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Abstract: He&au Diels-Aldex reaction of oxxlieaw wilb 3,4-epoxy-2-methyleoeoxobmes gave the corresponding 3,4- 
epoxy-1,6dioxaspirol4, S]dec-7+nea with high stewselectivity. Good yields of adducts were obtaimd in tbe m of 
mildLewisacids,suchasziucorshuuow chlori&.llmspiroketalxldwtsbavebea bnasformeddlemio-and 
stereospecifically by eitbex hydrogen&on, hydride reduction OT acid catalypd isomeription. ‘Ike staeochemical outcon~ 
ofthecycloadditionshasbeen~ated.~spirokeQladductsIll~ys~t tiomrmoxadieneadditiontmtirelative 
to the allylic epoxy substitueat. When the oxadieae is s@Muted suitably aa in crotonaldchyde, we dermnstnted that 
the cyckwiditia~ is totally mdo selective rdative to tbe en01 ether function. ti inirio calculatioos sugpted that 3,4- 
epoxy-2-m&hyla~oxolaae and 3,4-epoxy-3-me&y1-2-meU1ykmeoxolaue adopt env@ co&rmatiions with tbe oxygen 
atom of the oxolane moiety poiutiug toward tbe epoxide ring. No significant distortion hpm planarity was calculated for 
the exocyclic double bond of these dienophilea. 

INTRODUCTION 

En01 ethers are very reactive spe45a.l Among the munefous known reactions of en01 ethers, Diels-Alder 
type cycloadditions provide an unique access to highly functionnalized heterocycles (Scheme 1).2 &spite the 
high potentiel in total synthesis of the spirocyclic compounds theoretically available through such cycloadditions, 
Diels-Aldex IW&XIS with a-melhylene hebxocycles an5 nearly ignored. Ouly a few attemps have been repor@d3 

This lack of inwest is mainly due to the difficulties associated with the formation of a-methylene heterocycle~.~ 

Scheme 1 
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As one of us (P. P.) found recently a mild and easy access to amethylene heterocycles,5 we. decided to 

investigate the dienophilic properties of such heterocycles. With sphoketals target& in mind, we first focused on 
the reaction of 3,4-epoxy-2-methyleneoxolanes with acrolein-like dienes (scheme 21.7 

Scheme 2 

The oxirane substituent in these particular dienophiles would be of interest for the following reasons: 
-In the pioneering work of Ireland et al.sa* on [4+2] cycloadditions of 2-methylene oxolane and oxane 

and a few derivatives with act&in-like dienes, the main problem encountered was the facile migration of the 
exocyclic double bond and the poor reactivity of that double bondsb We reasoned that the oxirane ring in 3,4- 
epoxy-2-methyleneoxolanes could prevent such double bond migration and might enhance the double bond 
reactivity for electronic masons. 

-An other advantage of the oxirane ring could be taken from its chirality which should impart sufficient 

pert&&ion to induce d&eaeofacial discrimination. We therefore anticipated some face selectivity during the 
Diels-Alder process. 

-The oxirane ring of the expected cycloadducts obtaiha as welt as the endocyclic en01 ether functiont 
could be modified under mild conditions These functional groups should therefore offer opportunities for the 
synthesis of stemodefined spiroketals with complex structures. 

Furthermore, the epoxyspiroketal system available through the planned cycloadditions is the central unit 
of a family of natural products isolated from the plant genus Artemisia (Scheme 3).9 These cycloadditions could 
thus become a potential approach to this kind of naturaI compounds 

scheme 3 

Inordertoapproachsome undemmnding of the role of the oxirane moiety during the cycloaddition 
process, geometry optimizations of the starting 2-methyleneoxolanes have been calculated by ab in&i0 
techniques. Prior to the present study, neither experimentat nor theoretical evidence was available concerning the 
role of an allylic oxirane during [4+2] cycloadditions. 
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RESULTS 

cLcrocpdditson of 3,4-epoxy2-methykneoxolanes to oxadienes 

The search for optimal cycloadditkm cxmditkms was pezformed with 3,4-epoxy-3-methyl-2-methylene 

oxolane (l), obtained dy from the co-y available Z-3-methyl-2-pc~en4yn-l-ol by mcpba 
epoxidatior~ followed by intramolecular hetemcyclizatkm catalyzed by silver ia The demethylakd analogue 
3&epoxy-2methyleneoxolane (2) was obtained in the same way from the cornqonding aceQkdlic 
epoxyalcohollo prepared ftom the monop~~M cis 2,3+poxybutan-1,4-diol.tt 

Acrolein, known to be the most reactive oxadieqz was first used as diene Under the described 
cycloadditkm comiitioos (neat reagents stirred at mom temperat~)),~ the reaction between 1 and acroleh 
~IQCEXM very slowly. Dqmdakm of the sensitive 3,4-epoxy-2-methyleneoxolane and acrolein polymerization 
were responsible for modest yields (40-X)%, Table 1, entries l-2). However only one cycloadduct was isolated 

Table 1: Cycloadditioo of 3,4+poxy-2-methylaeoxolane to oxadienes a 

Dienophile Diene Conditions Time Yiel& Adduct 
equivalents solvent catalystb 

1 l-l neaI m 45 46 

2 l-10 nat lld 52 % 7 

3 yb(w3 4d 21%d 

4 3 m 10%d 

5 1 l-3 PhH &I 10 ss” 0 

6 l-3 PhH SnCl, ad IO % 

I l-3 FIIH =I2 18h 84 % 

8 l-3 neat 

9 

10 

11 l-3 THF (W) zncl2 2h 

12 l-3 zncl2 2d 31% 

13 1-3 =I2 3d 63 %f 

5 

0 

14 

15 THF znclz 2d 10 46 
:. : 
0 

a) except when noted, all cycloadditioM wue nm at mom tAmpaam b)thcamountofcataiystnugeafromO,O5eq.(Yb)to 

0.1-0.2 eq. (Sn, Zn); c) Yields r&x to pure adducts isolakd a&r colmm cbrovy; d) 1~118 tb h product recovuxx& 

e)degradationandpolynwizationocarre& ~)thecyclodimroftheo~~~~~~(l7%). 
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from the reaction mixture.12 tH and 13C NMR clearly showed (vkk infm) the presence of a single adduct. In 
solvent, polar or not, the cycloaddition was almost suppressed (entries 4-5). 

As expected addition of catalytic amounts of Lewis acid in solvent kmased the reaction rate. Since 3,4- 

epoxy-2-methyleneoxolanes are sensitive compounds, extensive degradation occured with strong Lewis acids. 
We found zinc chloride (10 to 20 mole X) to be the best compromise between activation and degradation (entries 
7). Stannous chloride was almost as effect& as zinc chloride (entry 6). Milder catalysts based on lanthanide 
complexest3 proved to be ineffective (entries 3 vs 1). With less reactive hetemdknes such as crokmaldehyde or 
methyl vinyl ketone, the same tmnds were observed, but the yields were lower (entries g-10). As for acrolein, 

only one adduct was observed when cmtonaldehyde and methyl vinyl ketone wem reacted with 1 (entries g-13). 
Withtheselessreactive~THF~~tobeabe#ersohtentthanbenzene(entry lOvs9and13vs 

12). This solvent efkct could be explained by the gmater sohrbility of zinc chloride in the coordmating solvent 
(zinc chloride was almost insoluble in benzene). High tempemture was dekterious for the reaction. Raising the 

temperature increased reagent degmdation and eventually lowered the cycloaddition yield (entry 11 vs 10). 
Surprisingly, the non-methylated derivative 2 proved to be slightly less reactive than 1 (entry 14 vs 7). In 

this case also, the use of THP rather than benzene as solvent allowed for an increase of the yield (entry 15 vs 

14). 
Smccture and stereochemistry of the cdducrs 

Theaddllct suucmmsweredekxmkdby~Hand13CNMR.Ineachcase,thepmsenceofonlyone 

dktemoisomer was immediately inferred from the NMR spectra The *SC NMR spectra exhibited sign& 
chamct&sticofahetalat99z!5ppmandofadihydmpymnringwith2olefiniccarbonsat~=102i5and 

144M ppm. The dihydropymn unit was confirmed in the lH NMR spectra that displayed 2 vinyl protons at bH 

= 6.2 and 4.6 ppm. The assignments of all proton and carbon signals were obtained by 2D NMR experiments 

and are displayed in tables 2 and 3. 

Table 2: ’ H NMR signal assignments” (b H in ppm, internal refeence; TMS, solvent SDe) 7 

Adduct 

-- 
0 

Pro1 
Ena I-m 

5.66 3.60 

3.64 3.51 

3.68 3.58 

3.71 3.52 

IT3 
7- 

5 

L 

3 

1 

iv iii - ’39s HP 

i.71 2.32 1.7: 

4.62 - 2.1 

2.39 1.8 

1Ch Hl( 

68 1.9’ 

.02 1.8 

.64 2.0 

.80 2.0 

1 
R 

2 
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Table 3: ’ 3C NMR signal assignments ( b c in ppm, internal referene; TMS, solvent: s&) 

Adduct 

5 

6 

0 

65.8 

66.0 

65.8 

66.1 

- 

7 

4 

i2 

‘7 : 

60.3 

60.0 

60.4 

53.9 

64.28 

65.01 

51.59 

103.2( 

104.00 

94.36 

102.7( 

Car bons 
1 xi- 

141.10 

140.20 

148.00 

14l.lC 

101.80 16.60 24.3 

107.50 24.11 51.t 

96.72 17.54 23.9 

101.70 17.38 26.C 

c12 

11.63 

12.03 21.53 

11.75 20.23 

1 7 

80 0 

R12 9 5 O 

9 

2 

10 4 3 

%l 
0 

An intemting feature in the NhlR spectra of the adducts was the conservation of the particular couplii 
pattern of the oxiranf+oxolane system. In the starting 3,4epoxy-3-methyl-2-methylene oxolane 1, the epoxide 
proton (H3 in the spiroketal numbering) exhibited a very small coupling (1.1 Hz) with only one of the two 
adjacent pmtons. From the Karplus equation and from the lowering effect of an electronegative substituent on 
coupling constants especially et%tive in antiperiplanar -cl4 the coupling pattern observed indicated a 
quasi orthogonal arrangement of the two rings with the oxolane oxygen end lying out of the plane toward the 
oximne moiety (Scheme 4). This spatial arrangement was confinned by ub i&io calculations (v&z irrfm). 

side view 

Scheme 4 
front view 

As the same coupling pattern and almost the same chemicals shifts were obsewed far all adducts, the 
relative configuration of the oxolane-oxirane system must have been preserved. The third hetemcyclic ring in the 
adducts could have two orientations, one resulting from an oxadiene &Won arra’ relative to the oxirane ring and 
the other from a syn addition (Scheme 5). In these two approaches, exo and endo cycloadditions give the same 
adduct except when cmtonaldebyde is used as oxadiene (Scheme 5, Rz=H, R3=Me ). 
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anti wn 

Scheme 5: the four possible stapochemical outcomes t?om the cycloaddition of oxadienes to 1 and 2 

The relative configurations of adducts 3 - 5 were established by comparative lantbani~induced shifting 
(US) of their 1H NMR spectm, using increasing amounts of Eu(fod)s. Due to the psence of three oxygen 
atoms in the adducts, many complexation sites were equally possible a @ori. We the&ore real&xl preliminary 
LIS experiments on the starting 3,4-epoxy-3-methyl-2-methyleneoxolane 1. We found that the europium cation 
was chelated by both oxygens of the thnze and five. membered rings. This result CarrobQatedwellwiththe 

conformation of 1 deduced Corn lH NMR coupling constants (Me suppa) and ab in& calculations (Me infi). 

In adducts 3-5, the same chelation was pmserved as confirmed by the observation that the largest LIS were 
associated with the oxolane and oxirane protons. The methylene protons (HlO) of the dihy-ymn (DHP) ring 
were also strongly affected, but almost no effect was observed on the vinyl protons. These LIS effects indicated 
that no complexation occur& with the DHP oxygen atom. These results suggested an arra’ configuration of the 
adduc& where the DHP oxygen center is far from the oxirane moiety (Scheme 6, rmti diastereoisomer). 

adduct 

Scheme 6: possible JGropium complexes for rmti and syn adducts. 
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We chose crotonaldebyde as an oxadiene to get more insight into the stereochemical course of the 

cycloaddition. The methyl group in cmtonaldehyde can act as a reporter group since the relative coufiguration of 
thecarboncenterbearingthatmethylgroup,c9intheadduct,dependsonthe exoorendoappmachofthe 
heterodiene (see Scheme 5). 

Dlletotheringdistortioninducedbythedoublebondin4,theC9confi~~cannotbe~ 
from the lH NMR coupling constants. However, lH NMR spectra of the sahuated analogue 7, obtained in high 
yield by PdlC catalyzed hydrogenation of 4 (see Scheme 8), wrresponded to chair umformation of the 6 
membered ring and indicated an axial position for the methyl group derived from crotonaldehyde. Indeed, the 
proton H9, adjacent to this methyl group, exhibited coupling constants, J+lh = 5.5 Hz and J%h = 5.4 Hz , 
typical for an equatorial pmton (Scheme 7). The relative stereochemistry of the adduct was still unclear since two 
isomers can have a conformation with an axial methyl substituent at C9: one resulting from an en& 
mode of additiou relative to the oxolane etheml unit, stabilized by two stereoelec&onic (anomezic) effects.15 and 
one resulting from the exo mode of addition, stabilized by only one @reoelectronic effect. We again used LIS 
experiments to establish tbe stereochemistry of the adduct. We reasoned that for the exe diaste-foisomer, 
europium complexation on the “bottom” face should give rise to appreciable elTect on the Me-C9 signal while in 
tbe end0 isomer, this Me-C9 group should remain almost unat%cted (Scheme 7). 

anti-end0 
adduct 

HsC 

anti-exo 

Scheme 7: possible relative amformatious of 7. 

The. LIS results are displayed graphically in Figure 1 using the Bouquant’s coordinates.l6 Large 
eurOpium effects were obmed for tbe protons of oxirane and oxolane rings and also for HlO, especially HlOe. 

ThemethylgroupatC9wasalmostum&zted and only sufferred from a slight shift with a magnitude 
comparable to the least affected H7 and H8 protons. Therefore these LIS values are in agreement with a C9 
configuration resulting from an &-end0 mode of addition (Scheme 7). This was confirmed by the structure of 
theproductsofreductionof3and4. 

luixi1~ulti0n ofthe odducts 

Catalytic hydrogenation in methanol of adducts 3 and 4 gave the saturated 3,4-epoxysph+-51 
bicyclodecanes 7 and 8, respectively, in high yield. ‘I&ie compounds can be further reduced by lithium 
aluminium hydride into 9 and 10, respectively. In botb cases, tbe oxirane ring was cleanly and regiospecfically 
opeued at the less hindered position (Scheme 8). lH and 13C NMR clearly established the conszxvation of the 
sp~~~system.Inthecaseof10,2DNMRanddecouplingeJrpeaimenQconfinnedtheaxialpositi~ofthe 
methylgroupatc9,thusconfinningtherelativeconfigurationofadduct4. 
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3, R=H 7, R=H 9, R=H 

4. R=Me 8, R=Me 10 R=Me 

Scheme 8 

- HlOa 
- HlOe 

- Mall 

- Hk 

- Haa 

- H8c 
- Me12 

I 

0.2 
, 

0.4 
I 

0.6 
I induced b 

0.8 

Figure 1: LIS values obtained with 10, plotted as observed shifts against induced shifts, with H7e as the 

reference proton (see ref t6 for definitions) 

Under slightly acidic conditions (CF$XOH-0.01 equiv.-in PhH), we found that the spiroketal alcohol 
10 was isomerized to a less polar alcohol 11 (Rf 0.78 in petroleum ether-ethyl acetate !N-10, compared to Rf 
0.68 for 10). NMR spectra showed the conservation of the spiroketal strucbre, the major moditication was due 
to the methyl group at C9 which was now equatorial. IR spectra of this isomeric alcohol at various 
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concentrations established the presence of an intramolecularly bonded OH group. These nzsults demonstrated that 
traces of acid are able to catalyze equilibmtion of the spiroketal alcohol 10. This equilibration is driven toward 
the most stable alcohol stabilized by intramolecular hydrogen bonding (Scheme 9). precedents for such 
isomerisation have heen reported for instance in a synthesis of monensin and az&gues.17 Similar behaviour 
was also observed in dispiroketal systems such as namci~~.~* 

H' 

10 11 

Scheme 9. 

DISCUSSION 

The q&additions of 2-metbylene-3,4-epoxyoxolaues with oxadienes showed a total preference for au 
addition & relative to the allylic epoxy substituent When the oxadiae is substituted as in crotonaldehyde, the 
cycloaddition course is totally endo selective relative to the enol ether function. Endo stereochemical course is a 
common feature in Diels-Alder reactions (Alder rule) which is attributed to secondary oMals overlaps.19 The 
lone pair orbitals in oxadienes usually reinforce secondary orbitals intemctions and thus the end0 selectivity.2~20 
UnfortunaMy, no comparison concerning the mode of cycloaddition can be drawn from the cycloadditions of a- 

methylene heterocycles repmted so Ear,shC@ since the oxadienes used in these cases did not bear an appqriate 

substituent. Nevertheless, et& modes ate usually preferred in [4+2] q&additions involving endocyclic 
enoletbers as dienophiles.21 Our work thus demonstrated that 2-methylene-3,4-epoxyoxolaues follow the general 
end0 rule with high selectivity. 

Isomerization experiments as well as molecular mechanic calculations have shown that the compounds we 
obtained always correqond to the mat stable isomers Due to its Lewis acid properties, the zinc catalyst we 
used might have catalyzed au in sim isomerkation to the most stable spiroketal. However, since the same adducts 
were obtained without catalyst (see Table l), this equilibrating role of the catalyst appeared unlikely. The very 
high facial selectivity observed can, therefore, be attributed to a kinetic control due to the asymmetric nature of 
the dienophile. 

Asymmetric versions of the Diels-Alder reaction, with either asymmetric dkmphiles or asymmetric 
dienes, are now widely used in organic synthesis. 22Asinglestereogenccen~inaaallylicpositionof~~a 
dienophileoradieneislrnownbexeatadirectingeff~ondiestaeofacialselectivity.Ifa~mmisl~ 
in this ailylic skxeoaxter, the directing effect is even mate pronounced Despite numerous experimentaP* 24 

and theoreticalz studies, the exact factors responsiile for such d selection are still imperfectly 
understood. 
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The complete diastereofacial selectivity observed in the cycloadditions of 2-metbylene-3,kpoxyoxolanes 
described he7e could be ccmirolled by (Scheme 10): 

- the anisotropy of the exocyclic methylene group, which can be expressed by the bending of the double 
bond,z6 i. e. a stereochemical control by the ekctrouic &ucture of the dknophile; 

-the staggering around forming bonds in the transition state as described by Houk and coworkers for 
related system~,~~ i. c. a stemochemical control by transition state structure; 

-repulsive interactions between the oxygen atom of the approaching oxadiene and the epoxide oxygen 
atom, i. e. a stereochemical control by long range intermolecular recognition forces. 

syn approach 

electrostatic n?pulsiou 

no eclipsing 
b 

/, O 697 
0 

R Lzp& R 

eclipsing 

L./ ’ /O 

0 - 

@ \ O0 

torsional eff& 

Scheme 10 

Geomem’es of the dierwphiies 
Due to the number and the size of the molecules studied, only tbe minimal basis set STO-3G was used in 

our ub initio molecular orbital calculations. This basis set successfully predicts double bond bending in bicyclic 
systems2* although it usually gives angle values lower than the experimental 0-2~ The geometry of the 2- 
methylene-3,Cepoxyoxolanes 1 and 2 was fully optimized. To clarify the effect of the three membered rings and 

hetematoms on the postulated bending of the exocyclic double bond, the analogues 12, 5 3 and 14, 15 were 
also calculated in which the epoxy group was replaced by a cyclopropyl and an hydroxyl group respectively (see 
Table 4). Calculated values of the angle a between the plane defined by the atoms Ol-Q-C3 and tbe double 

bond, of the angle fl &fined as the dihedral angle between the Q&&C2 plane and the &-C&C!2 plane, and 
of the angle y defiued as the dihedral angle between the O&&j plane and the (&Q-C3 plane are reporkd in 
Table 4. A negative value for augle a corresponds to a double bond bending toward the th~~~membered ring or 

the hydroxyl group. 
The results of Table 4 show a very small bending of the exocyclic double bond compared with the more 

pronounced bending of the norbornene double bond. 29 Therefore we cannot attribute the high face 
differentiation observed to the non-planarity of the exocyclic double bond in dienophiles 1 and 2. 



A short synthesis of spiroketals 804.5 

These calculations also suggest that the important changes in the geometry of the oxolane ring due to the 
nature of the 3,4-group @oxide, cyclopropyl or hydroxyl group) do not affect significantly the degree of 
bending of the exocyclic double bond. Only slight angle modifications occur when the hydmgen atom in position 
3 was replaced by a bulkier methyl group (Schemes 11 and 12). Interestingly, the oxolanes 1,2,1215 were 

calculated to adopt envelope amformations in which the oxygen atom of the oxolane moiety is poiting toward the 
thweaemberedring(1,2, lt13)ortheabholicmoiety(14, 15). 

Table 4: calculated angles of the exocyclic double bond in 2-methyleneoxolanes 

a>0 
a fl (H-WI) Y (O’-C2-~s) 

/ 
0 

1 v 0.2 179.7 179.6 

0 

“~+A~ 

X Y 
0 

2 x) 0.4 179.6 179.5 

0 

0.6 179.6 179.0 

0 
14 Y - 0.6 179.9 179.9 

HO 
0 

15 P - 0.1 179.9 179.6 

OH 

Scheme 11 
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R=H 12 

R=Me 13 

Scheme 12 

R=H 14 

R=Me 15 

This study leaves us with the hypothesis that the. arm’ selectivity observed for the [4+2] cycktadditions of 

oxadienestoland2isduetothefactthat~ismodeofreactionsufferlessthanthesynapproachfrom 
electrostatic repulsion between the oxadienes and the oxygen centres of both the epoxide and oxolane moiety.30 
An alternative explanation could be that the rma’ approach avoids eclipsing in the transition state that cannot be 
avoided in a syn mode of additionm 

CONCLUSION 

The above results constitute, to the best of our knowledge, the first experimental evidences of [4+2] 
cycloadditions between 2-methylene3,4-epoxyoxolanes and heterodienes. With acrolein-like dienes, the 
expected adducts, 3,4-epoxy-l,~dioxaspiro[4,5klec-7-enes, were obtained in good yields in the presence of 
mild Lewis acid catalysts such as zinc or stannous chloride. The a-metbylene heterocycles behave as efficient 

dienophiles when appmpriately substituted, in opposition with previous r~ults.~~ The presence of an allylic 
substituent brings forward enough stability to the exocyclic double bond and allows for that double bond to 

react. 3’ 
The allylic epoxy substituent in the 3,4-epoxy-2-methyleneoxolanes invesbgamd here renders these 

dienophiles dissynunetric in natute and is responsible for the exceptionally high mm’ &we selectivity observed in 

these particular dienophiles during hetero Diels-Alder reactions. 

Acknowledgments We thank Ms C. Lambert from Zeneca, Research Center, Reims, for preliminary 
molecular mechanics calculations. The authors (P. P.; J. B.; J. C.) also thank the Centre National de la 
Recherche Scientifique CNRS for financial support P. V. and P. A. C. are most gmteful to the Rcole 
Polytechnique F&l&ale de lausanne and its Centre de Calcul for generous computing time (Cray 1s and Cray 
2), they also thank the Institut ftlr lnformatik of the University of Zurich ( R. Dr. K. Bauknecht) for generous 

gift of computing time (NAS xL60). 



A short synthesis of spiroketals 8047 

EXPERIMENTAL SECTION 

Gem-al remark Melting poiuts are uu- IRspectrawerefeco&donaPhilipsSP3-300infra-red 

spectrophotometer. NMR spectra were recorded with a Bnrloer AC-300 m at 300 MHz for IH and 

75.5 MHz for 13C cr with a Bnrlrer AC-250 specbomete~ at 250 MHz for IH aad 62.9 MHz for “C. IH NMR 

chemical shifts are expressed in parts per million downiield relative to internal tetmm&ylsilane (6 = 0). Splitting 

pattems are assigned as: s, singlet; d, doublet; t, triplet; q, quartet; sext, sextet, m, timltiplet. 13C NMR am 

recordedusingthecentralpealroftbe~~signalaStheintemalstandard(b=T7.oO)or~centralpealrofthe 

C,D,signalastheinternalstandard(8=128.00).Massspectrawere~onaJEOLD300mass 

spectrometer at 70 ev. All reactions were monitonzd by thin-layer c hromatography using 0.25 mm E Merck 

silica gel plates (60 F&. Flash column chromatography was pe&xmed on silica gel Merck 60 (particle size 

0.040-0.063 mm). THF was distilled from Nalbenzaphenone; and GH, were distilled from CaH,. 

General procedure for the cycloadditions of 3,4-epoxy-2-methyleneoxolanes with oxadienes: 

To a stirred solution of 3,4+poxy-2-m 1,2 (9.6 mmol, 1 eq.) in benzene or THF (8 ml), 

were succe&vely added at room temperatu~ the oxadiene (28.8 mmol, 3 eq.) and zinc chloride (262 mg, 1.9 

mmol, 0.2 eq.). The mixture was stirred at room temperature until TLC ( Petmleum Ether, PE, - Ethyl Acetate+ 

EA, 90-10) showed the div of the starting 3,4-epoxy-2-methylea~eoxolanes (see Table 1, for specific 

details).Waterwasthenaddedandthephasesseparat6d.Theaqueouslayawas~extractbdthnetimes 

with metbylene chloride. The combined organic layers = dried over anhydrous MgSO,, !?lte.xed and 

concentrated in IWUO. The crude product was purified by flash column chromatography. 

Theun~epoxyspirdreQlssoobtainedprwedtobesensitiveat~m temperaaaebutcouldbe 

kept for months in a w (-20”). 

NMRdatawezecollectedinTables2and3. 

rel-(3S, 4S, SK)-3, 4-epoxy-4-methyl-l, kdioxaspiro[4, 5]dec-7-ene: 3 

colourlessoil. TLC IQ 0.60 (PE-EA : 90-10); IR (thin Iilm) 1640, 1400, 1255, 1210, 1120, 1070, 1035, 

860, 820, 8OOcm-*; *HNMR(Q,D,) 8 : 1.35 (3H, s), 1.68 (MO, ddd, J = 12.5, 12.5, 6.0 Hz), 1.78 (H9, 

ddddd, J= 16.5, 6.3, 6.0, 1.6, 1.4 Hz), 1.98 (HlO, dddd, J= 12.5, 6.3, 1.6, 1.4 Hz), 2.32 (H9, ddddd, J= 

16.5, 12.5, 5.6, 2.6, 1.6 Hz), 3.02 (H3, s), 3.60 (H2, d, J= 10.2 Hz), 3.65 (H2, d, J = 10.2 Hz), 4.71 (H8, 

dddd, J= 6.0, 5.6, 1.6, 1.4 Hz), 6.25 (H7, ddd, J= 6.0, 2.6, 1.4 Hz); “C NMR (C&) ti 11.63, 16.60, 

24.31,60.30,64.28,65.87, 101.75, 103.79, 141.12; mass spectrum, m/e (intensity) 168 (M+, 50), 151 (38), 

113 (51), 112 (66), 100 (58), 69(100), 55 (88);. Anal. Calcd. for C,H,& : C, 64.27; H, 7.19. Found : C, 

64.14; H, 7.11. 

rel-(3S, 4S, SR, 9.!+3, 4-epoxy-4, 9-dimethyl-1, 6-dioxaspiro[4, Sldec-7-ene: 4 

colourless oil. TLC Rf 0.63 (PE-EA : 90-10); IR (thin film) 1635, 1215, 1210, 1170, 1110, 1170, 1030, 

970,920, 880,850 cm-l; ‘H NMR (GD,) 8 : 1.14 (3H, d, J= 7.0), 1.33 (3H, s), 1.83 (HlO, ddd, J = 13.0, 

3.8, 1.1 Hz), 2.02 (HIO, dd, J= 13.0, 7.0 Hz), 2.14 (H9, qdddd, J = 7.0, 7.0, 3.8, 4.0, 1.7 Hz), 2.92 (H3, 

s), 3.51 (H2, d, J= 10.1 Hz), 3.64 (H2, d, J= 10.1 Hz), 4.63 (H8, ddd, J= 6.3,4.0, 1.1 Hz), 6.21 (H7, dd, 

J = 6.3, 1.7 Hz); ‘3C N&i&t (C&J 6 12.03, 21.35, 24.11, 31.66, 60.09, 64.77, 66.09, 103.95, 107.47, 
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140.16; mass spectrum, m/e (intensity) 182 @I+, 32), 167 (18), 112 (85), 97 (25), 83 (23), 69(100), 55 (45);. 

Anal. Calcd. furC1&I1,,~ : C, 65.91; H, 7.74. Found : C, 65.97; H, 7.90. 

rel-(3S, 4S, SR)-3, 4-epoxy-4, 7-dimetbyLlJGdioxaspiro[4, 5]dec-7-ene: 5 

colourless oil. TLC Rf 0.58 (PEWA : 90-10); IR (thin film) 1640,1250,1140, 1070, 1030, 960, 870, 850, 

8oo~m-~; ‘H NMR (C!&) 5 : 1.38 (3H, s), 1.64 (HIO, ddd, J = 12.5, 12.5, 6.0 Hz), 1.73 (3H, ddd, J= 

1.1, 1.0, l.O), 1.82 (H9, dddq, J = 16.5, 6.2, 6.0, 1.0 Hz), 2.02 (HlO, dddd, J = 12.5, 6.2, 1.8, 1.3 Hz), 

2.39 (H9, ddddq, J= 16.5, 12.5, 5.4;1.8, 1.0 Hz), 3.02 (H3, s), 3.58 (H2, d, J= 10.5 Hz), 3.68 (H2, d, J= 

10.5 Hz), 4.50 (H8, dddq, .I = 5.4, 1.3, 1.1, 1.0 Hz); ‘3C NMR (C&) 6 11.75, 17.54, 20.23, 23.98, 

60.46,65.02,65.82,94.36, %.72,147.%; mass spectrum, mle (intensity) 182 (I&4+, 32), 167 (28), 112 (80), 

97 (20), 83 (28), 69(100), 55 (55);. Anal. C&d for Cl&I,,& : C, 65.91; H, 7.74. Found : C, 65.96, H, 

7.85. 

rel-(3S, 4S, SR)-3, 4-epoxy-1, 6-dioxaspiro[4, 5]dec-7-ene: 6 

c&urlessoil. TLC R, 0.52 (PJMA : 9GlO); IR (thin film) 1640, 1400, 1255, 1210, 1120, 1100, 1070, 

1020, 860, 820, 800 cm-l; 1H NMR (C&) i : 1.77 (HlO, ddd, J = 12.5, 12.5, 6.0 Hz), 1.80 (H9, ddddd, 

J = 17.0, 6.0, 3.0, 2.5, 1.5 Hz), 2.06 (HlO, dddd, J = 12.5, 4.5, 3.0, 1.5 Hz), 2.20 (H9, ddddd, J = 17.0, 

12.5, 5.4,4.5, 2.1 Hz), 3.07 (H3, d, J = 3.0 Hz), 3.32 (H4, d, J = 3.0), 3.51 (H2, d, .I= 10.5 Hz), 3.71 (H2, 

d, J= 10.5 Hz), 4.67 (H8, dddd, J = 6.0, 5.4, 2.5, 1.5 Hz), 6.24 (H7, ddd, .I = 6.0, 2.1, 1.5 Hz); 1°C NMR 

(C&) 8 17.38, 26.08, 53.94, 57.59, 66.77, 101.66, 102.70, 141.12; mass spectrum, m/e (intensity) 154 

@4+, 40), 113 (50), 112 (61), 100 (62), 69(100), 55 (81);. Anal. Calcd for GH1& : C, 62.33; H, 6.54. 

Found : C, 62.44, H, 6.66. 

Hydrogenation of the cycloadducts 3, 4: 

At room tempemtuq a stirred sulutiun of 3,4-epuxy-1, 6-di oxaspk-[4, 5]-kc-7ene (1.19 mmol, 1 

eq.) iu methanol (4 ml), was saturated with hydrogen by bubbling hykogen gas. Then, palladium on charwal 

(20 mg,) was introduced. The resulting suspmsiou was vigorously stirred un&x hydmgen atmosphere 

(balloon).Afterlh,themixauewasfil~~tfrroughashartpadofCeliteamlconcentrabedin~.Thehardly 

punz product was further purified by llash column wy. 

rel-(3S, 4S, 5S9-3, 4-epoxy-4-methyl-l, 6-dioxaspiro[Q, SIdecane: 7 

98X, as a colourless oil. TLC Rf 0.53 (PEEA : WlO); IR (thin film) 1440, 1400, 1370, 1200, 1190, 

1130, 1080, 1010,970,920, 880, 855, 810, 790 cm-‘; ‘H NMR (CDU,) 8 : 1.39 (3H, s), 1.41-1.76 (6H, 

m), 3.46 (H3, s), 3.58 (H7, ddd, J = 11.5, 4.0, 2.5 Hz), 3.68 (H2, d, J = 10.2 Hz), 3.75 (H7, ddd, J = 11.5, 

11.0, 3.2 Hz), 3.79 (H2, d, J= 10.2 Hz); W NMR (CD&) 8 11.38, 18.97, 25.28, 27.35, 59.85, 61.73, 

65.02, 65.30, 102.92; mass spectrum, m/e (intensity) 171 (M+ +l, 0.4), 170 (M’ , 0.4), 155 (4), 115 (15), 

104 (72), 55 (100);. Anal. C&d for &HI& : C, 63.53; H, 8.23. Found : C, 63.64; H, 8.51. 

rel-(3S, 4S, 5S, 9R)-3, 4-epoxy-4, 9-dimethyl-1, 6-dioxaspiro[4, SIdecane: 8 
8696, as a colourless oil. TLC Rf 0.52 (PE-EA : 90-10); IR @bin film) 1455, 1425, 1370, 1340, 1250, 

1200, 1170, 1150, 1130,1080,1030,975,920, 860, 840,790 cm-*; ‘H NMR (C&) 5 : 1.16 (3H, d, J= 
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7.0), 1.29 (H8, ddddd, .I = 13.1, 3.0, 2.5, 2.0,1.5 Hz), 1.49 (3H, s), 1.50 (HlO, ddd, J= 13.5, 3.5, 1.5 Hz), 

1.87 (H8, dddd, J= 13.1, 12.0, 5.4, 5.4 Hz), 1.95 (HlO, dd, J = 13.5, 5.5 Hz), 2.07 (H9, qdddd, J= 

7.0, 5.5, 5.4, 3.5, 2.0 Hz), 3.51 (H3, s), 3.58 (H7, ddd, J = 11.5, 5.4, 2.5 Hz), 3.76 (H2, d, J = 10.4 Hz), 

3.89 (H2, d, J= 10.4 Hz), 3.97 (H7, ddd, J= 12.0, 11.5, 3.0 Hz); ‘3C NMR (C&J IJ 12.04, 19.70, 24.09, 

30.96, 32.57,57.79,59.78,65.44,65.87, 103.85; mass spectrum, m/e (intensity) 185 (M+ +l, 0.5), 184 (At+ 

,0.5), 169 (2.9), 149 (5.7), 115 (79), 55 (100);. Anal. C&d. for C,JIH,& : C, 65.19; H, 8.75. Found : C, 

65.13; H, 8.68. 

Hydride reduction of the cycloadducts 3, 4: 
To a stirred solution of 3,4-epoxy-1, kiioxaspiro-[4,5]-decane (2 mmol, 1 eq.) in diethyletber (3 ml), 

was added dropwise at room temperatum, a commercial solution of lithium aluminium hydride(2.9 mmol, 1.45 

eq,). The resulting solution was vigorously stirred overnight under argon atmospbere. The excess of hydride 
was destroyed by successive addition of silica and water (4OOpl). After stirring for 30 mn, tbe mixture was 

filtrated through a short pad of C&e and concentrated in WUXW. Tbe hardly pure product was further purified by 

flasll column cllromatograplly. 

rel-(4S, SS)- 4-hydroxy-l-methyl-l, 6-dioxaspiro[4, SIdecane: 9 
9896, as a colourless oil. TLC Rf 0.50 (PEEA : 60-40); IR (thin film) 3460, 1460, 1440, 1365, 1210, 

1160, 1120,1070, 1040,1005, 975, 950, 940, 900, 890, 820 cm-l; IH NMR (C6D,) 5 : 1.25 (H8, ddddd, 

J= 13.5, 4.0, 2.8, 1.5, 1.0 Hz), 1.36 (3H, s), 1.43 (H8, dddd, J = 13.5, 13.0, 12.5, 2.8 Hz), 1.46 (HlO, 

ddd, J= 14.0, 13.0, 4.8 Hz), 1.58 (H9, dddd, J= 14.0, 4.8, 3.0, 1.5 Hz), 1.67 (H3, ddd, J = 12.5, 8.0, 3.5 

Hz), 1.89 (HlO, dddd, J= 14.0, 4.1, 3.0, 1.0 Hz), 1.91 (H9, ddddd, J = 14.0, 13.0, 13.0, 4.1, 4.0 Hz), 2.13 

(H3, ddd, J= 12.5.9.7, 8.0), 3.55 (H7, dddd, J= 11.0,4.8, 1.5, 1.5 Hz), 3.73 (H2, ddd, J = 9.7, 8.0, 3.5 

Hz), 3.83 (H2, ddd, J = 8.0, 8.0, 8.0 Hz), 3.84 (H7, ddd, J = 12.5, 11.0, 2.8 Hz); 13C NMR (C,D,) f~ 

18.75, 19.26, 24.41, 25.27, 37.43,59.68,62.25,79.12, 105.28; mass spectrum, m/e (intensity) 173 (M+ +l, 

5), 155 (38), 137 (11), 101 (NO), 72 (lOO), 69(91), 55 (48);. Anal. Calcd. for CgH,& : C, 62.76; H, 9.36. 

Found : C, 62.28; H, 9.43. 

rel-(4S, SS, 9R)-4-hydroxy-4, 9-dimethyl-1, 6-dioxaspiro[4, SIdecane: 10 
78X, as a white solid, mp: 67”. TLC Rf 0.60 (PE-EA : 60-40); IR (CH$&) 3560,3500,1460, 1370,1340, 

1180, 1140, 1100,1060, 1020, 1000,980,960,930,910,850 cm-? ‘H NMR (C,D,) i : 1.10 (H8, ddddd, 

J= 13.5, 2.8, 2.2, 2.0, 1.0 Hz), l.l7(OH), 1.32 (3H, d, J= 7.0 Hz), 1.38 (3H, s), 1.62 (H3, ddd, / = 12.5, 

8.0, 3.5 Hz), 1.65 (HlO, ddd, J= 14.0, 3.0, 1.0 Hz), 1.72 (H8, dddd, J = 13.5, 12.2, 5.5, 5.0 Hz), 1.79 

(HlO, dd, J= 14.0, 6.0 Hz), 1.97 (H9, qdddd, J= 7.0, 6.0, 5.0, 3.0, -2.0 Hz), 2.11 (H3, ddd, J= 12.5, 9.7, 

8.0 Hz), 3.48 (H7, ddd, .I = 11.2, 5.5, 2.2), 3.79 (H2, ddd, J = 9.7, 8.2, 3.5 Hz), 3.80 (X2, ddd, J = 8.2, 

8.0, 8.0 Hz), 4.00 (H7, ddd, .I= 12.2, 11.2, 2.8); 13C IWR (C,&) 8 19.98, 20.28, 24.46, 30.76, 31.39, 

37.91, 56.86, 63.63, 81.41, 106.75; mass spectrum, m/e (intensity) 187 @4+ +1, 4), 169 (20), 141(15), 115 

(NO), 99 (32), 97(40), 73 (lOO), 69 (NO), 55 (53);. Anal. Calcd. forC1&I14Q : C, 64.48, H, 9.74. Found : 

C, 64.43; H, 9.57. 
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Acid catalyzed isomerization of the 4-hydroxy-4, 9-dimethyl-1, ddioxaspiro[4, SIdecane: 
The hydroxy spin&e&l 10 (150 mg, 0.81 mmol, 1 q.) was dissolved in benzene (5 ml) or in C!& (in 

this case, the reaction was run on a 15 mg, scale). Trifluoroacek acid (l@l, 0.13mmo1, 0.15 e-q.; 31.11, 38 

pmol, 0.5 eq. for the 15 mg scale reaction) was then added. The reaction was monitored either by TLC (R/ 

0.68 for the starting 10 compared to Rf 0.78 for the newly form4 11, in PE-EA : l30-20) or by NMR. After 

3Omn to 1 h, the solvent and the acid were pumped off, yielding a chromatogmphically pure product. 

rel+S, SR, 9R)-4-hydroxy-4, 9-dimethyl-1, 6-dioxaspiro[rl, Jldecane: 11 
9996, as a white solid, mp: 51”. TLC Rf 0.78 (PE-EA : 80-20); IR (CH$l$ 3560, 1450, 136Ql340, 1205, 

1190, 1160,1130,1070, 1000, 980, 920, 850 cm-‘; ‘H NMR (C&) 6 : 0.80 (3H, d, J = 6.5), 1.02 (H8, 

dddd, J= 12.5, li.0, 12.0, 4.8 Hz), 1.22 (3H, d, J= 1.0 Hz), 1.23 (HlO, dd, J = 12.8, 12.0 Hz), 1.24 (H8, 

ddddd, J= 12.5, 4.0, 2.4, 1.8, 1.5 Hz), 1.59 (HlO, ddd, J= 12.80, 4.0, 1.8 Hz), 1.70 (H3, ddd, J= 11.8, 

8.0, 3.5 Hz), 1.96 (H9, ddqdd, J = 12.0, 12.0, 6.5, 4.0, 4.0 Hz), 2.13 (H3, dddq, J = 11.8, 10.0, 8.2, 1.0 

Hz), 3.57 (I-U, ddd, J= 8.5, 8.2, 8.0 Hz), 3.58 (H7, ddd, J = 11.0, 4.8, 1.5 Hz), 3.74 (H2, ddd, J = 10.0, 

8.5, 3.5 Hz), 3.84 (H7, ddd, J= 12.0, 11.0, 2.40 Hz) ; 13C NMR (GD,) 6 22.15, 22.56, 26.42, 33.95, 

35.86, 38.63, 61.48,63.59,78.%, 103.3; mass spectrum, m/e (intensity) 187 (M+ +l, 4), 169 (18), 141(10), 

115 (MO), 99 (25), 97 (40), 73 (lOO), 69 (loo), 55 (56);. Anal. C&d for Ct&I& : C, 64.48; H, 9.74. 

Found : C, 64.14; H, 9.81. 

Ab initio calculatim were ptxfomwd with the program Gaussian-8232 on a Gray IS Supercomputer, 

Gaussian-8633 on a NAX XL60 computer, Gaussian-9074 on a Gray 2 Supercomputer and IRIS 4D-320 and 

4D35 w&stations. The geometries were fully optimized with respect to all bond lmgths, bond angles and 

dihedral angles with the Bemy method using standard convergence criteria.35 
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