 52.54,

44.63, 27.02, 6.57, 4.59; MS m/z 356 (e), 328, 327, 309, 298,

297, 281, 269; exact mass m/z 356.1656 (calcd for C17H2806:

356.1656).

Methyl (2a,4,5,4a43,5a,7018R*)-7a-(tert-Butyldimethyl-silyl)oxy]-8-

{[(trifluoromethyl)sulfonyl] oxyl-2-methyl-215-methano-2H-furo[3,4-b]

pyran-4-carboxylate (123).

To a stirred solution of 94 (16.5 mg; 0.073 mmol) in ether (4

mL) was added triethylamine (0.027 mL, 0.219 mmol) and tert-

butyldimethylsily1 trifluoromethanesulfonate (0.051 mL, 0.219

mmol). After stirring for 24 h the mixture was diluted with ether

(25 mL) and washed with saturated aqueous sodium bicarbonate and

brine. The organic layer was dried (magnesium sulfate), concen-

trated in vacuo, and the residue was flash chromatographed on

silica, using 20% ethyl acetate-hexanes as eluant to supply 10.3 mg

(40%) of 123: IR (neat) 3550, 2956, 1745, 1240, 1050 cm-1; 1H

NMR (CDC13) S 0.06 (3H, s), 0.13 (3H, s), 0.81 (9H, s), 1.32 (3H,

s), 1.88 (1H, dd, J=11.3 Hz), 2.55 (1H, dq, J=11.3 Hz), 2.77 (1H,
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dd, J=11.3, 10.3 Hz), 2.89 (1H, d, J=5.4 Hz), 3.46 (2H, s), 3.71

(3H, s), 4.27 (1H, d, J=5.6 Hz), 4.47 (1H, br s); 13C NMR

(CDC13) S 172.45, 101.98, 89.22, 78.61, 74.38, 70.27, 52.27,

40.17, 30.76, 27.33, 25.69, 25.46, 23.25, 17.56, -0.02, -2.90,

-3.43.

Methyl (3aa,3boi,4aot15/3,5ace)-Hexahydro-4a-methy1-3-oxo-5-

[(triethylsilyl)oxy]-cyclopropa[314]cyclopenta[112-b]furan-3b(2H)

-carboxylate (125).

To a stirred solution of epoxide 94 (6.2 mg, 0.027 mmol) in

methylene chloride (4 mL) was added triethylamine (0.016 mL, 0.112

mmol) and triethylsilyl trifluoromethanesulfonate (0.025 mL, 0.112

mmol). After 6 h the mixture was diluted with ether, washed with

saturated aqueous sodium bicarbonate and brine, and dried (magnesium

sulfate). The solution was filtered and concentrated to give a

light yellow oil which was chromatographed on silica, using

successively 10% and 20% ethyl acetate-hexanes as eluants, to afford

8.0 mg (87%) of 125: IR (neat) 2916, 1765, 1730 cm-1; 1H NMR

(CDC13) S 0.67 (6H, q, J=8.0 Hz), 0.76 (1H, d, J=5.3 Hz), 0.97

(9H, t, J=8.0 Hz), 1.08 (1H, d, J=5.3 Hz), 1.42 (3H, s), 3.18 (1H,

d, J=7.7 Hz), 3.75 (3H, s), 4.04 and 4.13 (2H, dd, 1=16.2 Hz), 4.12

(1H, d, J=4.9 Hz), 4.44 (1H, dd, J=4.91 7.7 Hz); 13C NMR (CDC13)

S 211.63, 171.69, 81.58, 73.32, 51.65, 51.23, 36.55, 33.55, 25.74,

14.39, 6.82, 4.93, -.03; MS m/z 340 (e), 311, 283, 253; exact

mass m/z 340.1706 (calcd for C17H2805Si: 340.1706).
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(2aa,4aa,5aa76aa,6ba,6ca)-Octahydro-2a-methoxy-5a-methy1-4H-

furo[2,374-cd]oxireno{g}benzofuran-4-one (126).

To a solution of epoxide 94 (81.0 mg, 0.36 mmol) in dry

methanol (4 mL) was added a solution of sodium (16.5 mg; 0.72 mmol)

in dry methanol (3 mL) via a cannula. The resulting mixture was

stirred at 0 °C for 15 min and for 1.5 h at room temperature, then

partitioned between ethyl acetate and saturated aqueous sodium

chloride. The aqueous layer was thoroughly extracted with ethyl

acetate and the combined organic layers were dried over magnesium

sulfate, filtered and concentrated under reduced pressure. The

residue was flash chromatographed on silica, eluting with 60% ethyl

acetate-hexanes to give 63.8 (79%) of 126 as a crystalline solid:

mp 123-124 °C; IR (neat) 1780, 1440, 1380 cm-1; 1H NMR (CDC13)

S 1.40 (3H, s), 2.03 (1H, dd, J=5.7, 15.3 Hz), 2.50 (1H, dd, J=1.31

15.3 Hz), 2.85 (2H, m), 3.17 (1H, d, J=1.9 Hz), 3.39 (3H, s), 4.07

and 4.12 (2H, dd, J=9.7 Hz), 4.63 (1H, dd, J=1.9, 8.8 Hz); MS m/z

226 (e), 195, 194, 169, 167, 93; exact mass m/z 226.0839 (calcd

for C11111405: 226.0841). Anal. calcd for C11111405: C,

58.40; H, 6.24. Found: C, 58.50; H, 6.38.

Compound 126 crystallizes in space group P212121 with a

= 12.705(2) A, b = 5.725(1) A, C = 14.617(2) Ai a = 90°, = 90°,

I = 9007 V = 1063 A3, Z 2, dcal = 1.41 g/cm3, dobsd 1.43

g/cm3. All nonequivalent reflections in the range 2° < 20 <

65° were measured by the 0-20 technique on a syntex PI diffracto-

meter with graphite-monochromatized MoKa radiation. At the

present stage of refinement, a total of 1690 independent reflections

having F2 > 3a(F2) has afforded R = 4.3% and Rw = 5.3%.
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(2acy,4aa,7,677aajba)-2,2a,4a77,7a,7b-Hexahydro-2a-methoxy-6-methyl-

7-[(triethylsilynoxy]-4H-furo[2,374-cd]benzofuran-3-one (127).

To a solution of epoxide 126 (88.0 mg, 0.39 mmol) in dry

methylene chloride (3 mL) was added 2,6- lutidine (.18 mL, 1.56 mmol)

and triethylsilyl trifluoromethanesulfonate (0.26 mL, 1.17 mmol).

The mixture was stirred for 2.5 h at room temperature, diluted with

ether, washed with saturated aqueous sodium bicarbonate and brine,

and dried (magnesium sulfate). The solvent was evaporated to give a

residue which was flash chromatographed on silica, using 30% ethyl

acetate-hexanes as eluant, to furnish 103 mg (78%) of 127: IR

(neat) 1780, 1450 cm-1; 1H NMR (CDC13) S 0.65 (6H, q, 7.8 Hz),

0.94 (9H, t, J=7.8 Hz), 1.82 (3H, d, J=1.6 Hz), 3.02 (1H, m), 3.30

(1H, m), 3.42 (3H, s), 3.91 and 4.22 (2H, dd, J=10.8 Hz), 4.16 (1H,

dd, J=3.87, 5.70 Hz), 5.55 (1H, bs); 13C NMR (CDC13) S 174.62,

136.58, 116.15, 78.86, 75.17, 68.46, 52.76, 44.59, 39.06, 19.39,

6.74, 5.45, 4.87; MS m/z 340 (e), 311, 223, 175, 119; exact mass

m/z 340.1752 (calcd for C17H2805Si: 340.1706).

(2acy,4aa,5aa,6aa,6ba,6ca)-Octahydro-2a-hydroxy-5a-methyl-4H-

furo[2,3,4-cd]oxireno{g}benzofuran-4-one (128).

To a stirred solution of 94 (22 mg; 0.097 mmol) in methanol

and water (1:1) (5 mL) was added potassium carbonate (5.5 mg, 0.097

mmol) in water at 0 °C. After stirring for 1 h at room temperature

the reaction was acidified with 1N hydrochloric acid and the aqueous

layer was extracted with ethyl acetate (3x). The combined organic

portions were washed with aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). Evaporation of the solvent under reduced
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pressure gave a light yellow residue which was chromatographed on a

silica gel column, using 70% ethyl acetate-hexanes as eluant, to

give 6.0 mg (39%) of 128: IR (neat) 3414, 1761 cm-1; 1H NMR

(CDC13) 1.39 (3H, s), 2.02 (1H, dd, J=6.2, 15.2 Hz), 2.48 (1H,

dd, J=1.4, 15.3 Hz), 2.82 (1H, dd, J=3.9, 9.5 Hz), 3.00 (1H, m),

3.17 (1H, d, J=2.0 Hz), 3.76 (1H, s), 3.94 (1H, d, J=9.9 Hz), 4.15

(1H, d, J=10.0 Hz), 4.66 (1H, dd, J=9.4, 2.0 Hz); MS m/z 212 (e),

194, 186, 167; exact mass m/z 212.0685 (calcd for C10H1205:

212.0685).

(2aa,4aa,7,8,7aa,7ba)-2,2a,4a,7,7a,7b-Hexahydro-2a,7-

bis[(triethylsilyl)oxy]-4H-furo[2,3,4-cd]benzofuran-4-one (129).

To a stirred solution of 128 (6.0 mg, 0.028 mmol) in

methylene chloride (3 mL) was added 2,6-lutidine (0.013 mL, 0.112

mmol) and triethylsilyl trifluoromethanesulfonate (0.026 mL, 0.112

mmol). After 5 h the reaction mixture was diluted with ether,

washed with saturated aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). The solution was concentrated to give

crude material which was chromatographed on silica, using 10% ethyl

acetate-hexanes as eluant, to afford 8.0 mg (64%) of 129: IR

(neat) 2915, 1786, 1736, 1269, 1237, 1103 cm-1; 1H NMR (CDC13)

S 0.63 (4H, m), 0.92 (6H, m), 1.81 (3H, m), 2.87 (1H, dd, J=5.4, 5.6

Hz), 3.30 (1H, m), 3.54-4.21 (3H, m), 4.42 (1H, m), 5.55 (1H, m); MS

m/z 440 (e), 411, 279, 275; exact mass m/z 440.2430 (calcd for

C22H4005Si2: 440.2414).
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Methyl (3a0(17f3,7ace)-2,3,3a,617,7a-Hexahydro-6-methyl-3-oxo-7-

[(triethylsilyfloxy]-4-benzofurancarboxylate (130).

To a solution of lactone 129 (20.0 mg, 0.06 mmol) in methanol

was added potassium carbonate (16.5 mg, 0.12 mmol). After stirring

for 2 h, the mixture was partitioned between ether and water. The

aqueous layer was thoroughly extracted with ether and the combined

ether layers were washed with saturated aqueous sodium chloride and

dried (magnesium sulfate). After removal of the solvent, the

residue was chromatographed on silica gel, using 30% ethyl acetate-

hexanes as eluant, to give 14 mg (70%) of 130. IR (neat) 1770,

1720, 1440, 1420 cm-1; 1H NMR (CDC13) S 0.63 (6H, q, J=7.8

Hz), 0.93 (9H, t, J=7.8 Hz), 1.16 (3H, d, J=7.7 Hz), 2.43 (1H, m),

3.65 (1H, d, J=8.80 Hz), 3.80 (3H, s), 4.09 (1H, m), 4.10 and 4.16

(2H, dd,J=26.2 Hz), 4.59 (1H, dd, J=2.61 8.9 Hz), 6.56 (1H, br s);

MS m/z 340 (e), 311, 283; exact mass m/z 340.1741 (calcd for

C17H2305Si: 340.1706).

Methyl (3aa,4$//3,7,517aa)-2,313a,4,7,7a-Hexahydro-7-hydroxy-6-

methy1-3-oxo-4-benzofurancarboxylate (132).

To a stirred solution of 127 (52 mg, 0.153 mmol) in acetone

(5 mL) was added 3N hydrochloric acid (1 mL) and the mixture was

heated at reflux for 5 h. Acetone was evaporated and the aqueous

phase was extracted with ethyl acetate, washed with brine, and dried

(magnesium sulfate). Solvent evaporation gave a residue which was

taken up in ether (5 mL) and treated with excess ethereal diazo-

methane. After 1 h excess diazomethane was removed by flushing with

a stream of nitrogen. Evaporation of the ether, followed by flash
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chromatography on silica gel column using 40% ethyl acetate-hexanes

as eluant, provided .20 mg (58%) of 132. IR (neat) 3485, 1762,

1734, 1207, 1149 cm-1; IH NMR (CDC13) S 1.88 (3H, s), 1.91

(3H, s), 3.15-3.50 (m), 3.72 (3H, s), 3.77 (3H, s), 3.82-4.49 (m),

4.3 (1H, m), 5.01 (1H, bs), 5.84 (1H, bs); MS m/z 226 (e), 195,

167, 142; exact mass m/z 226.0841 (calcd for CI1H1405:

226.0841).

Methyl (3aa,4a17,877aa)-7-(Acetyloxy)-2,3,3a14,7,7a-hexahydro-6-

methyl-3-oxo-4-benzofurancarboxylate (133) and

Methyl (3act,4/377$,7aa)-7-(Acetyloxy)-2,3,3a,477,7a-hexahydro-6-methyl

-3-oxo-4-benzofuran-carboxylate (134).

To a stirred solution of allylic alcohol 132 (20 mg, 0.088

mmol) in methylene chloride (3 mL) was added acetic anhydride (0.017

mL, 0.176 mmol), pyridine (0.005 mL, 0.35 mmol), and 4-dimethylamino-

pyridine (5.5 mg, 0.044 mmol). The mixture was stirred for 6 h,

diluted with methylene chloride, and washed with 1N hydrochloric

acid, saturated aqueous sodium bicarbonate and brine. The organic

layer was dried (magnesium sulfate) and solvent was removed to leave

a residue which was purified by silica gel chromatography, using 30%

ethyl acetate-hexanes as eluant, to give 12 mg (51%) of 133 and 4

mg (13%) of 134.

Compound 133: IR (neat) 1765, 1740, 1231, 1209, 1027 cm-1;

1H NMR (CDC13) S 1.81 (3H, t, J=1.9 Hz), 2.16 (3H, s), 3.15 (1H,

dd, J=12.3 Hz), 3.22 (1H, m), 3.80 (3H, s), 3.82 (1H, dd, J=3.7,

12.8 Hz), 3.93 and 4.29 (2H, dd, J=17.2 Hz), 4.29 (1H, d, J=17.1

Hz), 5.63 (1H, d, J=3.6 Hz), 5.68 (1H, br s); 13C NMR (CDC13) S
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210.72, 171.07, 170.77, 134.17, 124.58, 78.04, 72.57, 67.73, 52.72,

43.86, 42.09, 21.19, 20.97; MS m/z 268 (e), 225, 209, 176; exact

mass m/z 268.0947 (calcd for C13H1606: 268.0947); Anal. calcd

for C13H1606: C, 58.20; H, 6.01. Found: C, 58.31; H, 6.18.

Compound 134: IR (neat) 1740 (broad), 1438, 1372 cm-1; 1H

NMR (CDC13) S 1.76 (3H, m), 1.97 (3H, s), 3.33 (1H, m), 3.62 (1H,

m), 3.71 (3H, s), 3.96 and 4.10 (2H, 2d, J=16.8 Hz), 4.70 (1H, dd,

J=4.0, 9.4 Hz), 5.35 (1H, d, J= 4.0 Hz), 5.69 (1H, m); 13C NMR

(CDC13) S 212.68, 172.44, 169.82, 134.60, 122.95, 75.59, 71.08,

70.65, 52.82, 43.15, 40.35, 25.24, 21.08, 20.86; MS m/z 268 (e),

240, 230, 209, 177, 167.

Methyl (4a77S,7aa)-7-(Acetyloxy)-2,4,717a-tetrahydro-6-methyl-3-

[(triethylsily1)oxy]-4-benzofurancarboxylate (135).

To a solution of ketone 133 (12 mg, 0.045 mmol) in methylene

chloride (3 mL) was added 2,6-lutidine (.021 mL, 0.18 mmol), tri-

ethylamine (0.013 mL, 0.09 mmol) and triethylsilyl trifluoromethane-

sulfonate (-.04 mL, 0.18 mmol). After 72 h the mixture was diluted

with ether (15 mL), washed with saturated aqueous sodium bicarbonate

and brine, and dried (magnesium sulfate). After solvent evapora-

tion, the residue was flash chromatographed on silica, using

successively 10% and 20% ethyl acetate-hexanes as eluants, to

furnish 2.3 mg (13%) of 135: IR (neat) 2956, 1741, 1719, 1374,

1225 cm-1; 1H NMR (CDC13) S 0.68 (6H, q, J=8.0 Hz), 0.98 (9H,

t, J=8.0

s), 4.09

Hz),

(1H,

1.78

m),

(3H, t, J=1.4, 1.8 Hz), 2.06 (3H, s), 3.69 (3H,

4.35 (1H, dd, J=5.7 Hz), 4.49 (1H, dd, 2.9 Hz),

5.02 (1H, m), 5.45 (1H, d, 3=4.4 Hz), 5.73 (1H, m); MS m/z 382

(e), 367, 325, 307; exact mass m/z 382.1819 (calcd for
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C19H3006Si: 382.1812). Starting material (8 mg, 66%) was also

recovered from the chromatography.

Ethyl 4- Oxo -2- pentenoate (136).

Ethyl levulinate (26 mL, 0.18 mol) was dissolved in chloroform

(100 mL) and a solution of bromine (10.9 mL, 0.20 mol) in chloroform

(20 mL) was slowly added over a 1 h period while the reaction was

stirred magnetically. The reaction mixture was then cooled in an

ice bath and triethylamine (80 mL) was added over a 1 h period.

After further stirring for 1 h at 0 °C, the dark reaction mixture

was transferred to a separatory funnel and washed sequentially with

water, 1N hydrochloric acid, and brine. The organic layer was dried

over magnesium sulfate, concentrated under reduced pressure and

distilled to give 12 g (54%) of 136: bp. 65 °C/0.2 mm; IR (neat)

1720, 1690 cm-1; 1H NMR S 1.40 (3H, t, J=6.0 Hz), 2.30 (3H, s),

4.10 (2H, q, J=6.0 Hz), 6.60 (2H, dd, J=15.0 Hz).

Ethyl 4-Hydroxy-2-pentenoate (139).

To a cold (0 °C) suspension of ketone 136 (1.10 g, 7.7 mmol)

and cerium trichloride (2.8 g, 7.7 mmol) in methanol (6 mL) was

added sodium borohydride (150 mg, 4.2 mmol) portionwise. After

stirring for 1 h at 0 °C the mixture was poured into ether and

saturated aqueous ammonium chloride, and the aqueous layer was

extracted with three portions of ether. The combined organic layers

were washed with brine, dried (magnesium sulfate), and concentrated

under reduced pressure. The residue was chromatographed on silica

gel, using 40% ethyl acetate-hexanes as eluant, to give 755 mg (68%)
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of 139: IR (neat) 3450, 1735, 1640, 1380 cm-1; 1H NMR

(CDC13) S 1.27 (3H, t, J=7.3 Hz), 1.75 (1H, bs), 4.15 (2H, q,

J=7.2 Hz), 4.45 (1H, m), 5.96 (1H, dd, J=1.50, 15.70 Hz); MS m/z 129

(m ± 15) 115, 101; exact mass m/z 129.0558 (calcd for C6H903:

129.0552).

4-[(Triethylsilyl)oxy]-2-pentene-1-ol (141).

To a stirred solution of alcohol 139 (3.9 g, 27.0 mmol) in

dry pyridine (4.0 mL) was added triethylsilyl trifluoromethane-

sulfonate (5.4 mL, 32.0 mmol). After stirring for 1 h the reaction

mixture was diluted with ether (50 mL) and the organic layer was

thoroughly washed with saturated aqueous sodium bicarbonate (3x) and

saturated aqueous sodium chloride (20 mL), and dried (magnesium

sulfate). Evaporation of the solvent afforded 6.6 g of virtually

pure 140: IR (neat) 1730, 1460 and 1375 cm-1.

To a solution of 140 (2.0 g, 7.7 mmol) in dry toluene (5.0

mL) cooled in a Dry-ice acetone bath was added dropwise 1.0 M

diisobutylaluminum hydride (30.8 mL, 30.8 mmol). The mixture was

stirred for 1 h at this temperature and then methanol (5 mL) was

added dropwise and the mixture was allowed to warm to room

temperature. To the solution was added saturated aqueous sodium

chloride (10 mL), ether (900 mL), and anhydrous magnesium sulfate

(10 g). The resulting mixture was stirred for 1 h at room

temperature, filtered, and concentrated under reduced pressure. The

crude product was chromatographed on silica gel, using 30% ethyl

acetate-hexanes as eluant, to give 1.3 g (81%) of 141: IR (neat)

3300, 1480, 1400 cm-1; 1H NMR (CDC13) S 0.57 (6H, q, J=7.7
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Hz), 0.92 (9H, t, J=7.7 Hz), 1.50 (1H, bs), 4.10 (2H, d, J=4.5 Hz))

4.29 (1H, m), 5.74 (2H, m); MS m/z 217 (M+ + 1), 189, 87, 84, 83,

71, 55.

(2R,3S14R/S)-2,3-Epoxy-4-[(triethylsilyl)oxy]-1-pentanol (142).

To a cold (-23 °C) solution of titanium tetraisopropoxide (1.04

mL, 3.6 mmol) in methylene chloride (3 mL) was added via syringe a

solution of (-)-diethyl tartrate (1.1 mL, 3.6 mmol). After 10 min

at -23 °C, allylic alcohol 141 (650 mg, 3.0 mmol) in methylene

chloride (1.0 mL) and 3.6 m anhydrous tert-butyl hydroperoxide (2.06

mL, 7.4 mmol) in methylene chloride were added to the solution drop-

wise. The mixture was stirred for 40 min at -23 °C and then left in

the freezer for 72 h. To this solution was added dimethyl sulfide

(1.0 mL) and the mixture was stirred for 10 h at -23 °C. The

resulting mixture was diluted with ether (20 mL) and saturated

aqueous sodium sulfate (1.0 mL) and stirred for 2 h at room

temperature. After filtration, the filtrate was concentrated under

reduced pressure and the residue was chromatographed on silica gel,

using 30% ethyl acetate-hexanes as eluant, to provide 260 mg (37%)

of 142: IR (neat) 3450, 1480, 1420, 1380, 1240 cm-1; 1H NMR

(CDC13) S 0.59 (12H, m), 0.96 (18H, m), 1.21 (3H, d, J=6.5 Hz),

1.24 (3H, d, J=6.5 Hz), 1.70 (1H, bs), 1.81 (1H, bs), 2.99 (4H, m),

3.66 (4H, m), 3.92 (2H, m); MS m/z 208 29, 185, 160, 159;

exact mass m/z 203.1149 (calcd for C9H1903Si: 203.1103).

Anal. calcd for CI1H2403Si: C, 56.85; H, 10.41. Found: C,

56.55; H, 10.60. In addition, 100 mg (32%) of 141 was recovered.
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(2S73S,4R/S)-2-Methyl-4-[(triethylsily1)oxy]-1,3-pentanediol (143)

To a cold (-23°C) suspension of copper(I) bromide-dimethyl

sulfide (5.04 g) in dimethyl sulfide (5 mL) and ether (5 mL) was

added dropwise 1.6 M methyllithium (30.38 mL, 48.6 mmol) in ether,

after which a colorless solution was obtained. The solution was

maintained 30 min at this temperature and then epoxy alcohol 142

(1.13 g, 4.8 mmol) in ether (5 mL) was added dropwise. The mixture

was stirred for 30 min at -23 °C and for 4 h at room temperature,

and then was poured into a mixture of saturated aqueous ammonium

chloride and 28% ammonium hydroxide (2:1). The blue aqueous layer

was thoroughly extracted with methylene chloride and the combined

organic layers were washed with saturated aqueous sodium chloride

and dried (magnesium sulfate). Evaporation of the solvent under

reduced pressure gave a residue which was chromatographed on silica,

using 30% ethyl acetate-hexanes as eluant, to give 1.08 g (91%) of

143: IR (neat) 3400, 2937, 1457, 1239, 1100 cm-1; 1H NMR

(CDC13) S 0.6 (6H, 3t), 0.80-1.00 (12H, m), 1.17 (3H, d, J=6.5

Hz), 1.8 (1H, m), 3.16 (1H, dd, J=3.2); 3.50 (2H, m), 3.91 (1H, m);

13C NMR (CDC13) S 81.08, 68.51, 67.15, 36.84, 20.87, 14.29; MS

m/z 203 (M+ 45), 202, 201, 171, 160, 159; exact mass m/z

203.1103 (calcd for C10H2202Si: 203.1103).

(2S73SOR/S)-3-Hydroxy-4-[(triethylsilyl)oxy]-2-methylpentyl Pivalate

(144).

To a solution of diol 143 (1.08 g, 4.4 mmol) in dry pyridine

(8 mL) was added trimethylacetyl chloride (0.7 mL, 5.81 mmol).

After stirring for 30 min at room temperature, the solution was
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cooled to 0 °C and crushed ice was added. The aqueous layer was

thoroughly extracted with ether (3x), and the combined ether layers

were washed with saturated aqueous sodium bicarbonate and brine, and

dried (magnesium sulfate). The solution was concentrated and the

residue was purified by flash chromatography on silica, using 20%

ethyl acetate-hexanes as eluant, to give 1.19 g (78%) of 144 as a

colorless oil: IR (neat) 3400, 1730, 1166, 1014 cm-1; 1H NMR

(CDC13) S 0.60 (6H, m), 0.87 (3H, d, J=7.1 Hz), 0.95 (9H, m), 1.07

(3H, d, J=6.5 Hz), 1.17 (9H, s), 1.80 (1H, m), 2.50 (1H, bs), 3.40

(1H, m), 3.85 (1H, m), 4.10 (1H, m), 4.20 (1H, m); 13C NMR

(CDC13) S 75.65, 68.79, 68.51, 38.91, 35.05, 27.22, 15.49, 13.09,

6.78, 4.84; MS m/z 304 (1'1+ 28) 218, 203, 202; Anal. calcd for

C17H3604Si: C, 61.40; H, 10.92. Found: C, 61.20; H, 11.22.

(2S,3S,4R/S)-3-[(tert-Butyldimethylsilyl)oxy)-4-[(triethylsilyl)oxyl-

2-methylpentyl Pivalate (145).

A solution of alcohol 144 (1.18 g, 3.55 mmol), tert-

butyldimethylsilyl chloride (642.0 mg, 4.30 mmol), and 4-dimethyl-

aminopyridine (5.0 mg) in triethylamine (3 mL) was stirred for

48 h. The mixture was partitioned between ether and water and the

aqueous layer was thoroughly extracted with ether. The combined

ether layers were washed with brine, dried (magnesium sulfate), and

concentrated under reduced pressure. The crude product was purified

by flash chromatography on silica, using 10% ethyl acetate-hexanes

as eluant, to give 1.36 (85%) of 145: IR (neat) 1732, 1284, 1253

cm-I; 1H NMR (CDC13) S 0.10 (6H, s), 0.65 (6H, t), 0.95 (18H),

1.15 (6H, 2d), 1.20 (9H, s), 1.85 (1H, m), 3.50 (1H, m), 3.80-4.40



105

(3H, m); MS m/z 417 (M+ 29), 389, 288, 213, 189, 187; exact mass

m/z 417.2857 (calcd for C21H4504Si2: 417.2856).

(2S,35,4R/S)-3-[(tert-Butyldimethylsilyl)oxy]-2-methy1-4-[(triethyl-

sily1)oxy]-pentan-1-ol (146).

A solution of ester 145 (740 mg, 1.65 mmol) in toluene (10

mL) was cooled in a Dry-ice acetone bath and 1.0 M diisobutyl

aluminum hydride (6.6 mL, 6.2 mmol) in hexane was added dropwise.

The mixture was stirred for 45 min at this temperature, then

methanol (1 mL) was added dropwise and the mixture was allowed to

warm to room temperature. Saturated aqueous sodium chloride (2 mL),

ether (300 mL), and anhydrous magnesium sulfate (5 g) were added and

the resulting mixture was stirred for 1 h. Filtration and concen-

tration under reduced pressure gave 456 mg (75%) of virtually pure

146: IR (neat) 3400, 2936, 1463, 1251, 1100, 983 cm-1; 1H NMR

(CDC13) 8 0.11 (3H, s), 0.13 (3H, s), 0.66-0.76 (6H, 3t),

0.90-0.99

m), 3.0

(18H),

(1H, br

0.90-0.99

s), 3.55

(3H), 1.18 (3H, d, J=6.3 Hz), 2.0 (1H,

(3H, m), 3.95 (1H, m); MS m/z 305 (M+

57), 213, 204, 203, 173; exact mass m/z 305.1968 (calcd for

C14H3303Si2: 305.1968).

(2R,3S74R/S)-3-[(tert-Butyldimethylsilyl)oxy]-2-methyl-4-[(triethyl-

silynoxy]pentanal (147).

To a cold (-78 °C) solution of oxalyl chloride (0.025 mL, 0.28

mmol) in methylene chloride (3 mL) was added dropwise a solution of

dimethyl sulfoxide (0.027 mL, 0.38 mmol) in methylene chloride (0.5

mL). The mixture was stirred for 5 min at -78 °C and a solution of



106

alcohol 146 (58 mg, 0.16 mmol) in methylene chloride (2 mL) was

added dropwise with stirring. After 20 min at -78 °C, triethylamine

(0.125 mL, 0.89 mmol) was added dropwise and stirring was continued

for 15 min at this temperature. The stirred mixture was allowed to

warm to 0 °C over 20 min and was partitioned between a mixture of

benzene-ether (4:1) and water. The organic layer was washed with

saturated aqueous sodium chloride, dried over magnesium sulfate, and

concentrated under reduced pressure. The residue was purified by

flash chromatography on silica, using 20% ethyl acetate-hexanes as

eluant, to yield 30 mg (52%) of 147: IR (neat) 1731, 1463, 1254

cm-1; 1H NMR (CDC13) S 0.10 (6H, s), 0.72 (9H, 2t), 0.90 (9H,

s), 1.0 (6H, q), 1.10-1.28 (6H, 2d), 2.60-2.85 (1H, m), 3.70-4.00

(2H, m), 9.80 (1H, d, 3=3.0 Hz); MS m/z 331 (M+ 29), 304, 303,

287, 259, 199, 171, 161, 159; exact mass 331.2143 (calcd for

C16 H3503Si2 331.2125); Anal. calcd for C18H4003Si2:

C, 59.96; H, 11.19. Found: C, 60.12; H, 11.34.

Methyl (2E,49,59,6R/S)-5-[(tert-Butyldimethylsilyl)oxy]-4-methyl-6-

[(triethylsilyl)oxy]-2-heptenoate (149).

To a stirred solution of aldehyde 147 (10.0 mg, 0.028 mmol) in

toluene (2 mL) was added (carbomethoxymethylene)triphenylphosphorane

(20.0 mg, 0.059 mmol) in toluene (3 mL). The mixture was heated to

reflux, for 18 h. After removal of the solvent under reduced pres-

sure, the residue was chromatographed on a silica gel column, using

10% ethyl acetate-hexanes as eluant, to afford 12.0 mg (100%) of

149: IR (neat) 1729, 1657 cm-1; 1H NMR (CDC13) S 0.0 (6H),
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0.55 (6H), 0.85 (9H), 0.91 (9H), 0.94 (3H, d, J=5.7 Hz), 1.04 (3H,

d, J=6.4 Hz), 2.7 (1H, m), 3.45 (1H, t, J=4.43 Hz), 3.70 (2H, m),

5.57 (1H, d, J=16.5 Hz), 7.19 (1H, m); MS m/z 387 (M4- 29), 361,

360, 359, 304, 258, 190, 160; Anal. calcd for C21H4402Si2:

C, 60.54; H, 10.65. Found: C, 60.84; H, 10.97.

(2E,4S15S,6R/S)-5-[(tert-Butyldimethylsilyl)oxy]-4-methyl-6-

[(triethylsilyl)oxy] -2-heptene-1-ol (150).

A solution of ester 149 (15.0 mg, 0.034 mmol) in toluene (4

mL) was cooled in a Dry-ice acetone bath and a solution, 1.0 M

diisobutylaluminum hydride (0.143 mL, 0.143 mmol) in hexane was

added dropwise. The mixture was stirred for 45 min at this tempera-

ture, then 1 mL of methanol was added dropwise and the mixture was

allowed to warm to room temperature. Saturated aqueous sodium

chloride (1 mL), ether (20 mL), and anhydrous magnesium sulfate (2

g) were added and the resulting mixture was stirred for 1 h, fil-

tered, and concentrated under reduced pressure. The residue was

purified by flash chromatography on silica, eluting with 20% ethyl

acetate-hexanes, to afford 10.0 mg (71%) of 150: IR (neat) 3400,

1472, 1462 cm-1; 1H NMR (CDC13) S 0.0 (6H, s), 0.55 (6H, q,

J=8.12 Hz), 0.85 (9H, s), 0.92 (9H, t, J=8.12 Hz), 1.01 (3H, d,

J=7.2 Hz), 1.06 (3H, d, J=6.3 Hz), 2.5 (1H, m), 3.35 (1H, t, J=4.8

Hz), 3.74 (1H, m), 4.05 (2H, d, J=5.9 Hz), 5.05 (1H, m), 5.25 (1H,

m); 13C NMR (CDC13) S 1376.32, 127.70, 78.93, 71.45, 64.24,

37.53, 25.90, 25.80, 19.52, 18.13, 17.96, 6.94, 6.88, 5.35, 5.19,

4.95, -4.10, -4.52; MS m/z 331 (M+ 56), 304, 303, 263, 229, 189;
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exact mass m/z 331.2124 (calcd for C16H3503Si2: 331.2124);

Anal calcd for

62.03; H, 11.67.

C20H4403Si2: C, 61.79; H, 11.41. Found: C,
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