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ABSTRACT 

In the evaluation of the pharmacological profile of the acetone extracts of 

Leonurus heterophyllus sweet (益母草），we isolated two new labdane diterpenes, 

namely prehispanolone (1) and preleoheterin (3). In the PAF radioreceptor assay study, 

it was found that prehispanolone (1) and preleoheterin (3) inhibited pH]PAF binding 

to rabbit platelet membranes with IC50 of 4 x 10'^ M and IC50 of 6 x 10"^ M，respec-

tively. From the same sources, previously reported compounds一hispanolone (2)，leo-

heterin (4) and galeopsin (143) have also been isolated. Their structures were estab-

lished by means of spectroscopic methods, and by chemical modifications of prehis-

panolone (1) as well as by a partial synthesis of prehispanolone (1). 

In order to complete the realization of prehispanolone (1)，13/?,14,15-dihy-

droprehispanolone (5) and 1 , 14,15-dihydroprehispanolone (135), we have also 

synthesized their corresponding model compounds, namely, 2-methyl-1,7-dioxas-

piro[4.4]nonane (137), starting from commercially available 3,3-dimethylacrylic acid 

(145) or 3-furancarboxylic acid (169)，2,2-dimethyl-1,7-dioxaspiro[4.4]nonane 

(139), 2,2-diphenyl-l,7-dioxaspiro[4.4]nonane (141) and 2,2-diphenyl-1,7-dioxas-

piro[4.4]non-8-ene (142), starting from commercially available 3-furancarboxylic acid 

(169). 

On the basis of the synthetic conditions for the model compounds, we have elab-

orated a general synthetic strategy, by which both 1 and 5，as well as 135 were ob-

tained from a common key intermediate 2. 

1 4 1 5 1 4 一 1 5 1 4 1 5 1 4 一 1 5 

； y ^ o 

20 < r s y 20 < OH 20 < r ^ 20 < OH 

f ^ ^ ^ ^ p ^ R i ' 
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BN 52020 3-r-Butyl-hexahydro-4,7b-dihydroxy-8-methyl-9//-l,7a-epoxymethano 

-l//,6a//-cyclopenta[c]furo[2,3-^]furo[3',2':3,4]cyclopenta[l,2-J]fu-
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INTRODUCTION 

I . Platelet Act ivat ing Factor (PAF) — Past, Present, and Future 

I - l . Wha t is PAF? 

A reaction involving leukocytes and requiring antigen to trigger the release of his-

tamine from rabbit platelets was reported in the sixties^ and was attributed to a factor 

actively released from the leukocytes by a calcium- and temperature-dependent 

process.2 In 1972 and later, Benvenist, Henson and Cochrane described how to obtain 

this principle which they named platelet activating factor (PAF), also known as acetyl 

glyceryl ether phosphorylcholine (AGEPC), antihypertensive polar renal medullary 

lipid (APRL) or PAF-acether.^ The structure of natural PAF was established in 1979 by 

three independent research groups to be a mixture of 1-hexadecyl and l-octadecyl-2-

acetyl-sn-glycero-3-phosphocholine.4 Subsequent work by Godfroid determined that 

the absolute configuration of natural PAF is the/?-enantiomer (Figure 1).5 

CH20(CH2)nCH3 n=15. 17 

AcO一 (5�一 H 9 
L II + 
CH2O —P—0(CH2)2N(CH3)3 

I - o-

Figure 1. Structure of natural PAF 
l-alkyl-2fi?)-acetyl-glycero-3-phosphorylcholine 

The field of PAF chemistry, biochemistry and biology has expanded in a seem-

ingly explosive manner, covering areas from the basic research on its mode of action on 

a cell to an understanding of its pathophysiological behavior’ and also to investigations 

on its positive effects on embryo implantation, fetal development, and termination of 

pregnancy.6 In fact, no less than 4053 papers have been published between 1972 and 

1993 (Table 1). A number of reviews on PAF have also been published.? An important 
• • - - - - - - • - ‘ 
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point, however, is where does the field go now? What questions need to be answered? 

It is, of course, possible to discuss several areas in need of further study, but only a 

few are cited below. 

» 

Table 1. The number of papers published between 1972 and 1993 

Research areas 1972-1985 1986 1987 1988 1989 1990 1991 1992 1993 

PAF and 

PAF antagonist 450 172 269 343 459 461 482 767 610 

PAF antagonist 9 28 48 54 60 62 77 112 88 

1-2. Biochemistry of PAF 

The discovery of the simultaneous release from hog leukocytes of PAF and its 

deacetylated derivative lyso-PAF (l-alkyl-2-lyso-GPC), which was converted by chem-

ical acetylation into a product with chromatographical and biological properties indistin-

guishable from those of PAF, gave the first evidence that lyso-PAF is a possible precur-

sor and/or metabolite of PAF.8 This finding also suggested that phosphoHpase A : 

(PLA2) activation is involved in the biosynthesis of PAF. The studies of Wykle and 

coworkers clarified the role of lyso-PAF as the immediate precursor of PAF; an acetyla-

tion reaction catalyzed by a unique acetyltxansferase was described as the rate-limiting 

step in the formation of PAF.9 Since then, this concept has been extended to other cell 

types. 10 In cell system, lyso-PAF is the obligatory intermediate in the conversion of 

PAF into alkylacyl-GPC [>alkyl-2-(7?)-(long chain)acyl-GPC] by a sequential deacyla-

tion-reacylation reaction (Figure 2). i i Stored in cellular membranes, alkylacyl-GPC is 

not only the end product of the cellular catabolism of PAF but also its potential precur-

sor ~ v i a lyso-PAF~ in stimulated cells. In other words, lyso-PAF is an obligatory in-

termediate for both biosynthesis and inactivation of PAF in a bicyclic metabolic path-

2 



way (Figure 2). 

Platelets ! 

Stimulation-dependent j Stimulation-independent 

r \ ^ 
, ^ Alkyl-Acyl-GPC 

PhospholipaseA2 f I \ Acyl transferase 

Acetyl-S-CoA ^ ^ ^ / j Acetate 

Acetyl transferase Acetyl-hydrolase 

Plasma a " J Acetyl-hydrolase 
Acetate - , 

Lyso-PAF 

Figure 2)2 The metabolic cycle of PAF in platelet and plasma 

1-2-1. Metabolic Cycle of PAF 

The deacylation-reacylation cycle of PAF is accounted for by two opposing path-

ways (Figure 2): (a) biosynthesis of PAF by the sequential activities of PLA2 and 

acetyltransferase which depends on cell activation and requires the presence of calcium; 

(b) inactivation and conversion of PAF into its precursor by a deacylation-reacylation 

reaction catalyzed by acetylhydrolase and acyltransferase. This pathway is independent 

of cell stimulation. Recent reports indicate that arachidonic acid (AA) may represent one 

of the major fatty acids incorporated into alkylacyl-GPC during the deacylation-reacyla-

3 



tion cycle.i3 Under these conditions, the deacylation-reacylation cycle may play an im-

portant role in cell regulation, and may activate cells to release PAF and AA through a 

common mechanism (deacylation), which is followed by inactivation (reacylation) as 

cells return to their inactive state. 

» 

1-2-1-A. Biosynthesis of PAF 

Phosphol ipase A ! (PLA〗)： The formation of PAF can be inhibited by 

PLA2 inhibitor which includes bromophenacyl bromide (BpB), a,P-dibromo-3-

chloro-4-cyclohexyl-Y-benzenebutanoic acid (874 CB) and EDTA.14 The activation of 

PLA2 is calcium dependent^^ and, generally, agonists which stimulate calcium mobi-

lization to induce the formation and release of PAF.16 Contrary to other mediators, PAF 

is not stored in the cell but is present in the form of the inactive precursor alkylacyl-

GPC linked to membrane s tmcture . i? Upon cell stimulation, PLA: cleaves phospho-

lipids at the 2(R) position leading to the release of fatty acids and the concomitant for-

mation of lysophospholipid derivat ives. 18 A marked decrease of the cellular content of 

alkylacyl-GPC is accompanied by a simultaneous release of lyso-PAF and PAF to the 

extracellular and intracellular media.^'^ The primary production of lyso-PAF by stimu-

lated platelets can be blocked by BpB but not by phenylmethylsulfonyl fluoride 

(PMSF), a potent inhibitor of PAF deacetylation. Clearly, under these condition, lyso-

PAF is the product of PLA^ activation rather than of PAF degradation by acetylhydro 

lase.i7 

Regarding the substrate specificity of PLA〗，choline phosphorylglyceride (CPG) 

is the major phospholipid hydrolyzed by PLA】 during platelet activation.^^ An exclu-

sive release of A A from CPG has been observed with several tissues under appropriate 

simulations .20 This indicates that AA linked to the 2(R) position of CPG is required for 

optimal PLA2 activity, at least in an intact cell. It is believed that glucocorticoids inhibit 

PLA2 activity by inducing in target cells the synthesis and/or release of inhibitory pro-

teins named lipocortin.^^ The activity of lipocortin is dependent on its phosphoryla-

4 



tion/dephosphorylation status.22 The existence of a protein with lipocortin-like proper-

ties was reported in rabbit platelets recently?〗 In thrombin-stimulated platelets, the anti-

PLA2 activity of this protein was reduced in parallel to its phosphorylation，probably by 

protein kinase C (PKC). It thus appears that the phosphorylation of lipocortin by PKC 

may be a key mechanism for the regulation of PLA〗 activity and the pontrol of PAF 

biosynthesis. Recently, a new type of PLA2 from various sources has been identified, 

which exhibited a preference for sn-2-arachidonic acid-containing substrates and was 

activated by physiologically relevant concentration of calcium. This enzyme was named 

for type IV or I I I PLA! in the literature.^^ Figure 3 shows the possible role of the type 

IV enzyme in the PAF biosynthesis. 

CH.p — (CH2)-,5CH3 \� ？Hp —(CHahsCHa 

O C H 2 O — ( C H 2 ) , 5 C H 3 H O — C H O C H O C O O — C H O 

II I I II ^ I II + 

/=\/=\^/\/C-0-CH O CH.P—�-0(CH2)2N(CH3)3 CHp —f-0(CH2)2N(CH3)3 

( CH20-P-0(CH2)2r5(CH3)3 O. O-
o. 

1-0-alkyl-lyso-GPC PAP 
1 -Oalky k2-arachidonoyl-GPC I 

o 
II 

/ = \ / = V % / - 。 H 
( C H G — O H 

T 丨 、 a c e t y l C o A r V s o P A F _ ' q + CHi(CH2)„COOH 
aracĥ on«acid acetyrtransferase� ？�

^ ^ n CH2O —I='-O(CH2)2N(ch3)3 

？ ^ 1 、 < 
o� ？H20-C-(CH2)„CH3 ^ ^ 

/ = v / = = V / \ i - 0 - C H o� 甘 ° 
iH,0-l[-0(CH,),(5i(CH3)3 CH.p-C-(CH,),,CH3 CH,0-C-(CH^,.CH3 

o . H O — CH o C H 3 C O O — C H o 

1 -acyl-2-arachidonoyl-GPC v y CH.p —�-0(CH2)2?j(CH3)3 CHgO—fj"-0<CH2)2î (CH3)3 

1-acyl-lyso-GPC acyl-PAF 

Figure 3. 24f Possible role of the type IV PLA2 in PAF biosynthesis. 

Acetyltransferase: lyso-PAF, immediate precursor of PAF produced during 

cell stimulation, can serve as the substrate of two different pathway. It can be acylated 

by an acyltransferase into alkylacyl-GPC or acetylated by an acyltransferase into PAF 

(Figure 2). Acetyltransferase is the limiting step for the formation of PAF and may thus 

have an important function in the control of inflammation. Its activation correlates with 

5 
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calcium influx into cell.25 The distinction between acetyltransferase and long chain 

acyltransferase is based on their different sensitivities to detergents and on the fact that 

acetyl-CoA does not competitively inhibk the long chain acyltransferase. In contrast, 

acetyltransferase is activated by c a l c i u m , ， 2 6 These observations indicate two opposing 

effects of calcium on PAF metabolism, i.e.，inhibition of lyso-PAF reacylation and acti-

vation of lyso-PAF acetylation，which would shift lyso-PAF into the acetylation path-

way and thus enhance PAF biosynthesis. 

1-2-1-B. Inact ivat ion of PAF 

Acetylhydrolase: The degradation of PAF is ensured by acetylhydrolase, a 

highly active enzyme which converts PAF into lyso-PAF by removing the acetyl group 

from the 2(R) position.27 This enzyme is present in the intracellular and extracellular 

compartments. Its intracellular form is found in the cytosolic fraction of various cells 

and tissues,28 whereas the extracellular form is recoverable from plasma.29 The proper-

ties of the plasma enzyme are similar to those of the cytosolic enzyme except that the 

former is resistant to the action of proteases，29 and is resistant to serine-hydrolase in-

hibitor (PMSF) and diisopropyl fluorophosphate (DFP). It was proposed that intracel-

lular acetylhydrolase may undergo modification such as glycosylation to facilitate its se-

cretion into the vascular compartment^o In contrast to PLA2, acetylhydrolase cleaves 

only the short chain fatty acids esterified at the 2(R) position of phospholipids and is 

calcium independent. 

Acyltransferase: Whatever its route of formation, lyso-PAF is cytotoxic. In 

other words, lyso-PAF has lytic and detergent property.^ ̂  Its elimination is achieved by 

an acylation system which introduces a long chain fatty acid into the 2(R) position of 

lyso-PAF (Figure 2); the resulting alkylacyl-GPC then becomes an integral part of the 

membrane. Exogenous lyso-PAF is principally converted to alkylacyl-GPC, whereas a 

relatively minor amount is converted to PAF, thereby suggesting that acyltransferase 

has a higher affinity for lyso-PAF and/or greater rate of reaction than acetyltransferase. 

6 
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A A is one of the major fatty acids incorporated into lyso-PAF by this system which is 

catalyzed mainly by CoA-independent transacylase using phosphatidylcholine (PC) as 

the source of AA. Free A A is initially incorporated into PC by a CoA-dependent acyl-

transferase and thereafter transferred to lyso-PAF and other ether lipid by a CoA-inde* 

p e n d e n t transacylation.32 j h e reacylation of lyso-PAF is inhibited by with an IC50 

of 50 to 100 |iM，suggesting that during cell activation a rise in Ca2+ influx may inhibit 

this enzyme, leading to a transient accumulation of lyso-PAF which favors its utilization 

by acetyltransferase for PAF synthesis (Figure 4)?^ Figure 4 shows a schematic dia-

gram showing the location of different enzymes involved in the inactivation of PAF in 

both the extracellular and intracellular compartments. PAF interacts with its receptor to 

induce a biological response. After crossing the membrane, PAF is deacetylated by cy-

tosolic acetylhydrolase. PAF is stored in the membrane in the form of its precursor, 

alkylacyl-GPC. 

I — — I Plasma acetyl hydrolase r q ^ 2+ 

PAF 1- »Xyso PAF Ca 
' I I (PMSF insensitive) ‘ 

Plasma 

M l ' ' T-Tv ' • •"”I I I I i I""“‘ 
, 11 I I I I I I I I I I I 
I I I I I I Biological s igna l r-—！ , i i i i • • ‘ 

；I I I I I . . r-1-i-.-.-rir^t i - .TrT Alkylacyl-GPC [ 
Membranes ； !； ! !； ! ! ' . ! ；!!；!!!!；；；!； •丨••二 .t'l'l'l'l'Ji'l 

！ I I I I ； I I ! I ! ! I ! ! ! ! ! I ! ! ! ! ； ! I ‘‘ Acyl-transferase 
, I I I I 11 I I 1 I I I I I I I I 111 i. I J 

、 • ‘ ‘ ‘ . . I • • • • • ̂  • • 

C y t O S O l Cytosolic acetyl hydrolase J 

[ T A F — — Lyso PAF 
(PMSF sensitive) 

Figure A schematic diagram showing the location of different enzymes involved 
in the inactivation of PAF in both the extracellular and intracellular compartments. 

1-2-2. Role of Endogenous PAF i n Cell 

It is worthy to clarify whether PAF is formed and participates in the arachidonate 

cycle mentioned above, or it has some specific site of action. One example of a specific 

site of action would be in the PAF-mediated glycogenolysis in the perfused rat liver.34 

7 



The exact mode of action of PAF in this instance is unclear, but it does illustrate the fact 

that PAF has some normophysiological activity. A similar phenomenon has been 

shown to occur in the fetal lung^^ and can be related to the ensuing formation of long-

chain saturated fatty acids required for surfactant formation. Obviously, then, further 

study needs to be undertaken to elucidate the behavior of intracellularly produced PAF. 
» 

1-3. Chemistry of PAF 

Even though a variety of studies were performed with natural PAF, investigations 

were accelerated when synthetic preparation became available.^ ̂  PAF is a chiral and un-

symmetrically substituted D-glycerol derivative. As an ether phospholipid, its structure 

is closely related to the naturally occurring plasmalogens. Thus, plasmalogens are able 

to serve as convenient chiral precursors for the preparation of PAF, especially its pH]-

labeled analog, by catalytic reduction of the C!-vinyl ether side-chain and acetylation of 

the C2-hydroxyl group. Several total syntheses of PAF with defined chain-length at C^ 

position have been devised. In general, the C^-alkoxy side-chain, the Cg-phosphoryl-

choline moiety，and the C^-O-acetyl group are sequentially introduced to differentially 

protected chiral glycerol intermediate.^'^ A key question in the total synthesis of PAF is 

the preparation of the chiral glycerol intermediate. The original synthesis from D-man-

nitol has the drawback of partial recemization during an inversion step, yielding less 

than 100% pure R enantiomer.^^ Other degradative schemes using L-arabinose, L -

ascorbic acid and D/L-serine as chiral starting materials have also been developed.^ ̂  A 

novel enantioselective synthesis of individual enantiomers of C^g-PAF from D- and L-

tartaric acid has also been described.40 Attempts to prepare optically pure PAF from 

synthetic starting materials have also been made.^i 

On the other hand, PAF analogs and derivatives have been synthesized in order: 

(a) to establish the structural requirements for activity; (b) to search for new antago-

nists; and (c) to achieve possible therapeutic effects, such as selective antihypertensive 

activity and eliminate undesirable action, such as anaphylaxis."^^ So far, the principal 

chemical modification includes the following: i, Chirality of C2 position; 43 ii，Changes 
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in the substitution of the glyceryl backbone; 44 i i i , Position isomers; 45 iv, Replacement 

of the glyceryl backbone.46 According to experimental results, several conclusions can 

be drawn, i.e.: (a) Reversion of the chiraUty (^-isomer) leads to a very .significant de-

crease of the activity of PAF; 47 (b) The position of the fatty acid chain with respect to 

the glyceryl backbone is also important for activity; 48 (c) The length and the bulk of C? 

substituent is important, for example, maximum activity is observed for substituents 

with a length of 6-7入;49 (d) The length of the glyceryl backbone is also a key point for 

the activity.50 

1-4. Pathobiology of PAF 

Over the last 20 years, a vast amount of information has become available con-

cerning the role of PAF in a number of pathological condition. PAF is generated by var-

ious cell types such as polymorphonuclear (PMN) basophils, neutrophils and 

eosinophils, monocytes/macrophages, platelet, endothelials cells, mast cells, and or-

gans including kidney, heart, lung, liver, eye, brain, skin and intestine.^ ̂  

In vitro, PAF triggers platelet and PMN aggregation and degranulation, induces 

the generation of arachidonic acid metabolites from various cell types, and inhibits lym-

phocyte proliferation and interleukin 2 production. In vivo, PAF causes broncho-con-

striction, bronchial hyperactivity to various agonist, hypertension, thrombocytopenia 

and leukopenia, increases in vascular permeability, gastrointestinal damages and acute 

renal failure.^ ̂  PAF acts via specific binding sites available on platelet, neutrophil, and 

tissue membranes.5i It is therefore possible that an antagonist to this substance may 

prove useful in the treatment of inflammatory diseases.^ ̂  For example, antagonist 

BN52021 and BN52063 (Figure 6) are already in clinical trials as antiasthma drugs and 

extensive studies with these newly developed compounds wi l l help to determine the ac-

tual role of the mediator in health and diseases. 
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I I . PAF Receptor 

I I - l . Presence and Characterist ics of PAF Receptor 

The involvement of specific receptors was first suggested by the demonstration 

that only the naturally occurring stereoisomer (7?-isomer) stimulated various PAF re-

s p o n s e s . 5 2 Additional data later corroborated these findings: (a) very low concentra-

tions (usually lower than 0.1 nM) are necessary to trigger biological effect; (b) specific 

desensitization takes place after tissue exposure to PAP; (c) there is specific inhibition 

by PAF antagonist. The existence of PAF receptor has recently been confirmed by bind-

ing experiment using pH]PAF. High affinity receptors were found in human platelets, 

neutrophils，eosinophils, mononuclear leukocytes, macrophages, human lung, rat liver 

•‘ tissues，rat brain, and rabbit eyes.53 

I I - l - l . Solubi l izat ion of PAF Receptor 

The PAF receptor is a membrane-bound p r o t e i n . 5 4 It can only be solubilized 

with detergent. A specific binding protein for PAF with a molecular weight of 160-180 

kDa has been solubilized and isolated recent ly . 55 A digitonin-solubilized PAF receptor 

protein complex with an Mw of 220 kDa was also reported.^ ̂  The solubilized receptor 

complex bound specifically to pH]PAF. This binding can be blocked by either unla-

beled PAF or the PAF receptor antagonist L-652,731. Dissociation of pH]PAF from 
i —— ~ * 

the receptor complex was facilitated by Na+ and Li+.56 K+ and Cs+ showed no effects 

on the binding of [^HJPAF to the solubilized receptor c o m p l e x . 5 6 Guanosin triphos-

phate (GTP) synergized the effect of Na+-induced dissociation of pH]PAF from the re-

ceptor c o m p l e x . 5 6 
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11-1-2, G-Prote in Involvement 

PAF receptors belong to a superfamily of G-protein coupled receptors. GTP 

specifically inhibits the binding of [^H]PAF to isolated rabbit platelet membranes at 

37SC or at Ot .57 other nucleotides at similar concentrations show no inhibitory 
» 

effects .57 Further evidence to support the coupling of PAF receptors to G-protein arises 

from the measurement of PAF-stimulated GTPase activity {hydrolysis of [r-32p]GTP 

into 32p. and guanosine diphosphate (GDP)}. PAF stimulated GTPase activity in a 

highly dose-dependent fashion.57，58 The concentration required to stimulate half-maxi-

mal effects is at 0.7 nM，which is roughly the same as the K^ value of pH]PAF bind-

ing to rabbit platelet membranes.57，58 i t reaches a maximal effect at 20 nM.57，58 The 

stimulation of GTPase activity is PAF specific, and the biological inactive enantiomer of 

PAF shows no GTPase activity even at 0.1 \xM c o n c e n t r a t i o n . 5 7 . 5 8 The activated 

GTPase activity can be specifically inhibited by the PAF receptor antagonist, 

k a d s i i r e n o n e . 5 7 ’ 5 8 However，the inactive analog, kadsurin B, shows no inhibitory ef-

fect at the concentrations at which kadsurenone shows significant inhib i t ion .57，58 These 

results suggest that PAF-induced GTPase activity is receptor-mediated process and the 

PAF receptor is coupled to G-protein. 

11-1-3. Species Differences 

PAF receptors show differences between spec ies . 59 Species differences be-

tween PAF receptors were first reported by Hwang and Lam in 1986.60 L-652,731 and 

L-653,150 show differences in potency in inhibiting the binding of pH]PAF between 

human platelet and rabbit platelet membranes.^o L-659,989, a more potent tetrahydro-

furan analog than L-652,731 and L-653,15(), shows differences in potency in inhibit-

ing the tritiun-labled PAF between humans and mbbits.6i，62 In the human, L-659,989 

shows identical potency in either human platelet, human polymorphonuclear membrane 
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(PMN), or human lung membranes.6i，62 However, in rabbit platelet and rabbit PMN 

membranes, L-659,989 is about ten times more potent than in humans.6i，62 

11-1-4. Mu l t i p le Conformat ional States of PAF Receptor 
» 

In rabbit platelet, sodium and lithium specifically inhibit the binding of tritium-

labeled PAF.57 Potassium, cesium, rubidium, magnesium, calcium and manganese po-

tentiate the b i n d i n g . 5 7 j h e inhibition by sodium appears to be due to the decrease in the 

affinity of PAF to the receptor, whereas the potentiation by magnesium is mainly due to 

the increase in the detected receptor number)? On the other hand, the ionic effects on 

the binding of pH]L-659,989 are quite different than those for pH]PAF.63 Sodium 

and lithium, as well as potassium, magnesium, and calcium potentiate the binding of 

[3H]L-659,989 to rabbit platelet membranes.^^ Because both PAF and L-659,989 bind 

to the same receptor and share a common binding site，62 the difference in the detectable 

receptor number under different ionic conditions suggests the coexistence of several 

conformational states of the receptor and that PAF and L-659,989 bind differently to 

those states. The existence of multiple conformational states of the PAF receptor can be 

further confirmed by the competitive binding studies of pH]L-659,989 by PAF under 

different ionic conditions and either in the presence or absence of GTP.^^ 

11-1-5. PAF Receptor Heterogeneity 

Considerable variation exists between different cell types in their sensitivity to 

PAF. Femtomolar concentrations are normally required to significantly enhance inter-

leukin-l (IL-1) production in lymphocytes,^^ whereas stimulation of eosinophil or neu-

trophil superoxide generation required micromolar concentration.^^ Differences in sen-

sitivity in the same cell type were also noticed,^ Activation of acetyltransferase and 

PAF synthesis in neutrophils was 10 to 30 times more sensitive to activation by PAF 

than was d e g r a n u l a t i o n . 6 5 Multiple molecular species of PAF are produced as a result 
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of inflammatory processes .66 PAF species produced vary with both cell origin and 

st imulus .66 Moreover, identical cells from different animal species produce different 

spectra of PAF molecules .66 Differences in rank order of potency of PAF and PAF 

structural analogs in different cell types from the same species have also been 

reported .67 These results suggest the presence of PAF receptor heterogeneity. 

I I -2 . Putative Conformat ion of PAF Membrane Binding Sites 

A putative conformation of PAF platelet membrane binding sites was deduced on 

the basis of the data obtained with agonists and antagonists in 1986,8 Agonistic activi-

ty of PAF decreases when the fatty chain is shortened. Therefore, a lipophilic moiety 

seems to be essential for agonistic activity, implying that the long fatty chain of PAF en-

ters deeply into the membrane in a hydrophobic area (e.g. hydrophobic lipid-lipid or 

f . 

/ lipid-protein interactions). The anchorage of the chain in the membrane and the relative 

position of the ethoxide function with its environment certainly modify membrane fluid-

ity and membrane activation.69 The significance of an electron transfer from the oxygen 

lone pair electrons of the ethoxide function to an unknown membrane target is indicated 

by the low activity of the thioether derivative which has a lower electronegativity (2.5 

for sulfur; 3.5 for oxygen), leading to a reduced availability of the lone pair electrons 

borne by the heteroatom (comparing dipolar moments of C -0 and C-S bonds). 

Analogs bearing an isosteric group such as CH〗which do not comprise lone pair elec-

trons are inactive. A similar result is observed with 1-acryl analogs which possess lone 

pair electrons involved in a mesomerism and which are therefore not available. The 

- presence of lone pair electrons could be made necessary by a possible protonation from 

the active site. The inhibition of aggregation induced by PAF in D〗。(without inhibition 

of the binding) suggests this hypothesis.69 

Agonistic activity can be produced with a wide variety of substituents on the C2 

of the glyceryl backbone. The main factor which must be taken into account are the 

length and the bulk of the moiety. Agonistic activity is markedly reduced in substituents 

with large steric hindrance. A similar decrease in activity is also observed with the 
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smallest groups or with C13 and acetal plasmalogens in which C^ and C2 of the 

glyceryl framework are bound to a long fatty chain via an acetal l i n k a g e . 6 9 Thus, the C2 

short chain may participate in the anchorage of PAF on its receptor, leading to a better 

alignment of the polar head of the mediator with that of membrane phospholipids. This 

assumption is reinforced by the necessary -configuration generally required for activi-

ty. The higher potency of isosteres with various quaternary group in C3 and the optimal 

chain length clearly shows the importance of the polar head. The binding of anionic 

phosphate group to a positively charged moiety may be needed for agonistic activity. 

A putative conformation of PAF binding site is proposed in Figure 5, taking into 

account the above considerations.68,69,70 After binding to its receptor, PAF might indir 

rectly influence the conformation of an unknown target site within the membrane by an 

electronic charge transfer from the ether function; by modification of the fluidity around 

the part of the targets included in the bilayer, and /or by deranging the external protein-

phospholipid polar head interactions. The unknown receptorial protein may, in turn, ac-

tivate the guanyl nucleotide regulatory protein with GTP hydrolysis. Phospholipase C 

(PC) is then stimulated with phosphodiesterase cleavage of inositol phospholipids, es-

pecially phosphatidyl inositol-4,5-bi-bisphosphate (PI-4，5-P2) into inositol-1,4,5,-

triphosphate (1-1’4,5-卩3) which induces Ca2+ mobilization from its internal pools. 

Diacyl glycerol is also produced which activates protein kinase C. Both increased 

and protein kinase C activation mediate cellular response. PAF antagonists, 

which inhibit PAF binding to its receptor, antagonize all the events of the signalling 

process.68’69 

Such a receptor model can accommodate several potent inhibitors i f it is consid-

ered that: (a) L-652,731, BN52021, and kadsurenone all incorporate a tetrahydrofuran 

ring. Tetrahydrofuran oxygen is more basic than the ether oxygen in PAF and is there-

fore more likely to undergo protonation; (b) competition between the tetrahydrofuran 

ring of inhibitors and the ether function in PAF is sterically possible from studies per-

formed by molecular m o d e l l i n g . 6 8 , 6 9 i t may be summarized that once the inhibitor has 

become well positioned in the receptor site, the two electron lone pairs of the tetrahy-

drofuran ring may then interact with the unknown target, and the rigidity of the cyclic 
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structures may prevent the activation of transmembrane events.^^' 69，70 (c) The intro-

duction of a polar group close to lipophilic moiety lessens the antagonistic activity as 

seen in ginkgolide series (BN52022 and BN52024) and some derivatives of 

kadsurenone. 
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Figure 5，Putative conformation of platelet PAF specific binding site. In figure 
5A, the slashed area represents the unknown terget which could be triggered by 
an electron transfer from the oxygen lone pair electrons. The fatty chain fits into 
the hydrophobic area of the membrane. Note that for S- configuration, the chira-
lity of C2 does not permit a correct insertion of the autacoid in its binding site. 

I I -3 . Recent Progress i n PAF Receptor Research 

Three decades ago, the biological activity of PAF was described.^ Since then, the 

progress made on PAF research has established this phospholipid as a novel biological 

mediator active at nanomolecular concentrations. Developments in the pathophysiology 
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and pharmacology of PAF have been overwhelming. Especially noteworthy is the re-

search on PAF antagonists. However, research on the PAF receptor, its characteriza-

tion, and its signal transduction mechanisms was begun only recently71 Several signal 

transduction pathways are activated by PAF, and these developments have highlighted 

the complexities of PAF receptor functions. PAP is the most potent phospholipid ago-

nist known to date and is the first phospholipid for which a receptor has been clonedJ^ 

This progress has paved the way for investigations into the molecular mechanism of 

PAF receptor signalling and its regulation. In this section，a few examples of the recent 

progress in PAP receptor research wi l l be introduced. For a more detailed information, 

a recent monograph can be u s e f u l ， T h i s monograph summarizes recent progress in 

the research of various PAF receptors achieved in the last 10 years，�

According to the metabolic action of PAF，one must address the high potential for 

an intramolecular receptor. Thus far, no difference has been found between intra- and 

extracellular PAF receptors in human platelets. Several PAF analogs and PAF receptor 

antagonists including Ci^-PAF, Cig-PAF, N-methylcarbamyl-PAF, two of the tetrahy-

drofuran analogs, L-670,241 and MK287 and 52770RP，show identical K^ values in 

both intracellular and extracellular membranes.'̂ ^ The problems attendant on defining 

the intracellular receptors，however, could be significant At least at present one would 

have to fragment the cell and isolate subcellular components of the cell and examine 

whether binding of labeled PAF does occur and whether a specific binding occurs. In 

such situation，it is always possible that the fractionation procedure has led to artifact 

production. Then, given a putative receptor is indicated, the next questions are what is 

the function of the binding site, is a signal developed, or is a particular reaction influ-

enced? I f so，what are they and how important are they to the normal function of cell? 

Finally, as regards the receptor，two other questions should be asked: (1) Are all PAF 

receptors created equal?, and (2) I f more than one class of receptors exist on a cell do 

they have similar or different specificities? In order to answer these questions, a lot of 

research work on PAF receptor has been published in recent years. 

It has been suggested that the PAF receptor belong to the G-protein-coupled re-

ceptor s u p e r f a m i l i e s . 5 7 Disclosure of the structural characteristics of the putative PAF 

receptor proteins and their interactions with the regulatory G-protein is fundamentally 
•• - - - “ - • -
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important for the understanding of the molecular mechanisms underlying the initiation 

of the intracellular events following PAF stimulation on target cells. In order to isolate 

the receptor proteins for further characterization, one must first solubilized the mem-

brane-bound receptor in an active form before any purification step is undertaken. 

Several receptor for peptide hormones and neurotransmitters were successfully solubi-

lized by mild detergent treatment and purified to homogeneity.74 In the case of the PAF 

receptor, it appeared to be a more elaborative work because of the complication caused 

by the lipid nature of the ligand. When the ligand-receptor binding assay is conducted 

with intact cells or the membrane preparations, bovine serum albumin (BSA) is routine-

ly added to the binding assay buffer to assist the solubility of PAF in the aqueous solu-

tion. The separation of cell-bound or membrane-bound pH]PAF from BSA-bound 

pH]PAF can be easily achieved via a filtration or a centrifugation procedure. Once the 

receptor is solubilized in the aqueous solution, the separation of receptor-bound 

pH]PAF from BSA-bound pH]PAF becomes a difficult task. Although the increase of 

the detergent concentration in the binding buffer helps the solubility of PAF, it is also 

possible that the PAF molecule would incorporate into the detergent micelles. To deal 

with these problems, Hsu and coworkers have reported an alternative approach to sol-

ubilize the receptor proteins which are prebound with l i g a n d s . 5 7 , 7 5 Through this 

method, Hsu described the successful solubilization of a pH]PAF receptor complex 

from rabbit platelet membranes via a nonionic detergent, digitonin. The experimental re-

sults clearly demonstrate that the PAF receptor, after preoccupation with the ligand, can 

survive the solubilization by digitonin. The observation that the digitonin-solubilized re-

ceptor complex was sensitive to the modulation by GTP suggests that the G-protein is 

likely to be a part of the large complex. 

In a recent study by Dive and coworkers ,76 three-dimensional electrostatic maps 

were calculated for six potent antagonists of PAF selected for their apparent structural 

heterogeneity. Calculation of the electrostatic potential generated around these 

molecules shows the existence of two wells of negative potential or “earmuffs”. The 

molecules also presented a moderate hydrophobic fragment which constitutes a third 

point of interaction with high affinity binding sites in rabbit and human platelets. These 
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findings suggest that this high affinity acceptor site may be a “polarized cylinder，，�

Ligand binding studies indicate that PAF down-regulates its own receptors on the 

plasma membrane of isolated rat kupffer cells but has no significant effect on the bind-

ing affinity of the receptors for PAF. Exposure of isolated rat kupffer cells to PAF re-

sulted in a rapid，time-dependent reduction in the number of cell surface receptors to 
» 

new steady state concentrat ion .^^ With receptor synthesis inhibited by cycloheximide in 

the absence of PAF, the half-time of the surface PAF receptor was 4 h，suggesting that 

PAF receptors are not recycled and that the loss of PAF receptors from the plama mem-

brane is accelerated by PAF binding. Under the same condition, antagonist BN52021 

or U66985 alone have no effect on the number of surface PAF receptors; however, the 

PAF antagonists inhibit PAF-induced down-regulation of PAF receptors in a receptor-

mediated process. This process is reversible, and is prevented by cycloheximide. These 

observations suggest that the restored PAF receptor is newly synthesized rather than re-

c y c l e d . 7 7 

Cell-impenetrant sulfhydryl reagents and proteases depress polymorphonuclear 

neutrophils (PMN) specific binding of PAF；^ PAF receptors thus have critical thiol 

residues and peptide bonds exposed at the PMN surface. Solubilized platelet mem-

branes have a ~200 KDa protein that binds PAF^s and a photoaffinity PAF analog tags 

a 〜52 KDa surface membrane protein on p late lets .79 The guinea pig PAF receptor con-

tains four serine and five threonine residues that may serve as targets for intracellular 

protein kinases.72，80 This is an exciting area for exploration now that cloning of the 

gene encoding the cell surface receptor for PAF has been a c h i e v e d . 7 2 ， 8 0 This break-

through should allowed insight into the structural nature of the receptor and how it 

binds PAF with such a high specificity. 

I I I . PAF Receptor Antagonist 

I I I - l . Classif ication of PAF Antagonists 

Since the structure of a specific PAF antagonist in 1983 was published for the 
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first time，8i numerous substances with anti-PAF activity have become available. The 

purpose of producing PAF antagonists is two-fold: first, PAF antagonists are needed in 

the study of PAFs mode of action and, second, they are potentially useful as drugs in 

the treatment of diseases in which PAF takes part. So far, several reviews of PAF an-

tagonist have been published.69’ 82 The structure-activity relationship，83 the basic 

molecular mode of a c t i o n , 8 4 as well as the chemistry 85 of PAF antagonists have also 

been reviewed. These molecules have been classified as (1) charged PAF-like antago-

nist with open chain or cyclic structure, (2) natural products from plants and (3) syn-

thetic polycyclic c o m p o u n d s . 8 6 a Figure 6 summarizes briefly the classification and 

chemical structure of the most important PAF antagonists published in the recent 

years•恥 a 

I I I - 2 . I nh ib i t i on Types of PAF Receptor Antagonists 

As important and specific pharmacological tools, PAF antagonists have been 

widely used for the determination of basic pathophysiological phenomena involved in 

platelet activation such as identification of specific receptor binding sites，87 importance 

of enzymes88 or significance of specifically triggered pathways in the effect of various 

autacoids .89 Figure 7 shows PAF-induced signal and its pharmacological controlJ^ 

This chart presents the membrane events triggered by PAF and the subsequent cellular 

response. The binding of the autacoid to its receptor may induce activation of phospho-

lipase C (PC) and subsequent phosphatidylinositol (PI) cycle. That leads to the forma-

tion of both diacylglycerol (DG) and inositol-1,4,5-triphosphate (IP3) which induce 

cellular responses via activation protein kinase C and subsequent phosphorylation and 

mobilization of calcium from its internal pools, respectively. Therefore any drug inter-

fering with the regulation of Ca2+ pools, such as Ca2+ blocking agents, local anaesthet-

ics, calmodulin antagonists, wi l l automatically modulate PAF-induced response. As 

cyclic adenosine 3'5'-monophosphate (cAMP) or cyclic guanosine 3'5'-monophos-

phate (cGMP) via the activation of protein kinase A and protein kinase G, respectively, 
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1 • Charged PAF-like antagonists with open chain or cyclic structure 
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Figure 6. The classification and chemical structure of the most important PAF antagonists. 
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participate in Ca2+ sequestration and PAF stimulates hydrolysis of GTP，any drug ii> 

creasing the level of both cyclic nucleotides wi l l counteract the PAF-induced response. 

Since arachidonic (AA) metabolism is involved in PAF signal, thromboxane (TXA2) 

and leukotriene (LT) inhibitors wi l l interfere with PAF-induced response. In general, 

two inhibition cases were classified as follows: 
• 

PAF 

K*. Cs+. Rb" SPECIFIC BINDING INHIBITORS 

PROTAOLANDINS 

\ + [r 
I TRIAZOLO BDZ SB ‘ 
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Ca sequestration a a a a a a a / v v v v v v v w v ® T X A j inhibilors LTs inhibitors 

Figure 7.70 PAF-induced signal and its pharmacological control. 

111-2-1. Nonspecific Inh ib i t ion of the Effects of PAF12，68，10 

Drugs which interfere with intracellular calcium also interfere with the cell re-

sponse to PAF in vitro and in vivo. These include agents which act directly, such as 

calcium channel antagonist, calmodulin inhibitors, calcium chelators, and local anaes-

thetics, or indirectly by modulating the level of cyclic nucleotides, such as 

prostaglandin I2 (PGI2) or PGEp90,9i� 八 similar nonspecific inhibition was observed 

with inhibitors of phospholipase and antagonists of thromboxane and leukotrienes.^^ 
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I I I -2 -2 . Specific Inh ib i t i on of PAF^^ 68，70 

Specific PAF antagonists are useful tools for defining the biological roles of PAF 

and conformational properties of PAF receptor siicsP Development of highly specific 

PAF receptor antagonists has permitted investigation of the possible involvement of 

PAF in a variety of central nervous system (CNS) disorders including ischemia, hypox-

ia and trauma.94 Considerable experimental evidence now supports a role for PAF in 

the pathophysiology of ischemic brain injury.95 The specific binding of PAF appears to 

be regulated by monovalent and divalent cations and GTP. Na+, Li+ inhibit the binding. 

Conversely K+，Cs+，Rb+ and the divalent cations Mg2+，Ca2+ and Mn2+ enhance the 

b i n d i n g . 7 0 Endogenous specific inhibitors of the binding may also regulate the PAF cel-

lular response. On the other hand, exogenous specific antagonists related or not to the 

PAF framework inhibit the binding and the subsequent cellular events7^ 

I I I - 3 . Recent Progress in PAF Receptor Antagonist Research 

O'Donnel and Bamett 96 have studied nine different PAF antagonists in order to 

determine their relative potency and equilibrium constants on rabbit platelet as assessed 

by the aggregatory response induced by PAF. The experimental results indicate that 

WEB2086 is the most effective drug among the agents studied. For the first time, these 

experiments have provided some functional response data for PAF antagonists which 

are appropriate forms for use in classifying putative PAF receptors and comparative po-

tencies. From these results and toxicity data, the possible therapeutic value of these 

drugs can be specified. In a similar careful pharmacological analysis, the IC50 values of 

different PAF antagonists were compared with a PAF-induced pH] serotonin release 

a s s a y . 9 7 The results obtained show that the order of magnitude of potency for 

BN50739, a new, selective hetrazepinetype PAF antagonist, is higher than that of 

WEB2086, therefore suggesting that it is the most potent agent discovered up to now. 

Incubation of human neutrophils with PAF stimulates the release of leukotriene 
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B4(LTB4) and its 0-oxidation products.98 Pretreatment of polymorphonuclear leuko-

cytes (PMNL) with granulocyte-macrophage colony-stimulating factor (GM-CSF) en-

hances, while BN52()21 dose-dependently inhibits this response，confirming that the 

synthesis of LTs was induced by an interaction between PAF and its cell surface recep-

tor.98 

Soloviev and Braquet 99 analyzed the response of isolated human and porcine 

coronary artery strips to hypoxia and found a biphasic contraction, i.e., an initial short 

fast phase followed by a long-lasting tonic shortening that seems to be related to the re-

lease of intracellular calcium. Hypoxia-induced coronary constriction is increased by 

PAF and inhibited by BN52921.99 Endothelium-deprived coronary strips respond with 

contraction when exposed to PAF.99 These studies indicate that hypoxia triggers PAF 

release from endothelial cells, activates phospholipases C (PLC), facilitates IP3 and dia-

cylglycerol (DG) formation. In the presence of calcium and phospholipids, DG acti-

： vates PKC which sensitizes the contractile proteins to calcium. PAF antagonists may in-

hibit this feedback mechanism, indicating an important locus for their mechanism of ac-

tion.99 

The antianaphylactic effect of BN52021 in the heart is well characterized. More 

recent studies confirm the beneficial effect of ginkgolide B (Figure 6) on passive car-

diac anaphylaxis-induced functional disturbances of isolated working guinea pig 

hear t ,100 suggesting that PAF antagonists may have therapeutic value against cardiac 

symptoms during anaphylactic shock. 

In a recent study, the effect of enciothelin-induced sudden death was investigated 

by using PAF antagonists，like WEB2086 and CV-6209.ioi Both PAF antagonists pro-

tected the animals against sudden death, but CV-6209 did not prevent endothelin-in-

duced blood pressure changes. This phenomenon increased survival rate, but aspirin 

was without effect. A conclusion may be drawn that PAF is involved in the sudden 

death caused by the toxic polypeptide enciothelin. 

Kawaguchi and coworkers^^^ have demonstrated that exogenous PAF stimulates 

angiotensin converting enzyme activity in pulmonary artery endothelial cells. The stim-

ulatory effect is suppressed by angiotensin converting enzyme inhibitors，such as 

... - - - .- -
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enalapril and the PAF antagonists CV-3988. These results suggest that PAF may have 

an important role in regulating vascular tone by modulating angiotensin conversion. 

PAF has been implicated as a critical mediator in neuronal cell damage, since it in-

creases intracellular levels of free calcium in the cells of the clones NG 108-15 and 

PC 12.103 The increase is dependent on extracellular calcium and inhibited by the antag-

onistic PAF analogue CV-3988 and calcium-influx blockers, such as prenylamine and 

diltiazem.103 These results suggest that PAF may play a physiological role in neuronal 

development and a pathophysiological role in the degeneration occurs when neurons are 

exposed to circulatory changes as a result of trauma, stroke or spinal cord i n j u r y 

Lung injury induced by intravenous infusion of purified human recombinant 

tumor necrosis factor (TNF) in rat cannot be reversed by two specific PAF receptor m-

tagonists, WEB 2086 and SRI63-441, suggesting that TNF-induced lung injury is me-

diated by eicosanoid rather than PAF.io^ 

The safety, tolerability, and pharmacological activity of WEB2806 have been ex-

amined in two double-blind, placebo-controlled, within subject c r o s s o v e r s t u d i e s . 1 

Pharmacological activity of the compound was monitored with ex vivo PAF-induced 

platelet aggregation which showed a continuous, almost complete inhibition in response 

to multiple administration of the compound.⑴5 No clinically significant drug-related ef-

fects on vital and laboratory parameters or obvious drug-dependent adverse reactions 

have been observed. These results indicate that WEB2086 is an effective PAF antago-

nist in human beings and shows no side effects that would raise objections against fur-

. .‘ _ . . ... “ 
ther clinical trails with this substance in patients. 

Ginkgolides, especially BN52063, a standardized mixture of various ginkgolides 

and BN52021 have also been subjected to clinical trails, Bonvoisin and Guinot per-> 、丨 

formed muldcenter, short-term clinical trails witH a strategy to demonstrate safety, con-

firmation of PAF antagonistic property, pharmacokinetic and pharmacodynamic profile, 

possible bronchodilator activity, single and multiple-dose investigation on the effect on 

nonspecific bronchial provocation tests in asthmatic patients and atopic patients during 

specific allergic challenge. The results obtained seem encouraging and are the first clini-

cal demonstration of the possible usefulness of a PAF antagonist in asthma. 

• • . . . - •」• - - • - • — • • 
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Tanakan, a natural extract of Ginkgo biloba leaves, possessing PAF antagonist 

activity, was investigated in an open study on healthy male v o l u n t e e r s . ⑴ ？ Ex vivo 

platelet aggregation induced by adrenalin, adenosin diphosphate (ADP), collagen, and 

PAF in platelet-rich plasma samples from blood taken before and after a single oral dose 

of Tanakan was r educed . i 0 7 No concomitant changes in coagulation, skin bleeding 

time hematological and biochemical laboratory tests, blood pressure or pulse were ob-

served. The results provide a possible explanation for the clinical efficacy of Tanakan in 

the treatment of peripheral vascular disease, and confirm previous findings that the ex-

tract is well tolerated. 107 

In summary, in the last 3 years considerable progress has been achieved in the re-

search of ginkgolides. A rather bulky mass of information has become available con-

cerning the effect of these specific PAF receptor antagonists in a many tissues, indicat-

ing that，similar to eicosanoids, PAF plays an important mediator and modulator role in 

various pathophysiological events. A great deal of evidence has been provided to the 

role of PAF in various shock condition. As a result of a considerable effort, it is obvi-

ous now that natural and synthetic PAF antagonists are candidates for the clinical man-

agement of stock, myocardial infarction, gastrointestinal ulceration, and different patho-

logical conditions related to peripheral circulation. 

Studies on the relationship between the basic molecular structural framework and 

the PAF receptor antagonistic properties have led to several definitive conclusions 

which might be useful for future studies to develop more and more effective com-

pounds with PAF antagonistic properties. In this respect, particular attention should be 

paid to the diversity of PAF receptors in various organs. The specification of these 

binding sites by the aid of more and more specific antagonists may result in better un-

derstanding of diverse pathophysiological events and more specific therapeutic ap-

proach to various disease. This process may lead to the solution of the greatest problem 

in PAF antagonist research, notably the correct specification of the indication for a par-

ticular drug to a well determined pathological condition or disease. Such theoretical and 

practical research activity may accelerate the development of PAF antagonists for the 

treatment of clinical patients. At the moment, PAF antagonists appear to be appropriate 

for the treatment of various ischemic disorders, especially cerebral ischemia.^ ̂  
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IV . Pharmacology and Syntheses of Spiro-Ether Structural Units 

The whole plant of Leonurus heterophyllus sweet, also known as ‘Yi Mu Cao,( 

益母草） i n Chinese，is a well-known herb in Chinese medicine for the treatment of 

gynaecological problems, including irregular menstruation, amenorrhea and postpartum 

haemorrhage as well as edema in chronic and acute nephritis. The aqueous extract of 

this herb can reduce blood viscosity and inhibit platelet a g g r e g a t i o n .⑴今 

Several alkaloids, including leonurinne A and B, have been isolated from this 

plantiio and some labdane diterpenoids have also been isolated from related species in 

the same f a m i l y over the last few y e a r s . In our own search for biologically active 

compounds, we have examined the aerial parts of Leonurus heterophyllus. From this 

source four new labdane diterpenes were isolated and named prehispanolone (1) 

(9a，13凡 15，16-diepoxy-labd-14-en-7-one)ii2a，hispanolone (2) (15,16-epoxy-9a-iiy-

droxylabda-13(16)，14-dien-7-one)ii2a，preleoheterin (3)ii2b (9a,13/?,15,16-diepoxy-

7P-hydroxylabd- 14-en-6-one) and leoheterin (4) (15，16-epoxy-7P，9a-dihydroxylab-

da-13( 16)，14-dien-6-one). 112b 

X V ^ - H 

1 2 3 4 

It was found that prehispanolone (1) and preleoheterin (3) inhibited pH]PAF 

binding to rabbit platelet membranes with IC50 of 4x10-6 M ii2a and IC50 of 6x10-6 M 

112b，respectively. On the contrary, hispanolone (2) and leoheterin (4) were completely 

inactive. Their structures are established by spectroscopic methods as well as from their 
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rearranged and hydrogenated derivatives. We have prepared several derivatives, namely 

5，6，7 and 8 from prehispanolone (1) and studied their structure activity relation-

ship.u2c The chemical structures of these compounds are shown in Figure 8. The abili-

ty of these compounds to inhibit pH]PAF binding and PAF-induced aggregation in in-

tact rabbit platelet is shown in Table 2. , 

5 6 7 8 

Figure 8. Chemical structure of compounds 5，6, 7 and 8 

Table 2. Inhibition of specific [^H]-PAF binding to intact rabbit platelets 
and PAF-induced aggregation by compounds 5，6，7 and 8 

IC50 OiM) * 

Inhibitors [^H]-PAF binding Aggregation 

BN 52021861 4.肚 1.6(n=4) 3.3土L2(n=3) 
5 13.4±7.4(n=4) 19.0±7.9(n=3) 
6 1.2土0.7(n=4) 4.6 士 1.9(n 二 3) 
7 14.2 土 7.7(n=4) 59.7±1.2(n=3) 
8 5.7±2.7(n=4) 11.4±2.1(n=3) 

* IC50 is the concentration of drug required to give 50% inhibition of specific 
[^H]PAF binding or platelet aggregation induced by 2nM PAF. Results are the 
mean ±s.d. of (n) separate determinations performed in duplicate. 

The rank order of potencies for prehispanolone (1) and its analogs in inhibiting 

specific pH]PAF binding to rabbit platelets is6 > 8 > 5 > 1 > 7 This corre-

lates significantly with their rank order of potencies in inhibiting PAF-induced platelet 

aggregation, 6 > 8 > 5 > 1 > 7 » 2 . U 2 c j h e positive correlation of the ability of 
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these drugs in inhibiting [^HJPAF binding and PAF-induced aggregation supports the 

notion that they may block PAF-induced aggregation by inhibiting PAF binding to its 

receptors. 

A l l of the natural PAF receptor antagonists which have been identified from plants 

to date are furanoid compounds. For instance, the ginkgolides [e.g. BN52021, (Figure 

6)] from Ginkgo hiloba contain a tetrahydrofuran ring;ii3a kadsurenone (Figure 6) 

kadsurin A (9) and B (10) and piperenone (ll)86k，ii3b from Piper futokadurae as 

well as mirandin-A (12)n3c from Nectandra rigida, burchellein from a 

species of the genus Nectandra, and chrysophyllin A (14) and B (15) ii3e from 

Licaria chrysophylla are benzofuranoid compounds; veraguensin (16) i i3 f from 

Trimeniapapuana, galbelgin (17 ) and galgmvin f rom Himantmdra belgrave-

na, nectanclrin A (19) and B (20)ii3h from Nectandra rigida are 2,3,4,5-tetrasubsti-

tuted furanoid lignans; burseran (21) i i3 i from Bursera microphylla as well as preste-

ganes A (22) and B (23) and other butanolidesiBj from Steganotaenia araliacea are 

3,4-disubstitued furanoid lignans; pinoresinol (24) and fargesin ( 2 5 ) 1 f r o m 

Forsythia suspensa VAIEL and Arctium lappa L. are substituted furofurans. Figure 9 

shows the structure of these molecules. Prehispanolone (1) and preleoheterin (3) from 

Leonurus heterophyllus are no exception as they also contain tetrahydrofuran rings. In 

previous study，ii2c we demonstrated the importance of the structural integrity of the 

natural tetrahydrofuran framework in its interaction with the PAF receptor. Opening up 

the tetrahydrofuran ring of prehispanolone (1) and preleoheterin (3) by mild acid treat-

ment would result in the loss of PAF receptor antagonist activity as determined by radi-

oligand binding and functional a s s a y s . i por further pharmacological evaluation pur-

pose, it appeared that both prehispanolone (1) and its 14,15-dihydro derivative 5 were 

good leads for a structure-activity relationship study. We, therefore，attempted to syn-

thesize the natural product and its derivatives. 
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Figure 9. Some PAF receptor antagonists isolated from plants. 
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I V - l . Na tu ra l Products Con ta in ing Sp i ro-Ether and Related S t ruc tu ra l 

Un i ts 

I V - l - l . Labdane Diterpenoids Conta in ing Spiro-Ether St ructura l Units 

* 

Over the last two decades, a large number of labdane diterpenoids have been iso-

lated from different sources. A number of labdane diterpenoids, which have a pair of 

furan spiro-ether structural unit, have also been reported. Prehispanolone ( l )n2a and 

hispanolone (2)ii2a as well as preleoheterin (3)ii2b and leoheterin (4)ii2b have been 

. obtained from Leonurus heterophyllus (Labiatae). An examination of Marrubium 

species, including M. Sericeum, M. Supinum and M. Alysson afforded premar-

rubenol (26) and marrubenol (27).^^^ Precalyone (28) and calyone (29), the former 

showing tumour inhibitory activity, have been isolated from Roylea calycina ( 

Labiatae).! 15 Premamibiin (30), a precursor of marrubiin (31 )，has been isolated from 

Marrubium vulgare}^^ Pregaleopsin (32) and galeopsin (33) have also been obtained 

from Galeopsis angustifolia ( L a b i a t a e ) . A similar pair of diterpenoids, i.e. pre-

galeuterone (34) and galeuterone (35), has been obtained from Galeopsis reuteri 

(Labiatae).ii8 Prerotundifuran (36) and rotundifuran (37) have been isolated from 

Vitex rotundifolia.u9a 八 further example, preperegrinine (38) and peregrinine (39) 

have been isolated from Marrubium friwadskyanum (Labiatae).n9b Another prefura-

noid diterpenoid, nepetaefolin (40)，has also been isolated from the medicinal plant， 

Leonotis nepetafolia.^^^'' This spiro-ether compound readily generates a furan, nepetae-

furan (41). It is noteworthy that the spiro skeletons of these molecules are also com-

mon in many natural m o l e c u l e s , ^^o Moreover, it appears that the biosynthetic pathway 

leading to the configuration of the spiro carbon (C-13) is likely non-stereospecific, be-

cause both scuteUone B (42) and scutellone G (43)，whose structures differ only at the 

corresponding spiro carbon, have been isolated from Scutellaria rivularia Wall (Ban 

Zhi Lian).i2i Figure 10 shows the structure of these molecules. 
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Figure 10. Labdane diterpenoids which contain a pair of 
furan spiro-ether structural unit. 
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IV-1-2. Leucodr in and Related Derivatives 

Leucodrin, which in the past was used as a remedy for malaria, was first isolated 

from the leaves ofL. concinnum by Meiring-Beck in 1886.^^^ Since then, a number of 

information on leucodrin have been made. Rapson made the first serious attempt to de-
» 

termine the structure when he established that it was a dilactone of molecular formula 

C15H16O8 which contained one phenolic OH and three alcoholic OH g r o u p s . Based 

on the results of alkaline periodate oxidation of leucodrin monomethyl ether, Rapson fi-

nally proposed two alternative structure 44 and 45 for�化⑵ Later, Perold and Pachler 

124 as well as Murray and Bradshaw ⑵ reported that the structure of leucodrin was 

44 based on IR，iH NMR and chemical methods, respectively. 

J O S ^ O H H 。 X 5 ^ 。 

H O V hn J 
44 45 

The relative and absolute stereochemistry of leucodrin as 46 was established 

by an X-ray diffraction study of the dibromo derivative and by comparison of the opti-

cal rotations of (+)-phenylsuccinic acid of known absolute stereochemistry and (-)-ani-

sylsuccinic acid obtained earlier by Rapson 123 by treatment of leucodrin monomethyl 

ether (47) with alkaline periodate. 

OH OMe 

人 A 
0 1 f n 
S ^ O H S ^ O H 

0 " - r 0 OH y o 加 
o o 

46 47 
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It is interesting to compare the configuration of the spiro carbon ( C-5 ) in detail. 

It appears that the biosynthetic pathway leading to the configuration of the spiro carbon 

is likely dependent on the spiro ring size. Figure 11 shows some structures of natural 

products isolated in recent years. 

OH u Mo u OH 

X M E ^ ^ S X 
c A ? r 。 O H ' ' N ^ ^ H CO2R 

1 o 

48 c o n o c a r p i n 127 49 piptoside ^̂ ^ 50 conocarpic acid, R=H ^̂ ^ 
R=P-D-glucopyranosyl 51 reflexin, R=CH3 

O 

— 、 M e o ^ ^ v ^ 

52 hyperolactone 130 53 picrodendrin E ^̂ ^ 
— . . _ — — . . --

OH O 

— 顿 。 H j r V ^ O H 
^ H 0 " - r 0 5H 

O 

54 picrodendrin F ⑶ 55 leudrin ^̂ ^ 

Figure 11. Natural products containing chiral spiro carbon framework 
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IV-2 . Synthetic Methods of Spiro-Ethers and Related Derivat ives 

In order to provide a framework of references for the discussion to be presented 

in the latter part of this section，a brief review of the existing methods for generating 

spiro-ether and its relative derivatives is given below. 

Treatment of the cyclic diones 56 with NaH in "，"-dimethyl formamide (DMF) 

followed by heating with bromoselenides gave selenides 57 which were then cyclized 

to give spiro-ether 58 on treatment with BugSnH and 2’2，_azobisisobutyronitrile 

(AIBN) in bezene.133 

O 〇 O 
J l ^ X ^ BuaSnH ^ A ^ 

V j NaH, D M F ^ M . ^ AIBN, CeHe ‘ 
( V o M 67% O. reflux. 49% " L ^ 

n=1 ’2 m=1.2 了Jm 
“ J-- V /m cQ 56 57 58 

I 

Oxidation of polymethylene a,a)-glycols 59 by means of lead tetraacetate afford-

ed a mixture of oxetone 60’ 134 whose molecular framework was similar to prehis-

panolone (1) and preleoheterin (3). 

h o - ^ ^ - ^ O H : ( 。 二 : I Q O 

28.3% 
59 60 

Poss and Belter described the addition of ascorbic acid 61 to protonated quinone 

methide 62 generated from p-hydroxy benzyl alcohol derivatives. The results of this in-

vestigation have led to a stereospecific construction of the spiro-lactones 65.135 p^ 

suggested by the quinone methide intermediate，this reaction was dependent upon the 

presence of an electron-donating substituent in the para position of the benzyl alcohol 

moiety. Reaction of 61 with o- or m-hydroxybenzyl alcohol or benzyl alcohol gave no 

addition product, whereas, reaction of an aqueous solution of 61 with p-hydroxyben-
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zyl alcohol66 afforded adduct67 (Scheme 

Scheme 1. 
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Yoda and Yates found that the dehydration of tetrahydro-2,2,3,5,5-pentamethyl-

3-furanol (68) wi th pyruvic acid 69 afforded 2,3,4,5-tetrahydro-3-hydroxy-

a,2，2,3，5，5-hexamethylfui.anacrylic acid lactone (70). ̂ ^^ The pathway for the forma-

O 

V OH O 

68 69 70 

tion of 70 from 68 was of interest. Because, although the reaction formally involved a 

condensation of pyruvic acid 69 with a methyl group of 68. However，it was clear 

that the reaction could not proceed in this fashion. Yada and Yates instead suggested a 

plausible reaction mechanism which is shown in Scheme 2.136 
s 

Scheme 2. 

A — 各 

+ OH 
II H O - V ^ o . 

CH3CC00H r T T - i 
^ - 等 > ^ — L L L - -

Recently，Bunce and coworkers reported the synthesis of functionalized spiranes 

72 from methyl 2-oxocycloalkanecarboxylates 71 by using a tandem decarboxylation-

Michael addition reaction. 137 — 

O 
9� 广 … LiCI, HMPA y K j \ 
U COgMe� ： \ rK O 

( ^ O 〜 c� 明� 二 o 。 c 
a \ c 0 2 E t 

71 72 
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As shown below, the dispiro compounds 76 and 77 were synthesized by a se-

quence of reactions，i.e., deprotonation of cyclopropanes 73，addition of carbonyl 

compounds，ring cleavage, and reductive or oxidative work-up, respectively.^^^ 

1. LDA, then 
OSiMeg ^ ^ MegSiO OH 

2.NH.C1 V _ 7 1 o ^ 州 F 

73 74 

Et3SiH/BF3>Et20 ( 
CH2CI2 “ R X ' ^ C O g M e 

HCX O reduction ^ ^ 
76 48% from 73 

75 PCC 
CH2CI2 “ r 〉 C O g M e 

oxidation 
7 7 51% from 73 

A novel synthesis of spiro-ether lactone 85 and its derivatives by an addition re-

action of cyclopentanone 78 and a-lithio-a-methoxyallene 79, followed by treatment 

with potassium tert -butoxide and subsequent acid hydrolysis was reported recently and 

the procedure is depicted in Scheme 

Scheme 3. 

O OMe 

O + 

78 79 80 

OMe O 
f-BuOK/f-BuOH^ 6NH2SO4 • 

18-crown-6 ( x y 82% from 78 O - ^ 

81 82 
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OMe f-BuOK, O ^ 
7 9 , ^ H O� 人 ^BuOH , 

THF 、 THF ^ ^ ^ OMe 
95-98% o ^ 。 “ 

8 3 8 4 

6N H2SO4 ^ ^ W i 
70% from 83^ 〇 

8 5 

Mellor and Mohammed reported the synthesis of oxygen spirocycles by mangan-

ic acetate promoted additions to exocyclic enol ether derivatives. This strategy, based 

on radical chemistry, permitted the construction of spiroketals 90 and oxaspirolactones 

88 from enol ethers 89 and enol lactones 86. 

O J 

J^^y^ Mn30(0Ac)7 

Z 64% 
86 87 88 

O O 
EtO C W - 一 - n 

2 Y ^ - ^ Mn30(0Ac)7 • \ 

, 43% 。。2t̂ t 

89 87 90 

Cohen and coworkers described a simple one-pot synthesis of spiroketals and 

oxaspirolactones by addition of y- and 5-cerioalkoxides to lactones and cyclic anhy-

drides. This type of reaction was effective for a variety of five-, six-, and even seven-

membered lactone, making it a general one-pot synthesis of [4.n]spiroketal systems. 

. . , The authors chose lithium 2,2-dimethyl-3-lithiopropoxide (92)，which could be pro-
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duced from inexpensive 3,3-dimethyloxetane (91)，as the substrate for transmetallation 

to the dicerio compound 93 in order to synthesize a diastereoisomeric mixture of the 

1,6,8-trioxadispiro[4.1.4.2]tridecane system 95 and 96u i4i 

lithium di'tert' 

» 一 l : e _ e L 丨 / ^ o U 香 C . C e - X ^ O C e C . , 

91 92 93 

1. 93 1. 93 
THF . • 广 1 T H F 「 

72% 9 4 70% 

95 96 

Stepwise reactions of conjugated dienemagnesium reagent 98 with a ketone at -

7 8 ^ , followed by carbon dioxide at to room temperature, provided a one-pot 

method for the synthesis of spiro y-lactones containing a vinyl group at the P—position. 

Scheme 4 illustrates a route for spiro Y一lactone 102 synthesis from the magnesium 

complex of 1,2-bis(methylene)cyclohexane 97. Significantly, this method could also 

be used to prepare spiro y-lactones containing two spiro centers.丄 42 

Scheme 4. 

Mg ^ O r ^ M g CH3COCH3 I r ^ ^ ^ 
THF.r t ‘ THF, -78°C ‘ ^ ^ ^ q 

97 98 99 
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Torii and coworkers described an electrochemical one-step preparation of (士 ) - t h -

easpirane 104 from (±)-dihydroionol 103 to demonstrate a novel selenium-mediated 

spiroannelation which involved the addition of an arylseleno group to a C=C double 

bond and the subsequent elimination of the seleno group as a selenide anion. 

ArSeOH 

103 / / / y / / / / / 

Anode 
. 

Schmid and coworker reported a short and efficient chemo-enzymatic synthesis 

of sphydrofuran (110). Starting with achiral materials 105’ the chiral centers of the 

target molecule 110 were introduced via enzymatic methods as well as via a diastereos-

e l^ t ive Grignard reaction. (Scheme 5 V “ 

Scheme 5. 
1. (RAMA; E.C.4.1.2.13) q u 

OPO3 (TIM; E.C.5.3.1.1) [ 
〈 CHO D-fructose-1,6-diphosphate aldolase — 
^ O + / HO— 
( 2. (Pase; E.C.3.1.3.2) 一 

OH 58% L ^ i 
105 106 107 
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Jaroszewski and Ettlinger reported that the 1-monomethyl ester of (2五,4Z )-3-

formyl-2,4-hexadiendioic (p-fonnyl-c/.y,c/5-muconic) acid (111) existed in the solid 

state and in solution as the cyclic hemiacetal 112. Treatment of hemiacetal 112 with 1 

equivalent of methanolic base yielded carboxylic acid 113. The latter was transformed 

into spirolactone 114 under thermal c o n d i t i o n . ^ The relative configuration of the 

spirolactone 114 was suggested on the basis of NOE difference measurements. This 

stereochemistry corresponds to the addition of carboxy group to the double bond from 

the less hindered face, i.e., from the side of ring opposite to methoxy group.i45 

O ^ ^ O . .OH 
- HOOC CHO� 丫� 丫 (CH3)4N0H 

|_ 广 M e O H “ 
I 一 H 87% 
COOCH3 COOCH3 

111 112 

- , . . - •• - . -

CH3O. Q - o OCH3 

fO^o X^o 
^COOH -

O 
113 114 

Recently, Nicotra and coworkers described that when methyl l’3，4，6-tetra~0 -
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benzy l -D-fructofuranside (115) was treated with allyltrimethylsilane in the presence of 

a catalytic amount of a Lewis acid, a-C-D-fructofuranoside (116) was afforded pre-

dominantly. Treatment of 116 with iodine resulted in an iodocyclizaUon and concomi-

tant debenzylation to afford the spiro-ether 117.146 

MegSiCHzChkCHa OBn 

\ MesSiOTf ^ BnOA^ 

、 “ ^ O M e CH3CN. 0°C. 92% 

BnO BnO 

115 116 
B n O - ^ O ^ O 

I2.THF-H2O N 
pH=4, rt — 
^ BnO 

117 

Jarvis and coworkers noted that 1,1-diphenylethene (118) reacted with 2-oxoglu-

taric acid (119) in the presence of boron trifluoride etherate to give a modest yield of 

the spiro lactone 12 0.147 

o p v y o 

Ph 人 Ph J 五 THF. 17% O ^ 

118 119 120 O 

In a model reaction for the preparation of (+)-jatrophone, Wiemer and coworker 

reported that the intramolecular condensation of phosphonate analogs 121 was best ac-

complished by treatment with potassium carbonate in�斤，斤-dimethyl formamide. Spiro-

furanone 122 was obtained in good yield under such c o n d i t i o n . 

〜 . - - - - - . • - - -
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(— DMF. reflux 

OTf ° OTf 

121 122 

Caine and coworker reported that spiro-butenolide 125 was obtained by treating 

bromoacid 123 with 2 equivalents of n-butyllithium in diethyl ether at -781，followed 

by reaction with cyclohexanone 124. " 9 

O o 
Bn c O g H 11 2 equiv n-BuLi / “ 

H 片 Me + O Et20,-780C W ^ , 
66% Me 

123 124 125 

More recently, Marquez and coworkers disclosed the stereoselective synthesis of 

two new bis-y-butyrolactones 134a and 134b from L-xylose 126. The key intermedi-

ate spirolactone 131 was efficiently prepared by two different methods. Interestingly, 

in both of these approaches, addition of the incoming reagent occurred stereospecifical-

l y from the less hindered a-side to give a single product 131. The reaction procedures 

are depicted in Scheme 

Scheme 6. 

u J H O I . H 2 S O 4 . CUSO4.� ？H 
H O - CH3CQCH3 V - O 1.(Bu3Sn)20. CeHsMe 

- O H 2. 0.2% HCI, THF-H2O V - S ^ x V " 2. BnBr, Bi^NBr “ 
HO—I 82% HO • \ 98% 

CH2OH 

126 127 
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OBn OBn Smia, t- BuOH 
01 PDC, AcOH _ L. O ， CH2=CHC02Et 

4A molsieves' ( j X ^ ~ T H F , 40% 
HO、、.. ^ o A CH2CI2. 96% O ^ ^ ^ ^ o A 

… 129 
128 

CIMgO(CH2)3MgCI 
THF, 75% 

OBn 
丨，O OBn 

y - O PCC . 0 
H O ^ V " ^ 。 V 4 A mol sieves 。 , \ V 

— - 。 \ CH2CI2, 98% / ' \ 、 ( / \ 

HO 130 O 131 

OBn 

‘ l " ' . / 〇 \ ^ n M 1. Ph3PCi2H25Br 
1 1. H+-resin, MeOH「 \� 广 QMe f-BuOH’ CgHq ， 

I 2. 4-NMO, TRAP, 《。 2. Jones oxidation 
4 A mol sieves 49% 
CH2CI2. 95% 

132 

OBn ？ H 。 ？H 

。 坎 誉 戚 + 。 路 a 
O • G11H23 G11H23 u H 

133 134a 134b 
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V. A i m of the Present W o r k 

Hispanolone (2) was obtained from B. hispanica for the first time in 1978.151 

Since then，some transformations of hispanolone (2) have been made. The transforma-

tion of hispanolone (2) into its SP-acetoxy counterpart, galeopsin, was reported, to-

gether with some of its retro-aldol reaction and other transformation of ring B.152 Two 

years later, other transformations of hispanolone (2) were reported again.i53 The trans-

formation of the readily available hispanolone (2) to the perfumery substance, am-

breinolide and to drimane sesquiterpenoids has also been described recent ly . 154 

In this thesis，we wish to describe the realization of prehispanolone (1)，13/?, 

14,15-dihydroprehispanolone (5) and 135,14,15-dihyciroprehispanolone (135) by 

starting from hispanolone (2). In view of the relative structural simplicity of his-

panolone (2) as compared with prehispanolone (1)，14,15-dihydroprehispanolone (5)， 

and (135)，we reasoned that hispanolone (2) could serve as a key intermediate for 

their total syntheses. For feasibility studies, nevertheless，we initiated a program to 

construct four model compounds: namely, 2-methyl-1,7-dioxaspiro[4.4]nonane (137), 

from 3-(3-hydroxy-but-1 -yl)-2-buten-4-olide (136)，2,2-dimethyl-1,7-dioxaspiro[4.4-

]nonane (139), from 3-(3-hydroxy-3-methylbut-l-yl)furan (138), and 2,2-diphenyl-

1,7-dioxaspiro[4.4]nonane (141) as well as 2,2-diphenyl-l,7-dioxaspiro[4.4]non-8-

ene (142), from 3-(3-hydroxy-3,3-diphenylprop-l-yl)furan (140). 

r#。� 一 rff 
=� 二 -

^ r A 2 1 

- - O ' W / O ； 

^<^^vl>< .̂、、、 • 」 

135 
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j C ^ o — … ― 一 次 。�

136 137 

— 
Me 

138 139 

P H ^ O ) ^ ： P H P O 

P I T P h A p h p / ^ 

141 140 142 
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RESULTS AND DISCUSSION 

I . I s o l a t i o n a n d S t r u c t u r e E l u c i d a t i o n o f P r e h i s p a n o l o n e (1) a n d 

Preleoheterin (3) 

I - l . Ma te r i a l and Isolat ion 

In our study, commercial Leonurus heterophyllus sweet，cultivated in 

Guangdong Province, China, was used. L. heterophyllus used in this study is authen-

ticated by Dr Paul But (Department of Biology, CUHK) and a sample has been deposit-

ed in the Museum of the Chinese Medicinal Material Research Centre, CUHK. Dried 

plant materials (1kg) were extracted twice with acetone (5 L) under reflux. The deep 

green extracts were evaporated to dryness under reduced pressure at SO'C. The residue 

(20 g) was chromatographed on a silica gel column (Merck 7734) and was eluted with 

hexane-ethyl acetate (4:1). The elutes were monitored by TLC (Merck 5534, solvents: 

hexane-ethyl acetate 5:1) to give crude prehispanolone (1)、Rf 0.37 )，hispanolone (2) 

iRjr 0.19 )，preleoheterin (3) (Rf 0.25 )’ leoheterin (4) {Rf 0.22 )’ and galeopsin 

(143) (Rf 0.15 ). The crude products were further purified by chromatography on a 

silica gel column (Merck 9385) using hexane-ethyl acetate (9:1) as solvent, yielding 

pure prehispanolone (1) (200 mg), hispanolone (2) (210 mg), preleoheterin (3) (20 

mg), leoheterin (4) (15 mg) and galeopsin (143) (200 mg), respectively. 

1-2. St ructure Eluc idat ion of Prehispanolone (1) and Preleoheter in (3) 

Prehispanolone (1): Prehispanolone (1) has a molecular formula C20H30O3 

as indicated by EI and high resolution mass spectra. Its IR spectrum shows ketone 

(1715 cm-i) and enol-ether (3100, 1615 cm.i) absorptions but does not show hydroxyl 

bands. Its ^H NMR spectrum is consistent with a p,p-disubstituted dihydrofuran par-

tial structure ( at 5 5.13 and 6.42，IH each, d，7=2.5 Hz, H-14 and H-15; and an AB 
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system at 5 4.02 and 4.41’ I H each, d，7=10.4 Hz, 2 H-16 ) and also with three ter-

tiary methyl groups ( at S 0.86，6H，s, Me-18 and Me-19; 5 1.11, 3H，s, Me-20 ) and a 

secondary methyl group ( at 5 0.99，3H, d，7=6.5 Hz，Me-17 ). The fragments at m/z 

82 and 96 in the mass spectrum of prehispanolone (1) are also indicative of the pres-

—ence of a p,p-disubstituted dihydrofuran ring in the molecule. In its ^H NMR spectrum 

(Table 3) the H-8 methine proton signal is a simple quartet ( at 5 2.69, IH，q, 7=6.5 Hz 

)and in the ^H-^H COSY spectrum the H-8 proton is coupled with the C-17 methyl 

group, so the methine carbon atom ( C-8 ) must have two fully substituted carbon 

atoms attached to it • These data suggest that the ketone group should be at the C-7 po-

sition. 

The configuration of the C-17 methyl group on C-8 must be equatorial as reflect-

ed by the coupling constant of the doublet (7=6.5 Hz), because an axial methyl group 

should have a larger value 7=8 Hz. 15 U55 j h i s conclusion is also supported by the ^H-

i H NOESY spectrum which shows that the H-8 is an axial proton coupled with the C-

20 methyl group. 

15 14 15 14 IS 

r ^ 
- - I ^ ^ ^ F ^ O 

i H 1 9 H 1 9 ^ 5 H ^ 
fa 18 18 

1 2 R = H 3 
143 R=OAc 

1 4 1 5 1 4 1 5 ' 

1:8 O l"8 

4R=Me 5 
144 R=CH20AC 

4 8 



The 13/?-configuration assigned to prehispanolone (1) is supported by a ^H-^H 

NOESY spectrum which shows that the C-17 methyl group is coupled with the H-16 

proton , but not coupled with the H-14. This behavior establishes the configuration of 

the C-13 center of the prehispanolone (1) as /?，156 which is thus 9a,13/?,15,16-

diepoxylabd- 14-en-7-one. The ^^C NMR spectrum (Table 4) confirms all of the above 

assignments. 

The structure of prehispanolone (1) is further confirmed by its ready conversion 

into hispanolone (2) by mild acid treatment. Hispanolone (2) from prehispanolone (1) 

has a molecular formula of C20H30O3 and its ^H NMR spectrum is very similar to that 

of prehispanolone (1). The difference is only a p-monosustituted furan ring ( at 5 6.27, 

7.36 and 7.23, I H each, H-14, H-15 and H-16, repectively ) in hispanolone (2) in-

stead of the p,p-disubstituted dihydrofuran of prehispanolone (1). Its ^^C NMR spec-

: trum also supports this conclusion. Hispanolone (2) is a known compound. The i H 

NMR, 13c NMR and mass spectra，as well as the [a ] and mp of hispanolone (2) de-

rived from prehispanolone (1) are identical to those previously reported for natural his-

panolone (2). 156 Finally, an X-ray crystallographic study of hispanolone (2) has again 

confirmed the structure of prehispanolone (1) (Figure 12). 

13/?, 14,15-Dihy droprehispanolone (5) is a hydrogenated product of prehis-

panolone (1) and has a molecular formula of C20H32O3. Its ^H NMR spectrum also is 

similar to that of prehispanolone (1). The difference being consistent with the occur-

rence in 5 of a p,p-disubstituted tetrahydrofuran (at 5 3.79 and 3.94, I H each, m, 2H-

15; 5 3.75 and 3.58, I H each, d’ 7=8.6 Hz, 2H-16) instead of the p,p-disubstituted 

dihydrofuran ring of prehispanolone (1) shows carbon resonance in complete agree-

ment with the structure of this hydrogenated diterpene. These results have further con-

firmed the structure of prehispanolone (1) • 

Pre leoheter in (3) and Leoheter in (4): Leoheterin (4) has a molecular 

formula of C20H30O4 as indicated by its EI mass spectrum and elemental analysis. The 
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fragments atm/z 81 and 95 in the mass spectrum of 4 are indicative of the presence of 

a p-monosubstituted furan ring. 

The i H NMR spectrum of 4 is consistent with a typical p-monosubstituted furan 

ring (8 7.38, 7.26 and 6.29’ I H each, H-15, H-16 and H-14’ respectively), containing 

three tertiary methyl groups (8 0.90, 3H, s, Me-18; 5 0.98, 3H, s，Me-19 and 5 1.31’ 

3H，s，Me-20) and a secondary methyl group (8 1.26，3H，d, 7=6.5 Hz, Me-17). The 

i R NMR spectrum also exhibits two one proton D2O exchangeable singlets at 8 3.74 

and 1.82, which are assigned to the hydroxyl groups at C-7 and C-9, respectively. In 

labdane diterpenes with C-6P hydroxyl and C-7 keto groups, such as b a l l o t e n o l ’ i 5 7 the 

C-5 proton appears at 8 2.21 as a doublet (7= 3.0 Hz); whereas in some diterpenes with 

C-6 keto and C-7P hydroxyl groups, such as i s o l e o s i b i r i n U i a and galeuterone，ii8 the 
» 

chemical shifts of the C-5 protons are deshielded by the neighboring keto groups, and 

as a result these protons appear as broad singlets at 5 3.2 and 2.9, respectively. Due to 

the observation that the C-5 proton appears at 5 2.90 as a singlet，the structure of 4 is 

therefore in agreement with a structure in which the keto group is at C-6 and the hy-

droxyl group is at C-7. 

The configuration of the Me-17 group on C-8 must be equatorial as substantiated 

by the coupling constant with the C-8 proton (d，7=6.5 Hz)，because an axial methyl 

group should give a larger value (7=8 Hz).i5i，i55 

Judging from the large coupling constant (7=10.7 Hz) between the C-7 and C-8 

protons, it is clear that these two protons must constitute an axial-axial trans relation-

ship. In conformity with this notion，the configuration of the C-7 hydroxyl group 

should be equatorial. 

In fact，the ^H NMR spectrum of 4 is almost identical to that of isoballotenol ac-

etate 144,157 the notable differences being the replacement of the methylene ABq sys-

tem of the C-4 acetoxymethyl group (5 4.48 and 4.88，2H，7=15 Hz) of isoballotenol 
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Preleoheterin (3) also has a molecular formula C20H30O4. Its ^H NMR spectrum 

is rather similar to that of 4. Instead of showing a furan ring，3 displays a P，P—disub-

stituted dihydrofuran ring (5 6.23，IH, d，7=2.6 Hz, H-15; 5 4.90, IH，d，7=2.6 Hz, 

H-14; 8 4.44 and 3.80, I H each, ABq，7=10.6 Hz’ H-16). 

The structure of 3 is unequivocally confirmed by the ready acid-catalyzed conver-

sion of 3 into 4. The ^H NMR data of compounds 1，2，3 and 4 are given in Table 3. 

Moreover, the 13R configuration of 3 has been established by a 2D i H - i H NOESY 

spectrum’ which shows that the C-17 methyl group is close to the protons at C-16, but 

not those at C-14. The ^^C NMR spectra of 3 and 4 demonstrate carbon resonances in 

complete agreement with our proposed structures (Table 4). 

I I . Synthesis of Model Compounds 

1' 

I I - l . Synthesis of 2-Methyl- l ,7-dioxaspirpo[4.4]nonane (137) 

Considering the structural character of 2-methyl-1,7-dioxaspiro[4.4]nonane 

(137) and comparing all the methods for constructing dioxaspiro compounds, our pre-

l iminary strategy to be employed for the synthesis of 2-methyl-1,7-dioxaspiro[-

4.4]nonane (137) is based on the intramolecular Michael addition of 3-(3-hydroxy-but-

l-yl)-2-buten-4-olide (136). In order to examine the feasibility of this reaction, we 

elaborated a shorter route to synthesize the target molecule 137 from commercially 

available 33-dimethylacrylic acid (145). The retrosynthetic analysis of 2-methyl-1,7-

dioxaspiro[4.4]nonane (137) is depicted in Scheme 7. 

Scheme 7. -

R C O — J N R V O 
M e - ^ " 0 M e + ' O H ^ 

H H H 
137 150 136 
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‘ ‘ M e - ^ O O '' M e ^ o 〇 

149 148 

Br-^^^Ns^ Br—X .COOH Me. COOH 
T > 0 — > > = / > 

、0 Br—^ Me 

147 146 145 

Scheme 7 outlines the retrosynlhetic analysis and strategic bond disconnection 

defining the key building blocks for the synthesis of compound 137. Spiro-ether 137 

could be approached by a sequential reduction of lactone 150. Lactone 150 could be 

derived from 3-(3-hydroxy-but-l-yl)-2-buten-4-olide (136) by an intramolecular 

Michael addition. Reduction of the carbonyl group of butenolide 149 afforded hydrox-

ybutenolide 136. Butenolide 149 can be expected as arising from a decarboxylation of 

ester 148. Alkylation of ethyl acetoacetate with 3-bromomethyl-4-hydroxy-2-butenoic 

lactone 147 gave substituted ethyl acetoacetate 148. Bromomethylbutenolide 147 

could be envisioned to arise from an intramolecular esterification of 3-bromomethyl-3-

hydroxymethylacrylic acid，which can be obtained from basic hydrolysis of dibromo-

compound 146. Finally, dibromocompound 146 was prepared by a radical bromina-

tion of the commercial available 3,3-dimethylaci7lic acid (145). The synthesis of 137 

is illustrated in Scheme 8. 

Scheme 8. 

NBS 
Me _ COgH (PhC00)2 B r - N ^ ^ C O g H 5%aqNaOH 
, , - ecu. reflux ~ r t , 7 0 % “ 
Me 95% Br 

145 146 

O 
_ MeCOCHaCOsEt ^ 

^ O THF. 0°C rt ^ 、0 2. 2N HCI, 60 
85% 70% 

147 148 
• — -
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NaBH4 K 2 C O 3 r 
M e 丄 o a THF. 0。C ^ MeW^OH ^ MeOH, 25°C 

63% H 43% 
149 136 

O ,0H EtaSiH 
DIBALH , BF3.Et20 

CeHsMe. -78°C CH2CI2. -78°C 
H 66% H 46% 

150 151 

X ^ � 
Me-f-O 

H 
137 

» 

On basis of the method reported by Boeckman, the synthesis of bromomethyl 

butenolide 147 from acid 145 is s t r a igh t fo rward . 158 Alkylation at the methylene group 

of ethyl acetoacetate was reported for the first time in 1909.159 Hauser and Harris de-

scribed condensations at the methyl group of diketones such as benzoylacetone and 

acetylacetone through their dicarbanions I，which were prepared by means of 2 mol 

equivalents of potassium amide in liquid ammonia.i 60 

^ 9 2 KNH2 ^ j I.C6H5CH2CI 
R ^ ' ^ ^ - ^ C H a liq. NH3 F T ^ ^ ^ ^ C H a 2. NH4CI “ 

_ • 

I 

O O 

r A ^ I I V ^ C s H s R=C6H5, CH3 

Wolfe and coworkers also reported condensations at the methyl group of ethyl 

acetoacetate through its dicarbanion I I . 161 
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0 0 0 0 
N n 2KNH2 , X X 

., -

I I 

1.(C6H5)2C0 r^-T 1 1 

O w 

50% 

Recently, the dianions from a variety of p-keto esters have also been reported by 

Weiler and Huckin using 1 equivalent of sodium hydride and 1 equivalent of n-butyl-

lithium or methyllithium or 2 equivalents of lithium diisopropylamide (LDA).i62 The 

alkylation appeared to proceed equally well in diethyl ether, tetrahydrofuran (THF), 

dimethoxyethane (DME) and hexamethylphosphoric triamide (HMPA ) . i 62 

: O NaH r O O n-BuLi ^ 
THF A ^ O C H 3 THF ‘ 

X I 1-RX , X I 
- • •• • - - •. 

RX=Mel (80%), EtBr (84%), /-PrI (73%), n-BuBr (72%), 
C6H5CH2CI (81 %), CH2=CHCH2Br (83%) 

Similarly, alkylation of the dianion of P-keto phosphorates have also been report-
eci.163 

H�一兄 NaH . ？ 9 ^-BuLi 
C H 3 O - P V J L THF THF -

C H 3 O , C H 3 O , • 

？ 9 1.RX , o —— 
C H 3 0 ; p v ^ C H 2. H3+O 

C H 3 O - - 2 C H 3 O 

RX=Mel (71%), n^Hgl (70%). n-C4H9Br (70%). 
. . C6H5CH2CI (70%). CH2=CHCH2Br (75%) .. 
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Specific solvent effects in the alkylation of enolate anions have also been repoit-

ed.i64 Both the advantages and the limitations of DMF as a solvent were pointed 

out. 164 Interestingly, the enantioselective phase-transfer methylation of 6,7-dichloro-5-

methoxy-2-phenyl- 1-indanone (152) by MeCl in 50% NaOH/toluene using A^-benzyl-

cinchoninium bromide (BCNB) could provide the methylated indanone 153 in ee's up 

to 94%.i65 

CI O o 

^ ' V S A - / ^ Meci ‘ ^ ' Y T V ^ ® 
NaOH/CeHsMe 齢 

152 153 z 

Traditional experimental procedures of the alkylation were that the alkylating 

agent was added to the solution of the a n i o n . 痛 - i 64 By this method，however, a lower 

yield (45-50%) of ester 148 based on 147 was obtained (Scheme 8). In order to con-

tinue our investigation, it is of primary importance to secure the relatively large amount 

of key intermediate 148. Fortunately, in this special example, a significantly improved 

yield of 148 (85%) based on 147 is eventually achieved by adding solution of the 

anion to the alkylating agent at room temperature (Scheme 8). 

Bailey and Daly reported the pyrolysis of ethyl a-isopropylacetoacetate at 

to give an 82% yield of methyl isobutyl ketone.i66 With the use of calcium iodide and 

in the presence of a protic solvent (e.g. ethylene glycol)’ decarbalkoxylation of ethyl 

acetoacetate affording the corresponding ketone in a yield as high as 65% have also 

been r e po r t ed . 1 6 7 Krapcho and Lovey have also reported that geminal diesters’ p-keto 

esters and a-cyano esters underwent decarbalkoxylations when heated with sodium 

chloride in wet dimethyl sulfoxide (DMSO) at temperature of 140-185"C.i68 This novel 

salt-solvent system gave excellent yields of decarbalkoxylation products (85-95%).丄 68 

Miles and coworkers have also reported that 1,4-diazabicyclo[2.2.2]octane (DABCO) 

was a useful reagent for the cleavage of p-keto es ters . As an example, P-keto ester 
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154 was treated with 6 equivalents of DABCO in 16 equivalents of oxylene at reflux 

(165SC) for 6 hour to give ketone 155 in 84% yield.169 

O O 
jcHaCO^C^Hs DABCO 

o-xylene, reflux 

154 155 

Recently, ester 156 was decarbomethoxylated to give 157 with lithium iodide-

sodium cyanide in hot DMF (46%) or preferably with tetramethylammonia acetate in 

HMPAat lOORC (87-91%). 口0 

y� 尸2CH3 H 

^ ^ ^ ^ ^ ^ ^ ^ Me4NOAc 
1 1 1 HMPA，100。C [| 1 

87% 

156 157 
. • - - ‘ 

After repeated trials of decaitalkoxylation of 148 by using DABCO, we realized 

that ester 148 was not suitable for the high temperature condition. Finally, decar-

balkoxylation of 148 by using 5% sodium hydroxide (rt, 3h) then 2N HCl (60尤，Ih) 

provided 149 in 70% yield (Scheme 8).i7i As shown in Scheme 8’ selective reduction 

of 149 with sodium borohydride at afforded hydroxy alkyl butenolide 136 in 63% 

yield.172 

Baldwin and coworkers have studied the ring closure of unsaturated hydroxy ke-

tones by nucleophilic attack of oxygen on conjugated double and triple bonds in de-

tail.173 They concluded that 5-Exo-Trigonal closures were facile, whereas, the alter-

ative 5-£n<io-Trigonal processes did not proceed under similar c o n d i t i o n s . As an ex-
- • • • - -

零— -
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ample, the ketone 159 could not be formed from ketol 158 under a basic condition ( 

through a 5-E/ic/o-Trigonal process). However, On acid catalysis, 158 was efficiently 

closed to the ketone 159 (through a 5-Exr;-Trigonal process).") 

O 
Qv Base V ^ , 

n ^ ^ v ^ — c P - O 
^ ^ 5-Endo-Trig ^ “ ‘ 

158 159 

HO 
Acid 

^ OH \ = L J 5-Exo-Trig 

Recently, Corey and coworkers have also reported that the diol 160 was cyclized 

to 161 by stirring in methylene chloride solution at OX： for 0.5h with a catalytic amount 

of 77-toluenesulfonic acid (p-TsOH).i74 

O O 
p-TsOH 

RSJ U ^ R I ： 丄 C A ^ R I 

SR OH OH RS OH 

160 161 
R=n- C4H9, Ri=n- C5H11 

l,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-promoted intramolecular cyclization of 

unsaturated hydroxy ester 162 has also been proved synthetically quite successful. 1 

HO Q H _ ^ ^ C 〇 2 C H 3 HO 

1 Tvp. f r^rs 
.、、。 DBU ‘ •。〇 

、1 H OH 90% 、1 H 〇H 

162 163 
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Shing and Tsui have also described that the intramolecular Michael addition of 

a,|3-unsaturated lactone 164’ induced by a catalytic amount of DBU in tetrahydrofu-

ran, afforded gonifufurone 16 5. 口6 

； 爷 P ^ 。 

O H " Q OHH、 

164 165 

Cyclization of the unsaturated hydroxy ester 166 with potassium carbonate pro-

vided //-Boc-galantinic acid methyl ester 167 and its C-3 epimer 168 has also been re-

ported. 口 7 

OH 

^X^^NHBoc 

: MeOgC、、、人 q J 

NIUD 广 1 6 7 2 5 % 
y^Boc K2CO3 

MeOH + 
OH 54%� ？H 

_ ^ ^ ^ N H B o c 

168 29% 

After comparing the characteristics of these cyclization methods, we thus chose a 

basic catalytic condition (DBU method) to realize the cyclization of hydroxy butenolide 

136. Unfortunately, experimental results showed that this method was unsuccessful 

for an intramolecular cyclization of 136. Finally, an intromolecular Michael addition of 

136 was triggered by potassium carbonate (rt, 10 min.)’ giving the desired lactone 

150 in 43% yield, which was a chromatographically inseparable mixture of the di-

astereoisomer (Scheme The structure of compound 150 was confirmed by ^H 

NMR (Table 5) and ^^c NMR (Table 6) spectroscopy，as well as by its IR, MS and ele-

mental analysis. In order to confirm the structure of spiro-lactone 150，assignment of 
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the proton and C-13 resonances of the hydroxy butenolides 136 is summarized in 

Table 7 and 8，respectively. 

T 

3 ^ 9 . 0 

D, I 150 Ri=Me, R2=H 

R /� ？ R 212 RI= R2=Ph 
< I ^ 

Table 5. ^H NMR data of compounds 150’ 195 and 212 [ 5 value from 
internal TMS, J, (Hz) in parentheses] 

H 150 195 212 

2 4.09 m 
3 . 2.05 m 2.081 (6.7) 2.701 (5.5) 
4 1.55 m 1.831 (6.7) 2.111 ( 5 . 5 ) ， 
6a 4.14 dd (10.0, 3.0) 4.13 d (9.5) 4.14 d (9.6) 
6b 4.32 dd (10.0，3.0) 4.23 d (9.5) 4.39 d (9.6) 
9a 2.54 dd (17.7,7.5) 2.49 d (17.4) 2.54 d (17.4) 
9b 2.77 dd (17.5, 7.5) 2.69 d (17.4) 2.88 d (17.4) 

Table 6. ^^C NMR data of compounds 150，195 and 212 

C 150 195 212 

2 75.4 82.0 89.4 
3 34.0 38.8 38.4 
4 33.2 34.8 35.0 
5 84.5 84.8 85.4 
6 77.6 78.1 77.8 
8 174.3 174.3 174.7 
9 41.3 41.7 41.3 

As shown in Scheme 8，the construction of target molecule 137 was accom-

plished by reduction of 150 with diisobutylaluminum hydride (DIBALH) to lactol 

151，whose hydroxy group was removed by silane reduction to give 137.「8 
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OH 

136 Ri=Me, R2=H 
^ / \ _ _ 194 Ri= R2=Me 

4 X 211 Ri= R2=Ph 

Table 7. ^H NMR data of compounds 136，194 and 211 

[5 values from internal TMS, J (Hz) in parentheses] 

H 136 194 211 

2 5.86 br.s 5.791 (1.5) 5.791 (1.6) 
4 4.79 br.s 4.73 d (1.5) 4.67 d (1.6) 
3, 3.85 q (6.0) 
2' 1.72 t (7.5) 1.711 (7.8) 2.56 t (7.5) 
r 2.53 t (7.5) 2.49 t (7.8) 2.37 t (7.5) 

: Table 8. ^̂ C NMR data of compounds 136’ 194 and 211 

C 136 194 211 

1 174.2 174.0 173.5 
2 115.0 115.2 113.7 
3 170.8 170.8 172.3 
4 73.1 73.1 72.8 
4' 23.4 29.3 
3' 66.6 70.0 76.3 
2' 24.7 23.5 38.4 

- I V - 36.1 40.6 22.9 

-Notwithstanding that the synthesis of spiro-ether 137 was successful, the route 

shown in Scheme 8 is not suitable for natural material hispanolone (2). In our particular 

case, we are guided by the desire to develop a method which wi l l be effective for carry-

ing out a butenolide formation from furan skeleton, thereby facilitating the realization of 

our goal. The design of our synthetic pathway therefore adopts the strategy for a direct 

introduction of the trimethyl silyl group to the C-15 position of hispanolone (2) in a re-

_ • gioselective manner. I f this regioselective method is successful, our strategy would 
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provide a convenient new pathway to the spiro-ether diteipenes which are of interest in 

drug research. In order to examine the feasibility of this strategy, we elaborated a route 

to synthesize the model molecule 137 from commercially available 3-furancarboxylic 

acid (169). The retrosynlhetic analysis of model compound 137 as well as its synthe-

sis are outlined in Scheme 9，10 and 11. 

Scheme 9. 

j o o j o c f = > 
M e - ) " 0 M e - ) - 0 Me�小 OH 。 

H H H 
137 150 136 

— • X ^ o — — ^ T O ^ o 一 

M e ^ O M e - ^ o 

149 148 

M e ^ O 、 0 、〇 

175 173 

HO IPY -S iMeg = = = > H s i M e ^ j = = = > 
^ O O 

- - - - - - • 

172 171 

170 169 

As shown in Scheme 9，spiro-ether 137 could be obtained from the intermediate 

ester 148. The synthesis of 5-TMS substituted compound 175 was by alkylation of 

compound 173 with ethyl a ce toace ta te .1 7 9 Alcohol 172 was transferee! to bromide 

173 by using CBrA-Ph^P in dichloromethane at ice bath t e m p e r a t u r e s . Reduction of 

carboxylic acid 171 with lithium aluminum hydride afforded corresponding alcohol 

. ^ - - - - . _ - - . 」 . _ - -
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172.181 In turn, 5-bromo-3-furancarboxylic acid 170 was prepared from the commer-

cially available 3-furaiicarboxylic acid (169) by bromination with pyridinium hydro-

bromide perbromide . 182 A key feature of this route is the synthesis of 5-TMS substitut-

ed furan 175 andbutenolide 148. 

With these synthetic concepts in mind, the requisite 5-TMS substituted furan 175 

was prepared as outlined in Scheme 10. Regiospecific bromination of 3-furoic acid 

(169) provided the corresponding 5-bromo-3-furoic acid 170.182 Metal-halogen ex-

change and silylation of the dianion derived from 170 gave silyl acid 171.^^^ 

Reduction and chloiination afforded the desired chloromethyl furan 174. ^^^ Alkylation 

of ethyl acetoacetate with chloromethyl furan 174 provided furyl ester 175 in a some-

what lower yield (25%) (Scheme 10).i79 

Scheme 10. 

, HOpC CsHsNHBra HOgC 1. "-BuLi HOgC^ 
MeC〇2H y - A B2〇’ -78。C V ^ 

V 40。C,60% I 2 馬 S i C 丨 • [ 。 ^ 驗 3 

-78。C— rt 
169 170 61% 171 

L _ 4 . EtgO CH3SO2CI, LiCI CI - ' ^Np-

0。C4 25。C i y-SiMe^ s-collidine, DMF ^ S i M e g 
90% O 0。C, 96% O 

— 172 174 

O 
MeCOCHaCOsEt j i 

NaH 飞 M e ^ ' ^ Y ^ - A 
THF,OOC—25。C EtOoC l l \ - S \ h A e ^ 

25% 、 0 , 
— 175 

Metallic derivatives of furan were first prepared by Gilman and Breuer in 

1934 185 The synthetic utility of metallated furans has been amply demonstrated in re-
cent years. A variety of such intermediates has been used, the most common being 
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furyl lithium species, which can be obtained by various means such as direct metalla-

tion of furans, at the a-posit ion i f available, using n-butyllithium^^^ or L D A " ? or by 

metal-halogen exchange^ ̂ ^ ( allowing the preparation of P—lithio-furans) or mercury-

lithium e x c h a n g e . 188 Ramanathan and Levine have reported the reactivity of 2-furyl-

lithium toward carbon dioxide，aldehydes，ketones, esters nitriles and alkyl halides.^^^ 

Recently, the generation and chemistry of dianions derived from furan carboxylic acids 

have also been reported.^^® In the same year, Kuwajima and Urabe also described that 

2-trimethylsilylfurans were cleanly oxidized to the butenolides on treating with peracetic 

acid.191 The mechanism of the oxidation reaction has also been suggested as fol-

lows.191 

A I S X ^ R — R 知 

I I I I V V 

CH3CQ2H /—^ RiSi= f-BuMeaSi, MeaSi 
0 = \ R =alkyl group, vinyl and allyl group, alkoxy group 

O 

V I 

y 

Epoxidation of I I I took place selectively on the site bearing an electron-releasing -

trimethylsilyl group to yield IV，which underwent C - 0 bond fission with concomitant 

migration of si lyl group to give V under acidic c o n d i t i o n s . S o o n afterwards. 

Goldsmith and coworkers have also described that treatment of silyl furans 176 and 

178 with peracetic acid gave the corresponding butenolides 177 and 179, respective-

卩•Bu(Me)2 HOOAc/NaOAc 側 Me)^ 

^O^S i M e a CH2CI2.90% 、 。 片 。 

176 177 
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0Si"Bu(Me)2 〇Si"Bu(Me)2 
J p ^ HOOAc/NaOAc ^ S } 

MeaS i乂O,� 。 叫 ’ 7 5 % " 。 � ？�

178 179 

Interestingly, Tanis and Head have also reported that silyl furan 180，by the 

method of peracetic acid, yielded a 1:1 mixture of unsaturated lactones 181 and 182, 

respectively (78%). On the other hand, oxidation of silyl furan 183 afforded the corre-

sponding lactone 184 in 91% yield.1 
-、？ 

； H O O A c / N a O A c , ( ^ ^ C g H i g + 

o SiMeg CH2C�丨2，78/O O 〇 

180 181 182 

^ " " ^ J ^ C g H i g HOOAc/NaOAc 
MesS i彳〇 ; CH2CI2, 91% 〇 ；�

183 184 

In order to improve the yield of ester 175，we also transformed alcohol 172 into 

bromide 173. As a result, alkylation of ethyl acetoacetate with bromide 173 afforded 

5-TMS substituted furan 175 in 30% yield. Based on these results, we believe that the 

lower yield of ester 175 was presumably due to other factors. Fortunately, a signifi-

cantly improved yield of 175 (83%) based on bromide 173 was eventually achieved 

by adding a solution of the anion to bromide 173 at room temperature. Finally, per-

acetic acid oxidation of ester 175 gave butenolide 148. Again, a similar transformation 

of butenolide 148 generated model compound 137 via carbonyl lactone 149’ hydroxy 

lactone�136，spiro-lactone 150 and lactol 151 (Scheme 11). 

Scheme 11. 

MeCOCHsCOsEt 
r r r r i PhsP-CBr* NaH . 

I CH2CI2,0°c (î  >-SiMe3 THF,0。C—25。C� 丨�
86% 83% 

173 
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MeCOgH, NaOAc^ 。1.50/^aqNaOH 
CH2CI2,7°C M e 人 O 2.2N HCI. 60。C M e 丄 n 。 

60% ^ 70% u 
148 149 

T 

NaBH4. THF K2CO3 
“ r t " " “ ^ M e J . ' O H O MeOH, 25。C Me- ) - "0 

63% H 45% H 
136 150 

PH 、 
/-BugAIH ( EtaSiH, BFs'EtgO \ 

-78。C’66% 7 44% H 

151 137 
The structure of spiro-ether 137 is confirmed by ^H NMR (Table 9) and MS 

spectrometry. In order to confirm the structure of spiro-ethers, assignments of the pro-

ton and C-13 resonances of spiro-ethers�137，139，141 and�142 are summarized in 

Table 9 and 10，respectively. An important conclusion that can be deduced from these 

studies is the feasibility of the intramolecular Michael addition for synthesizing spiro-

ethers. 

Q 137 RI=ME. R2=H 

Rix̂  V I 139 Ri= R2=Me 
141 Ri= R2=Ph 

F / Y 6 142 RI= R2=PH, CS, C9=-CH=CH-

Table 9. ^H NMR data of compounds 137,139，141 and 142 

[ 8 value from internal TMS，J, (Hz) in parentheses] 

H 137 139 141 142 

2 4.10 m 
3 1.95 m 1.84 m 2.25 m 2.641 (7.0) 
4 2.12 m 1.77 m 2.05 m 2.11m 
6a 3.54 d (9.0) 3.58 d (8.8) 3.62 d (9.0) 4.00 d (10.5) 
6b 3.76 d (9.0) 3.60 d (8.8) 3.92 d (9.0) 4.43 d (10.5) 
8 3.90 m 3.86 m 4.02 t (7.5) 6.55 d (2.6) 
9 2.05 m 2.01 m 2.65 t (7.5) 5.09 d (2.6) 
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Table 10. ^^C NMR data of compounds 139，141 and 142 

C 139 141 142 

2 89.4 90.1 92.3 
3 40.6 39.6 39.2 
4 39.1 39.2 36.8 
5 80.7 88.4 88.2 
6 67.8 67.9 80.5 
8 78.6 77.5 149.1 
9 35.8 34.9 106.2 

I I -2 . Synthesis of 2,2-Di inethyI- l ,7-dioxaspiro[4.4]nonane (139) 

In order to test the possibility of executing an intramolecular Michael addition for 

the tertiary hydroxy group-containing lactone 194，we synthesized spiro-ether 139 

from the commercially available 3-furancarboxylic acid (169). A l l attempts to convert 

the carbonyl lactone 149 to tertiary hydroxy group lactone 194 by methyllithium were 

unsuccessful. This was mainly because that the selectivity of the carbonyl addition of 

ketone and a,p-unsaturated lactone could not be controlled effectively. In light of this 

fact, we decided to modify our previous strategy in order to synthesize model com-

pound 139. The retrosynthetic analysis of 2,2-dimethyl-1,7-dioxaspiro[4.4]nonane 

(139) is depicted as below (Scheme 12). The synthetic route for 139 is depicted in 

Scheme 13. 

Scheme 12. 

J ^ o — — 
^ M e - 4 " 0 ^ 7 '"0H ^ 

Me Me Me 

139 195 194 

OSiMeg QH O 

o o o 

189 138 188 
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一 E - 作 — B r� 卞 _ 

Me�八 o O O^ O , 

187 186 169 

Scheme 13. 

MeCOCHaCOaEt 

I nor . og:oo 丨 LL / CH2CI2 L。》THF, 0。C “ 
91% 0°C, 95% 88% 

185 186 
EtOgC 

y ~ \ 1.5%NaOH / ~ V MeLi m 。 / “ \ 

187 188 138 

1 • 2.2 equiv n-BuLi oSiMeo OSiMeo OSiMeg 
TMEDA 1 M e ^ M e ^ Me-J ， 

2.2.5 equiv MeaSiCI m / ^ ^ ^ ^ T A + 从它 

EtaĈi。。̂。— rt ^ o ^ S i M e a 一$丨人》 

189 43% 190 22% 19116% 

, , ^ ^ Lj OSiMeg OSiMeo 
MeC03H M e ^ M e ^ 八 

540/0 Y o 
192 32% 193 22% 

OH O 
MeCO^H K2CO3 I 

I MsOH-HsO ‘ Me r ^ Q MeOH, 25°C『Me"^ . "0〜 

25。C’ 90% O 53% Me 

194 195 

.OH 
/-Bu,AIH r EtaSiH. BFa'EtaO 

67% Me 50% Me 

196 139 

The strategy to be employed for the synthesis of spiro-ether 139 is the synthesis 
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of tertiary hydroxy group lactone 194 and regioselective introduction of TMS group to 

C-5 position of hydroxy furan 138. Tanis and Head reported that butenolide 184 was 

obtained by metal-halogen exchange from 3-furancarcoxylic acid (169) (6 steps).i84 

The procedure is depicted in Scheme 14. 

Scheme 14. 

HOoC CsHgNHBrg HOOC 1. n-BuLi HOgC 
V ^ MeCOgH V - ^ EtaO. -78。C 
1 } 4crc,60% & B 「 2 . M e 3 S i a ' 

-78°C—rt 
169 170 63% 171 

LiAIH4. EtsQ CH3SO2CI. LiCI C I - ^ ^ V - ^ 
0°C-^25°C I I y - S i M e ^ s-collidine, DMF (/^^y-SiMea 

81% O 0。C’ 62% ° 
172 174 

1.Mg, THF HOQAc/NaOAc 
2. nonyM,� 。 叫 ’ 91% “ 、 。 〉 

LigCuCU 
77% 183 184 

Goldsmith and coworkers also described that butenolide 203 was obtained by ap-

plication of the protection/deprotection methods from hydroxy substituted furan 197 

(6-steps) (Scheme 15).i92 

Scheme 15. 
‘ • —— 

1.n-BuLi>THF 1. n-BuLiTTHF 

fX _ _ . TX _ 一 

^ Q ^ 2. PhSSPh，0。C ^ c / ^ S P h 2, TMSCI, 0°C 
90% 90% 

197 198 

’ ^ ^ • Y ^ 。 — e 3 M e O H / H C I p ^ " " ” Ni/EtOH . 

MeaSi 乂 。 入 SPh ^ W i ^ ^ O ^ S P h = 

199 200 
- . . . . ^ - • - -
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^ ^ ^ ^ ^ O H TBDMSCI ^ ^ O S i 彻�

imidazole J ! \ 

MeaSi 乂 0 》 D M F , — MegSi 〜 

2 0 1 202 

HOOAc/NaOAc ^ s ^ O S … B u ( M e ) 2 

CH2CI2. 88% ‘ 

203 

Chadwick and Willbe have also established the condition for the preparation of 

2,5-dilithio-furan in almost quantitative yields. ̂ ^^ The following conclusions were 

drawn from the e x p e r i m e n t s : 193 ( 1 ) The effect of increasing n-BuLi/furan ratio from 

1:1 to 2.5:1 results in an increase in the proportion of dilithio-furan formed; (2) When 

the reaction time is extended, the proportion of dithio-intermediate is raised; (3) 

/ Increase in reaction temperature favors the dilithio-intermediate in all cases; (4) The 

presence of N,N,N',N''tetramethyl-1,2-ethylenediamine (TMEDA) accelerates the for-

mation of lithiofurans; (5) I f hexane is replaced by diethyl ether as solvent, higher pro-

portions of mono-lithio-material is given; (6) In no case is 2,4-dilithiofuran observed. 

After comparing the characteristics of these reactions, we thus chose a direct in-

troduction of TMS group to C-5 position of hydroxyalkyl furan 138. Work-up of the 

2:2:1 n-BuLi-TMEDA-hydroxyalkyl furan reaction at O'C gave the desired 2-TMS sub-

stituted furan 189 in 43% yield (1 step). The synthetic route is depicted in Scheme 13. 

As outlined in Scheme 13, the synthesis of carbonyl furan 188 from acid 169 

was straightforward. 18M80,179,171 Addition of methyllithium to carbonyl furan 188 

gave the desired hydroxyalkyl furan 138.194 j h e deprotonation-silylation of furan 

138,193 on the other hand, gave an inseparable mixture of 2-trimethylsilyl-4-(3-

trimethylsiloxy-3-methylbutyl)furan (189) and 2-trimethylsilyl-3-(3-triraethylsiloxy-3-

methylbutyl)furan (190), whose yields were determined by NMR spectrometry, to-

gether with a smaller amount of the isolable 2,5-bis(trimethylsilyl)-3-(3-trimethyl-

s i loxy-3-methylbutyl)furan (191). Fortunately, peracid oxidation I9i of a mixture of 

189 and 190 afforded a chromatographically separable mixture of 3-(3-trimethyl-
• - - . ’ . — - • 
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siloxy-3-methylbutyl)-2-buten-4-olide (192) and 2-(3-trimethylsiloxy-3-methylbutyl)-2-
buten-4-olide (193). Desilylation of 192 furnished 3-(3-hydroxy-3-niethylbutyl)-2-

buten-4-olide (194).195 Assignments of proton and C-13 resonances of the butenolide 

194 are summarized in Table 7 and 8，respectively. An intramolecular Michael addition 

of 194 was triggered by potassium carbonate, giving 2,2-dimethyl-1,7-dioxaspiro[4.4-

]nonan-8-one (195).177 The structure of spiro-lactone 195 was confirmed by ^H NMR 

(Table 5) and ^^c NMR (Table 6)，as well as by its MS and elemental analysis. Finally, 

the construction of the desired spiro-ether 139 was accomplished by reductioni78 of 

195 to 2,2-dimethyl-1,7-dioxaspiro[4.4] nonan-8-ol (196), whose hydroxyl group was 

removed by silane r e d u c t i o n . 1 7 8，1 9 6 xhe structure of spiro-ether 139 was confirmed by 

i H NMR (Table 9)，^C NMR (Table 10) and MS spectrometry. 

I I - 3 . Synthes is of 2 , 2 - D i p h e n y l - l , 7 - d i o x a s p i r o [ 4 . 4 ] n o n a n e (141) and 

2,2-Diphenyl-l,7-dioxaspiro[4.4]non-8-ene (142) 

Encouraged by the above results, we thus set forth to extend our strategy for the 

conversion of lactol 196 to unsaturated spiro-ether 204. In order to generate unsaturat-

ed ether 204，lactol 196 was treated with 3 equivalents of MeSO^Cl and 3.5 equivalents 

of pyridine in dichloromethane at room temperature J ̂ ^ Dehydration of lactol 196 di-

rectly to the enol ether 204 using this method was however unfruitful. Ley and cowork-

ers also reported an unsuccessful example of this direct dehydration in the synthesis of a 

model compound related to azadirachtin. 

p H 
MeSOaCI/pyridine . v ^ ^ 

Me4. . '0 O CHaCI二 25。C 。 
Me Me 

196 204 

After several unsuccessful attempts to dehydrate lactol 196 to enol ether 204, a 

separate effort was made to search for a suitable method to convert indirectly lactol 196 
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to enol ether 204. The above unsatisfactory outcome probably resulted from the instabil-

ity of 204 in acidic condition. On the other hand，the low boiling point of 204 might 

also cause considerable difficulties in its handling. Based on above consideration, we at-

tempted to replace the methyl groups of lactol 196 with phenyl groups in order to test 

our strategy. On the other hand，it may be reasonable to assume that the cyclization of a 

tertiary alcohol with a larger phenyl ring can be imitated better in the synthesis of prehis-

panolone (1) from hispanolone (2). 

Again, a similar transformation of 3-furancarboxylic acid (169) generated spiro-

ether 141，via alcohol 185, bromide 186，ester 205，ketone 206, alcohol 140, 2-

TMS substituted furan 207 and 208, hydroxybutenolide 211, spiro-lactone 212 and 

lactol 213 (Scheme 16). 

Scheme 16. 
PhCOCHgCOsEt 

i f i l 0。C_>25。C HO I 〉 C H a C b I J THF. Ô C 
91% 0°C, 95% 90% 185 186 

EtOgC 
> ~ y 1.5%NaOH y~s^^ PhLi p^ y ~ 

Y A 2.2N HCI “ Ph""^。 Y \ Et20..78°C p T ^ O H f \ 
O ( 〇 2 71% 〇 、 〇 ？ 89% ⑶ 、 ( / 

205 206 140 

1.2.2 equiv />BuLi OSiMeg OSiMeg 
丁 隨 ^ P h J . + P h ^ y ^ ^ ^ 

2,2.5 equiv MeaSiCi Ph • Y \ Ph • . 
- EtsO. 0°C-> rt >-SiMe3 M e g S i J , 
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• 门 U OSiMea� ？SiMeg 
MeCC^H p h ^ A P h J A 

82% O O 
209 48% 210 34% 

OH O 
I 2N aq HCI K2CO3 , 
' M e O H . 25°C ^^ i ^ O MeOH，25°C ‘ 
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OH 
R ^ ^ ^ ^ ET3SIH,TFA , W ^ o 

^ ^ ^ I CHoClo. -78X ^ CH2CI2. -78°C Ph-4 " 0 ^ 
81% Ph, 82% Ph 

213 141 
O 

I
,SPh ,SPh 

PhSH, TFA rrhCPBA ‘ \ 
CH2Cl2,0X cHaCfe 

80% p 7 0。C，84% P 7 214 215 
o O 

CgHsMe, reflux Ph-4 " 0 
55% Ph 142 

As outlined in Scheme 16’ the synthesis of alcohol 1 4 0 from 3-furanmethanol 

(169) was straightforward. 180,179,171 j he deprotonation-silylation of furan 140,193 on 

the other hand, gave in 90% yield of an inseparable mixture of 2-trimethylsilyl-4-(3-

trimethylsiloxy-3,3-ciiphenylpropyl)furan (207) and 2-triraethylsilyl-3-(3-trimethyl-

s i loxy-33-diphenylpropyl)furan (208)，whose ratio were determined by NMR spec-

trometry to be approximately 1:1. Fortunately, peracid oxidation^^i of a mixture of 207 

and 208 afforded a chromatographically separable mixture of 3-(3-trimethylsiloxy-3,3-

diphenylpropyl)-2-buten-4-olide (209) (48%) and 2-(3-trimethylsiloxy-3,3-diphenyl--

propyl)-2-buten-4-olide (210) (34%). Desilylation of 209 furnished 3-(3-hydroxy-3,3-

diphenylpropyl)-2-buten-4-olide (211) in an almost quantitive yield. 195 An intramolecu-

lar Michael addition of 211 was triggered by potassium carbonate, giving 2,2-diphenyl-

l,7-dioxaspiro[4.4]nonan-8-one (212) in 80% yield.i77 The structure of compound 

212 was confirmed by ^H NMR (Table 5) and ^^C NMR (Table 6)，as well as by its 

MS and elemental analysis. Finally, X-ray crystallographic studies of lactone 212 have 

again confirmed the structure of spiro-lactone 212 (Figure 13). The construction of the 

desired spiro-ether 141 was accomplished by reduction口8 of 212 to 2,2-diphenyl-1,7-

d i oxa sp i r o [4.4]nonan-8-ol (213)，whose hydroxy group was removed by silane reduc-
- -
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tioni96 to give 141，in an overall yield of 65% from 212. The structure of spiro-ether 

141 was confirmed by ^H NMR (Table 9), ^^c NMR (Table 10)，MS and elemental 

analysis. Attempted dehydration of lactol 213 directly to the enol ether 142 using 

MeSO^Cl/pyridine (3 equiv/3.5 equiv) in dichloromethane at room temperature failed. 

However，conversion of 213 to the sulfide 214 using thiophenol proceeded smoothly 

in 80% yield.199 Oxidation of 214 with m-chloroperbenzoic acid (m-CPBA) in 

dichloromethane gave a chromatographically separable mixture of two sulfoxides 215 in % 

a combined yield of 84%.199 Thermolysis of these sulfoxides 215 in boiling toluene 

gave the desired enol ether 142，which possesses the essential structural feature of pre-

hispanolone (1). The structure of enol 142 was confirmed by ^H NMR (Table 9) and 

i^C NMR (Table 10) as well as by its MS and elemental analysis. ^ 

。¥ 

。贫 o 

-,巧：料。 
Figure 13. Single crystal X-ray structure of spiro-lactone 212 
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I I I . P a r t i a l Synthesis o f 13R, 1 4 , 1 5 - D i h y d r o p r e h i s p a n o l o n e (5)，135， 

14,15-Dihydroprehispanolone (135) and Prehispanolone (1) 

Having secured a reliable approach to realize both spiro-tetrahydrofuran 137, 139 

as well as 141 and spiro-dihydrofuran 142，similar routes were then utilized to con-

struct natural products 1，5 and 135. Our efforts began with a ketalized hispanolone 

216. The choice of 1,3-dioxolane as the protecting group in this instance was due to its 

stability against basic conditions which were used in the subsequent sequence (vide 

infra). As shown in Scheme 17，the deprotonation-silylation of furan 216 gave an in-

separable mixture of 15-TMS substituted furan 217 and 16-TMS substituted furan 218, 

whose yields were determined by NMR spectrometry. Oxidation of a mixture of 217 

and 218 with peracetic acid as predicted provided a 3:2 mixture of lactones 219 and 

220, which could be separated on silica gel to provide the desired regioisomer 219 in 

45% yield. 

Scheme 17. 

(CH20H)2 1.2.2 equiv 
p-TsOH /i-BuU-TMEDA，0。C 

T ' " C e H e . r e f l u x � T ] ^ 0 � 2 . 2 . 5 e q u i v “ 
95。/。 Me3SIC^Et.O.O^ 

2 216 
_. - - — ‘ •-- —‘ 

SiMeg O 
I MeoS'k JJ Qv 

[ ^ o ^ o / " i i 。 + 》 〉 

I ^ O S i M e a ^^OSiMeg ^ f V o S i M e a ^ ^ ^ O S i M e g 

^ H O V ^ H C ^ y ^ H O ^ ^ H c x y 
Z • — 一 217 55% 218 27% 219 51%— — 220 33% 

As shown in Scheme 18’ the removal of the 9 a—trimethylsilyl protecting group 

of 219 to form alcohol 221 using tetra-n-butylammonium fluoride (TBAF)，200 acidic 
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hydrolysis20i and basic a l c o h o l y s i s ^ ^ ^ gave either undesired products or a low yield of 

the desired compounds. 

Scheme 18. 

O p 

c i ^ o ci、,。 

• • 

224 9% 225 9% 

n-Bu4NF. THF 
-40°C-> rt 

18% 

i A 
Ly〇 ILyO 

i K2CO3 / ~ < 
… MeOH ^ i V o S i M e a BF3•&2O , 

0-> 25°C「 l 〇 CH2Cl2.-10°C , 0 
80% \ 95% 》 

^ H o V M H O ^ 

219 221 

2NHCI 
EtOH 
23°C 

- 96% -

O 

mm 一 

223 40% 222 56% 

Greene and Wuts reported that the acidic stability of trimethylsilyl ether was quite 

dependent on the local steric environment.^^^ For example, the 17a~TMS ether of a 
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steroid was quite difficult to h y d r o l y z e . 2 0 3 Corey and Venkateswarlu also described that 

fluoride ion in THF was a sufficiently strong base to affect the highly sensitive P-ketol 

system so that TBAF could not be used for the desilylation of such sys tem . ^oo view 

of the foregoing results in which treatment of 219 with TBAF gave a mixture of spiro-

lactones 224 and 225 (1:1) in about 10-18% yield’ it seemed reasonable to expect the 

other kind of fluoride reagent to act as an effective desilylation method. Finally, treat-

ment of 219 with 1.5 equivalents of BF3-Et20 gave the desired alcohol 221 in 95% 

yield, after triethylamine work-up (Scheme 18).204 The mechanism for this desilylation 

reaction was proposed in Scheme 19. 

Scheme 19. 

O 』 

.. f V o S I M e , BF3-Et20 . I U o ^ S i M e a ^ 

219 V I I 

o o 
A A 

J T ^ O f l ^ o 

I ^ O H EtsN, HgO 八 f S ^ O B F a -

^ ^ CH.C, r ^ o 

〈 H c x y 〈 H C ^ y 

2 2 1 V I I I 

As shown in Scheme 20’ an intramolecular Michael addition of 221 was triggered 

by l,5-diazabicyclo[4.3.0]non-5-ene (DBN), giving a 1:1 mixture of diastereomers 

spiro-lactone 224 and 225，which could be separated on silica gel to afford the desired 

13/? spiro-lactone 224 in 47% yield. The 135 configuration assigned to 225 was sup-

ported by its i H - i H NOESY spectrum which showed that the C-20 methyl group was 
. - • w - - - - - -
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coupled with the H-14 protones，but not coupled with the H-16. Finally, the 135 con-

figuration of 225 was established by its D IBALH reduction，from which both 226 and 

a crystalline side product 227 were isolated. The X-ray crystallographic analysis of 227 

unequivocally certified its \3S configuration (Figure 14). The acid-catalyzed hydrolysis 

of 226 to the lactol 228，whose hydroxy group was removed by silane reduction's to 

give 135,14J5-dihydroprehispanolone 135. The structure of compound 135 was con-

firmed by i H NMR (Table 11) and ^^C NMR (Table 12) as well as by its MS and ele-

mental analysis. 

Scheme 20. 

O 
11 o P 

乂 o ^ ^ ^ o 

A 仏 H _ m _ . 八 i S ^ O 

^ H O V ^ H q J ^ H O V 

2 2 1 224 47% 225 48% 

OH OH 

r r ^ DIBALH + 
I CHaCia. -78°C , 0 、 、 八 八 

91。/。 ^ T M ^ ^ H 

226 66% 227 25% 

OH 

3 equiv TFA / I ' w / ^ EtgSiH / T ' ? / ^ 
r r r r - l CHaCb BFa^EtaO , 

2 2 6 I " _ - r- f I I _ < 、 , ^ • • t i i i 

I -78。C -> -20。C L i� 丄 CH2CI2 L� 丄 上�
87% -78°C-^25°C 

H 84% i H 

228 135 
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CH 

s 0 

/� 丨、/ . 

一 w / 

C(16) 0(1) C(14)‘ 

C N 9 ) @ , ⑶ 8 ) c (6 ) 

Figure 14. Single crystal X-ray structure of hydroxy lactol 227. 

In principle, the verification of the IŜ S configuration of 225 also indirectly sub-

stantiated the 13/? configuration of 224. Thus，encouraged by the above results, we at-

tempted to shorten the synthetic route to 13R, 14,15-dihydroprehispanolone 5. For this 

purpose, we again investigated the possibility of concomitant deprotection and reduction 
- ^ . - - — • • - -
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of the lactol derived from 224. As shown in following Scheme, 13/Mactone 224 was 

reduced with DIBALH to give lactol 229. Then, lactol 229 was treated with 4 equiva-

lents of Et3SiH and 1.5 equivalents of BF3*Et20 in dichloromethane at -78SC to give di-

rectly the desired 13/?, 14,15-dihydroprehispanolone 5 in 64% yield. 

OH 
r H ：� 。�

〈 T ^ 4 equiv EtaSiH 《 

- ^ y n DIBALH ^ x - v l X P . . . , 1.5 equiv BF3»B20 
1 CH2CI2 I M ^ - ^ o ^ V k A o 

= 64% : 
229 5 

The structure of 5 was confirmed by its ^H NMR (Table 11) and ^^C NMR (Table 

12) spectra as well as by its MS and elemental analysis. The physical and spectroscopic 

properties of 5 were identical with those of a ‘‘natural，，5 obtained through catalytic hy-

drogenation of the natural product 1. Figures 15-17 illustrate the comparision of the ^H 

NMR and ^^C NMR spectra of 13/? - and 13S- dihydroprehispanolone 5 and 135，re-

spectively. 

As outlined in Scheme 21, the desired prehispanolone (1) was prepared in the fol-

lowing way. Thus，treatment of lactol 229 with thiophenol in the presence of tri-

fluroacetic acid (TFA) gave a mixture of sulfides 230，along with the spiro-lactol 231. 

The latter compound could again be transformed into 230 under the same condition. The 

sulfides 230 was oxidized with 1 equivalent of m-chloroperbenzoic acid (m-CPBA) to 

yield the corresponding sulfoxide 232 and hispanolone (2). By this oxidation, howev-

er, lower yield (20%) of sulfoxide 232 was obtained. The above unsatisfactory yield of 

232 probably resulted from the interference of the C-7 keto group with m-chloroperben-

zoic acid. In order to synthesize natural product 1, it is of primary importance to secure a 

relatively large amount of sulfoxide 232. Finally，oxidation of 230 with sodium perio-

date205 in aqueous methanol at room temperature afforded a 67% yield of sulfoxide 

232, which were heated in xylene in the presence of triethylphosphite^^^ to give the de-

sired prehispanolone (1) in 61% yield. The structure of 1 was confirmed by its specific 

— - - --
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rotation, ^H NMR, and ^^C NMR spectra (Figure 18)，which are consistent with the as-

signed structure of the natural prehispanolone (1) isolated from Leonurus heterophyllus. 

Scheme 21. 

OH SPh OH 

八 i V . O PhSH/TFA , 八 V . O 八 i V . O 

• • 一 

229 230 30% 2 3 1 25% 

PhSH/TFA 
CH2CI2. 0°C^25°C 

50% 

SPh SPh 

^ i V o m-CPBA ^ l V » 0� 八 乂�

54。/。 ^ ^ ^ O ^ f i ^ O 

230 232 22% 2 32% 

一 0.5M Nal04 \ ,0 
r T i T l MeOH r ^ P(〇C2H5)3� 广 > ^。… . ， 

I 0°C — 25°C CeHsMe, reflux 1 1 1 
67% * 61% ^ T T ^ ^ O 

1 

_ - - - - - - - -
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CONCLUSION 

In the evaluation of the pharmacological profile of the acetone extracts of 

Leonurus heterophyllus sweet, we have isolated two new labdane diterpenoids, name-

ly prehispanolone (1) (9a, 13/?,14,15-diepoxy-labd- 14-en-7-one) and preleoheterin (3) 

(9a, 13/?, 15 J 6-diepoxy-7 p-hydroxylabd-14-en-6-one). In the PAF radioreceptor 

assay study, it was found that prehispanolone (1) and preleoheterin (3) inhibited 

pHJPAF binding to rabbit platelet membranes with IC50 of 4 x 10"^ M and IC50 of 6 x 

10-6 M，respectively. From the same sources，previously reported known compounds, 

namely，hispanolone (2) (15,16-epoxy-9a-hydroxy-labda-13(16), 14-dien-7-one), leo-

heterin (4) (15’16-epoxy-7p’9a dihydroxylabda-13(16), 14-dien-6-one) and galeopsin 

； (143) (8|3-acetoxy-15,16-epoxy-9a-hydroxy labda-13(16), 14-dien-7-one) were also 

isolated. Their structures are established by means of spectroscopic methods, and by 

chemical modifications of prehispanolone (1) as well as by a partial synthesis of prehis-

panolone (1). 

In order to complete the realization of prehispanolone (1)，13i?,14,15-dihy-

droprehispanolone (5) and 135,14,15-dihydroprehispanolone (135), we have also 

synthesized their corresponding model compounds, namely, 2-methyl-l,7-dioxas- — 

piro[4.4]nonane (137), starting from commercially available 3,3-dimethylacrylic acid 

(145) and 3-furancarboxylic acid (169)，respectively; 2,2-dimethyl-l,7-dioxas-

piro[4.4]nonane (139), 2,2-diphenyl-1,7-dioxaspiro[4.4]nonane (141) and 2,2-

diphenyl-l,7-dioxaspiro[4.4]non-8-ene (142)，starting from commercially available 3-

furancarboxylic acid (169). 

On the basis of the synthetic conditions for the model compounds，we have elab-

orated a general synthetic strategy，by which both 1 and 5’ as well as their respective 

(135)-diastereomer 135 could be obtained from a common key intermediate 2. In order 

to complete the total synthesis of 1，an enandospecific synthesis of the likely less syn-

thetically demanding 217 is in progress. Moreover, the diastereoselective Michael cy-
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clization of 221 to either 224 or 225 is also under active investigation. Finally, in-

depth pharmacological evaluation of these spiro-ether derivatives and related natural 

products is also under active investigation. 

» 

• • - — • • - • ‘ " " • • 

- - - - . 
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EXPERIMENTAL SECTION 
General In format ion 

A l l reagents and solvents were reagent grade. Further purification and drying by 

standard methord^o^ were employed when necessary. Melting and boiling points are 

uncorrected. Optical rotations were taken on a AA-1000 polarimeter and a JASCO DIP-

370 polarimeter. NMR spectra were recorded on a Bruker Cryospec W M 250 spec-

trometer (250 MHz for ^H and 62.5 MHz for ^^C). A l l NMR measurements were car-

ried out at room temperature in chloroform solution，unless otherwise indicated. 

Chemical shifts are reported as parts per million (ppm) in 5 units on the scale down-

field from tetramethylsilane (TMS) or relative to the resonance of chloroform solvent 

(7.26 ppm in the ^H, 77.0 ppm for the central line of the triplet in the ^^C modes, re-

spectively ).Coupling constants (J) are reported in hertz (Hz). Splitting pattern are de-

scribed as s�二 singlet，d = doublet, t = triplet, q = quartet’ quint = quintet, sept = septet, 

oct = octet’ m = multiplet, and further characterized as br = broad, or as appropriate. 

i H NMR data are reported in this order: chemical shifts, multiplicity, coupling con-

stant(s), number(s) of proton. Mass spectral (MS) data were obtained on a VG 7070F 

mass spectrometer, and recorded at an ionization energy of 70 eV. In all cases, signals 

are reported as m/z. Infrared spectra (IR) were taken on a Nicolet FTER or on a 

Perkin-Elmer Model 137. X-ray crystallography studies were taken on Siemens P4 

system (using Mo-Ka radiation,人=0.71073 A). Analytical thin-layer chromatography 

(TLC) was carried out on commercial E. Merck 60 PF254 silica gel plates (Art. 5554). 

E. Merck 70-230 or 230-400 mesh silica gel (Art. 7734 or 9385) was used for column 

chromatography. Elemental analyses were performed at Shanghai Institute of Organic 

Chemistry, Academia Sinica, China. 

[l，,/?,2，/?-(l，，a，2,，a，4，，acx，8，，ap)]-3，,3，，,4,，4，，，4，，a’5，，,6,，,7，，,8，，,8，，a 

-Decahydro-2”，5,，，5，，，8，，a-tetrainethyl-dispiro[furan-3(2/f)，2,(5，JB0-

furan-5，,l,，(2,,//)-naphthalen]-3，，(4,，")-one(l)，[3S-(3a，4a’4ap,8aoc)]-4-
._•- 、 - - ‘ - -
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[ 2 - ( 3 . F u r y l ) - e t h y l ] - ( 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - o c t a h y d r o - 4 - h y d r o x y . 3 , 4 a , 8 , 8 -

te t ra ine thy l -2 (m) .naph tha lenone (2)，[r，/?，2，/?-(r，a，2，，a,4，，a(X，8，，ap)]-

3’，3，，，4，，4’，，4，，a,5，，，6，，，7，，，8，，，8，，a-Decahydro-3,，-hy(lroxy-
2，’，5，，，5，，，8，，a-tetramethyl-dispiro[furan-3(2^)，2，（5，JEO-fiiran-

5，,l,，（2，，H)-naphthalen]-4，，(4，，a/3r)-one (3)，[3S-(3a，4cx,4ap,8aa)]-4-[2-

( 3 - F u r y l ) - e t h y l ] - ( 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - o c t a h y d r o - 2 , 4 - d i h y d r o x y -

3 ,4a ,8 ,8 - te t ramethy l - l (8aH) -naph tha lenone (4) and [3S-(3a,4a,4a|3,8aa)]-

4 - [ 2 - ( 3 - F u r y l ) - e t h y l ] - ( 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - o c t a h y d r o - 3 - a c e t o x y - 4 - h y -

d roxy -3 ,4a ,8 ,8 - te t ramethy l -2 ( l / / ) -naph tha lenone (143) 

For the isolation ofl，2，3，4 and 143，see text. 

The physical and spectroscopic data of 1 and 2 are identical with authentic sam-

ples.U2a 

Single crystal X-ray structure determination of 2: (Siemens P4 system using Mo-

Ka radiation, X = 0.71073 A): C20H30O3，M = 318.22, colorless orthorhombic prism, 

space group (No. 19)，̂：/== 6.778(3)，b = 11.883(7)，c 二 22.499(11)入，p^aic = 

1.170 g cm-3，Z = 4，F(0()0) 二 692’ crystal size 0.12 x 0.44 x 0.52 mm. The structure 

was re f ined using S H E L X T L - P L U S ^ o ^ for 806 observed ref lect ions [ l e ^ ^ x = 50。； IP；丨 

> 6cj(IF。丨)]and 198 variables to Rp = 0.073 and R^pi = 0.085 with the weighting 

scheme w = [a2(l/g) + 0 . 0 0 2 0 1 厂 a n d an extinction parameter x 二 0.0016(5) where 

F^* = F J l + 0.0()2xFc2/sin2e]-"4. Tables of atomic parameters have been deposited at 

Department of Chemistry, CUHK. 

Data for 3: As a colorless oil: [a]^^^ -15.99^(EtOH; c 0.5); ^H NMR (C^Dg) 5 

0.67 (s, 3H), 0.93 (s，3H), 1.10 (d’ 7=6.5 Hz, 3H), 1.20-1.30 (m’ 2H), 1.39 (s, 

3H), 1.35-1.40 (m, 3H)’ 1.55-1.65 (m’ 6H), 2.73 (s，IH)’ 3.80-4.44 (ABq’ 7=10.6 — 

Hz，2H), 3.91 (d，7=10.6 Hz，2H), 4.90 (d, 7=2.6 Hz，IH), 6.26 (d，7=2.6 Hz, IH) ; 

13c NMR (CgD^) 5 13.2’ 18.4，18.7’ 22.5, 29.9, 32.2, 32.7’ 33.0, 37.9’ 42.7，47.9, 
48.2, 57.4，77.5，81.2，92.3, 94.2’ 107.2，148.7，211.8; MS m/z 334 (M+’ 2,1); 

HRMS: m/z (M+) calcd for C20H30O4 334.2136; found: 334.2079. 

92 



Data for 4: As a white solid: mp 99-101 尤；[a]^^^ 47.7。(EtOH; c 0.65); ^H 

NMR (CDCI3) 5 0.90 (s’ 3H), 0.98 (s，3H), 1.26 (d，7=6.5 Hz, 3H), 1.31 (s, 3H), 

1.55-1.65 (m，7H), 1.81-1.96 (m, 4H), 2.49-2.55 (m, 2H), 2.90 (s, IH) , 3.90 (d, 

7=10.6 Hz，IH), 6.29 (s, IH), 7.23 (s’ IH) , 7.38 (s, IH) ; i^C NMR (CDCI3) 5 12.4, 

18.1, 18.2, 21.4, 22.3, 31.8，32.2, 32.7, 34.4, 42.2, 47.7, 49.1，56.1, 77.2,�77.4,�

110.6，124.8’ 138.7，143.2, 211.8; MS m h 334 (M+’ 15.0); Anal. Calcd. for 

C20H30O4： C，71.81; H，9.05. Found: C，71.58; H, 9.02. 

Data for 143: As a white solid: mp 153-154SC，（liti56 mp 154-156SC); ^H NMR 

(CDCI3) S 0.95 (s, 3H), 1.01 (s, 3H), 1.35 (s’ 3H), 1.65 (s, 3H), 1.21-1.65 (m，5H), 

1.70-1.95 (m，3H), 2.20 (s，3H), 2.25-2.70 (m, 6H)，6.45 (s，IH), 7.38 (s, IH) , 

7.50 (s’ IH) ; i^C NMR (CDCI3) 5 15.0, 16.6，17,8，21.1，21.2, 21.4，30.7’ 32.1， 

32.9，34.2，35.9，41.1，44.6，49.6，81.9，88.5，110.8，124.8, 138.6，142.9，168.9, 

206.9. 

3,3-Bis(broinoinethyl)acryI ic acid (146)158 

A solution of 145 (30 g，0.3 mol) and NBS (118 g, 0.66 mol) in CCI4 (600 mL) 

was heated under reflux for 3h during which benzoyl peroxide (0.9 g) was added in 

small portions at 20 min intervals. After heating for an additional Ih，the reaction mix-

— ture was allowed to cool to it. The precipitated succinimide was removed by filtration, 

and the filtrate evaporated under reduced pressure to give a crude 146 which was chro-

matographed on silica gel (elution with hexanes-ethyl acetate, 4:1) to afford 74 g (95%) 

of 146 as a colorless oil: ^H NMR (CDCI3) 5 4.20 (s, 2H)，4.67 (s，2H), 6.08 (s， 

IH) , 10.30 (s’ IH); MS m/z 256 (M+，0.17), 258 (M+2, 0.42), 260 (M十4，0.13). 

3-Broinomethyl-2-buten-4-ol ide (147)158 

To the acid 146 (40 g, 0.16 mol) at rt was added dropwise 5% NaOH (130 mL) 

over Ih，and the milky solution was stirred at rt for 12h. The reaction mixture was ex-

tracted with CH2CI2 (3x100 mL)’ and the combined extracts were washed with saturat-
- . … . - - - “ 
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ed NaHCOg (2x40 mL) and brine (2x100 mL) and dried over anhydrous NazSCV 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 4:1) afforded 19 g (70%) of 1 4 7 as a colorless oil: [liti58 bp 118-121X：,�

(0.6 mmHg)]; ^H NMR (CDCI3) 5 4.18 (s, 2H), 5.00 (m, 2H), 6.18 (m，IH); MS 

m/z 176 (M+，5.62), 178 (M+2，7.03). 

3-(3-Oxo-2-ethoxycarbonyIbutyl)-2-buten-4-olide (148) 
Method A—Alkylation Method^^^ 

To a suspension of NaH (7.48 g，0.24 mol，20% mineral oil) in THF (150 mL) at 

(TC was added dropwise ethyl acetoacetate (28.6 mL，0.23 mol). The pale yellow solu-

tion was stirred at for 30 min. Then the freshly prepared anion solution was added 

to 1 4 7 (20 g, 0.11 mol) at rt. After 6h, the mixture was quenched with I N HCl (100 

mL)，and diluted with ether (300 mL). The organic layer was separated and washed 

I with water (2x50 mL) and brine (2x70 mL) and then dried over anhydrous Na2S04. 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 2:1) afforded 22 g (86%) of 148 as a colorless oil: ^H NMR (CDCI3) 5 

1.17 (t，7=7.2 Hz，3H), 2.19 (s，3H)，2.81 (d, 7=7.2 Hz，2H), 3.75 (t, 7=7.2 Hz’ 3H) 

,4 .66 (br s，2H), 5.70 (t’ 7=1.5 Hz，IH); i^C NMR (CDCI3) 5 13.8，26.1, 28.9, 

57.3, 61.9’ 73.0，116.5，166.7，167.9，173.1，200.2; MS/n/z 226 ( M \ 6.94); Anal. _ .- • 

Calcd. fo rC i iH i405 : C’ 58.39; H，6.24. Found: C，57.77; H，6.23. 

Method B—Peracetic Acid M e t h o d 

To a stirred solution of 32% peracetic acid (0.48 mL，7.08 mmol) and powdered 

anhydrous NaOAc (0.58 g, 7.08 mmol) in CH2CI2 (5 mL) at was added a solution 

of 1 7 5 (0.5 g，1.77 mmol) in CH2CI2 (1 mL). After the mixture was stirred at for 

4 h，saturated NaHCO] (1 mL), and 10% Na2S203 solution (6 mL) were added. The 

aqueous layer was extracted with ether (3x50 mL). The combined extracts were washed 

with brine (2x20 mL)’ and dried over anhydrous NasSO*. Concentration and chro-

matography of the residue on silica gel (elution with hexanes-ethyl acetate, 1:1) afford-

ed 0.24 g (60%) of 148 as a colorless oil. The spectroscopic data of 148 are identical 
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with an authentic sample prepared previously. 

3-(3-Oxobutyl)-2-buten-4-olide (149 )m 
To a stirred solution of 5% NaOH (60 mL，75mmol) at rt was added the ester 

1 4 8 (6 g，26.55 mmol). The mixture was stirred at rt for 3 h, then 2N HCI was added 

until the reaction mixture was acidic (pH 2-3) and the stirring was continued at 50V. for 

Ih. The mixture was extracted with ether (3x100 mL). The combined extracts were 

washed with brine (2x50 mL), and dried over anhydrous NaaSO*. Concentration and 

chromatography of the residue on silica gel (elution with dichloromethane-ethyl acetate, 

2:1) afforded 2.9 g (70%) of 149 as a colorless oil: ^H NMR (CDCI3) 5 2.22 (s，3H), 

2.66 (t，7=5 Hz，2.5 Hz, 2H), 2.80 (t，7=5 Hz, 2.5 Hz, 2H), 4.76 (d，7=2.5 Hz, 2H), 

5.80 (t, 7=1.7 Hz，IH); ^^C NMR (CDCI3) 5 22.1, 29.6, 40.5’ 73.1, 115.6, 169.1， 

173.5, 205.5; MS mh 154 (M+，18.28); HRMS: mh (M+) calcd for C^H^qO^ 

‘ 154.0630; found: 154.0643. 

3-(3-Hydroxybutyl)-2-buten-4.olide (136)172 
To a stirred solution of 1 4 9 (1.4 g’ 9.09 mmol) in dry THF (20 mL) at was 

added NaBH4 (0.1 g，2.64 mmol) in portions. The mixture was stirred until TLC anal-

ysis showed that the reaction was complete (about 3h). The mixture was diluted with 

- w a t e r (5 mL) and acidified with 2N HCI (3 mL) until neutral. The mixture was extract-

ed with ether (3x30 mL), and dried over anhydrous Na^SO*. Concentration and chro-

matography of the residue on silica gel (elution with ethyl acetate) afforded 0.9 g (63%) 

of 136 as a colorless oil: ^H NMR (CDCI3) 5 1.22 (d, 7=12.5 Hz，3H), 1.72 (q, 

7=7.5 Hz，2H), 2.49-2.56 (m，2H), 2,65-2.72 (m, IH) , 3.86 (q, 7=7.5 Hz, IH) , 

4.78-4.81 (dd, 7=2.5 Hz, 2H), 5.86 (del, 7=2.5 Hz，IH); i ^ c NMR (CDCI3) 5 23.4, 

24.7, 36.1’ 66.6，73.1，115.0, 170.9, 174,2; MS m/z 156 (M+’ 2.43), 157 (M+1， 

27.16); AnaLCalcd. for C8H12O3: C, 61.51; H, 7.75. Found: C, 61.46; H, 7.75. 

2-Methyl- l ,7 .dioxaspiro[4.4]nonan-8-one (150)177 
A mixture of 1 3 6 (0.1 g, 0.64 mmol) and K2CO3 (25.57 mg, 0.18 mmol) in 
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MeOH (1.5 mL) was stirred at rt for 15 min and then the mixture was diluted with 

water (2 mL), and extracted with ether (3x15 mL). The combined extracts were washed 

with brine (2x10 mL), and dried over anhydrous NaaSOi. Concentration and chro-

matography of the residue on silica gel (elution with dichloromethane-ethyl acetate, 9:1) 

afforded 30 mg (43%, 30 mg of starting material was recovered) of 1 5 0 as a colorless 

oil, which consisted of a 1:1 mixture of diastereomers of 150: ^H NMR (CDCI3) (A 

isomer) 6 1.25 (d，7=6 Hz，3H), 1.53-1.62 (m, IH)，1.94-2.24 (m, 3H), 2.53-2.77 

(m, 2H), 4.03-4.32 (m’ 3H); (B isomer) 5 1.26 (d，7=6 Hz’ 3H)，most of other sig-

nals partially overlap those for isomer A; IR (film) C=0，（1780, 1739 cm-i); i^C NMR 

(CgDg) (most carbons showed two peaks because of diastereomers) 5 21.1, 21.2, 

32.9，33.3，33.7, 34.1，40.6, 41.3, 75.3, 75.4，76.9，77.6，84.5, 84.6，174.1, 174.3; 

MS mJz 156 (M+，49.79)，157 (M+1，6.93); Anal. Calcd. for CgHizCV C, 61.51; H, 

7.75. Found: C，61.82; H, 7.70. 

2-Methyl-l ,7-dioxaspiro[4.4]nonan-8-ol (151)178 
To a solution of 1 5 0 (60 mg，0.385 mmol) in toluene (1.7 mL) cooled at - 7 8 1 

was slowly added D IBALH in hexane ( IM ’ 0.77 mL，0.77 mmol). After 40 min, the 

mixture was poured into a rapidly stirred mixture of ice (1 g) and HO Ac (0.2 mL), and 

then CHCI3 (20 mL) was added. The two-phase system was stirred vigorously at i t for 

60 mm. The organic layer was separated and washed with saturated NaHCO〗(7 mL), 

and brine (2x7 mL). Concentration and chromatography of the residue on silica gel 

(elution with dichloromethane-ethyl acetate, 9:1) afforded 40 mg (66%) of 1 5 1 as a 

colorless oil，which consisted of a 1:1 mixture of diastereomers of 1 5 1 : ^H NMR 

(CDCI3) (A isomer) 5 1.25-1.35 (m’ 3H), 1.53-1.62 (m, IH) , 1.94-2.22 (m, 4H), 

3.70-3.85 (m, 2H)’ 4.15-4.20 (m, 2H) 5.45，brs ( IH) ; (B isomer), most of other sig-

nals partially overlap those for isomer A ; ^^C NMR (CDCI3) (most carbons showed 

two peaks because of diastereomers) 5 21.2, 21.3，32.1, 32.6, 33.4，44.6’ 45.6, 75.5, 

75.8, 77.5, 77.8, 88.5，98.9，99.5; MS mh 158 (M+，0.58)，159 (M+1, 0.67); Anal. 
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Calcd. forC8Hi403： C，60.72; H，8.92. Found: C, 60.95; H, 9.20. 

2-Methyl-l ,7-dioxaspiro[4.4]nonane (137)178 
To a solution of 151 (50 mg, 0.32 mmol) and EtgSiH (76 ^L , 0.48 mmol) in 

CH2CI2 (2 mL) at -78SC was slowly added BFg.Et^O (47 | iL, 0.38 mmol). After 3h, a 

saturated NaHCO〗 solution (0.5 mL) was introduced, and the cooling bath was re-

moved and the solution allowed to warm to rt with vigorous stirring. The mixture was 

diluted with ether (50 mL), the organic layer was separated, and washed with 10% 

NaHCOj (2x5 mL) and brine (10 mL). Concentration under reduced pressure and 

chromatography of the residue on silica gel (elution with dichloromethane-ethyl acetate, 

5:1) afforded 21 mg (46%) of 137 as a low-boiling colorless liquid，which consisted of 

a 1:1 mixture of diastereomers of 137: ^H NMR (C^D^) (A isomer) 5 1.27 (d, J=6 

Hz，3H), 1.51-1.60 (m，IH), 1.82-2.10 (m，5H), 3.60-3.80 (m’ 2H)，3.83-4.12 (m， 

3H); ( B isomer) 5 1.28 (d，7=6 Hz, 3H), most of other signals partially overlap those 

for isomer A ; HRMS: mh (M-1) calcd forCgHiAO〗141.0912; found: 141.0720. 

Pyridinium hydrobromide perbromide^®^ 
To a solution of pyridine (18 mL, 0.22 mol) and 48% HBr (38 mL, 0.7 mol) at 

一 O'C was added dropwise Br〗(10 mL，0.2 mol). After 2h of stirring, the product was 

filtered, and washed with HO Ac (80 mL). The crude product was recrystallized from 

HO Ac (120 mL) to afford 39 g (61%) of pyridinium hydrobromide perbromide as red 

needles: mp 13M32SC，(lit^o^ mp 132-134SC). 

5-Bronio-3-furoic acid (170)182 

To a solution of pyridinium hydrobromide perbromide (57 g, 0.18 mol) in HO Ac 

( 7 0 mL) was added 3-furoic acid ( 1 6 9 ) (20 g, 0.17 mol). The reaction mixture was 

heated to 35-40SC for 5 h. The hydrogen bromide formed was swept by a steam of N! . 

Then the solvent was evaporated under reduced pressure, and the remaining solid was 

suspended in water，filtered, dried, and sublimed under reduced pressure (106-108^/5 
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mm Hg) to give 20.5 g (60%) of 170 as a white solid: mp 136-137^, (liti82 mp 138-

1 3 9 ^ ) ; i H NMR (CDCI3) 5 6.71 (d，7=1.2 Hz，lH)，8.03 (d，7=1.2 Hz, IH ) , 

9.87 (br.s. 1H);13CNMR (DMSO-J^) 5 111.1，122.3，123.1，149.2, 162.5. 

5-Trimethylsilylfuran-3-carboxyIic acid (171)183 

To a stirred solution of 170 (8 g’ 41.89 mmol) in dry ether (80 mL) under N ! at -

78"C was added dropwise n-butyllithium in hexane (1.6 M，57.6 mL, 92.16 mmol). 

The mixture was stirred at -78SC for 40 min and then trimethylsilylchloride (TMSCl) 

(13.2 mL, 104.8 mmol) was added dropwise with stirring at -78"C. The mixture was 

stirred at -ISX： for 10 min and then the mixture was allowed to reach r t The stirring 

was continued for 2 h at rt，then diluted with water (50 mL) and acidified with 2N HCl 

(150 mL). The mixture was vigorously stirred for 30 min, then diluted with water (150 

mL) and extracted with ether (3x100 mL). The combined extracts were washed with 

• brine (3x50 mL), dried over anhydrous NaaSO* and evaporated to leave a residure 

which was chromatographed on silica gel (elution with hexanes-ethyl acetate, 1:1) to 

give 4.7 g (61%) of 171 as a white solid: mp 85-86^, (lit^^^ mp 85-86SC); ^H NMR 

(CDCI3) 5 0.29 (s，9H), 6.96 (s, IH)，8.28 (s，IH); i ^ c NMR (CDCI3) 5 169.2， 

163.0, 153.0，119.3, 118.8，-1.96 (3); MS m/z 184 (M+’ 18.07), 185 (M+1, 2.15). 

5-Trimethylsilyl-3-furylmethanoI (172)181 
To a stirred solution of LiAlH* (1.28 g, 33.7 mmol) in dry ether (20 mL) was 

added at a rate such as to produce a gentle reflux, a solution of 171 (5 g, 27.13 mmol) 

in dry ether (30 mL). After 2h，water (30 mL) was added cautiously to decompose the 

excess hydride at O'C. Then 10% H2SO4 (45 mL) was added (the flask was cooled in 

an ice-water bath). The reaction mixture was extracted with ether (3x50 mL). The com-

bined extracts were washed with brine (2x20 mL), and dried over anhydrous Na2S04. 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 4:1) afforded 4.2 g (90%) of 172 as a colorless oil: ^H NMR (CDCI3) 5 

0 . 3 6 (s，9H)，4.24 (d, 7=().02Hz, 2H), 6.63. (s，IH), 7.56 (d, 7=0.02 Hz’ IH) ; PC 
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NMR (CDCI3) 5 -1 .62 (3)，1.60, 55.72，119.6, 124.9, 143.9; MS m/z 170 (M+，�

45.20), 171 (M+1,5.68). 

5-TriinethyIsilyl-3-bromomethyl furan (173)180 
To a stirred solution of 1 7 2 (2 g, 0.012 mol) and CBr* (4.88 g, 0.02 mol) in 

CH2CI2 (30 mL) at (TC was added portionwise triphenyl phosphine (4.8 g, 0.02 mol). 

After the addition was completed，the mixture was stirred for an additional Ih, and then 

the solvent was removed in vacuo. Ether (30 mL) was added and the mixture filtered. 

The filter cake was washed with ether (3x50 mL). The combined filtrate and washings 

were concentrated in vacuo to give a residure which was chromatographed on silica gel 

(elution with hexanes-ethyl acetate，6:1) to afford 2.4 g (86%) of 1 7 3 as a colorless 

oil: i H NMR (CDCI3) 5 0.65 (s，9 H) ’ 4.67 (s, 2H )’ 6.94 (s，IH )，7.94 (s, I H )• 

Compound 173 was used immediately in the next step without further purification and 

characterization. 

5-Trimethylsilyl-3-chloromethyl f u ran (174)184 

To a stirred mixture of 1 7 2 (1.59 g, 9.34 mmol) and 5-collidine (1.47 mL，11.2 

mmol) under N〗at was added a solution of L iCl (0.4 g, 9.34 mmol) in DMF (6 

mL). The mixture was treated dropwise with MsCl (0.86 mL，11.2 mmol). After 2h, 

the mixture was poured over ice-water. The aqueous layer was extracted with cold — 

ether-hexane (1:1) (3x30 mL) and the combined extracts were washed with saturated 

CU(N03)2 solution (2x30 mL). The organic extracts were dried with anhydrous 

Na2S04，and concentration at reduced pressure to give 1.7 g (96%) of 1 7 4 as a pale 

yellow oil: [Uti84 bp 90。-9H (10 mmHg)]; ^H NMR (CDCI3) 5 0.21 (s, 9H)，4.50 

(s’ 2H)，6.72 (s，IH), 7.75 (s，IH); i^C NMR (CDCI3) 5 -1.89 (3), 36.87, 120.0, 

122.4, 144.7，161.9; MS mh 188 (M+，2.38). 

Ethyl 2-[5-trimethylsilyl-3-(furylmethyl)]-acetoacetate (175)179 
Condition 
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To a suspension of NaH (0.56 g, 18.85 rnmol, 20% mineral oil) in THF (20 

mL) at (yC was added dropwise ethyl acetoacetate (2.17 mL, 17.14 mmol). The pale 
yellow solution was stirred at 0X1 for 30 min. Then the freshly prepared anion solution 

was added to 173 (2 g, 8.57 mmol) at rt. After 6h, the mixture was quenched with IN 
HCl (10 mL), and diluted with ether (100 mL). The organic layer was separated and 
washed with water (40 mL) and brine (2x40 mL) and then dried over anhydrous 

Na2S04. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 5:1) afforded 2 g (83%) of 175 as a colorless oil: ^H NMR 
(CDCI3) 5 0.21 (s, 9H), 1.25 (t，7=7.0 Hz, 3H)，2.21 (s, 3H), 2.98 ( d, 7= 7.5 Hz, 

2H)’ 3.15 (t，7=7.5 Hz, IH), 4.17 (q, 7=7.1 Hz, 2H), 6.49 (s, IH), 7.45 (s，IH); ^^C 

NMR (CDCI3) 5 -1 .72 (3)，13.9’ 25.3, 29.2, 60.6，61.4，103.8，120.8，121.2, 

143.9, 169.2，202.1; MS m/z 282 (M+，20.66); Anal. Calcd. for Ci4H2204Si: C， 

59.52; H, 7.86. Found: C，59.45; H, 7.46. 

Condition B: 
To a suspension of NaH (0.05 g, 1.58 mmol，20% mineral oil) in THF (5 mL) at 

OX： was added dropwise ethyl acetoacetate (0.15 mL，1.2 mmol). The pale yellow so-

lution was stirred at CTC for 30 min. Then 1 7 4 (0.15 g, 0.79 mmol) the was introduced 

at O t . After 6h, the mixture was quenched with I N HCl (1 mL)，and diluted with ether 

(30 mL). The organic layer was separated and washed with water (10 mL) and brine 

(2x10 mL) and then dried over anhydrous NaaSC^ Concentration and chromatography 

of the residue on silica gel (elution with hexanes-ethyl acetate, 5:1) afforded 56 mg 

(25%) of 175 as a colorless oil: The spectroscopic data of 175 are identical with an au-

thentic sample prepared previously. 

3-Furylinethanol (185)i8i 
To a stirred solution of LiAlH4 (4.2 g, 111 mmol) in dry ether (40 mL) was 

added at a rate such as to produce a gentle reflux, a solution of 1 6 9 (10 g, 8.92 mmol) 

in dry ether (60 mL). After 2h, water (120 mL) was added cautiously to decompose the 

excess hydride at (TC. Then 10% H2SO4 (150 mL) was added (the flask was cooled in 

an ice-water bath). The reaction mixture was extracted with ether (3x100 mL). The 
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combined extracts were washed with brine (3x60 mL)，and dried over anhydrous 

Na2S04. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 3:1) afforded 8 g (91%) of 1 8 5 as a colorless oil: [ l i t ^ bp 79-

80SC，(3 mmHg)]; m NMR (CDCI3) 5 3.28 (brs, IH), 4.44 (s，2H), 6.38 (t, 7=1.6 

Hz, IH) , 7.36 (quint，7=1.6 Hz, 2H); i ^ c NMR (CDCI3) 8 55.2, 109.4, 124.8, 

139.2, 142.6. 

3-Bromoniethyl furan (186)180 
To a stirred solution of 185 (8 g，0.08 mol) and CBr* (32 g, 0.096 mol) in 

CH2CI2 (100 mL) at (TC was added portionwise triphenyl phosphine (33 g, 0.126 

mol). After the addition was completed, the mixture was stirred for an additional 2h, 

and then the solvent was removed in vacuo. Ether (100 mL) was added and the mixture 

filtered. The filter cake was washed with ether (3x1 (K) mL). The combined filtrate and 

‘ washings were concentrated in vacuo to give a residue which was chromatographed on 

silica gel (elution with hexanes-ethyl acetate, 5:1) to afford 12.5 g (95%) of 1 8 6 as a 

colorless oil: ^H NMR (CDCI3) 5 4.36 (s，2H), 6.44 (s，IH), 7.39 (s，IH)，7.47 (s, 

IH). Compound 186 was used immediately in the next step without further purifica-

tion and characterization. 

E thy l 2 - ( 3 - f u r y l m e t h y l ) a c e t o a c e t a t e (187 ) 162 

To a suspension of NaH (1.64 g’ 54.65 mmol’ 20% mineral oil) in THF (20 mL) 

at OX： was added dropwise ethyl acetoacetate (6.3 mL, 49.68 mmol). The pale yellow 

solution was stirred at for 30 min. Then the freshly prepared anion solution was 

added to 1 8 6 (4 g, 24.84 mmol) at i t After 6h，the mixture was quenched with I N -

HCl (40 mL), and diluted with ether (90 mL). The organic layer was separated and 

washed with water (2x30 mL) and brine (2x40 mL) and then dried over anhydrous 

NajSO*. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 5:1) afforded 4.6 g (88%) of 1 8 7 as a colorless oil: ^H 

NMR (CDCI3) 5 1.24 (t’ 7=7.0 Hz, 3H), 2.23 (s，3H), 2.98 ( d，7= 7.5 Hz, 2H), 3.69 
- -

101 



(t, 7=7.5 Hz, IH) , 4.18 (q，7=7.1 Hz, 2H)，6.24 (s, IH) , 7.24 (s, IH), 7.34 (s, IH) ; 

13C NMR (CDCI3) 5 14.7，24.1, 29.9, 61.1, 62.1, 111.6, 121.9, 140.6，143.9, 

169.7’ 202.7; MS mh 210 (M+，16.22); Anal. Calcd. for C11H14O4： C, 62.83; H, 

6.72. Found: C, 62.65; H, 6.81. 

3 - (3 -Oxob i i t y l ) f u ran (188)171 

To a stirred solution of 5% NaOH (30 mL, 0.037 mol) at rt was added the ester 

187 (4.59 g, 0.022 mol). The mixture was stirred at i t for 3 h, then 2N HCI was 

added until the reaction mixture was acidic (pH 2-3) and the stirring was continued at 

5Crc for Ih. The mixture was extracted with ether (3x60 mL). The combined extracts 

were washed with brine (2x40 mL), and dried over anhydrous Na2S04. Concentration 

and chromatography of the residue on silica gel (elution with hexanes-ethyl acetate, 5:1) 

afforded 2.41 g (80%) of 188 as a colorless oil: ^H NMR (CDCI3) 8 2.15 (s, 3H), 
s 

2.69 (s, 4H), 6.25 (s’ IH) , 7.22 (s’lH)，7.34 (s，IH); i ^ c NMR (CDCI3) 5 18.8, 

29.5, 43.5, 110.9，124.0，138.9，142.8，207.6; MS mJz 138 (M+，4.86); Anal. Calcd. 

for C8H10O2： C, 69.54; H，7.29. Found: C，69.57; H，6.91. 

3-(3-Hydroxy-3-methylbutyl)furan (138)194 
To a stirred solution of 188 (7 g, 50.64 mmol) in dry ether (50 mL) under N2 at -

was added dropwise MeLi in ether (1.4M，54.25 mL, 75.96 mmol). The mixture 

was stirred at - 7 8 ^ for 30 min before the mixture was allowed to reach i t and the stir-

ring was continued for an additional 5h. The mixture was diluted with water (50 mL) 

and acidif ied wi th 2N HCI (30 mL), and extracted wi th ether (3x100 mL) . 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 5:1) afforded 5.1 g (65%) of 138 as a colorless oil: ^H NMR (CDCI3) 5 

1.27 (s，6H)，1.75 (t’ 7=5.1 Hz, 2H), 2.52 (t，7=5.1 Hz’ 2H), 6.28 (s，IH)，7.23 (s， 

IH) , 7.36 (s’ IH); 13C NMR (CDCI3) 5 20.4’ 29.9 (2)’ 44.7, 71.4’ 111.6，125.8, 

139.6’ 143.4; MS mh 154 (M+，7.81); Anal. Calcd. for C9H14O2： C’ 70.08; H’ 9.15. 
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Found: C，70.30; H，9.27. 

2-TrimethyIs i ly l -4- (3- tr imethyls i loxy-3-methylbutyl ) furan (189)，2-
triinethylsilyl-3-(3-trimethylsiloxy-3-methylbutyl)furan (190) and 2,5-
bis(trimethylsilyl)-3-(3-trimethylsiloxy-3-methylbutyl)furan (191)193 

To a mixture of TMEDA (2.67 mL，17.84 mmol) and n-BuLi in hexane (12.74 

mL’ 1.4M，17.84 mmol) at O Ĉ was added a solution of 138 (1.25 g, 8.11 mmol) in 

dry ether (17 mL). After 30 min, TMSCl (2.56 mL’ 20.17 mmol) was added at OX：. 

After an additional 30 min, the mixture was allowed to reach rt. The stirring was con-

tinued at rt for 5h, then the mixture was diluted with water (20 mL)，acidified with 2N 

HCl (20 mL)，and extracted with ether (3x100 mL). Concentration and chromatography 

of the residue on silica gel (elution with hexanes) afforded 1.6 g (64.5%) of a 2:1 mix-

ture of 189 and 190 as well as 0.5 g (16%) of 191. 

Higher Rf isomer 191: A colorless oil: ^H NMR (CDCI3) 5 0.11 (s, 9H), 0.22 

.、 (s，9H)，0.28 (s，9H), 1.26 (s, 6H)，1.62 (t，7=4.4 Hz, 2H), 2.53 (t，7=4.4 Hz, 2H), 

6.48 (s, IH) ; 13C NMR (CDCI3) 5 -0.81(3), -0.32(3), 3.6(3), 21.1, 30.5, 47.6, 74.4, 

121.9, 136.4, 159.4，164.6; MS mh 370 (M+，1.91); Anal. Calcd. for Ci8H3g02Si3：�

C，58.37; H，10.34. Found: C’ 58.50; H，10.30. 

Lower isomers 189 and 190 were an inseparable mixture. 

Data for 189: Asa colorless oil: ^H NMR (CDCI3) 5 0,16 (s，9H)，0.26 (s, 9H), 

1.27 (s’ 6H), 1.71 (t, 7=3.3 Hz, 2H), 2.48 (t, 7=3.3 Hz，2H), 6.52 (s, IH) , 7.41 

(s，lH); 13C NMR (CDCI3) 5 -1.58(3), 2.61(3)，19.6’ 29.9(3), 45.5，73.7, 111.2, 

125.6, 142.8, 145.4; MS mh 298 (M+，0.15). 

Data for 190: As a colorless oil: ^H NMR (CDCI3) 5 0.16 (s，9H), 0.32 (s, 9H), 

1.27 (s, 6H), 1.64 (t，7=3.3 Hz，—2H)，2.56 (t, ^=3.3 Hz，2H), 6.27 (s，IH), 7.52 (s, 

1H) ; ] 3C NMR (CDCI3) 5 -0.96(3), 2.61(3), 20.6，29.9(3), 46.8，73.7, 125.6， 

136.0, 153.9, 160.4. 

Anal. Calcd. for CisHgoOjSi〗：C, 60.37; H，10.14. Found: C，60.25; H, 

10.21. 
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3-(3-Trimethylsnoxy-3-methylbutyl ) -2-buten-4-ol ide (192) and 2-(3-
trimethylsiloxy.3-inethylbutyl)-2-buten-4-olide (193)i9i 

To a stirred solution of 32% peracetic acid (2.29 mL, 34.06 mmol) and powdered 

anhydrous NaOAc (1.39 g, 17.03 mmol) in CH2CI2 (12 mL) at was added a mix-

ture o f 1 8 9 and 1 9 0 (1.27 g, 4.26 mmol) in CH2CI2 (4 mL). After the mixture was 

stirred at 7X： for 4 h，saturated NaHCO〗(3 mL), and 10% NazSjOj solution (15 mL) 

were added. The aqueous layer was extracted with ether (3x80 mL). The combined ex-

tracts were washed with brine (2x40 mL)，and dried over anhydrous Na2S04. 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

dichloromethane, 1:1) afforded 330 mg (32%) of 192 and 227 mg (22%) of 193. 

Higher Rf isomer 193 as a colorless oil: ^H NMR (CDCI3) 5 0.08 (s, 9H), 1.23 

(s, 6H), 1.65 (t’ 7=6.7 Hz，2H)，2.33 (t，7=6.7 Hz, 2H)’ 4.74 (s，2H)，7.06 (s, IH ) ; 

13C NMR (GDCI3) 5 2.46(3), 20.47, 29.7(2), 42.3, 69.9’ 73.3, 135.0，143.4，174.2; 

MS m/z 153 (M-MesSiO’ 5.41); Anal. Calcd. for CizHszOsSi: C, 59.46; H, 9.15. 

Found: C, 60.02; H, 10.00. 

Lower Rf isomer 192 as a colorless oil: ^H NMR (CDCI3) 5 0.07 (s, 9H), 1.19 

(s，6H), 1.66 (t，7=7.0 Hz’ 2H), 2.46 (t，7=7.0 Hz, 2H), 4.73 (s，2H), 5.78 (s，IH); 

13C NMR (CDCI3) 5 2.32(3), 23.6, 29.6(2), 41.9, 72.9(2), 114.9’ 171.1，173.9; MS 

m/z 243 (M+1，0.35); Anal. Calcd. for CizHszOsSi: C，59.46; H, 9.15. Found: C, 

59.52; H, 9.72. 

3.(3-Hydroxy.3-methylbuty l ) -2-buten-4-ol ide (194)195 

To a stirred solution of 1 9 2 (245 mg, 1.01 mmol) in MeOH (7 mL) at rt was 

—slowly added a solution of HO Ac (0.17 mL) and water (1.5 mL). After 15min, the 

mixture was diluted with ether (30 mL) and then 2M NaHCOj (5 mL) was added. The 

organic layer was separated, the aqueous phase was extracted with ether (2x20 mL). 

The combined extracts were washed with brine (2x30 mL), and dried over anhydrous 

Na^SO*. Concentration and chromatography of the residue on silica gel (elution with 

dichloromethane-ethyl acetate, 2:1) afforded 155 mg (90%) of 1 9 4 
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as a colorless oil: ^HNMR (CDCI3) 5 1.23 (s, 6H), 1.71 (t，7=7.1 Hz，2H), 2.49 (t， 

7=7.1 Hz, 2H)，4.72 (s，2H), 5.79 (s, IH) ; i ^ c NMR (CDCI3) 5 23.5, 29.3(2), 40.6’ 

70.0, 73.1’ 115.2，170.6’ 174.0; MS ni/z 170 (M+，7.72); Anal. Calcd. for C9H14O3：�

C，63.49; H，8.29. Found: C, 62.81; H, 8.92. 

2,2-Dimethyl-l ,7-dioxaspiro[4.4]nonan-8-one ( 1 9 5 ” ” 
A mixture of 1 9 4 (190 mg, 1.12 mmol) and K2CO3 (38.6 mg, 0.28 mmol) in 

MeOH (4 mL) was stirred at rt for 15 min and then the mixture was diluted with water 

(5 mL), and extracted with ether (3x30 mL). The combined extracts were washed with 

brine (2x20 mL)，and dried over anhydrous NazSO*. Concentration and chromatogra-

‘ phy of the residue on silica gel (elution with dichloromethane-ethyl acetate, 9:1) afford-

ed 78 mg (53%, 42 mg of starting material was recovered) of 195 as a colorless oil: ^H 

NMR (CDCI3) 5 1.24 (d’ 7=6.0 Hz, 6H)’ 1.83 (t，7=6.7 Hz，2H), 2.08 (t, 7=6.7 Hz, 

2H)，2.49-2.69 (ABq, 7=17.4 Hz，2H), 4.13-4.23 (ABq, 7=9.5 Hz’ 2H); ^^C NMR 

(CgD^) 5 28.8，34.8，38.8, 41.7，78.1, 82.0，84.8, 174.3; MS m/z 170 (M+, 14.26); 

Anal. Calcd. for C9H14O3： C’ 63.49; H，8.29. Found: C，63.74; H，7.92. 

2,2-Diinethyl-l ,7.dioxaspiro[4.4]nonan-8-ol ( 1 9 6 )口 8 

- - - - - - -

To a solution of 195 (74 mg, 0.44 mmol) in toluene (2 mL) cooled at -7SX： was 

slowly added D IBALH in hexane ( IM , 0.87 mL，0.87 mmol). After 40 min, the mix-

ture was poured into a rapidly stirred mixture of ice (1 g) and HOAc (0.2 mL), and then 

CHCI3 (25 mL) was added. The two-phase system was stirred vigorously at rt for 60 

min. The organic layer was separated and washed with saturated NaHCO〗(7 mL), and 

brine (2x7 mL). Concentration and chromatography of the residue on silica gel (elution 

with dichloromethane-ethyl acetate, 9:1) afforded 50 mg (67%) of 1 9 6 as a colorless 

oil，which consisted of a 1:1 mixture of diastereomers of 196: ^H NMR (CDCI3) (A 

isomer) 5 1.24 (d，7=8.1 Hz，6H), 1.79-1.94 (m，2H), 1.98-2.35 (m，2H), 3.67-3.92 

(ABq’ J=9.0 Hz’ 2H), 4.08-4.29 (ABq’ 7=11.8 Hz’ 2H)，5.38 (m，IH); ( B isomer) 5 . - -
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1.26 (d，J=13 Hz, 3H), most of other signals partially overlap those for isomer A ; ^^C 

NMR (CgD^) (most carbons showed two peaks because of diastereomers) 5 28.9, 

29.2，33.5，35.4，38.8，39.0，46.4，48.0，77.4，77.6，80.7，81.9, 88.8，89.1，99.3， 

99.7; MS m/z 172 (M+’ 1.06); Anal. Calcd. for C9H16O3： C，62.75; H, 9.37. Found: 

C, 62.08; H, 7.94. 

2,2-Dimethyl-l ,7-dioxaspiro[4.4]nonane (139)178 179 
To a solution of 196 (20 mg, 0.12 mmol) and EtgSiH (28 ^iL’ 0.18 mmol) in 

CH2CI2 (2 mL) at - 7 8 ^ was slowly added BFi.Et^O (17 |lL，0.14 mmol). After 3h，a 

saturated NaHCO) solution (0.3 mL) was introduced，and the cooling bath was re-

moved and the solution allowed to warm to rt with vigorous stirring. The mixture was 

diluted with ether (30 mL)，the organic layer was separated, and washed with 10% 

: NaHCOs (5 mL) and brine (10 mL). Concentration under reduced pressure and chro-

matography of the residue on silica gel (elution with dichloromethane-ethyl acetate, 5:1) 

afforded 9.1 mg (50%) of 139 as a low-boiling colorless liquid: ^H NMR (CDCI3) 5 

1.20 (d, 7=9.6 Hz, 6H), 1.71-1.85 (m’ 3H), 1.95-2.05 (m, 3H), 3.58-3.60 (ABq, 

7=8.8 Hz, 2H)，3.81-3.92 (m, 2H); ^^c NMR (C^D^) 8 29.2，35.8, 39.1, 40.6, 

67.8，78.6，80.7，89.4; MS m/z 156 (M+，2.12); Anal. Calcd. for C9H16O2: C, 69.18; 

H, 10.32. Found: C, 70.16; H, 9.19. — 

Ethyl 2-(3-furylmethyl)benzoylacetate (205)口 9 

To a suspension of NaH (8.19 g, 0.27 mol, 20% mineral oil) in THF (110 mL) at 

09C was added dropwise ethyl benzoylacetate (43 mL，0.25 mol). The pale yellow so-

lution was stirred at O'C for 30 min. Then the freshly prepared anion solution was 

added to 186 (20 g’ 0.12 mol) at rt. After 6h’ the mixture was quenched with I N HCI 

(100 mL), and diluted with ether (300 mL). The organic layer was separated and 

washed with water (2x50 mL) and brine (2x70 mL) and then dried over anhydrous 

Na2S04. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, .10:1) afforded 30.4 g (90%) of 205 as a colorless 
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oil: i H NMR (CDCI3) 5 1.11 (t，7=7 Hz，3H), 3.15 (d, 7=7.3 Hz, 2H), 4.10 (q, J:1 

Hz，2H)，4.57 (t，7=7.3 Hz，IH), 6.27 (t，7=0.8 Hz, IH)，7.24 (d, 7= 0.8 Hz, IH) , 

7.28 (d，7=1.4 Hz’ IH) , 7.43 (t, 7=7.4 Hz，2H)，7.55’(t，7=13.4 Hz, IH), 7.98 (dd, 

7=1.5 Hz，1.5 Hz，2H); i ^ c NMR (CDCI3) 5 13.6’ 23.9, 54.8’ 61.2, 110.8，121.2, 

128.4，133.3，135.9，139.7’ 142.7，168.9，194.2; MS mJz 272 (M+，7.72); Anal. 

Calcd. forCi6Hi604: C，70.56; H, 5.93. Found: C, 70.31; H，5.97. 

3-(3-Oxo-3-phenylpropyl)furan (206)i7i 
To a stirred solution of 5% NaOH (100 mL, 125mmol) at rt was added the ester 

2 0 5 (15 g，55 mmol). The mixture was stirred at rt for 3 h, then 2N HCl was added 

until the reaction mixture was acidic (pH 2-3) and the stirring was continued at for 

Ih. The mixture was extracted with ether (3x100 mL). The combined extracts were 

washed with brine (2x50 mL), and dried over anhydrous Na2S04. Concentration and 

chromatography of the residue on silica gel (elution with hexanes-ethyl acetate, 10:1) 

afforded 7.8 g (71%) of 166 as a colorless oil: iR NMR (CDCI3) 8 2.87 (t, 7=7.3 Hz， 

2H) 3.22 (t，7=7.3 Hz, 2H), 7.14 (s, IH), 7.27 (d，7=0.5 Hz，lH)，7.34 (d, 7=1.4 Hz, 

IH) , 7.45 (q, 7=7 Hz, 2H), 7.54 (d, 7=7 Hz，IH), 7.96 (dd, 7=1.4 Hz，1.4 Hz, 2H); 

13CNMR (CDCI3) 8 19.3, 39.0, 110.9，124.1, 127.9，128.5, 132.9, 137.0, 139.1, 

142.8’ 199.0; MS m/z 200 (M+’ 10.24); Anal. Calcd. for C13H12O2： C, 77.97; H, 

6.04. Found: C, 77.66; H, 5.94. 

Solution of phenyllithium in dry ether^o^ 
A 1-litre three-necked flask was equipped with a dropping funnel, a drying tube 

and a reflux condenser. The apparatus was flushed with dry, oxygen-free nitrogen gas. 

To a suspension of lithium shavings (7.35 g, 1.06 mol) in dry ether (30 mL) was 

added at a rate such as to produce a gentle reflux, a solution of dry，redistilled bro 

mobenzene (78.5 g, 0.5 mol) in anhydrous ether (250 mL). After 30 min，dry ether (50 

mL) was introduced. The stirring was continued at rt for 2h. The yield of phenyllithium 

is 96%, based on titrating the hydrolysate with a standardized acid.209 
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3.(3-Hydroxy-3,3-diphenyIpropyl)furan (140)194 
To a stirred solution of 167 (6.4 g, 0.03 mol) in dry ether (30 mL) under N ! at -

was added dropwise phenyllithium in ether (96%,^ 44.5 mL，0.07 mol). The mix-

ture was stirred at -TS'C for 30 min before the mixture was allowed to reach i t and the 

stirring was continued for an additional 5h. The mixture was diluted with water (50 

mL) and acidified with 2N HCl (30 mL)，and extracted with ether (3x100 mL). 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate，5:1) afforded 8 g (89%) of 140 as a white solid: mp 78-79^; ^H NMR 

(CDCI3) 5 2.34-2.49 (m, 4H), 6.17 (d, 7=0.6 Hz, IH), 7.09 (s，IH), 7.17-7.27 (m, 

7H)，7.37 (m’ 4H); ^^C NMR (CDCI3) 5 19.3，42.1, 78.0’ 110.8，124.8, 125.8, 

125.9, 126.8，128.1’ 138.6，142.6, 146.7; MS m/z 278 (M+，2.77); Anal. Calcd. for 

C19H18O2： C，81.98; H, 6.52. Found: C，81.85; H，6.42. 

2-Triinethylsilyl-4-(3-triinethylsiloxy-3,3-diphenylpropyl)furan (207) and 
2.Trimethylsilyl-3-(3-trimethylsiloxy-3,3-diphenylpropyl)furan (208)193 

To a mixture of TMEDA (7.8 mL, 0.052 mol) andn-BuLi in hexane (37.25 mL, 

1.4M，0.052 mol) at O^C was added a solution of 140 (6.6 g，0.024 mol) in dry ether 

(50 mL). After 30 min, TMSCl (7.5 mL，0.059 mol) was added at OV. After an addi-

tional 30 min，the mixture was allowed to reach r t The stirring was continued at rt for 

5h, then the mixture was diluted with water (40 mL), acidified with 2N HCl (50 mL), 

and extracted with ether (3x100 mL). Concentration and chromatography of the residue 

on silica gel (elution with hexanes) afforded 5.1 g (50%) of 2 0 7 and 4.69 g (47%) of 

208 as an inseparable mixture. 

Data for 2 0 7 : As a colorless oil: ^H NMR (CDCI3) 8 0.24 (s, 9H), 0.37 (s, 9H), 

2.56-2.63 (m, 2H), 2.78-2.84 (m, 2H), 6.74 (s, IH) , 7.50-7.65 (m, lOH), 7.63 (s, 

IH) ; 13C NMR (CDCI3) 5 -1.22(3), 1.90(3)，20.1，43.0, 80.8，110.9，121.0, 126.7, 

126.8，126.9，127.1, 127.7，146.0，147.5，147.6; MS m/z 423 (M+，2.11), 422 (M-1, 

4.17). 

Data for 208: As a colorless oil: ^H NMR (CDCI3) 5 0.21 (s, 9H), 0.54 (s, 9H), 
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2.45-2.56 (m，2H), 2.82-2.90 (m, 2H), 6.57 (s，IH), 7.50-7.65 (m，lOH), 7.82 (s, 
IH); 13C NMR (CDCI3) 5 -1.63(3)，1.83(3), 19.1，41.7，80.7, 126.7，126.8’ 126.9, 
127.1’ 127.7, 135.4，142.8, 147.5，154.5，160.5. ， 

Anal. Calcd. for CasHssOaSi】：C，70.89; H，8.33. Found: C’ 70.86; H, 8.27. 

3.(3-Trimethylsi loxy.3,3-diphenyIpropyl)-2.buten-4-oIide (209) and 2-
(3-Triniethylsiloxy.3,3-diphenylpropyl)-2.buten-4-olide (210)191 

To a stirred solution of 32% peracetic acid (2.27 mL, 33.73 mmol) and powdered 

anhydrous NaOAc (2.78 g, 33.89 mmol) in CH2CI2 (6 mL) at Ô C was added a solu-
tion of a mixture of 207 and 208 (3.6 g, 8.49 mmol) in CH2CI2 (4 mL). After the 
mixture was stirred at for 4 h，saturated NaHCO; (10 mL), and 10% NaaSzO] so-
lution (40 mL) were added. The aqueous layer was extracted with ether (3x80 mL). 
The combined extracts were washed with brine (2x50 mL), and dried over anhydrous 

Na2S04. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 3:1) afforded 1.05 g (48%, 1.07 g of starting material was re-
covered) of 209 and 0.74 g (34%) of 210，respectively. 

Higher Rjr isomer 209 as colorless needles: mp 93-94SC; ^H NMR (CDCI3) 5 
0.24 (s, 9H), 2.56 (t, 7=7.4 Hz，2H)，2.93 (t, 7=7.4 Hz’ 2H), 4.97 (s, 2H), 6.16 (s, 

IH), 7.57-7.67 (m，lOH); i^c NMR (CDCI3) 5 1.69(3)，23.3, 38.6, 72.9, 80.2, 
115.1’ 126.8，127.1，127.8’ 127.9, 146.5, 170.5, 173.7; MS m/z 277 (M-McsSiO, 

0.39); Anal. Calcd. for C^aHzfiOsSi: C, 72.10; H, 7.15. Found: C, 72.01; H, 7.15. 
Lower Rf isomer 210 as a colorless oil: ^H NMR (CDCI3) 8 0.24 (s，9H), 2.49 

(t, 7=6.5 Hz，2H)’ 2.91 (t，7=6.5 Hz’ 2H), 4.92 (s, 2H), 7.24 (s, IH), 7.46-7.67 (m, 
lOH); 13c NMR (CDCI3) 8 1.63(3)，20.2，38.4, 69.8, 80.2’ 126.8, 127.7，134.1， 

143.8，147.0，173.8; MS in/z 277 (M-MesSiO，0.59); Anal. Calcd. for C^jHjsOsSi: 

C, 72.10; H, 7.15. Found: C，72.47; H, 6.89. 

3-(3-Hydroxy-3,3-diphenylpropyl).2.buten-4-olide (211)195 
To a solution of 209 (0.96 g, 2.62 mmol) in MeOH (30 mL) at rt was added a so-
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lution of 2N HCI (5 mL). After 20 min，the solid product was filtered, and recrystal-

lized (from hexanes-ethyl acetate, 1:1) to afford 705 mg (100%) of 211 as colorless 

needles: mp 127-128^; ^H NMR (CDCI3) 5 1.60 (brs; IH), 2.38 (t，7=7.1 Hz, 2H), 

2.57 (t，7=7.1 Hz, 2H)，4.66 (s，2H)，5.79 (s，IH)，7.26-7.42 (m, lOH); ^^C NMR 

( D M F - 4 ) 5 22.9, 38.4, 72.8，76.3，113.7，125.7’ 125.9，127.5, 147.7，172.3, 

173.5; MS m/z 294 (M+，9.92); Anal. Calcd. for C19H18O3： C, 77.53; H, 6.16. 

Found: C, 77.56; H，6.05. 

2,2-Diphenyl-l ,7-dioxaspiro[4.4]nonan-8-one (212)177 
A mixture of 211 (700 mg, 2.38 mmol) and K2CO3 (173 mg, 1.25 mmol) in 

MeOH (40 mL) was stirred at i t for 15 min and then the mixture was diluted with water 

(12 mL)，and extracted with ether (3x60 mL). The combined extracts were washed with 

brine (2x50 mL), and dried over anhydrous NaaSO*. Concentration and chromatogra-

phy of the residue on silica gel (elution with hexanes-ethyl acetate, 3:1) afforded 516 

mg (80%, 60 mg of starting material was recovered) of 212 as colorless needles: mp 

126-127^; iR NMR (CDCI3) 5 2.11 (t, J=5.5 Hz, 2H), 2.70 (t, 7=5.5 Hz, 2H), 

2.54-2.88 (ABq, 7=17.4 Hz，2H), 4.14-4.39 (ABq，7=9.6 Hz, 2H), 7.21-7.43 (m, 

lOH); 13c NMR (CDCI3) S 35.0, 38.4，41.3, 77.8, 85.4’ 89.4，125.4, 125.5, 127.1, 

128.3，145.9, 146.0,174.8; MS mh 294 (M+，48.02); Anal. Calcd. forCigHisO^: C, 

77.53; H，6.16. Found: C, 77.32; H，5.99. 

Single crystal X-ray structure determination of 212: (Siemens P4 system using 

Mo-i^a radiation，\ - 0.71073 A): C19H18O3, M = 294.3, colorless orthorhombic 

prism，space group (No. 19)，a = 6.214(2), b = 12.113(5), c = 20.151(6)入，�

Pcaic = 1.289 g cm-3，Z = 4，F(()00) = 624，crystal size 0.32 x 0.36 x 0.45 mm. The 

structure was refined using SHELXTL-PLUS^o^ for 1332 observed reflections 
= 5 5 ° ； IFJ > 6o(IFJ)] and 199 variables to Rp = 0.046 and R^pi = 0.063 with the 

weighting scheme w = [c'^QFJ) + 0.0013IF^P]-i and an extinction parameter % = 

0.0016(5) where F / = + Tables of atomic parameters have 
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been deposited at Department of Chemistry, CUHK. 

2,2.Diphenyl- l ,7-dioxaspiro[4.4]nonan-8-ol (213)i78’i96 
To a solution of 2 1 2 (182 mg, 0.62 mmol) in CH2CI2 (7 mL) at -78SC was slow-

ly added D IBALH in hexane (1.24 mL, IM，1.24 mmol). After Ih，the mixture was 

quenched with MeOH (0.5 mL), and saturated aqueous Na/K tartrate (2 mL) was 

added，and the solution was stirred at for Ih. The mixture was diluted with CH2CI2 

(50 mL), the organic layer was washed with brine (2x10 mL). Concentration and chro-

matography of the residue on silica gel (elution with hexanes-ethyl acetate, 2:1) afford-

ed 148 mg (81%) of 2 1 3 as a colorless oil, which consisted of a 1:1 mixture of di-

astereomers of 2 1 3 : ^H NMR (CDCI3) (A isomer) 5 1.91-2.15 (m, 3H), 2.49-2.71 

(m，3H), 4.39 (q, 7=9.1 Hz, IH) , 3.65-4.25 (ABq, 7=9.2 Hz, 2H), 5.48 (m, IH) , 

7.21-7.39 (m, lOH); (B isomer), most of other signals partially overlap those for iso-

mer A ; 13c NMR (CDCI3) (most carbons showed two peaks because of diastereomers) 

8 32.9，35.2, 38.7，39.1，45.5’ 47.0’ 77.5, 88.3, 89.6, 98.9，99.5, 125.6, 125.7, 

125.9, 126.0, 126.6, 126.9’ 127.3’ 128.0，128.2, 128.3, 146.1，146.3; MS mJz 296 

(M+, 2.22); Anal. Calcd. for C19H20O3： C, 76.99; H, 6.81. Found: C, 77.16; H, 

6.41. 

2 ,2 -D ipheny l - l , 7 -d ioxasp i ro [4 .4 ]nonane (141)196 

To a solution of 213 (40 mg, 0.13 mmol) in CH2CI2 (7 mL) and EtgSiH (64 

0.4 mmol) at -78SC was slowly added TFA (31 jiL，0.4 mmol). After 3h, the mix-

ture was allowed to reach O'C, and 10% NazCO〗(1 mL) was added at OSC. The mix-

ture was diluted wi th CH2CI2 (50 mL), and washed wi th brine (2x10 mL). 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 3:1) afforded 30 mg (82%) of 141 as a colorless oil: ^H NMR (CDCI3) 5 

1.86-1.91 (m，IH), 1.97-2.16 (m, 2H), 2.20-2.28 (m，IH), 2.64-2.70 (m’ 2H), 3.62-

3.92 (ABq, 7=9.0 Hz, 2H), 3.90-3.98 (m，IH)，4.02-4.08 (m，IH), 7.19-7.35 (m, 
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6H)’ 7.41-7.50 (m’ 4H); i ^ c NMR (CDCI3) S 34.9，39.2, 39.6’ 67.9, 77.5, 88.4, 
« 

90.1, 125.8，126.6, 128.1，147.2; MS m/z 280 (M+，5.32); Anal. Calcd. for 

C19H20O2： C，81.38; H，7.19. Found: C，81.71; H，7.04. 

8-PhenylsuIfenyl-2,2-diphenyl-l,7-dioxaspiro[4.4]nonane (214)199 
A solution of 2 1 3 (126 mg, 0.43 mmol), thiophenol (88 jiL，1.28 mmol), and 

TFA (6.5 \ i U 0.09 mmol) in CH2CI2 (7 mL) was stirred for 15h at rt. The solution 

was diluted with CH2CI2 (40 mL) and washed with 5% NasCO] (2x10 mL), and brine 

(2x20 mL). Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 7:1) afforded 132 mg (80%) of 2 1 4 as a 1:1 separable diastere-

omers. 

Higher Rj： isomer as a colorless oil: ^H NMR (CDCI3) 5 1.95-2.10 (m, 2H), 

2.40 (d，7=7.6 Hz，2H)，2.60-2.72 (m, 2H)，3.62-4.25 (ABq，7=8.8 Hz, 2H), 5.62 

(t, 7=7.6 Hz，IH), 7.20-7.35 (m，9H), 7.42-7.56 (m, 6H); ^^c NMR (CDCI3) 8 36.8, 

38.9, 45.7, 75.6，87.1, 88.3’ 125.7, 125.8, 126.8, 126.9，128.2, 128.8, 131.2, 

146.6; HRMS: tn/z (M+) calcd for C25H24O2S 388.1498; found: 388.1476. 

Lower Rjr isomer as a colorless oil: ^H NMR (CDCI3) 8 2.01-2.10 (in, 3H), 

2.65-2.78 (m, 3H), 3.89-4.02 (ABq, 7=9.4 Hz，2H)，5.86 (t, 7=6.9 Hz, IH) , 7.20-

7.35 (m, I I H ) , 7.38-7.58 (m, 4H); Anal. Calcd. for C25H24O2S: C，77.29; H, 6.23. 

Found: C，77.47; H, 6.20. 

8-Phenylsulfinyl-2,2-diphenyI-l ,7-dioxaspiro[4.4]nonane (215)199 
To a solution of 2 1 4 (79 mg，0.2 mmol) in CH2CI2 (5 mL) at OSC was added a 

solution of m-CPBA (42 mg, 0.24 mmol) in CH2CI2 (1.5 mL). After Ih, the mixture 

was diluted with CH2CI2 (50 mL), washed with 5% NazCO] (2x10 mL), and brine 

(2x20 mL). Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 1:1) afforded 70 mg (84%) of 215 as a colorless oil: 1H NMR 

112 



(CDCI3) 5 2.05-2.18 (m, 3H)，2.60-2.71 (m，2H), 3.05-3.15 (m’ IH) , 3.70-4.12 

(ABq, 7=8.8 Hz，2H)，4.65-4.72 (m’ IH)，7.25-7.61 (m，12H)，7.62-7.71 (m, 3H). 

Compound 215 was used immediately in the next step without further purification and 

characterization. 

2,2-Diphenyl- l ,7-dioxaspiro[4.4]non-8-ene (142)199 
A solution of 215 (30 mg，0.074 mmol) and triethyl phosphite (64.5 | iL, 0.04 

mmol) in toluene (7 mL) was refluxed for 2h under N〗.Concentration and chromatog-

raphy of the residue on silica gel (elution with hexanes-ethyl acetate, 10:1) afforded 

11.5 mg (55%) of 142 as a white solid: mp 104-105SC; ^H NMR (CDCI3) 5 2.01-2.15 

(m, 2H)，2.64 (t，7=7.0 Hz, 2H)，4.01-4.45 (ABq, 7=10.5 Hz, 2H)，5.09 (s, IH) , 

6.55 (s’ IH) , 7.19-7.30 (m, 7H), 7.40-7.49 (m’ 3H); ^^C NMR (CDCI3) 5 36.8, 

39.2’ 80.5, 88.2, 92.3，106.2, 125.8, 125.9, 126.7, 126.8，128.0, 128.1, 147.1, 
149.1; MS in/z 278 (M+, 15.50); Anal. Calcd. for C19H18O2： C, 81.97; H, 6.52. 

Found: C，82.29; H, 6.61. 

[ 3 5 - ( 3 a , 4 a , 4 a p , 8 a a ) ] - 2 - ( l , 3 - D i o x o l a n . 2 - y l ) - 4 - [ 2 - ( 3 - f u r y l ) - e t h y l ] . 
( l , 2 , 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - d e c a h y d r o - 4 - h y d r o x y - 3 , 4 a , 8 , 8 - t e t r a m e t h y l -
naphthalene (216)21� 

A mixture of hispanolone ( 2 ) (6 g, 18.86 mmol), ethylene glycol (10.52 mL, 

188.67 mmol) and a catalytic amount of PTS (0.07 g, 0.38 mmol) in benzene (80 mL) 

was refluxed for 6h using a Dean-Stark apparatus. The mixture was diluted with ether 

(100 mL)，and washed wi th 5% Na2C03 (2x20 mL)，and brine (2x50 mL). 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate，4:1) afforded 6.5 g (95%) of 216 as a colorless oil: [aj^^^ 0.24°(CHCl3；�

c 5.18); i H NMR (acetone-4) 5 0.85 (s, 3H)，0.87 (s，3H), 0.90 (s, 3H), 0.93 (d, 

7=6.8 Hz, 3H), 1.11-1.20 (m, IH)，1.40-1.75 (m, 9H), 1.90-2.01 (m, IH) , 2.07 (q, 

7=6.8 Hz, IH) , 2.50 (t, 7=8.4 Hz，2H), 2.85-3.96 (m, 4H), 3.23 (s’ IH) , 6.33 (s, 
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IH) , 7.29 (s，IH), 7.39 (s’ IH) ; i ^c NMR (acetone-^) 5 7.1’ 15.7, 18.7, 21.6, 

142.7, 31.6，31.7, 32.9，33.1, 34.9，41.9, 43.5, 43.9, 64.1, 65.5, 77.4，111.2， 

111.4，126.5，138.6; MS m h 362 (M+，52.1); Anal. Calcd. for C22H34O4： C，72.87; 

H, 9.45. Found: C, 73.38; H，9.86. 

[35 - (3a ,4a ,4ap ,8aa) ] .2 - ( l , 3 -DioxoIan .2 -y l ) .4 . [2 - (3 - (5 - tr imethy l s i ly l ) -
furany l ) - e thy l ] - ( l , 2 , 3 ,4 ,4a ,5 ,6 ,7 ,8 ,8a ) -decahydro-4 - t r i ine thyIs i l oxy -
3,4a,8,8-tetramethyl-naphthalene (217) and [35-(3a ,4a ,4ap,8aa)] -2- ( l ,3-
D i o x o l a n - 2 - y l ) . 4 - [ 2 - ( 3 - ( 2 - t r i i n e t h y l s i l y l ) - f u r a n y l ) - e t h y l ] -
( l , 2 ,3 ,4 ,4a ,5 ,6 ,7 ,8 ,8a ) -decahydro-4 - tr in ie thy l s i loxy-3 ,4a ,8 ,8 - t e tram-
ethyl-naphthalene (218)193 

To a mixture of TMEDA (3.46 mL，24.30 mmol) and n-BuLi in hexane (17.36 

mL, 1.4M, 24.30 mmol) at O^C was added a solution of 2 1 6 (6 g, 11.04 mmol) in dry 

ether (20 mL). After 30 min，TMSCI (3.5 mL, 27.6 mmol) was added at OSC. After an 

additional 30 min, the mixture was allowed to reach it. The stirring was continued at rt 

for 5h，then the mixture was diluted with water (25 mL), acidified with 2N HCI (25 

mL)，and extracted with ether (3x100 mL). Concentration and chromatography of the 

residue on silica gel (elution with hexanes-ethyl acetate, 14:0.5) afforded 4.66 g (83%) 

of 2 1 7 and 2 1 8 as an 2:1 inseparable mixture. 

Data for 2 1 7 : A colorless oil: ^H NMR (acetone-^/^) 8 0.15 (s, 9H), 0.30 (s, 

9H), 0.86 (s，3H), 0.88 (s’ 3H), 0.94 (d’ 7=6.7 Hz，3H), 1.09 (s, 3H), 1.30-1.50 

(m, 4H)，1.52-1.85 (m，6H), 1.90-2.01 (m，IH), 2.25 (q, 7=6.7 Hz, IH) , 2.45-2.60 

(m，2H), 3.72-3.80 (m, IH) , 3.87-4.01 (m，3H), 6.60 (s，IH), 7.51 (s, IH) ; i ^ c 

NMR (acetone-J^) 5 -2.07(3), 3.01(3), 8.2, 17.7’ 18.9, 21.9, 22.4, 31.6，32.2, 32.8, 

33.9，37.5, 41.8，42.0, 42.5，44.0，63.7, 65.1, 85.5, 110.7, 111.3, 121.1, 126.0， 

138.6，142.9，160.4; MS mJi 506 (M-1, 0.07). 

Data for 218: A colorless oil: ^H NMR (acetone-r/^) 8 0.30 (s, 9H), 0.41 (s, 

9H), 0.90 (s，3H), 0.91 (s, 3H)，0.98 (d，7=6.7 Hz，3H), 1.12 (s, 3H), 1.30-1.50 
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(m，4H), 1.52-1.85 (m，6H), 1.90-2.01 (m，IH), 2.25 (q，7=6.7 Hz, IH) , 2.45-2.60 

(m, 2H), 3.72-3.80 (m，IH), 3.87-4.01 (m, 3H)，6.36 (s，IH), 7.62 (s，IH); i ^ c 

NMR (acetone-J^) 5-1.3(3), 3.01(3)，8.3’ 17.9, 18.9; 21.9, 22.4, 31.6, 32.2, 33.3, 

33.9, 38.4, 42.0, 42.5, 44.0, 63.7，65.1, 85.5, 110.7, 111.3，136.1, 146.6，153.9. 

Anal. Calcd. for CzsHsoOaSI〗：C，66.35; H, 9.94. Found: C，66.67; H，10.50. 

[ 2 5 - ( 2 a , l a , l a p , 4 a a ) ] - 3 - [ 3 - T r i m e t h y l s i l o x y . l - ( l , 3 . d i o x o l a n . 2 - y l ) -
(l,2,3,4 , 4a,5,6,7,8 , 8a) -decahydro-2 ,5 ,5 ,8aP-tetraiTiethylnaphthyl-prop-

l - y I ] - 2 - b u t e n - 4 - o l i d e ( 2 1 9 ) and [ 2 5 - ( 2 a , l a , l a p , 4 a a ) ] - 2 . [ 3 -
T r i I n e t h y l s i l o x y - l - ( l , 3 - d i o x o l a n - 2 - y l ) - ( l , 2 , 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - d e c a h y -

dro-2,5,5,8ap-tetramethylnaphthyI-prop-l-yl]-2-buten-4-olide (220)191 
To a stirred solution of 32% peracetic acid (1.45 mL, 21.6 mmol) and powdered 

anhydrous NaOAc (1.77 g, 21.6 mmol) in CH2CI2 (10 mL) at O'C was added a solu-

tion of a mixture of 217 and 218 (2.74 g, 5.4 mmol) in CH2CI2 (5 mL). After the 

mixture was stirred at I X l for 4 h，saturated NaHCO] (3 mL), and 10% NasSzO] solu-

tion (15 mL) were added. The aqueous layer was extracted with ether (3x80 mL). The 

combined extracts were washed with brine (3x50 mL), and dried over anhydrous 

Na2S04. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 4:1) afforded 0.7 g (51%, 1.2 g of starting material was recov-

ered) of 219 and 0.45 g (33%) of 220，respectively. 

Higher Rj： isomer 220 as a colorless oil: -3.72° (CHCI3； c 11.25); ^H 

NMR (CDCI3) 5 0.12 (s，9H)’ 0.77 (s，3H), 0.78 (s’ 3H), 0.80 (d，7=6.7 Hz, 3H), 

0.94 (s，3H), 1.25-1.79 (m, I I H ) ’ 1.89-2.01 (m, IH) , 2.08 (q, 7=6.7 Hz, IH)，2.29-

2.38 (m, IH) ’ 3.71-3.80 (m，IH), 3.85-3.95 (m, 3H), 4.68 (s, 2H), 7.01 (s, IH ) ; 

13C NMR (CDCI3) 5 3.14(3)，7.9, 17.7，18.5, 21.9, 23.0，31.9，32.6’ 33.3, 33.4, 

33.9, 41.5, 42.1, 43.7，63.4, 64.8, 69.9，84.7, 111.1, 134.7, 143.3，173.7; MS m/z 

450 (M+, 0.09); Anal. Calcd. for CasHA^OsSi: C, 66.62; H, 9.39. Found: C, 67.24; 
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H，9.94. 

Lower Rf isomer 2 1 9 as a colorless oil: [a]^^^ -0.23° (CHCI3； c 17.0); ^H 

NMR (CDCI3) 5 0.10 (s, 9H)，0.80 (s, 3H)，0.82 (s/SH), 0.83 (d，7=6.7 Hz, 3H), 

0.97 (s，3H), 1.10-1.19 (m, IH)，1.25-1.79 (m，9H)，1.90-2.01 (m，IH), 2.10 (q, 

7=6.7 Hz，IH), 2.30-2.42 (m，2H), 3.71-3.81 (m, IH), 3.85-3.95 (m，3H), 4.69 (s, 

2H), 5.79 (s, IH) ; 13c NMR (CDCI3) 5 3.34(3)，8.2’ 17.9，18.6，22.0, 26.3, 32.0, 

32.8，33.4，33.5, 33.6，41.5,�41.8，42.2，43.9，63.8，65.0，72.9，84.7，111.1，115.0, 

170.3，173.6; MS mh 450 (M+，0.14); Anal. Calcd. for CasHAzO-Si: C, 66.62; H, 

9.39. Found: C，66.55; H，9.38. 

[ 2 S - ( 2 a , l a , l a p , 4 a a ) ] - 3 . [ 3 . H y d r o x y . l - ( l , 3 . d i o x o l a n . 2 - y l ) -

( l , 2 , 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a )-d e c a h y d r o- 2 , 5 , 5 , 8 a p- t e t r am e t h y l n a p h t h y I . p r o p-

l-yl]-2-buten-4-olide (221)204 

To a solution of 2 1 9 (660 mg，1.46 mmol) in CH2CI2 (17 mL) at -lOSC was 

added BF3*Et20 (0.27 mL, 2.19 mmol). After Ih，EtsN (0.38 mL) was introduced. 

The mixture was diluted with CH2CI2 (100 mL), and washed with brine (2x30 mL). 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 2:1) afforded 524 mg (95%) of 221 as a colorless solid: mp 140-141SC; 

[a]D25 10.90。(CDCI3; c 5.0); i H NMR (CDCI3) 5 0.80 (s，3H)，0.84 (s, 3H), 0.88 

(s, 3H), 0.91 (d, 7= 7.0 Hz，3H), 1.19-1.70 (m, 9H)，1.95-2.05 (m, 3H), 2.46 (t, 

J二 8.0 Hz，2H), 3.22 (s, IH), 3.88-3.97 (m, 4H)，4.72 (t, ] : 2.0 Hz, 2H), 5.76 (t, 

7=1.7 Hz, IH) ; 13c NMR (CDCI3) 5 7.31, 15.8, 18.5，21.8, 25.2, 31.4, 31.5, 31.6, 

32.9，33.2,�41.6,�43.4,�43.6,�43.9，64.2,�65.4,�73.3’�76.5,�111.3，114.8，172.0,�

174.2; Anal. Calcd. for C22H34O5： C，69.89; H, 9.06. Found: C, 69.70; H, 9.00. 

3- [ 3-(3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a-O c t a h y d r o-2 , 5 , 5 , 8- t e t r ame t h y l -3-o x on a ph t h y l -
p r o p - l - y l ) ] - 2 - b u t e n - 4 - o l i d e (222) and [ 2 S - ( 2 a , l a , l a P , 4 a a ) ] - 3 - [ 3 -
H y d r o x y - l - ( l , 2 , 3 , 4 , 4 a , 5 , 6 , 7 , 8 , 8 a ) - d e c a h y d r o -
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2,5,5,8aP- tet ramethy l -3-oxonaphthy l -prop- l -y l ) ] -2-buten-4-o l ide (223) 

Me thod A — A c i d i c Hydrolys is M e t h o d 195 

To a solution of 219 (0.56 g, 1.24 mmol) in EtOH (10 mL) at rt was added a so-

lution of 2N HCl (1.86 mL). After 30 min，the mixture was diluted with ether (50 mL). 

The organic layer was washed with brine 2x15 mL), and dried over anhydrous 

NajSO*. Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 1:1) afforded 232 mg (56%) of 222 and 166 mg (40%) of 223， 

respectively. 

Higher/?, isomer 222 as a colorless oil: [a]^^^ 28.1。(CDCl3; c 7.5); ^HNMR 

(CDCI3) 8 0.78 (s，3H)’ 0.82 (s，3H), 1.01 (s, 3H), 1.12-1.60 (m, 6H), 1.62 (s, 3H), 

1.80-1.85 (m，IH)，2.30-2.46(m, 6H), 4.75 (s, 2H), 5.84 (s, I H ) ; ^^C N M R 

(CDCI3) 8�11.2，17.9,�18.3，21.0,�26.5, 27.5, 32.3,�32.9, 34.9, 35.8, 40.7, 41.0, 

50.2, 72.6, 115.3, 130.7’ 164.6’ 168.9’ 173.2，199.3; MS m/z 316 (M+, 5.62), 315 

(M-1, 14.94); Anal. Calcd, for C20H28O3： C’ 75.90; H, 8.92. Found: C，76.01; H, 

9.14. 

Lower Rf isomer 223 as a colorless oil: ^H NMR (CDCI3) 5 0.85 (s, 3H), 0.92 

(s, 3H), 1.12 (d, 7=6.8 Hz, 3H), 1.25 (s, 3H), 1.40-1.62 (m, 5H), 1.81-2.02 (m, 

3H), 2.25-2.57 (m’ 6H), 2.75 (q，J =6.8 Hz，IH), 4.68 (s，2H), 5.90 (s’ IH ) ; i^C 

NMR (CDCI3) 5 8.2, 16.3，18.4，21.3，25.2, 31.5, 31.9, 32.5, 33.7, 39.2, 41.2, 

43.6，46.7, 51.3，73.0，81.2，115.1, 170.4’ 173.7, 211.1; HRMS m/z (M+) calcd for 

C20H30O4 334.2145; found: 334.2115. 

Method B—Basic Alcoholysis Method202 

A solution of 219 (25 mg，0.055 mmol) and K2CO3 (2 mg, 0.014 mmol) in 

MeOH (10 mL) was stirred at rt for 30 min. The mixture was diluted with ether (50 

mL) and the organic layer was washed with brine (2x20 mL). Concentration and chro-

matography of the residue on silica gel (elution with hexanes-ethyl acetate, 2:1) afford-

ed 14 mg (80%) of 222 as a colorless oil. The spectroscopic data of 222 are identical 

with an anthentic sample prepared previously. 
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[r,l?,2，/̂ (r，a，2，，oc，4，，aa，8，，ap)H4，5，3，，4，，3，，，4，，，4，，a，5，，，6，，,7，,，8，， 

,8，，a)-Dodecahydro-3，，-(l，3-dioxolan-2-yl)-5-oxo-2，，,5，，，5，，，8，，a-

t e t r a i n e t h y l - d i s p i r o [ f u r a n - 3 ( 2 H ) , 2 ' ( 5 ' H ) - f u r a n . 5 ' , l " ( 2 " J ^ ) ] - n a p h t h a -

lene(224)and[r，/?，2，S-(l，，a，2，，a，4，，aoc，8，，ap)]-(4，5，3，，4，，3，，，4，，，4,，a， 

5 " , 6 " , 7 " , 8 " , 8 " a ) - D o d e c a h y d r o - 3 " - ( l , 3 - d i o x o l a n . 2 - y l ) - 5 - o x o -
2,，，5，，，5，，，8，，a-tetrainethyl-dispiro[furan-3(2^)，2，（5，^)-furan-

5，，l，，(2，，H)]-naphthalene (225) 

Me thod A — D B N Cycl izat ion Method 175 

To a solution of 221 (268 mg，0.71 mmol) in EtsN (5 mL) was added D B N (0.2 

mL) at rt. After 6h, concentration under reduced pressure and chromatography of the 

residue on silica gel (elution with dichloromethane-ethyl acetate, 8:1) afforded 126 mg 

(47%) of 224 and 129 mg (48%) of 225. 

Higher Rf isomer 224 as a colorless oil: [a]D24 -14.3° (CDCI3； c 4.60); ^H 

NMR (CDCI3) 5 0.66 (s, 3H), 0.82 (d，J二 6.5 Hz, 3H), 0.85 (s, 3H), 0.92 (s, 3H), 

1.18-1.55 (m, 6H), 1.69-1.84 (m’ 3H), 1.95-2.12 (m，4H), 2.16-3.01 (ABq, J二 17.1 

Hz，2H), 3.70-3.81 (m，IH), 3.89-4.01 (m，4H), 4.12-4.45 (ABq, 7= 9.0 Hz, 2H); 

13C NMR (CDCI3) 5 8.0’ 17.2，18.5, 21.9，30.7，31.7，32.7，32.8’ 33.0, 38.7, 41.6, 

42.2，42.9, 43.4, 43.5, 63.9, 65.4, 78.9，86.4, 95.0, 110.7, 174.5; MS m/z 378 (M+， 

4.07); Anal. Calcd. for C22H34O4： C, 69.89; H, 9.06. Found: C, 69.83; H, 9.33. 

Lower R f isomer 225 as a colorless oil: 20.6° (CDCI3； c 4.35); ^H 

NMR (CDCI3) 5 0.80 (s, 3H), 0.87 (d, J= 6.5 Hz, 3H)，0.89 (s, 3H), 0.94 (s, 3H), 

1.15-1.20 (m，2H), 1.34-1.58 (m，5H)，1.60-1.70 (m，3H)，2.02-2.54 (m，4H), 2.47-

3.16 (ABq, 7=17.3 Hz，2H)，3.75-3.85 (m’ IH)，3.92-4.01 (m’ 3H), 4.03-4.35 

(ABq, 7= 8.5 Hz, 2H); i^C NMR (CDCI3) 5 8.3, 17.1, 18.5, 22.0, 30.8, 31.8, 32.4, 

32.8，33.1，38.7，41.7，42.2，42.4, 43.8, 64.0，65.5，76.5, 78.4，88.6, 95.0，110.7, 

174.6; MS m/z 378 (M+’ 4.51); Anal. Calcd. for C22H34O4： C, 69.89; H, 9.06. 

Found: C, 69.77; H，9.36. 
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Method B—/1-BU4NF Cyclization Method^oo 

To a solution of 219 (150 mg, 0.33 mmol) in dry THF (3 mL) at -78X： was 

added a solution of n-Bu^NF in THF (0.66 mL, IM，0.66 mmol). The mixture was al-

lowed to reach rt. After Ih，the mixture was diluted with ether (60 mL), and then water 

(10 mL) was introduced. The organic layer was separated, and washed with brine 

(2x20 mL). Concentration and chromatography of the residue on silica gel (elution with 

dichloromethane-ethyl acetate, 8:1) afforded 12 mg (10%) of 224 and 11 mg (9%) of 

225. The spectroscopic data of 224 and 225 are identical with anthentic samples pre-

pared previously. 

[l，，/J，2，S-(l，，cx，2，，oc，4，，aoc，8，，ap)H4，5，3，，4，，:3，，，4，，，4，，a，5，，，6，，，7，，， 

8 " , 8 " a ) - D o d e c a h y d r o - 3 " - ( l , 3 - d i o x o l a n - 2 - y l ) - 5 - h y d r o x y -

2 " , 5 " , 5 " , 8 " a . t e t r a m e t h y l - d i s p i r o [ f u r a n - 3 ( 2 i ^ ) , 2 ' ( 5 ' J E f ) . f u r a n -

5，,l，，（2，， )̂]-naphthalene (226) and [l，，/?，2，S-(r，(X，2，，oc，4，，aa，8，，aP)]-

(4，5，3，，4，，3，，，4，，，4，，a，5，，，6，，，7，，，8，，，8，，a)-Dodecahydro-3，，-hydrox-
y e t h o x y - 5 - h y d r o x y - 2 ' ' , 5 " , 5 " , 8 " a - t e t r a n i e t h y l - d i s p i r o [ f u r a n -

3 ( 2 i f ) , 2 ' ( 5 ' i f ) - f u r a n . 5 ' , l " ( 2 " ^ ) ] - n a p h t h a l e n e (227)178,196 

To a solution of 225 (176 mg, 0.46 mmol) in CH2CI2 (7 mL) at was slow-

ly added DIBALH in hexane (0.93 mL, IM, 0.93 mmol). After Ih，the mixture was 

quenched with MeOH (0.5 mL), and saturated aqueous Na/K tartrate (2 mL) was 

added, and the solution was stirred at 0"C for Ih. The mixture was diluted with CHjCl j 

(50 mL), the organic layer was washed with brine (2x10 mL). Concentration and chro-

matography of the residue on silica gel (elution with hexanes-ethyl acetate, 1:1) afford-

ed 115 mg (66%) of 226 and 44 mg (25%) of 227. 

Higher Rj： isomer 226 as a colorless oil: ^H NMR (CDCI3) 5 0.78 (s, 3H), 0.83 

(s, 3H)’ 0.92 (s，3H), 0.98 (d, J =6.7 Hz，3H), 1.12-1.58 (m，7H), 1.69-1.95 (m， 

6H), 2.08 (q, 7=6.7 Hz, IH), 2.37 (d, 7=13 Hz，IH)，3.64-4.29 (ABq, 7=8.9 Hz, 

2H), 3.70-3.79 (m，IH), 3.81-3.96 (m’ 3H), 5.31-5.40 (m, IH), 5.62-5.70 (m, IH); 

13CNMR(CDC13) 5 9.0，17.7, 18.6，21.8，29.3, 31.6, 31.9，32.7，32.9，33.5, 41.6, 
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42.2, 42.6’ 42.7, 44.9，64.1, 64.8，76.5，90.0, 95.2, 99.3, 111.3; Anal. Calcd. for 

C22H36O5： C，69.43; H，9.54. Found: C, 68.75; H，9.54. 
t 

Lower R f isomer 227 as a colorless solid: mp 147-148^; ^H NMR (CDCI3) 8 

0.80 (s, 3H), 0.83 (s，3H), 0.92 (s，3H)，1.13 (d’ J =7.0 Hz, 3H), 1.22-1.55 (m, 

6H), 1.70-1.92 (m，8H)，2.45 (d, 7 = 10.8 Hz’ IH) , 3.22 (q, J =7.0 Hz，IH), 3.30-

2.39 (m，IH), 3.50-3.61 (m, 2H), 3.66 (d’ 7=9.0 Hz, IH) , 3.69-3.78 (m, IH) , 4.33 

(d，7=9.0 Hz’ IH) , 5.35-5.42 (m, IH), 6.23-6.31 (m, IH) ; i ^ c NMR (CDCI3) 5 

14.4, 17.7, 18.6, 21.9，25.2，29.2，31.2，32.9’ 33.5, 38.4, 39.8, 41.6，43.0, 44.3, 

62.2, 72.9，80.8，90.2，94.7，99.2; Anal. Calcd. for C22H38O5： C, 69.06; H，10.02. 

Found: C，68.90; H，9.99. 

Single crystal X-ray structure determination of 227: (Siemens P4 system using 

Mo'K^ radiation, X = 0.71073 A): C22H38O5. M = 382.27, colorless orthorhombic 

prism, space group 19), a = 10.370(2), b = 11.785(2), c = 17.454(3)A, 

Pcaic = 1.191 g cm-3，Z = 4，F(000) = 840，crystal size 0.20 x 0.42 x 0.60 mm. The 

structure was refined using SHELXTL-PLUS�。？ for 1436 observed reflections [20瓜狀 

=50、IF^l > 3a(IF^I)] and 242 variables to Rp = 0.056 and R^pi = 0.080 with the 

weighting scheme w = [o2(IFJ) + 0 . 0 0 1 3 I F J 2 ] - 1 and an extinction parameter % = 

0.0016(5) where F* = + Tables of atomic parameters have 

been deposited at the Cambridge Crystallographic Data Centre，12 Union Road, 

Cambridge, CB2 lEZ，United Kingdom. 

[l，，̂，2，S-(l，，a，2，，oc，4，，acx，8，，aP)H4，5，3，，4，，3，，，4，，，4，，a，5，，，6，，，7，，， 

8”，8，，a)-Dodecahydro-5-hydroxy-2，，，5，，，5，，，8，，a-tetramethyl_ 

dispiro[furan-3(2lf)，2，（5，付)-furan-5，，l，，（2，，if)-naphthalen]-3，，（4，，丑)-

one (228)196 

To a solution of 226 (30 mg, 0.08 mmol) in CH2CI2 (2 mL) at -78X： was added 

TFA (18 ^iL，0.23 mmol). After 3h, 10% NaHCO〗(0.6 mL) was added at -201，and 
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then ether (30 mL) was introduced. The organic layer was washed with brine (3x10 

mL) and dried over anhydrous NazSO*. Concentration under reduced pressure and 

chromatography of the residue on silica gel (elution with hexanes-ethyl acetate, 1:1) af-

forded 23 mg (87%) of 228 as a colorless oil: ^H NMR (CDCI3) 5 0.86 (s, 3H), 0.87 

(s，3H), 1.03 (d，7=6.6 Hz, 3H), 1.11 (s, 3H), 1.16-1.25 (m，2H), 1.42-2.35 (m, 

7H)，2.38-2.45 (m，IH), 2.67 (q, J =6.6 Hz，IH), 3.49 (d，/二各]Hz, IH) , 3.61-

3.70 (m’ 4H), 3.75-3.95 (m，2H)，5.07-5.12 (m，IH); ^^c NMR (CDCI3) 5 9.2, 

17.6，18.7,�21.3，29.9,�32.7，33.8,�41.7，42.8，46.3，47.2,�50.7,�62.3，70.5,�75.1,�

90.2，96.3，104.2’ 210.4; HRMS: m/z (M+-H2O) calcd for C20H30O3 318.2146; 

found: 318.2182; Anal. Calcd. for C20H32O4： C，71.37; H, 9.59. Found: C, 71.33; 

H, 9.41. 

[l，，l?，2，S-(l，，a，2，,oc，4，，aoc，8，，aP)]-(4，5,3，，4，，3，，，4,，，4，，a，5，，，6，,,7，，， 

8 " , 8 " a ) - D o d e c a h y d r o - 2 " , 5 " , 5 " , 8 " a - t e t r a n i e t h y l - d i s p i r o [ f u r a n -

3(2丑），2，（5，H)-furan-5，，l，，（2，，H)-naphthalen]-3，，（4，，fl0-one (135)196 

To a solution of 228 (10 mg, 0.03 mmol) in CH2CI2 (1 mL) and EtgSiH (14 

^iL’ 0.09 mmol) at - 7 8 ^ was slowly added BF3*Et20 (5.5 0.05 mmol). After 3h, 

the mixture was allowed to reach OSC, and 10% NazCO] (0.5 mL) was added at OX：. 

The mixture was diluted with CH2CI2 (30 mL), and washed with brine (2x10 mL). 

Concentration and chromatography of the residue on silica gel (elution with hexanes-

ethyl acetate, 1:1) afforded 8 mg (84%) of 135 as a colorless oil: [al^^^ . m o (CDCI3； 

c 0.18); i H NMR (CDCI3) 5 0.87 (s, 6H), 1.06 (d，7=6.5 Hz, 3H), 1.12 (s，3H), 

1.20-1.31 (m, 3H), 1.42-1.59 (m’ 3H), 1.85-1.93 (m, 3H)，1.97-2.04 (m, 2H), 2.15-

2.30 (m，3H), 2.35-2.49 (m, IH) , 2.72 (q, 7=6.5 Hz，IH), 3.51-3.68 (ABq, 7=8.4 

Hz, 2H), 3.79-3.90 (m’ 2H); i ^ c NMR (CDCI3) 5 8.74，17.21, 18.13, 20.73, 29.10, 

29.29,�32.12,�33.18,�37.63,�38.64，39.76,�41.18,�42.36，46.47,�50.01,� 66.92,�

77.32, 90.65, 95.94, 210.20; HRMS: mh (M+) calcd for CjoHgjO^ 320.2353; found: 
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320.2347. 

[l，，/?，2，jMl，’a,2，，cx，4，，aoc，8，，ap)H4，5，3，，4，，，3，，,4，，，4，，a，5，，，6，，，7，，， 

8，，， 8 " a ) - D o d e c a h y d r o - 3，，- ( l , 3 - d i o x o l a n - 2 - y l ) - 5 - h y d r o x y _ 

2，，，5，，，5，，，8，，a-tetramethyl-dispiro[furan-3(2fl0，2，（5，^0-furan-

5，，l，，(2，，H)]_naphthalene (229)178,196 

To a solution of 224 (150 mg, 0.40 mmol) in CH2CI2 (5 mL) at -78SC was slow-

ly added DIBALH in hexane (0.79 mL, IM，0.79 mmol). After Ih, the mixture was 

quenched with MeOH (0.5 mL), and saturated aqueous Na/K tartrate (2 mL) was 

added, and the solution was stirred at for Ih. The mixture was diluted with CH2CI2 

(50 mL)，the organic layer was washed with brine (2x10 mL). Concentration and chro-

matography of the residue on silica gel (elution with hexanes-ethyl acetate, 1:1) afford-

ed 105 mg (70%) of 229 as a colorless oil, which consisted of a 1:1 mixture of di-

astereomers of 229: ^H NMR (CDCI3) (A isomer) 5 0.77 (s, 3H), 0.82 (s，3H), 0.89 

(d, 7=6.8 Hz, 3H), 0.92 (s，3H), 1.10-1.21 (m, 2H), 1.32-1.50 (m，6H), 1.68-1.75 

(m, 2H), 1.85-2.15 (m, 5H)’ 2.33 (d，7=13 Hz，IH), 3.59-4.30 (ABq, 7=8.9 Hz， 

2H), 3.69-3.75 (m，IH)，3.85-4.12 (m, 4H), 5.37-5.55 (m, IH) ; (B isomer), most of 

other signals partially overlap those for isomer A; ^^c NMR (CDCI3) (most carbons 

showed two peaks because of diastereomers) 5 8.1，8.5, 17.2, 17.4, 18.6, 21.8, 22.0, 

31.3，31.9，32.6，32.8, 32.9，33.1,�33.5，34.1，39.6，41.8，42.5，43.1,�43.6，43.8,�

45.4, 47.8, 64.0, 65.1, 65.5, 78.6，90.2，93.4，95.1，99.1，99.5，110.8; HRMS:m/z 

(M+-C2H5) calcd for C20H31O5 351.2173; found: 351.2173. 

[l，7?，2?-(l，，a，2，，a，4,，aoc，8，，aP)]-(4，5，3，，4，，3，，，4，，，4，，a,5，，，6，，,7，，， 

8，，,8，，a)-Dodecahydro-2，，，5，，，5，，,8，，a-tetraniethyl-dispiro[furan-

3(2if)，2，（5，付)-furan-5，，l，，（2，，//)-naphthalen]-3，，（4，，iy)-one (5)178 

To a solution of 229 (28 mg, 0.07 mmol) and EtjSiH (47 | iL, 0.29 mmol) in 

CH2CI2 (3 mL) at - 7 8 T was slowly added BFs.EtzO (13.5 
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|lL，0.11 mmol). After 3h’ a saturated NaHCO〗 solution (0.5 mL) was introduced, and 

the cooling bath was removed and the solution allowed to warm to rt with vigorous stir-

ring. The mixture was diluted with ether (50 mL), the organic layer was separated, and 

washed with 10% NaHCOj (2x5 mL) and brine (10 mL). Concentration under reduced 

pressure and chromatography of the residue on silica gel (elution with hexanes-ethyl ac-

etate, 2:1) afforded 15 mg (64%) of 5 as a colorless oil: [aJo^'^ -32.18。(CDCI3; c 

0.72)’{litii2a [a]i)22 -33.6。(CDCl3; c 0.60)}; ^H NMR (CDCI3) 8 0.87 (s, 6H), 0.99 

(d’ 7=6.5 Hz，3H), 1.13 (s，3H), 1.21-1.30 (m，IH), 1.41-1.69 (m，6H), 1.85-2.01 

(m，4H)，2.02-2.30 (m, 3H), 2.35-2.45 (m，IH)，2.69 (q, 7=6.5 Hz，IH), 3.58-3.75 

(ABq, J= 8.6 Hz, 2H)，3.79-3.94 (m, 2H); ^^C NMR (CDCI3) 8 9.07，17.76, 18.72’ 

21.27，29.74，32.72, 32.90，33.69，38.12，39.15, 40.68，41.83，42.86，46.69， 

50.44，67.70, 76.48, 91.23, 96.45, 210.66; HRMS: m/z (M+) calcd for C20H32O3 

320.2353; found: 320.2351. 

[1”及,2，及-(l，，oc,2，，oc，4，，aoc，8，，aP)H4，5，3，，4，，3，，，4，，，4，，a，5，，,6，，，7，，， 

8,，,8,，a)-Dodecahydro-5-phenylthio.:2，，，5，，，5;，，，8，，a-tetrainethyl-

dispiro[furan-3(2^0，2，（5，H)-furan-5，，r,(2，，if)-iiaphthalen]-3，，(4，，H)-

one (230)and[l，，̂，2?-(l，，a，2,，a，4，,aa，8，，ap)]-(4，5，3，，4，，3，，，4，，，4，，a， 

5，，，6，，，7，，,8，，，8，，a)-Dodecahydro-5-hydroxy-2，，，5，，，5，，，8，，a-tetram-

e t h y l - d i s p i r o [ f u r a n - 3 ( 2 ^ ) , 2 ' ( 5 ' H ) - f u r a n - 5 S l " ( 2 " H ) - n a p h t h a I e n ] -

3 " ( 4 " H ) - o n e (231)^99 

A solution of 229 (153 mg, 0.40 mmol), thiophenol (84 |aL, 1.21 mmol), and 

TFA (6 | iL, 0.08 mmol) in CH2CI2 (8 mL) was stirred for 15h at rt. The solution was 

diluted with CH2CI2 (40 mL) and washed with 5% NasCO] (2x10 mL), and brine 

(2x15 mL). Concentration and chromatography of the residue on silica gel (elution with 

hexanes-ethyl acetate, 3:1) afforded 47 mg (30%) of 230，34 mg (25%) of 231 and 52 

mg of a mixture of di- and mono-sulfides, respectively. 

H i g h e r i s o m e r s were a mixture of di- and mono-sulfides. 
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Middle R f isomer 230 as a colorless oil: ^H NMR (CDCI3) 8 0.87 (s, 3H), 

0.89 (s，3H)，1.06 (d，7=6.6 Hz, 3H), 1.13 (s，3H)，1.21-1.60 (m, 7H), 1.91-2.42 

(m, 8H)，2.67 (q, 7=6.6 Hz, IH) , 3.59-4.01 (ABq, 7=8.5 Hz, 2H)，5.50 (t，7=7.3 

Hz, IH) , 7.22-7.38 (m, 3H), 7.45-7.52 (m’ 2H); i^C NMR (CDCI3) 5 8.9, 17.7， 

18.7, 21.3, 29.5, 32.7，32.9,�33.7，38.5, 39.1，41.7，46.2, 46.5, 50.3, 75.6，86.6, 

89.6，96.4, 127.0，128.8，131.2’ 135.8，210.5; Anal. Calcd. for C26H36O3S: C, 

72.86; H，8.47. Found: C，72.61; H，8.56. 

Lower R f isomer 231 as a colorless oil: ^H NMR (CDCI3) 5 0.86 (s, 3H), 0.86 

(s, 3H), 0.96 (d, 7=6.6 Hz, 3H), 1.12 (s，3H)，1.20-1.69 (m，6H), 1.85-1.92 (m, 

2H), 2.01-2.45 (m，5H), 2.66 (q，7=6.6 Hz, IH) , 3.56-3.91 (ABq, 7=8.1 Hz，2H), 

3.65-3.75 (m，2H)’ 3.80-3.88 (m，IH), 5.08-5.15 (m, IH) ; i ^ c (CDCI3) 8 8.9，17.7， 

18.7，21.3,�29.5，32.7，32.9,�33.6,�41.7，42.5,�46.5，47.1，50.5,�62.3,�75.5,�90.0，�

96.3, 104.4，210.6; HRMS: m/z (M+) calcd for C20H32O4 336.2302; found: 

336.2319. 

The procedure described for the preparation of 230 was repeated using 231 (60 

mg, 0.18 mmol) in CH2CI2 (3 mL), thiophenol (37 \ i U 0.54 mmol) and TFA (2.7 ^iL, 

0.04 mmol) to afford，after chromatography on silica gel (elution with hexanes-ethyl 

acetate, 3:1)，34 mg (50%) of 230. The physical and spectroscopic data of 230 are 

identical with an authentic sample prepared previously. 

[l，，/?，2，/Ml，，a，2，，a，4，，aoc,8，，aP)H4，5，3，，4，，3，，，4，，，4，，a,5，，,6，，，7，，， 

8,，,8”a)-Dodecahydro-5_phenylsumnyl-2，，，5，，，5，，,8，，a-tetraniethyl-

dispiro[furan-3(2丑），2，（5，H)-furan-5，，r，（2，，H)-naphthalen]-3，，（4，，H)-

one (232) 

Method A — N a I 0 4 Oxidat ion Method^os 

To a solution of 230 (15 mg, 0.04 mmol) in MeOH (2 mL) at (TC was added a 

solution of 0.5 M NalO* (78 | iL, 0.04 mmol). After the mixture was stirred at for 

5h, the precipitated NalO〗 was removed by filtration, and the filtrate was diluted with 
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CHCI3 (40 mL). The organic layer was washed with 5% NaHCO] (2x10 mL) and 

brine (3x10 mL). Concentration under reduced pressure and chromatography of the 

residue on silica gel (elution with hexanes-ethyl acetate, 5:1) afforded 10.5 mg (67%) 

of 232 as a colorless oil: ^H NMR (CDCI3) 5 0.86 (s，3H)，0.88 (s’ 3H)，1.09 (d, 

7=6.6 Hz，3H), 1.21 (s, 3H)，1.35-1.75 (m，7H)，1.95-2.45 (m, 5H), 2.71 (q, 7=6.6 

Hz，IH), 3.61-3.82 (ABq, 7=9.0 Hz, 2H)，4.29 (t, 7=6.8 Hz，2H), 5.35 (d, 7=4.6 

Hz, IH), 6.23 (brs，IH), 7.30-7.51 (m，3H), 7.55-7.70 (m, 2H). Compound 232 

was used immediately in the next step without further purification and characterization. 

Method B—m-CPBA Oxidat ion Methodi99 

To a solution of 230 (10 mg, 0.03 mmol) in CH2CI2 (1 mL) at OX： was added a 

solution of m-CPBA (5 mg, 0.03 mmol) in CH^Cl! (0.5 mL). After 2h, the mixture 

was diluted with CH2CI2 (30 mL), washed with 5% NazCO〗(10 mL), and brine (2x10 

mL). Concentration and chromatography of the residue on silica gel (elution with hex-

anes-ethyl acetate, 4:1) afforded 2.3 mg (22%) of 232 and 3 mg (36%) of 2. The spec-

troscopic data of both 232 and 2 are identical to authentic samples. 

[l，，/J，2，/f-(l，，a，2，，(x’4，，aa，8，，aP)]-3，，3，，，4，，4，，，4，，a，5，，，6，,，7，，，8，，， 

8 " a - D e c a h y d r o - 2 " , 5 " , 5 " , 8 " a - t e t r a m e t h y l - d i s p i r o [ f u r a n -

3(2 丑），2，（5，î )-furan-5，，l，，（2，，/0-naphthalen]-3，，（4，，丑)-one(l)i99 

A solution of 232 (14 mg, 0.04 mmol) and triethyl phosphite (24 ^iL, 0.14 

mmol) in toluene (5 mL) was refluxed for 2h under N〗.Concentration and chromatog-

raphy of the residue on silica gel (elution with hexanes-ethyl acetate, 7:1) afforded 6.8 

mg (61%) of 1 as a colorless oil: [a]^^^ -64.6° (QH^; c 0.85)，{litii2a -63.6° 

(CgHg； c 0.55)}; i H NMR (CDCI3) 5 0.86 (s, 6H), 0.99 (d’ 7=6.5 Hz, 3H), 1.11 (s, 

3H)，1.25-1.65 (m，6H)，1.75-2.15 (m, 4H), 2.15-2.40 (m，3H), 2.69 (q, 7=6.5 Hz, 

IH) ’ 4.02-4.41 (ABq, 7=10.4 Hz，2H)，5.13 (d, 7=2.5 Hz，IH)，6.42 (d’ 7=2.5 Hz， 

IH); 13C NMR (CDCI3) 5 9.19，17.30, 18.69，21.29, 30.20’ 32.54，32.65, 37.94， 

38.31,�39.06,�41.64’�42.49,�47.07,�50.72,�80.82,�93.78，96.50，107.05,� 148.06,�

210.41.�
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