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Abstract - The synthesis of I3ZSS.6SI 2-[5,6+poxy-undec-3-n-1-y1>5,6dfiydro-4H- 

PYrm (2) and [3ZSS,6RI 2~5,6spox~-undec-3-en-l-yl>3~4dfiydmf~ian (3) is outlined. 

Cyclization reactions of 2 and 3 catalyzed by various Lewis acids which praeed to 

afford spirocyclic ket& rather than the desired cartecycles are described. 

We have previously reported the metalation of a variety of cyclic vinyl ethers and the utility of such intermediate 

anions as equivalenrn of the corresponding acyl anions' Furthermore, we had reparted sometime ago the results of 

initial studies of the intrmmlecular cyclizatian af cyclic vinyl ethcr-epoxides which are readily available by 

alkyiation of vinyl ether anions with epoxy halides."' Indeed, the versatility of htramoleeular cation-olefin 

cyclirations for the a-struction of cartecyclic rings had been elegantiy demonstrated by Iohnsan and others.' As 

an extension of our previous studies, we have explored the feasibility of the extremely short enantiwlective 

approach to the primary prostaglandins outlined in Eq 1. 

Our ideal cyclization substrate was envisioned ta be the Z 4'-allroxydihydrofum 1. The choice of the Z3 mano- 

epoxide for the side chain was based upon the elegant studits of the Roussel-Uclaf group which demonstrated that 

this combination produces the required C, ,(R), C. ,(S) eonfiguration found in the natural prostaglandins.' The 

crucial transformation then involves the participation af an endacyclic vinyl ether double bond as the nucleophile in 

a hopefully highly SYN stereaselective intramolecular SN2' addition to a suitably activated vinyl epoxide.' We 



envisioned that the endozydic vinyl ether double bond would function as a masked enalate equivalent and the 

ensuing ~YdiZation would effectively represent the equivalent of a regimpific enolate alylation. The resulting 

acetal upan hydrolysis was eapcted to provide for introduction of the required a side chain by means of well- 

precedented Wittig chemistry.' We describe below the preparation and attempted cyclivitian of two such substrares, 

dihydropynn 2 and dihydrofuran 3. 

Our initial effam were directed at obtaining the substrate 1, since we considered that the a'-akoay substituent 

would enhance the nvcleophilicity af the endmycUc vinyl ether and pmvide additional stabilization of the 

developing charge in the aaonium ion intermediate. The required isabutoxy dihydrofuran 4 was prepared vi? the 

sequence outlined in %heme 1. The key step involved oxidation of a cyclopmpyl farbind with Ag,CO, an =Ute 

SCHEME la 

4 R = H  
7 R - L i  

a~eagcnts: 
a) Cn @mnre)/ e/ 16h; b) LAW Et,O/ A/ 3h; c) Ag,CO,selite/ PW/  M 3h. 

(Fetkon's reagent)' which is accompanied by in s h  rearrangement of the rwllting cyclopropylaidehyde to dihydro- 

furan 4 (40% overall from isabutyl vinyl ether) as described by Wenkert.' However, attempted alylation of the 

epaxymesylate 5, obtained by mesylation of the known alcohol 6,' with a-Uthiodihydmfuran 7 (obtained by met& 

ation of 4 with 1-BuLi (3 equiv) at O°C in THF) failed to provide any of the expected dihydmfuran 1 under a 

variety af conditions. Quenching studies with D,O suggested that pmton transfer between the highly basic vinyl 

ether anion and the andfonyl pmtons of the mesyiate was asurring. Remarlrably, when the related epoxy-Wylate 

8 was employed again only pmton t rmfe r  was ~hserved. '~ Furthermore, wc were vnablc to obtain the related 

epoxyiodide 9 by displacement due to the acid sensitivity of the dlylic epaxide unit. Thus, we abandoned 

preparation of the more complex and highly sensitive substrate 1 in favor of the lers functionalired substrate3 2 

and 3. 

We next investigated an alternative mute involving the coupling a€ a suitable vinyl ether ylide with an appropriate 

aipaayaldehyde as outlined in Eq 2. This sequence was particularly attractive since Wittig coupling was expected 

to selectively afford the required Z cpary0lefh, and the mute seemed amenable ta the   re pa at ion of the rqvired 

substrates in optically active form." Since the of the multifunctional phcsphonium salts requind for 

this strategy was not weU ~reedented, we f o z d  initially on the preparatiqn of the simpler derivatives 

dihydropyran 2 and dihydrofuran 3. 
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The phosphonium salts 10 and 11 were readily obtained, as outlined in Scheme 2, by metalation, and dkylation of 

dihydropyran 12 and dihydmfvran 13  with 1-bmrno-3shloropmpane (3 equiv) to afford the chloropropyl ethers 14 

and 15 (-Xm),'." Conversion of 14 and 15 to the resptive iodides with NaI (4 equiv) in anhyd acetone in 

the presence of 2 equivalents of i-Pr ,EtN and subsequent quaternization with Ph,P (1 equiv) in the presence of 

i-Pr,EtN (1 equiv) i- anhyd CH,CN at reflux (72 h) pmvided the sale 10 (mp 198-199'C, 57%) and 11 (mp 

162-163'C. 62%) as stable, nicely crystalhe matetiah upon tdruration with hat THF."" ' 

a) t-Bu~i (1 equiv)/ THF/ -7S°C + O°C/ 1.25 h. Cl(CH,),Br (0.83 equiv)/ anhyd HMPA (0.83 ,equiv)/ o'C ' 
2S°C/ 7.33 h; b) NaI (3 equiv)/ i-Pr,EtN (2 equiv)/ mhyd acetone/ A/ 16h; d PPh,(l eqmv)/ 1-Pr,EtN 

(1 equiv)/ mhyd CH,CN/ A/ 96h; d) nBuLi (1 equiv)/O°C + -20°U lh, aldehyde/ -20°C -+ 2S°C/ 2h. 

Construction of the cyclizatian substrates 2 and 3 was completed, as shown in Scheme 2, by a liineticallyzantrolled 

Wittig reaction.' ' The ytides derived from 10 and 11 by treatment with n-BuLi (1 equiv) at O°C in THF were 

condensed with the known epoxyaldehyde 16 at -20°C in THF to afford nearly exclusively (ZE >96:4) the Z 

defim 2 (65%) and 3 (75%) after rapid purification by filtration thmugh flarisil." ,' ' Dihydrafuran 3 is 

extremely eensltive to traces of acid panieularly in the presence of nucleophiles, and m o t  be stored or subjected to 

further chmmatographic purificariot~' ' Thus, 3 was prepared and used immediately in the cyclization studies 

described below. 

The substrates 2 ( [a6' - + 5.75" (c - 4, CHC1,) and 3 were also readily obtained in optically active form by 

employing the optically active (2$3S) epoxyaldehyde 16 ( [a6 '  - +69.7' (5 = 6, CHC1,)). Optically active 16 

was obrained by asymmetric eporidation af commercizlly available (2E) octen-1-1 in the presence of diethyl (+> 
tartrate ta afford (2R.3S) epoxy-loztaml ( [a&' - - 95S0 (c - 2, CHCl,), >9m ee) fallowed by oxidation with 

CrO ,-2py in CH ,C1, (-4C7~ overdl yield).' ' 

Preliminary attempts to cyclize the l m  sensitive dihyrapyran 2 estlbbhed that strong Lewis acids such as TiCI, 

and SnCI. were unsuitable since a of products were and extensive dmmpi t i on /  polymenzhtion 



was observed even at relatively high dilution and at low temperatures (-78-C). SurpriBingly, u a  of BCI, (1 

equiv) in CH,CI, at -78'C pmduced, rather cleanly, a mixture of diastereomeric E allylic alcohols 17 whose grm 

structures were assigned on the bask of IR, NMR (400 MHd,  and masr spectral data, and confirmed by oxidation of 

the mixture with C10,-2py in CH,Cl, to an epimeric mixture of enones 18." Clearly. 18 can only arise as the 

result of isamerimtion of the olefink epoxide (followed by oxidation) and addition of the elements of H,O acrm 

the dihydropyran resldue (pmibly during the aqueous workup), however, no producta resulting from participation of 

the two functional group in the desired ~yclization were observed. We hypotheJlzed that the undesired outcome 

was the result of creation of a nearly full p i t i v e  charge on the epoxide carbon by the strong Lewis acid (BCI,) 

initiating rearrangement followed by hydration of the vinyl ether by water introduced during workup. Therefore, 

we turned our attention to mild silicon-bawd Lewis acids such (CH,),SiCI (TMSCI) and t-Bu(CH,),SiCI (TBSCI) 

which we hoped could be prepared free of protic acid impurities in an attempt to ohrerve the desired cycbtion. '  ' 
The cyclization studies described below u t W  primarily TBSCI, since TBSCl is more easily purified and less 

moisture sensitive. 

17 Z - OH, H 

1 8 2 - 0  

Slow addition of a salution of optically active dihydmpyran 2 to a solution of pure TBSCl (1.33 equiv) in CH,CI, 

(0.05 M in each reactant) at O°C multed in immediate ~)1~1urnption of 2. The ma ion  was quenched by addition 

Of sat NaHCO, solution, and the crude pmduct was purified by chmmatography to afford a single polar, chromate 

graphically homogeneous alcohol ( [a6' = - 1.24" (c - 35, CHCI,)) in 75-8070 yield. SurpriBingly, spectrcscopic 

analysis indicated the absence of silicon. The presence of a m a s  spectral parent ion at m l z  268 suggested the em- 

pirical formula C, .H, '0,. Thus, thc sonverdon had npprent1y m l t e d  in the addition of the elemenrs of H,O 

to 2 as would be expected for the desired cycbt ion  product, Examination af the protan NMR (400 MHz with de- 

coupling) of the ~ ~ ~ b t i o n  product estlblinhed the presence of substituted tetrahydrofuran and trans allylic 

alcohol moieties. The presence of 16 signals in the ' 'C NMR spectrum confirmed that the unknown was a single 

diastereamer, and the appearance of a quaternary carbon signal at 6 105.0 suggested two plausible structures, the 

desired hemiketal 19, and the spirocydic k ~ t a l  20 (Scheme 3). The latter structure, ketal 20, whose stereochemhrry 

was tentatively migned on mech-tic grnunds, appared to Fit exiaing literature precedent somewhat ktter.' ' , "  

However, we sought further chemical confirmation of the structure and stereochemical assignments for 20." 

Ozldatian of 20 with C*,-2py in CH,Cl, was inconclusive due to the formation of a variety of pmducrs, 

however reduction of the monet-butyldiphenyMy1 (TBDPS) ether 21, obtained fmm 20 by treatment with t- 

butyldiphenylsilyl chloride (1 equiv) and imidazale (2 equiv) in Dh4F (rmm temperature, 16 h). with NaCNBH, at 

pH 3 (Scheme 3) provided the alcohol 22 which clearly retained the tetrahydrofuran residue as Pdged by NMR 

spectxxopy." The NMR spectrum was locomistant with a did, the expected reduction pmduct of 19. 

Fnnhermarc, treatment of 21 with (CH,SH), (10 cquiv) in the presence of ex- BF,-Et,O in CH,Cl, at -60°C 

(1 h), conditions which have been cmpl?yed previously to open hemiketal. and spiracyclic kerals," afforded 

dihydroryrhiaketal 23 (759J." Again, production of a d id  was consistant only with ketal 20. With the g r m  
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SCHEME 31 

2 

OH 

6 

21 - 
d 

C 
21 , (32Ad' 

OH OTBPS 

23 

' ~ca~en t s :  
a) TBSCl (1.25 equivli CH,CI,/ O°C + 104C/ 1.75 h: b) t-BuPh,SiCI (1.3 equiv)/imi&zole (2 equiv)/ DMF/ 
25'C/ 16 h: c) NaCNBH, (3 equivll H W  aq THF/ 2S0W 3 h; d) (CH,CH,SH), (10 equiv)/ BF,-Et,O 
(catalytic)/ 40°C/ 1 h, Et,N/ 40°C + 2S°C/ 1 h. 

structure of 20 confirmed, NOE eaperimenm wmbhhed the probable dr relatiomhip between the methylene brand, 

of the pyran ring and the pmximal p r a m  of thc vinyl gmup on the tetrahydrofuran ring. These dam strongly 

suggwt that the complete stemtructure of W is as formulated. 

A complementary study waa mnducred with the highly sasitive optically active dihydmfuran 3. Trentment of 3 

with TBDSCl under comparable conditions to thav cmplayed for 2 immedktely produced a mirture of 4 diasrex- 

omeric alcohols 24 which were uaresolvable by chromatography (-6%). However. conversion of the mixture to the 

corresponding TEDPS ethers, as before, followed by reduction with NaCNBH, at pH 3 afforded a mixture of two 

isomeric ietrahydrofum 25 and 26 (each a diastemmeric mixture) which were separable upon canversion to the 

camponding m-icdobenwaw 27 and 28." lhis result conpled with the preunu: of a signal (unresolved) at 6 
114 in the "C NMR spectrum of the mixture of alcohols 24 strongly suggested that the cyclivltioa had taken a 

Similar coum to that of 2 but with lower sterroselectivity. Final mufirmatian of the - structures of 24 was 

obtained by ozonolysis of the related TBDPS ethers which afforded a separable miiturc of dimternmetic aldehydm 

29 and 30 (3:l) w h m  spectral characteiisticq including a signal at 6 116 in the "C NMR spectrum, were 

identical to thav repaned for the sutstancm by Ireland.' ' ' ' 

We presume that the observed cycliratian d o n s  arc catalyzed by t r am of HCI which are unavoidably present in 

the TBDSCI. When combined with moisture present in the reaction medium or lntmduced during the aqusous 

workup and purification, the HCI indum rapid hydration of thc cndocydic vinyl ether double tend in 2 and 3 

followed by intramolecular ether formation in an SNZ' manner lading to the spimkemh 20 and 24. The 

production of a single diastereamer in the case of 20 is mmt lilrely ascribable to the influence of the anomeric 

effect in the lactal intermediate and the wmspondingly greater sterjc demands of the sir-membered ring in the sub 

sequent cycliration. However, we have no experimental evidence which requires the faregoing w e n c e  of events 

during the cyclization. 



SCHEME 4= 

a~eagcnts: 

a) .)TI (1 equiv)/ CH,CI,/ O o U  40 min, sat NaHCO,/ 0°C: b) tBuPh,SiOTf (leqniv)/ lutidine (2 equiv)/ 
CH,Cl,/ -78°C + 2S°C/ 1 5  h, aq NaHCO,; c) NaCNBH, (3 equiv)/ HCI/ aq THF/ 2S°C/ 3 6, m-IPhCOCI 
(1 yuiv)/ pytidind 25'U 12 h; dl 0,  (=I/ CH,CI,€H,OH (3:1)/ -78"U 30 min, DMS/ -78'C + 2S°C/ 2h. 

In an effort to avoid the intervention of acid catalyzed prcessq and to potentially alleviate stereoelectronic 

problems which may well h the rmt c a w  of our failure to observe participation of the vinyl ether bond in the 

deired earkcyclization," we examined the use of Pd(0) catalysis, Use of li-ally1 palladium intermediate in ring 

forming reactions was pioneered by Trmt." and has k e n  exploited by a number of other gmup." The expected 

ste-hemical oummc with respect to the vinyl epoxide unit should result in the required overall SYN 

selectivity.' " " 

Treatment of (7) 3 with a catalytic amount of Pd(PPh,)." in the absenfe of an external nuclwphile resulted in 

apparent formarion of thc required tr-ally1 palladium intermediate, however, proton transfer murred in preference to 

participation of thc vinyl ether double band affording dienol 31 (W ZE mixture) in 95% yield.' ' Even more 

remarkably, when phenol was introduced to quench the allioxide, a mixture ('/:I) of 14 and 1.2 addition produsui 

32 and 33 was obtained." The products of 1.2 addition, such as 33, are rarely if ever observed with olefinic 

epaides" Use of the a t e r i d y  hindered and effectively naonusleophilis 2.M-t-butyl4methylphenol only 

resulted in the formation of the previously observed pmduct of elimination, dienol 31. To further assure ourselves 

that the required rr-ally1 palladium s p i e s  was formed, (71:3 was treated with Pd(PPh,). (cat) and dimethyl 

malmte in THF (70°C, 5mid to afford the expected bimolecular addition product 34 (-6040). We reasoned that 

enhancing the nucleaphili~ity of the vinyl ether band might overcome the reluctance to participate in ring clmure. 

Therefore, we prepared the methmydihydropyran 35 by a route analogous to that for 3 (Scheme 2)." 

Unfortunately, the idcnt ia  pattern of reactivity was observed far 35. Expcsure of 35 to Pd(PPh,). (cat) in THF 

at 6S°C afforded, in this cast, only the E.E diem1 36. 
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35 35 

The failure of a l l  the substrate examined to undergo ~arImyclization by participation of the endocyclic vinyl ether 

double band is probably the -It of stereoelectronic factom' ' While the cationic cycluations of the type desired 

(Eq 1) do not strictly f i t  into the categories d k d  by BPldwin." i t  is clear that the required orbital overlap 

far the double bond participation to farm a five-membered W g  doen result in introduction of some strain. 

However, the resulo of our earlier cyclization studies,"' and examination of molendar models of the required 

transition state geometry do not suggest that orbital overlap would be sufficiently pwr to preclude cycluation. This 

conclusion would be panimlarly valid far the palladium catalyzed reactions in these case%, the vinyl ether double 

bond may simply be too wcahly nu~leophilic to attack the x-ally1 palladium intermediate even when the reaction is 

intmmolecuiar." 

Additional studies of the carbocyclimtion of sulsfrate such a s  2 and 3 by means of radical intermediate are 

presently in progm, and the results will be reported in due course. 
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