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Abstract. The potential utiltty of butenolldes as substrates In the electroreducttve cyclization reaction has been 
mvestigated. A variety of butenolides bearing either an c+unsaturated ester, an o&T&unsaturated ester, allylic bromide, 
bromide, mesylate or aldehyde functionality on the appending side chain have been examined. The performance of each of 
these systems under electroreductive cycltzatton reaction condrtions is severely Bntted by the presence of actdfc protons at 
C5 of the butenolrde ring and at Cl of the appending side chain 

INTBODUCTION. The electroreductive cyclization (ERC) reaction, typified by equation 1, has proven to be a 

valuable tool in the construction of a vatfety of nng systems,* among them the five-membered ring subunit of sterpurene3 

and both the five and the six-membered rings found in the bicycb[3.2.1] subunit of quadrone. Recent unpublished results 

from these laboratories suggest its utility in the stereoselective synthesis of the Corey Iactor and its potential applicability 

to construction of the C-ring of the phorbol esters.6 

G cc 2e-, 2HA G 

-cI, 
EWG 

(1) 
H=CHEWG 

G = CH,OMs,‘CHO, COR, C(=NR)R’, CH=CHEWG 

EWG = electron withdrawing group 

G’ = CH,, CH,OH, CHOHR, CH(NHR)R’, CH,CH,EWG 

The reactron is believed to occur by a one-electron transfer to CH=CHEWG, closure of the resulting radrcal anion 

OntO G, protonatron of the intermediate, additron of a second electron and a second proton.2 The initially formed radical 

anion can undergo the desired cyclrzation and/or partcrpate in add-base chemrstry leading to saturation of the C=C bond of 

the CH=CHEWG unit Most often, cyclization occurs fast enough to preclude/minrmrze saturation.8 

B(5H)FURANONES (BUTENOLIDES) AS SUBSTRATES IN THE ERC PROCESS; POTENTIAL 

APPLICATION TO THE SYNTHESIS OF VERNOLEPIN. When these studies were initiated, P(SH)furanones 

(butenolides) had not been used in the electmreductive cyclization process and there did not appear to be any reason to 

believe that their use would prove problematic. The simple formal total synthesis of the cytotoxic sesquiterpene vernoleping 

illustrated in Scheme 1 was designed with butenoltde 1 promising to serve as an intermediate en route to enone 3, a 

compound which has previously been used in the construction of vernolepin. to Before examining this route, we first 

elected to examine the simpler butenolide 4. 
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Scheme 1. Potential synthetic route to vemolepin 

vemolepin 

3 

a 

,C02H 

. , 
1, R = (E,E)-(CHa)z(CH=CH)zCO&Hs 2 

4, R = (E)-(CH2)&H=CHCOzCHs 

5, R = CH2SOzPh ERC = ElectroReductive Cyclization 

PFtEPARATfON OF BUTENOLIDE 4. Treatment of the anion of suffone 5 (NaH, DMF, 0 OC, 30-45 min)11g12 

with 4-bromo-1-(dimethylf-butylsilyloxy)butane (6) afforded the desired product 7 as a whrte crystalkne solrd In 7588% yield. 

Initial efforts to achieve desulfonylation used sodium amalganVmethanollNa2HP04 buffer ‘3 All efforts to convert 7 to 

butenolide 8 in this manner resufted only in the isolation of lactone 9, in which both desulfonylation and reduction of the 

butenolide carboncarbon double had taken place. Use of alumniurn amalgam14 (0 “C, 9.1 THF/H20,7-8 h) however, 

resulted in facile conversion of butenolide sulfone 7 to desulfonylated butenolide 8 in 88-91% yield. 

Of the three methods attempted to remove the silyl ether, the use of a 1:l HF/rrBu4NF solution in THF resulted 

predominantly in decomposition of the butenolide and production of 28% of the 8,y-unsaturated lactone 10, with the 

protecting group still intact. Utilization of a 3:l.l solution of CH3COO!-f/THF/H20, 15 afforded the required alcohol 11 in 

77% yield, but the acetic acid proved to be dfficulf to eliminate completely from the product The use of 1:5 HFXH3CN 

proved to h? simplest method to implement and affgded the best yields of alcohol 11 (8r;-84%) 

o+R ‘~(CH2~~OTsDMSO~(CHzliOTBOMS 

R 
7, R = SO,Ph, R’ = OTBDMS 9 10 

8, R = H, R’ = OTBDMS 

ll,R=H,R’=OH 

12,R=H,R’=CHO 

The butenolide alcohol 11 was converted to aktehyde 12 (PCC, CH2Cl2,45 min-1 h) in 88-870/o yield. Pyndinium 

dichromate may also be used; however, conversion of the alcohol to the akfehyde IS much slower (ca. 8 h) and the reaction 

did not reach completion Exposure of alcohol 11 to Swern reaction conditions18 resulted in deconjugation and isolation of 

the A5.T butenolide in 58% yield.17 

Exposure of afdehyde 12 to Wittig reaction conditions, furnished butenolide 4 in 48% yield (franslcis ratio, 8.1) The 

Horner-Emmons reackon [(CH30)2P(O)CHCO2CHs, NaH, THF) was also explored, but without success Butenolide 4 was 
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found to be unstable and was usually used w&in a day. Also, availability and purffkMon of this butenolide was greatly 

hampered by it’s instabitfty on silica gel. 

CYCLIC VOLTAMMETRY. Experiments were conducted in a 0.1 M solution of nBu4NBr in dry CH3CN, using a 

saturated cabmel reference electrode (SCE) or a AgMgCI reference electrode (standardized to SCE), a platinum Counter 

electrode, and a hanging mercury drop working electrode. All cathodic peak potentials (Epc) are reported relative to SCE 

It is important to note that the cyclic voftammograms were obtained over a Gmfted range of scan rates (100-900 

mV/sec) which were nof sufficiently fast to determine redox potentials. Irreversfbility, indicative of the existence of a follow-up 

reaction proceeding at a rate greaterthan the scan rate, was obeerved in every case. This leads to peak potentials which are 

shifted to more positive values than those obtained under reversible condrtions Therefore, the assignment of an observed 

peak potential (Epc) to a spedfk functionality, is done so with extreme caution; when assignments have been made, the 

purpose is simply to aid in the development of a qualitative discussion and rationalization of resufts obtained from the 

preparative electrochemical experfments. 

The cyclic voftamrnogram of compound 4 exhibited two irreversible waves with cathodic peak potersiafs of -2.32 

V and -2.52 V. That the wave at -2.52 V may be attributabfe to reduction of the a&unsaturated lactone rather man the a$- 

unsaturated ester, was suggested by obtaining a cyclic voltammogram of compound 8, which contains within the range 

scanned, only the a&unsaturated lactone as the electmreducible unit. In this case, only one wave with a Epc at -2.52 V was 

observed. Since it was known from previous studies that the reduction potentials (Epc) for monosubstituted a,& 

unsaturated esters are usually in the range -2.20 to -2.35 V, the wave at -2 32 V was tentatively attributed to the reduction 

potential of the a$-unsaturated methyl ester, and the wave at -2.52 V was assigned as the reduction potential due to the 

a&unsaturated lactone. 

ELECTROREDUCTIVE CYCLIZATION OF BUTENOLIDE 4. The electrochemical reaction was carried out 

at a controlled potential of -2.32 V in a standard H-11, using a mercury pool cathode, a platinum anode, a saturated cebmel 

reference electrode, or a AgMgCl reference electrode (standardized to SCE), and a degas& solutffn of dry CH3CN 

containing RBu4NBr as the electrofyte (ca. 0.1 M solution). Initial experiments used dunethyl mabnate as the proton source. 

It was subsequently found that diefhylmabnate was easier to separate from the products on chromatography and its us8 was 

adopted During the early stages of this work, the butenolide was introduced to the cathode chamber in one portion, always 

leadmg to a bu~fd-up of heat as the reaction progressed. This problem was alleviated however, by the dropwfse addition (30 

mm to 1 h) of a solution of the butenofide and the proton donor in CH3CN to the cathode chamber The progress of the 

reaction was monitored by coulometry. The results are illustrated in equation 2.l* 

-2.32V, n-Bu,NBr 

CHsCN, Cf-f,(~aC,H,), 
4 

35-41% 

13 14 

The spirocycfii lactones 13 and 14 were obtained in a ratio of 1 0:l .l, and a disappointing combined yield of 35- 

41%. Proton and carbon NMR, If? and mass spectral data did not allwv them to be dtstinguished. The rnoteoutar ton (nYz 226) 

was observed in both the low and high resolution mass spectrum of each dfastereomer The diastereomer wfth the bwer 

retention time (by HPLC), which for the purposes of discussion is referred to as diastereomer 1, exhibited IR catbonyl 



absorpfions of t 778 cm*’ (factone) and t 737 CmSt (ester), while the other, referred to as ~a~er~~r 2, showed 

absorptions at 1778 cm-’ and t 735 Cmmt. 

The regions between 2.0-2.5 ppm and 4.04.2 ppm of the proton NMR spectrum of each diastereomer are of 

interest, as they display differences ween them. In diastereomer t , the ktone ethyls protons adjacent to the 

oxygen (C&O) appear as a pair of doublets centered at 4.18 ppm and 4.05 ppm (J = 9.5 Hz, Av = 55.0 Hz). whereas those 

for diastereomer 2 appear as a pair of doublets centered af 4.20 ppm and 4.00 ppm (J = 9.5 Hz, Av = 97.4 Hz). The lactone 

methylena protons adjacent to the carbonyi carbon (CH2CO) however, appear as a pair of doublets centered at 2.46 ppm 

and 2.25 pprn (J = 17.9 Hz, Av- 108.5 Hz) in diastereomer 1, and as a doublet at 2.44 ppm (J = 3.0 Hz) in diastereomer 2 

The methylene protons next to the methyf ester carbonyl carbon (CH2CO$H3) appear as a pair of doublet of doublets for 

both diastereomers; for diastereomer 1, the two doublets are centered at 2.40 ppm and 2.13 ppm (J - t5.1,3.5 Hz and J = 

15.1, 10.3Hz, Av- 139.3 Hz),whiletheseappearat 2.34ppmand2.21 ppm(J = 15.1,3.8Hzand J= 15.1, lO.OHz,Av= 

82.3 Hz) in diastereomer 2. For both diastereomers, the cycbhexyl ring rnelhine proton appears as an apparent triplet Of 

triplets at 2.0 ppm (J I 10.3,3.5 Hz) for diastereomer t and at 2.04 ppm (J I 10.0,3.8 Hz) for diastereomer 2. 

The only significant differences observed in the fully decoupled and APT l3C NMR (125 MHz) spectrum of each 

diastereomer were due to both sets of lactone methylene carbons. In diastereomer t , the methylene cart!en adjacent to the 

oxygen (CH20) appears as a singlet at 77.85 ppm, while the methylene carbon next to the lactone catbonyl carbon (CH2CO) 

appears as a singlet at 42.97 ppm. In diastereomer 2, these carbon chemical shifts occur at 74.16 ppm and 40.68 ppm 

respectively. 

Proton nOe aXpetiments were conducted on each spirocyclic lactone dlastereomer. MM2 calculations indicate that 

both diastereomers adopt a chair conformation m which the ester side chain (CH2CO2CH3) is equatorial lf it IS assumed that 

each diastereomer preferenhally adopts the conformations t3a and 14a, then Ht in t3a IS cbsesl1o H2 on the rnethylene 

carbon vicinal to the la&one carbonyl(2.48 A by MM2). whereas in Ma, Hf is closest to H6 (also 2.48 A by MM2) which is 

attached to the ~th~e~ carbon adjacent to the lacfone oxygen, and further away from H2 and Hs (3.77 and 4.31 A, 

respectiiely). Therefore, saturation of the proton signal due to Ht could result in an nOe at the signal corresponding to Hp in 

t3a and H6 in Ma. Also, since the signals for Hp and H3 for one of the diastereomers (diastereomer 1) appear as two 

separated doublets (in diastereomer 2, they appear as one doublet), saturation of each of them in turn, shoukl show an nOe 

at the signal for Ht. 

t3a 14a 

In practice however, the anticipated nOa’s were not observed and differentiation between the diasteriomers was not 

possible, saturation of the signal corresponding to Ht. resulted in small nOe’s (-0 6 to t 8%) at H2. H3, H4 and H5. The Only 

significant effects observed were between H2 and H3, and H4 and H6. and this was to be expected, since the protons in 

each set are attached to the same carbon 

PROPOSED PATHWAY FOR THE FORMATION OF SPIROCYCLIC LACTONE 13 AND 14. The 

mechanism for the conversion of butenolide 4 to the spirocyclic lactones 13 and 14 presumably involves electron transfer 

to the a&unsaturated methyl ester electrophore to generate anion radical tC ‘, which cyclizes onto the p-carbon of ihe 
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butenolide. The resulting radkal anton 15 acguires a proton, giving rise to the neutral radii 10, which undergoes 

successtve electron transfer and pmtonatlon, affording lactones 13 and 14. The initially generated radical anion 14 * may 

also participate in other reactions (i.e., acid-base chemistry, We infra) which would account for the side products observed.E 

I 15 16 

14 HA = proton donor 

Despite the disappointing results obtained thus far, plans for the preparation and ERC reaction of the o.$@- 

unsaturated ester-butenofide 1, the material originally earmarked for use in the proposed construction of vernolepin, were 

irqlemented. That o$,T&unsaturated esters can successfully be employed as electrophores in the ERC reaction, was 

previously demonstrated by Terem and Utley, who found that exposure of the methyl ester of abscisic acid to reductive 

electrochemical conditrons resulted in the formation of brcyclic ester 17 ‘9 Since the double bonds 

-1.3V. rrBu,NOAc 

AcOH, CHsCN 
(3) 

51% 

in the acyclic chain have the EEgeometry, isomerfzation subsequent to the formatron of the initial radical anion must have 

taken place prior to CYCliZatiOn. That closure occurred between the p-carbon of the enone and the a-carbon of the dienoate 

unit is also germane. In the case of butenolide 1, cyclization between the two relevant p-carbon atoms resulting in the 

formation of a six-membered ring, is expected to be favored over closure between the a-carbon of the dienoate and the )3- 

carbon of the butenolide, which would give rise to a seven-membered ring. 

SYNTHEStS OF ERC SUBSTRATE 1. Treatment of methyl 4-bromo-2-butenoate wrth drisobutylaluminium 

hydride (2.2 equiv., THF, -78 “C, 4 h), resulted in facile conversion to the corresponding bromo alcohol in 79-97% yield 

PrOtectiOn was achieved by treatment with TBDMSiCl and imidazole in DMF at 0 “C (91-92%). Butenolide sulfone 18 was 

Prepared in 4588% yield as a white crystalline solid, by treatment of the anion of sutfone 812 (NaH, DMF, 0 OC, 30-45 nun) 

with the silyl ether described above. Desulfonylation [AI( 9:l THF/H20,0 “c, 8-8 h] was easily effected, affording silyl 

ether 19 In 82-99% yield. Alcohol 20 was obtained in 88-94% yield by deprotection of 19 with HFKH3CN (v/v 1.5, 0.5-l h). 

Aldehyde 21 resulted from oxidation of 20 with either PCC (CH2Cl2,2-3 h) or Dess-Martin periodinane (CHCl3,3-4 h). 

Oxrdation with PCC was adopted however, due to shorter reaction trmes, and the availability and lower cost of this oxidant. 

Since this aldehyde proved to be unstable, it was not punfred, but rather used in crude form. Oxidation with barium 

manganate21 and manganese droxide22 was also attempted, without success Wittig reaction of aldehyde 21 

(Ph3P=CHC02CH3, CHCl3, room temp), afforded butenolide 1 as an unstable pale yellow Lquid. which decomposed 

signrficantly on exposure to silica gel column chromatography. The highest isolated yreld of this butenolide was 10%. 

Therefore, the conversion of alcohol to aldehyde to butenollde 1 had to be repeated many times, usually in rapid 
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succession, to collect enough materfat to carry out the ERC reaction. Exposure of aktehyde 21 to Homer-Emmons reaction 

conditions [NaH, THF, (CH30)2P(O)CH2C02CH3 or (Et0)2P(O)CH2CN) produced only unidentified material. Several 

attempts were made to develop a more effiient synthesis, but to no avail. 

18, R = SO,Ph, R’ = CHzOTBDMS 

A 1, R = H, R’ = (E)-CH=CHCO,CH, 

CYCLIC VOLTAMMETRY AND ELECTROREDUCTWE CYCLlZATlON OF BUTENOLlDE 1. The 

cyclic voitammogram of butenolide 1 displayed two irreversible waves with cathodic peak potentials of -2.00 V and -2.46 V 

The ERC reaction was a~~Iucted at a controlled potential of -2.00 V, employing the conditions specified previously 

for butenolide 4. Unfortunately no identifiable products were obtained; repeated attempts to improve the results met with 

failure. This result has reinforced the idea that there are significant problems associated with the use of A@ butenolides as 

substrates in the ERC reaction. Insight into the factors which govern the outcome of the ERC reaction of butenolides, was 

gained through an examination of substrates 12, 22,23 and 24 

24 

PREPARATION OF ERC SUBSTRATES 12,22,23 AND 24. Aldehyde 12 was prepared as previously 

indicated (vi& supra). initial attempts to synthesize bromide 23 from alcohol 11, employed PBr3/pyridine23 and 

Ph3P/CBr424 as reagents, with CH2C12 as solvent Both methods resulted in extensive decomposition of the substrate21 

and none of the required bromide. However, treatment of alcohol 11 with S-collidine and mesyl chloride in DMF (0 “C to 

ambient), afforded mesylate 22 in 59-63% yield. Conversion to bromide 23 in 7592% yield, was then accomplished by 

treatment of rnesylate 22 with LiBr in DMF (oil-bath temp. 50-60 “c). The allylic bromide 24 was prepared in 63% yield by 

exposure of the allyCc alcohol to S-collidlne, mesyl chloride and LiBr in DMF at 0 “c. 

CYCLlCVOLTAMMETRY. The cyclic voltammogram of aldehyde 12 displayed one irreversible wave at 

-2.35 V, as did mesylate 22. The observation of two closely spaced irreversible waves, with cathodic peak potentials of -2 25 

V and -2.35 V, complicated distinction between the reduction potentlals of each of the electroreduclble functlonal groups In 

substrate 23. Two waves Hnth cathodic peak potentials of -2.15 V and -2 50 V, were observed for allylic bromide 24 

ELECTROREDUCTWE CYCLlZATlON REACTION OF SUBSTRATES 12, 22, 23 AND 24 The ERC 

reactions were carned out at a controlled potential. employing the same conditions as described previously. In all cases, a 

solubon of the substrate and diethyl mabnate in CH3CN was added dropwise, dunng one hour, to the cathode chamber 

The Progress of each reaction was monitored by TLC and coulometry. 

The results from the ERC reactions are indicated in Table 1 In addition to the products shown, other matetfal was 

also isolated, though not in sufficient quantity to allow structural assignments to be made 

In substrate 12, the initially formed radical anion of this a&unsaturated lactone would be expected to mitiate 

cyclization by formatron of a new C-C bond between It’s P-carbon and the carbon of the aldehyde unit, leading primarily to a 
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Table 1. Results from the electro-reduction of substrates 12,22,23, and 24 

Substrate Potential used in reduction Product(s) 

12 

22 

23 

-2.35 V 

-2.35 V 

-225V 

25 (ca 1%. 4:l ratio) 26 (60%. 1:3:4:2.5) 

0 
0 a W-bkOMs 

27 (75%) 

26 (10%) 

24 -2.15 V 

31 (S%, 4:l ratio) 32 (77%) 

mixture of dlastereomeric spirocyclic lactone alcohols 25. Thus however, was not borne out in practice. Instead, a 

diastereomeric mixture of lactone cyclopentanols 26 (ratio 1 3’4:2 5). was obtained in 60% yield, while the expected 

diastereomeric cyclohexanols 25 were obtamed in approximately 1% yield (ratio 4:l) The lactone cyctopentanols can be 

distinguished from the lactone cycbhexanols, primarily on the basis of 1~ NMR (500 MHz) spectral data. The methylene 

protons adjacent to the lactone oxygen (CH20) In the cyctohexanols 26 appear as a pair of doublets in the region 3.94-4 44 

ppm, with coupling constants of approximately 9 0 Hz, whereas these same protons in the lactone cycbpentanols 26 appear 

as two doublet of doublets in the region 3 99-4 45 ppm, with coupling constants In the range 7 1-9.1 Hz. Also, the other set 
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of lactone methylene protons (CH2CO2) appear as a pair of doublets In the lactone cycbhexanols, and as two doublet of 

doublets for at least three of the four diastereomen’c lactone cycbpentanols. Although there are differences, especially in 

the i H and 13C NMR spectra of each dlastereomeric lactone cycbpentanols, they do not permit a distinction to be made 

between each of the diastereomers. Proton nOe experiments also have not allowed definrtive distinction between each of 

the four diastereomers, since overlap in chemical shifts of several protons have prevented saturation of a number of signals 

for protons that may have provided crucial information. 

Lactone 27 was the only product (75% yield) isolated from the ERC reaction of butenolide mesylate 22. In this case, 

proton transfer to the initially formed radical anion was faster than cyclizahon, leading exclusively to saturation of the 

butenolide carbon-carbon double bond 

The reduction potentials (-2.25 V and -2.35 V) of the two functional groups m substrate 23 are very similar (the foot 

potential of the second wave overlaps with the first wave), and therefore reductron of the bromide unit (Epc -2.25 V) as well 

as partial reduction of the a,&unsaturated lactone was to be expected, and has been observed in product 28. The major 

product, A817 butenolide 29 was obtained in 59% yield, while lactone 28 was obtained in a yield of loo/. Trace amounts of 

butenolide 30 also appear to to be present by 1 H NMR, but large enough quantities for complete spectral analysis were not 

obtained. As observed with aldehyde 12, cyclization has taken place, but not in the desired manner. Instead. a new sigma 

bond formed between the bromine-bearing carbon and the carbon bcated gamma to the butenolide. In product 29, 

cyclization was accompanied by C-C double bond migration from the a.8 to the j3.v position in the butenolide ring 

The results obtained from the use of substrate 24 in the ERC reaction indicate that proton transfer to the radical 

anion generated from the allylic bromide unit was faster than cyclization. resulting predominantly in the formation of A887 

butenolide 32 in 77% yield and only a small amount of cyclized product 31 (6% yield, ratio 4:l). 

RATfONALE. The formation of products 28,28,29 and 32 provide unequrvocal evidence that the methylene 

protons of the butenolide ring, and those at Cl of the appending side chain have sufficient acidic character to render them 

prone to removal under the ERC reaction conditions. The species responsible for proton abstraction is thought to be the 

initially generated radical anion. In every case, proton abstraction is a highly competitive reaction, leading to a significant 

decrease in yield of the anticipated spirocyclic lactone products, or eliminating their formation entirely 

Involvement of the proton abstraction step, enables further reaction wa a vanety of pathways. These include: (1) 

exclusive saturation of the butenolide carbon-carbon double bond as in product 27, (2) saturation of the butenolide carbon- 

carbon double bond with cyclizahon as in products 26 and 28, and (3) bond migration from the a$ to the P,r position of the 

butenolide ring with cyclization as in product 29, or with saturation as in products 30 and 32. 

In products 26, 28, and 29, cyclization, though initiated by proton abstraction from Cl of the appending side chain, 

IS facilitated by: (1) the faster rate of ring closure to five- rather than six-membered nngs and, (2) the possible lower strain 

associated with the resulting five-membered rings compared to the corresponding sprrocyckc lactone products. Also, wrth 

regard to the observatton of bond migration and attendant cyclizatron as in product 29, if bond migration from the a,p to the 

p,r position did take place first, then the butenolide p-carbon can no longer act as an acceptor in the same way as the 8- 

carbon of an activated olefin such as an a,&unsaturated lactone, thereby further promoting cyctization at Cl of the 

appending srde chain 

House and coworkers have previously encountered complications arfsrng from undesirable acid-base chemistry in 

both cyclic voltammetry and preparative electrochemical experiments involving alkyl-substttuted a,&unsaturated ketones.25 

They proposed, and were able to establish, that the initrally formed radical anrons abstract a proton from the starting ketone 
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or, in the absence of proton donor, from the solvent. Also, the observed bnger half-lives (t119 > 10 set) of the radical anions 

derived from the E- and Zdi-r-butyl enones 33 and 34. compared to other alfphatic enones sucft as 35 (1113 = 3 x lo4 SeC) 

was attributed to the absence of aoidk hydrogen atoms in enones 33 and 34. 

33, R’ = F? = C(CH,),, R* = H 

34, R* = Ffs = C(CH&, R’ = H 

66,R2=Rs=CHs,R’=H 

Other examples of the deleterious effect add-base chemistry can have upon the ERC reaction are available from our 

work. For instance, the low yfeld (309/o) of 36 obtained from the electroreductive cyclization of 

36, G = R = CO,CH, 

37, G = CN, R = CH,OSiPh,f-Bu 

36 39, R = CH,CHzOPh,t-Bu 

36 may be accounted for by suggesting that the methylens protons a to the methyl ester in 36 act as a proton 

source, leading to undesrrable side reactions. 96 In accord with this suggestion is the ftndrng that the yield of cyclic product 

was improved to 90% by replacrng the methyl ester in 36 with a CH3OSiPhpf-Bu group (37 --t 39).4 

Another illustration Stems from a recently completed effort to form the trtcyclo[6 3.0 03n7]undecane ring system. 

The ERC reaction of substrate 40 In the presence of dimethyl malonate as the proton source, furnished lactone 41 as the 

o;McN ;tiCN 

9 
‘* 

‘. 
c 

40 41 

exclusive product in >95% yield.6 When the ERC reaction was conducted in the presence of deuterated dimethyl malonate, 

deuterium incorporation was observed at C3, C4, and C5 in lactone 41. This result clearly attests to the acidity of the C5 

methylene protons under the electrochemical reaction condltrons used 2’ To account for exdusive saturation of the 

butenolide carbon-carbon double bond rather than cyclizatron, it was proposed that the C5 methylene protons in 40 served 

as a source of protons for the initially formed butenolide radrcal anron, facilitating complete saturation and elirntnating the 

cydization pathway. 

ATTEMPTED CYCLIZATION VIA A COBALT(l) REAGENT. The Co(l) specres derived from vitamin Bf 9 

and several bis(dimethylglyoximato)cobalt(III) complexes have been employed in catalytic amounts to generate radicals from 

alkyl halides When the alkyl halide is tethered to a suitable acceptor group, cyclrzation can be achreved.96-34 
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Electmchetical methods for achieving formation of Co(l) from chiorocobalt(lll) complexes have been devised.32l33 Since 

the butenolfde 23 contains a C-Br bond for radical generation and an a$-unsaturated &tone which could serve as an 

acceptor unit for reaction with Co(l), it was treated with a catalytic quantity of the Co(l) species generated electrochemically 

(-1.8 V, tiClO4, MeOH) from chbro(pyridino)bis(di-methytglyoximato)cobaft(lll) 32333 Once again, cyclization was thwarted 

by C=C pl bond migration leading to the A8*yunsaturated butenolide 42 in 70% yield Attempts to effect free radical 

cyclizatron using nBu3SnHIAIBN in benzene at reflux also met wrth farlure. 

42 

CONCLUDING COMMENTS. Ao#fi Butenolides, specifically substituted at the P-carbon atom of the butenokde 

ring, were employed in the ERC reaction with a view to synthesizing spirocyckc lactones. However, the performance of each 

of the butenolides was severely limited by the presence of acrdic protons at carbon-5 of the butenolide ring and at carbon-l 

of the appending side chain. These aadic sites were seen to serve as an internal source of protons for the initially formed 

radical anion, and have permitted several competing reactron pathways to operate Due to the variety of products formed, 

the ERC reactions of the Aol8 butenolides used in this study are not considered to be useful for further synthetic 

applicatron. 

EXPERIMENTAL SECTION 

Melting pomts are uncorrected. Thin-layer chromatography (TLC) used silica gel precoated glass plates (E Merck 

60 F254,O 25 mm thick). Visualization was achieved with an uitraviolet hand-lamp or panisaldehyde (with heat) and KMn04 

stain. Column chromatography was carded out on E. Merck 80 (230400 mesh, ASTM), Fisher (230-425 mesh), Fluka 80 

(230400 mesh, ASTM) or ICN (3263,60 A) silica gel Solvent mixtures were prepared, and are reported by volume (v/v) 

High performance liquid chromatography (HPLC) was accomplished with an Altex 11 OA pump, a Hewlett-Packard 1037A 

refractive index detector, a Linear Model 1200 recorder and an Altex UltrasllTm-Sc (10 mm ID x 25 mm) column 

Acetonitrfle, methylene chloride and dimethylformamide were distilled from CaH2, and tetrahydrofuran and diethyl 

ether from sodrutWbenzophenone. immediately prior to use. HPLC grade or distilled reagent grade solvents were used for 

high performance liquid chromatography. Reagent grade solvents were used for all other purposes without further 

punfication. The petroleum ether used (PE or SSF) was the fraction boilmg at 30-60 “C. Hydrobmmic acid (48% aqueous) 

and hydrofluonc aad (48% aqueous) were purchased from Malknckrodt, f-butyldimethylsrlyl chloride from Petrarch and all 

Wittrg and Homer-Emmons reagents from Lancaster. All other chemicals were purchased from Aldnch The commeraally 

available NaH (60% dispersron in rnrneral oil) was washed with petroleum ether pnor to use. Glassware was oven-dned or 

flame-dried before use Standard syringe techniques for handling morsture-sensrtwe matenals were used to add reagents 

and solvents (for electrochemistry, CH3CN was degassed with Argon before use) to reaction vessels All reactions were 

conducted under a nitrogen atmosphere. 

Electrochemrstry was performed using a Electrosynthesrs Company model 410 potentiostat controler, a model 8460 

potentiostat power supply and a model 640 digital coulometer. A Fluke 80228 multimeter was used to measure Current 

Compound purity was assessed chromatographically and spectroscopically Unless indicated othemse, all data 

refer to pure materials 

4-[1-Phenylsulfonyl-5([(l,l-dlmethylethyt)dlmethylsllyl]oxy]-pentyl]-2(5H~furanone (7). A 

solution of 4-(phenylsulfonylmethyl)-2(5H)-furanonei2 (5.2 g, 21.7 mmol, 1 equrv) in dry freshly distilled DMF (15 mL) was 
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added dmpwtse over 5-10 min to a slurry of NaH (60% dispersion in mineral oil. 1 .l g, 26.1 mmol, 1.2 equv) in dry DMF (200 

mL) at approximately 0 “c (ice-bath) The solution turned a deep yellow immediately. After 30-45 n-in (or when H2 evolution 

had ceased), a solution of 4-bromo-1 _I[(1 ,ldimethylethyl)-dirnethylsilyl]oxy]butane (5.6 g. 21.7 mmol, 1 equiv) in dry DMF 

(15 ml) was introduced dropwfse over 5-10 min, and the reaction mixture stirred for 16 h at ambient temperature. The 

mixture was poured into cold saturated NaCl solution (250 mL) and extracted with ether (5 x 50 mL). The combined ether 

extracts were washed once with half-saturated NaCl solutron (75 mL), dried over anhydrous MgS04 and concentrated in 

vawo, to yield a semi-solii still contaminated with DMF. Chromatography of the crude product on 300 g of silica gel (Fisher) 

in a 4.5 cm x 60 cm column, using 3:7 ethyl acetate/SSF as the elutrng solvent (TLC: Rf = 0.5; UV, KMn04, and p 

anisaldehyde (stains green) active], yielded 7.0 g (76%) of the requrred product as a whrte solid, mp 69-74 “C; ‘H NMR(300 

MHz) 6 7.70 (m, 5 H, phenyl), 5.61 (m, 1 H, butenolide vinyl), 4.66 (m, 2 H, J= 16.9, 1.6 Hz, C&O bulenolkfe). 4.00 (dd, 1 

H, J= 11.5,3.3 Hz, Ce), 3.57 (t,2 H, J- 5.9 Hz, CyOSi), 2.26 and 1 67 (2 m, 1 H and 1 H, SCHCY), 1.46 (m, 4 H, 

C&C&CH20Si), 0.66 (s. 9 H, r-butyl), 0.01 (s, 6 H, (C&)2Si); IR (KBr) 2953, 2919, 2693, 1776, 1750, 1636.1447, 1340, 

1301,1257,1168,1132,1097,1063,1037, l011,922,836cm -‘; LRMS (El), mlz 425 (M). 368,367 (M - f-butyl), 283,225, 

201, 200, 199 (base), 151, 136, 135, 125, 110, 105, 101, 89, 79, 78, 77, 75, 74, 73, 59,51; HRMS (Cl), rrVz425.1809 

(calcd for Cpt H3305SiS, M + 1,425 1819). 

4-[5-[[(l,l-Dlmethylethyt)dlmethylsllyI]oxy]pentyll_2(5H)-furanone (8). Aluminium amalgami was 

prepared as follows: aluminium foil (8.8 g, 317 rnmol, 14 equiv) was cut into strips (ca 10 cm x 1 cm) and immersed in a 2% 

aqueous solution of mercuric chloride for 15 sec. The strips were nnsed in absolute ethanol and then ether, and cut into 

pieces (ca. 1 cm x 1 cm) directly into the reaction vessel. 

A solution of sulfone 7 (9 8 g, 22 6 mmol) in aqueous THF (9:1 THF/H20,400 ml) was cooled in an ice-bath. 

Aluminium amalgam (8.6 g, 317 mmol. 14 equiv) was then added and the mixture stirred for 7.5 h The reaction mixture was 

filtered and the filtrate concentrated in vacua to remove most of the THF The remaining aqueous layer was extracted with 

ether (4 x 75 mL). The ether extracts were dried over anhydrous MgS04 and concentrated in vacua. Chromatography on 

300 g of silica gel in a 4.5 cm x 60 cm column, using 3:7 ethyl acetate/SSF as the elutmg solvent [TLC’ Rf = 0.51: KMnOq and 

panisaldehyde (stains blue) active], afforded 5.9 g (91%) of compound 8 as a clear colorless liquid, lH NMR (300 MHz) 6 

5.45 (m, 1 H, butenolide vinyl), 4.84 (m. 2 H, C/f20 butenolide), 3 61 (t, 2 H, J = 6.0 Hz, CYOS), 3.16 (m, 2 H, 

CH=CC&CH2), 2.03 (m, 2 H, CH=CCH2C&), 1 47 (m, 4 H, C/-@Z&CH~OSI). 0 89 (s, 9 H, f-butyl), 0 05 (s, 8 H, (C&‘j)qSi), 

IR (neat) 2955,2933,2893,2858, 1785, 1483.1416,1397,1263, 1157, 1127,1004,837,778 cm-l; HRMS (Cl), m/z 285 

(M + 1), 269,227 (M - f-butyl), 209,183,153.141,135,109,107,93 (base), 89,79,75.73; HRMS (Cl), mlz 285 1873 (calcd 

for Cf5H29Q$i, M + 1,285 1887). 

4-[5-Hydroxypentyll_2(5H)-furanone (11). Method A: A 1.5 mixture of hydrofluoric acid (48% aqueous, 

0 26 mL, 7.0 mmol) and CH3CN (1.3 ml) was added dropwise to a solution of silyl ether 8 (2 0 g. 7.0 mmol) in CH3CN (70 

mL, ca. 0.1 M solution) at 22-25 ‘C The tixture was stirred for 2 5 h, poured into saturated NaCl solution (50 mL) and 

extracted with ethyl acetate (5 x 30 mL). The ethyl acetate extracts were dned over anhydrous MgS04 and concentrated in 

VBCUO. Chromatography of the crude product on 90 g of silica gel in a 2 5 cm x 55 cm column, using ethyl acetate (or 7:3 

CH2Cl2I ether, Rf = 0.2) as the eluting solvent (TLC Rf = 0 4: KMn04 and panisaldehyde active (stains dark blue), yielded 

1 .O g (84%) of alcohol 11 as a clear colorless liquid. Method B: A solution of the silyl ether 8 (100 mg, 0.35 mmol) in 

aqueous THF (1 .l THF/H20,5 4 mL) was treated with glacial acetic acrd (8.1 mL) and stirred at ambient terrperature for 3 h. 

The reaction mixture was then diluted with water (15 ml) and extracted with ethyl acetate (5 x 10 mL) me combined orgarxc 

layers were washed with cold 5% aqueous NaHC03 solution (3 x 10 mL), dned over anhydmus MgSC4 and concentrated in 
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WCW. The wde product was ~mrn~r~h~ on 9 g of sfl~ca gel m a 1 cm x 32 cm column, using 3:7 ethyl acetate/SSF as 

the eluting solvent [TLC: Rf = 0.26), to afford 46 mg (77%) of alcohol 11; 1H NMR (300 Mtfz) 6 5.48 (m, 1 H, butenolide 

VW), 4.65 (m, 2 H, C&O bWWiie), 3.68 (t, 2 H, J- 6.2 Hz, C/&OH), 3.16 (m. 2 Ii, CH&C&), 2.06 (m, 2 H, 

C&CH2OH), 1.57 (m, 5 H, C&C&(CH2)20H); IR (neat) 3557~3224,2936,2864,1773,164& 1481,1458,1399,1366, 

lW6,1016,862 Cm-‘; LRMS (El), mh: 170 (M), 140,124,111,98,97,96,95,93,91.62,61,60,79,76,77,71,69; HAMS 

(Cl), m/z 171.1029 (calcdforCgH~603, hi + 1.171.1022). 

~[~~xopemyll-2(5H)-turanone (12). A sofution of the alcohol 11 (100 mg, 0.59 mmol, 1 equiv), PCC (191 

mg, 0.89 mmol, 1.5 equiv), Celiie (200 mg) and dry CH2Cl2 (6 ml) was stirred at 22-25 “c for 45 min. The reaction mixture was 

then diluted with ether (6 ml) and fiitered through fkrisil. The fbrtsil was washed several times wtth ether. The fftrate was 

concentrated in va~o to give a skghtly crude product which was used d//W/yin the next reaction. In cases where the 

crude aldehyde was chromatographed [silica gel (Fisher, E. Merck or ICN); 7:3 CHqCl2/ether; Rf = 0.57; UV, KMn04 and p 

anisafdehyde (stains bfue-black) active], the yfeki of aMehyde 12 (clear colortess ffqufd) &fated was in the range 66-87%; 

lH NMR (300 MHz) 6 9.78 (t, 1 H, J= 1.2 Hz, CHD akbhyds), 5.45 (m, 1 H, butenolide vinyl), 4.85 (m, 2 f-l, C&O 

butenolide), 3.18 (m, 2 H, CHrCCYCH2). 2.47 (dt, 2 H. JP 7.0.1.2 Hz, C&CHO), 2.07 (m, 2 H, CI+$H2CHO), 1.75 (m, 2 

H, CH=CCH2CW; IFi (neat) 2936,2889,2856,2736,1777,1720,1465,1399,1367,1347,1168,1020,643 cm-t 

(E)-4-(7-Carbomethoxy-5-heptenyl)-2(5H)-furanone (4) Methyl(trfphenylphosphoranyli-dene)acetate 

(256 mg, 0.8 mmol, 1.3 equiv) was added to a solution of the aldehyde 12 (99 mg, 0.6 mrnol, 1 equ~v) in CHCl3 (10 ml) at 22- 

25 “C. TLC analysis (silica gel, 73 CH2Cl2/ether, Rf = 0.63) of the reaction mixture mdtcatsd innate conversion of the 

aldehyde to product. The reaction mixture was concentrated II) vacua and cold ether added to the remaining seti-solid. The 

SOM tnphenylphosphlne oxide was removed by filtration and washed several times with cold ether. The filtrate was 

concentrated in vacua. ~hro~~~hy of the crude product on 9 g of silica gel (E. Merck) in a 1 cm x 32 cm cofumn, using 

ether as the eluding solvent FLC: Rf (MS) = 0.56, Rf (frans) P 0.54; UV and panisaldehyde (stains blue) adive], yielded 63 mg 

(48%) of the C& and hens isomers of compound 4 as an unstable clear pale yellow liquid (translds ratio determined by 1fi 

NMR, 8:l). This mixture of isomers was later separated by cofumn chromat~ra~y, earn the same cond&ons as 

described above, so that complete spectral data could be obtained. Due to sfgnrficanf decampositon duting cokmi 

chmmatogfaphy, the crude product was in some instances, filtered through a short pad of silica gel and useddire@/yin the 

next reaction; t&W?Sisomer: ‘H NMR (300 MHz) 6 6.94 (td, 1 H, JP 15.7,7.3 Hz, fine coupling 1.2 Hz, vmyl fi to ester), 5.63 

(td, 1 H, J= 15.7, 1 2 Hz, vinyl a to ester), 5.46 (m, 1 H, butenolide vinyl), 4.63 (m, 2 H, CYO butenolide), 3.73 (s, 3 H, 

oC&), 3.17 (m, 2 H, CH=CCI+2), 2.22 (q, 2 H, J= 7.3 Hz, methylene y to ester), 2.02 (m, 2 H, CH=CCH2CY), 1.57 (m, 2 H. 

methylene 6 to ester); IR (neat) 2952.2932, 1780, 1719,1654, 1437, 1319,1275, 1204,1165, 1021 cm-l; LRMS (El), mk 

223 (M - l), 193,192,164,150,149 (base), 66,67,59,57,56,55,53,43. HRMS (El), m/z 223.0975 (calcd for Ct2H~504, 

M - 1,223.0971), CIS Isomer: ‘H NMR (300 MHz) 6 6.21 (td, 1 H, J= 11.5,7.5 Hz, fine coupling 1 1 Hz, vinyl B to ester), 5.62 

(td, 1 H, J= 11 5, 1.5 Hz, vinyl a to ester), 5.47 (m, 1 H, ~te~lide vinyl), 4 85 (m, 2 H, C/+0 butenoLde), 3.71 (s, 3 H, 

OC&), 3.18 (m, 2 H, CH=CC&), 2 66 (m, 2 H, J= 7.5.1 5 Hz, methyleneyto ester), 2 05 (m, 2 H, CH=CH2C&), 1.57 (m, 2 

H, methylene 6 to ester); IR (neat) 2951, 2936,1781,1722,1641,1440,1411,1200,1167,1024,822 cm-l; LRMS (El), 

mlz 224 (M), 223 (M - l), 192,156,150, 149 (base), 119,111,107,105,100,98,83,82,81 79,77,69,66,67,59,57,56, 

55,63,43; HRMS (El), IWZ 223 0961 (calcd for C12H1504, M - 1, 223.0971). 

6-(Carbomethoxymethyl)-2-oxasplro[4.5]decan-3-one (13) and (14) This reaction was conducted 

Under a Stan at~~ere in a standard H-W with a m~ium poros&y sintered-glass fnt The anode chamber was fitted 

with a Platinum electrode (surface area 1 cm2), and a degassed solution of n-Bu4NBr in CH3CN (0.1 M solution, 25 mL) and 
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cycbhexene were introduced. The cathode chamber contained the mercury pool, a A@gCl reference etectrode 

(standardized to BCE) and a degassed solution of rrBuqNBr in CH3CN (0.1 M solution, 25 mL). Afler obtaining a 

background current reading at a potential of -2.32 V. a soluhon of the butenolide 4 (80 mg, 0.36 mmol), diethyl mabnate 

(0.22 ml. 1.42 mmol, 4 equiv) and CH3CN (5 ml) was introduced dropwise by syringe pump, over a 1 h penod, to the 

cathode chamber. The reduction was carded out at a controlled potentral of -2.32 V. After a further 30 mm, the reaction 

mixture from the cathode chamber was poured into saturated NaCl solution and extracted with a 7:3 CHpCl2/ether solution (3 

x 100 ml). The combined organic extracts were dried over anhydrous MgSO4 and concentrated in vacua 

Chromatography of the crude product mixture on silica gel in a 1 cm x 35 cm column, using ether/PE as the eluttng 

solvent [TLC: Rf (mixture of spirocyclic lactones 13 and 14) 0.35, not UV actrve, panrsaldehyde (stains blue) active] yielded 

two liquid fractions, of whii the first fraction (Rf = 0.35) containing a mixture of the diastereomertc spirocydtc lactones, was 

found to be separabte by HPLC. HPLC conditions: flow rate 5 mUmin; refractive mdex detector temp 30 “C; soivent 

Q:O.Q:O.l, hexanes/ethyl acetate/methanol. Retention times (min); yreld (%) for dtastereomer I. 10.8; 21. For diastereomer 

2: 11.4; 20. 

Bptmcyclic tactone, diastereomer 1: IH NMR (506 MHz) 64 16 and 4 05 (2 d, 1 H and 1 H, J= 9 5 Hz, CI+O lactone), 

3.66 (S. 3 H, mkk$, 2.46 and 2.25 (2 d, 1 Hand 1 t-t, JP 17.9 Hz, C/+CO2 lactone), 2.40 and 2 13 (2 d, 1 H and 1 H, J= 

15.1,3.5 Hz and J= 15.1,10.3 Hz, ChCO2CH3), 2.00 (apparenttt, 1 H, J= 10 3,3.5 Hz, cyctohexyl methine), 1 65 - 1 33 

(Several m, 8 H, cyctohexyl methylenes); I3 C NMR (125 MHz, fully decoupled and APT) 6 176.45 (lactone catbonyl), 172.85 

(ester carbonyl), 77.65 (Cl420 lactone), 51.81 (OCH3), 42.97 (CH2CO2 lactone), 40.27 (cyctohexyl methine carbon), 36.07 

(Waternary Spiro carbon), 35.97, 35.42, 26.32, 24.01, 22 77; IR (neat) 2928. 2867, 1778, 1737, 1437, 1363, 1299, 1176, 

1021, &Q6cm-‘; LRMB (Et). m/z 226 (M), 195,160,166,153,152.124,111,109,108,107,106,95.94.93 (base), 91,81, 

80,7Q, n, 74, 67,5Q, 55,53,43, HRMS (El), m/z 226.1119 (catcdfor Cl2Hl6O4, M, 226.1205); Drastereomer 2. tH NMR 

(500 MHz) 6 4.19 and 4.00 (2 d, 1 H and 1 H, J= 9.5 Hz, C&O lactone), 3 66 (s, 3 H, OCf+), 2.44 (d, 2 H, J= 3 0 Hz, 

CYCO;! tactone). 2.34 and 2.21 (2 dd, 1 Hand 1 H, J= 15.0,3.6 Hz and J= 15 0, IO 0 Hz, C/-@O2CH3), 2.04 (apparent 

11, 1 H, J= 10.0,3.6 Hz. cycbhexyl methine). 1.63 - 1.33 (several m, 8 H, cyctohexyl methylenes); 13C NMR (125 MHz, fully 

decouPW 6 176.52 Wane Carbq% 172.83 (ester carbonyl), 74.16 (Cl-f20 lactone). 51.85 (OCH3). 40.66 (ui2CO2 

lactone), 40.24 (cycfohexyi methine carbon), 35.77 (quaternary Spiro carbon), 35.72, 34.91, 28.29. 23.62, 22.42, IR (neat) 

2934 2671,1776,1735,1450,1~7,1419,1314.1286,1180,1025,1011,849 cm“, LRMS (El), m/z 226 (M), 195,167. 

166, 153, 152, 124, 111. 109, 108, 107, 106,95, 94, 93 (base), 91,81, 60, 79, 75, 74, 67,59, 55,53.43; HRMS (El), m/z 

226.1189 (calcd for Cf2Hl604, M, 226.1205). 

~E)-4-[l-Phenytsulfonyl-5-[[(1,l-dlmethylethyl)dlmethylsllyl]oxy]-3-pentenyt]-2(5H)-furanone 

(16). A Solution of SUlfOne S12 (5.0 g. 20.9 mmol) in dry DMF (15 ml) was added dropwise over 5-10 mln to an ice-bath- 

co~fed sky of NaH (60% dispersion in mineral oil, 921 mg, 23 mmol, 1 1 equ~v) in DMF (80 mL). The resuftmg yellow 

Sotutbn was stirred at approximately 0 “C for 45 mm. A solution of the silyl ether, (E)-Cbromo-I#1 .l- 

dimethytethyi)dimethylsilylloxy]but-2-ene (5.55 g, 20.9 mmol) in DMF (15 mL) was introduced dropwise over 5-10 min and 

the mixture stirred at 21-24 “C for 5 h The reaction mixture was poured into cold saturated NaCl solution (100 mL) and 

extracted with ether (4 x 75 mL). The combined ether extracts were dned over anhydrous MgSO4 and concentrated in 

VEUJ, to yield a semi-solid still contaminated with DMF. Chromatography of the crude product on srka gel (Fisher, ICN) in a 4 

Cm x 50 Cm Wtumn, using ether as the elutlng solvent (TLC: Rf = 0 58, UV, KMnO4 and parusaldehyde (stains green) 

active], yielded 6.0 g (66%) of the required product as a white solid, mp 121-122 “C; ‘H NMR (300 MHz) 6 7.73 (m, 5 H, 

phenyl), 5 81 (m, 1 H, butenolide vinyl), 5 65 (ttd, 1 H. J= 15.2,4.2, 1 .I Hz, CH=CkCH20), 5.45 (m, 1 H, CMCHCH20), 
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4.85 (m. 2 H, J= 18.0,1.7 Hz, C&O butenolide), 4.07 (m, 2 f-f, C/-f2OSi), 4.03 (d, 1 H, J= 3.7 f-fz, Cm), 3.02 and 2.55 (2 

m, 1 H and 1 f-f, SCHCy), 0.86 (s, 9 H, f-butyl). 0.02 (s, 6 H, (W&psi), IR (KBr) 2Q50,2929,2890,2866,1779,1752, 

1629,1473,1460,1344,1306,1145,1124,1023,986,885,636,774,735 cm -1; LRMS (Cl), rn’z 407 [(M + 1) - CH3], 225, 

223,199,151,150,149,143,135,133,125, 121,117,115,111,110,109, 107,105,93,91,8Q,79,78,77,75(base), 

73,66; HRMS (Cl), m/z 407.1357 (calcd for C2OH27QSiS, (M + 1) - CH3,407.1349). 

(E)-4-[5-[[(1,1-DImethylethyl)dlmethyls1lyl]oxyl_3-pentenyll_2(5H)-fur8none (19) A solution of the 

butenolide sulfone 18 (4.4 g, 10.4 mmol) in aqueous THF (9:1 THF/H20,100 mL) was coolscl in an ice-bath. Aluminium 

amafgam14 (3.9 g. 145.7 mmol, 14 equiv) was added and the reaction mixture stined al approximately 0 “c for 6 h. The 

reaCtiOn mixture was then ffftered and the ffflrate concentrated in vacw to remove most of the THF. The remaining aqueous 

layer was extracted with ether (3 x 50 mL). The combined ether extracts were dned over anhydrous MgS04 and 

ConCentrated in vacua. Ch~~~r~ of tie crude product on siffca gel (fisher, ICN) in a 3 cm x 60 cm cofumn, usfng 79 

ether/SSF as the eluting sofveni FLC: Rf - 0.66, not UV active, KMn04 and panisaldehyde (stams blue) active], yiefded 2 5 

g (85%) of the produd as a visc#us clear colorless liquid; ‘H NMR (300 MHz) 6 5.55 (m, 3 H, butenoiide vinyl and C&W), 

4 82 (m, 2 H, C&O butenolide), 4.12 (d, 2 H, J= 1.6 Hz, CeOW), 3.19 (m, 2 H, C&CH2CH=CH), 2.70 (m, 2 H, 

CH2C&CH=CH), 0.91 (s, Q H, f-butyl), 0.07 (s, 6 H, (C/-&2Si); IR (neat) 2934,2889,2859,1789, 1472,1367,1254,1171, 

1144,1115,1060,1034,1019,976,836,776 cm-l; LRMS (Cl), rWz 283 (M + 1), 225,223,181,151 (base), 133,123,115, 

107,105,97,91,79,75,73; HRMS (Cl), rWz 283.1742 (c&d for Ci6H2703Si, M + 1,283 1730). 

(~-4-[~Hydro~-3-pentenyl~2(5H)-fu~none (20). A 15 mixture of hydrofluotic acid (48% aqueous, 0.06 

mL, 1 8 mmol), in CH3CN (0.32 mL) was added dropwise to a solution of the silyl ether 19 (500 mg, 1 77 mmol) in CH$GN (17 

mL, Ca. 0.1 M aeon) at 22-24 “c. me mixture was stirred for 0.5 h and ~~e~r~~ in vacua. Ch~~~~y of the 

crude product on silica gel (ICN) in a 3 cm x 34 cm column, using 7 3 CHpCl2/elether as the eluding solvent [nC Rf = 0.24; not 

UV aCtWe, ganfsaldehyde @tafns green) active], yiefded 280 mg (94%) of the alcohol as a viscous clear colorfess liquid; ‘H 

NMR (300 MHz) 6 5.69 (m, 2 H, Cf-f=CH), 5.62 (m, 1 H, butenolide vinyl), 4 88 (m, 2 H, CI$O butenolide), 4.12 (s, 2 H, 

CIf2OH), 3.21 (m. 2 H, C&CH2CH=CH), 2 75 (m, 2 H, CH2C&CH=CH). 158 (s, 1 H, CH2OH); IR (neat) 3520-3167,2929, 

2892,2868,1774,13QQ, 1382,1177,1148,1094,1012,975,848cm -‘; LRMS (El), mIz 168 (M), 137,122, 121,98,95, 

93,91,83,81,80, 79 (base), 7677, 67,57,55,54,53,51,43, HRMS (Cl), m/z 169.0853 (Cal& for CgH1303, M + 1, 

169.0864). 

(E)-4-[5-Oxo-3-pentenyl3_2(5H)-furanone (21) Method A A solution of alcohol 20 (500 mg, 3 0 rIItTIOl), 

PCC (961 mg, 4 5 mmol, 1.5 equ~v) and dry CH2f& (12 mL) was stirred at 22-24 “C for 2.5 h [TLC: Rf = 0.49; 73 

CHpCl2/ether, panisaldehyde (stains green-blue) active] The reactlon mixture was then diluted with ether (12 ml) and 

filtered through fforisil. The fforisil was washed several times with ether. The product-containing filtrate was concentrated in 

vacua to a volume of 12 mL and used directly in the next reaction; affempfs fo isolate the Mehyde resultedin 

decomposition Method B: A solution of alcohol 20 (100 mg, 0.59 mmol). Dess-Martin perfodinane (265 mg, 0 62 mmOl. 

1.05 eqUiv) and CHCI3 was stirred for 3-4 h 2o The mixture was then d&ted with ether (4 mL) and poured into a 5% aqueous 

NaHCO3 solution containing a seven-fold excess of Naps203 solution (10 mL) The solution was shaken until all the solid 

had dfssofved, and then extracted with ether (4 x 10 ml). The combined ether extracts were dried over a~ydrws MQm4, 

concentrated to a volume of 10 mL and used dire&yin the next reaction. A satisfactory lH NMR of the aldehyde 21 was 

obtained by ad&ion of Dess-Martin periodinane lo alcohol 20 and CDCI3 tn an NMR tube; IH NMR (500 MHz) 69 53 (d, 1 H, 

J=13.0Hz,CHOaldehyde),681(dtd,1H,J=15.7,61,45Hz,CH=CHCH0),6.15(tdd,1H,J~157,72,15Hz, 

CH=CXHO), 5 55 (m, 1 H. butenollde vmyl), 3 24 (m. 2 H, C&CH2CH=CH), 3 05 (m, 2 H, CH2C&CH=CH) 
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(E,E)-4-[7-Carbomethox~3,5-heptadlenyl]-2(5H)-luranone (1). MethyI(trlphenylphosphor- 

anylidene)acetate (1.19 g, 3.56 rnmol, 1.2 equiv) was added to a solution 01 the crude aidehyde 21 (493 rng, 2.97 mrnof) in 

CHCb (35 ml). TLC analysis 01 the reaction mixture [Rf = 0.62: 73 CHpCl2/ether; UV and p anfsaidehyde (stains biue) 

active] indicated immediate conversion of the aidehyde to product. The chbroform was removed in vacua, and ether (100 

mL) added to the remaining semi-solid. The solid triphenylphosphine oxide was removed by filtration and the filtrate 

concentrated in vacua. TLC analysis of the reaction mixture at this stage, indicated that a spot with Rf = 0.5 (rot the 

compound required) had intensified greatly. Chromatography of the crude reaction mixture on silica gel (Fisher) in a 3 cm x 

34 cm rXlUmn, using 7:3 CH2Cl21ether as the eluting solvent [TLC: Rf (product 1) = 0.62; UV and panisaidehyde (stains 

blue) SCliVe and Rf (unidentified compound) = 0.5; UV and panisaidehyde (stains yellow) active], afforded 66 mg (10%) yield 

of product 1 @is and frans isomers) as a clear colorless liquid which began to decompose on standing. This decomposition 

was evidenced by an intensifying yellow color. Because of overlap of the vinyi protons in the IH NMR spectrum, a ratio 01 

isomers @is, IfanS) could not be determined. Due to srgnrficant decomposition dunhg column chromatography, the crude 

product was filtered through a short pad of silica gel and useddirecflyin the next reaction; IH NMR 500 MHz) 6 7 41 (dd, 1 H, 

J- 15 4, 11.5 Hz, vinylgto ester), 6.19 (dd. 1 H, J= 15 1, 11.5 Hz, vlnylyto ester), 599 (td, 1 H, J= 15 1, 66 Hz, vinyl5to 

ester), 5.85 (d, 1 H, J= 15.4 Hz, vinyl a to ester), 5.53 (m, 1 H, butenolide vinyl), 4.67 (m, 2 H, C&O butenolide), 3.74 (s, 3 

H, DC/-f&, 3.22 (m, 2 H, CH=CC&), 2.90 (m, 2 H, CH=CCH2C&); IR (neat) 3041.2995,2951,2925,2653,1761,1749, 

1715,1641,1606,1439,1249,1166,1033,929,646,743 cm-l; HRMS (El), mlz 222 (M), 191 (M - CH3). 117,111 (base), 

105,96,91,79,77,65,59,53,51; HRMS (El), m/z 191.0730 (calcdfor CIIHIIO3, M - CH3,191.0706). 

4-(5-Methylsullonyloxypentyl)-2(5H)-luranone (22). A solution of alcohol alcohol 11 (400 rng, 2.4 mrnol) 

and dry DMF (9 mL) was cooled to approximately 0 OC in an ice-bath. s-Coliiiine (0.4 mL, 3.1 mmol, 1.3 equiv, lreshiy dWied 

from KOH pellets) was added, followed by dropwise addition of distilled mesyl chloride (0.25 mL, 3.1 mmol, 1.3 equiv). The 

reaction mixture Was stirred in an ice-bath for 2 h and allowed to gradually warm to room temperature. The mixture was then 

poured onto ice and extracted with ether (5 x 50 mL) The combined ether extracts were washed with saturated Cu(ND3)2 

solution (3 x 40 mL), dried over anhydmus MgSD4 and concentrated m vacua The crude product was immediately 

chmmatographed on 90 g 01 silica gel (ICN) in a 3 cm x 34 cm column, using 7 3 CHpCl2/ether as the eluting soivent (TLC Rf 

= 0.56; not UV active, panisaidehyde (stains dark blue) active], to yield 367 rng (63%) of the product as a clear cobriess 

liquid; ‘H NMR (500 MHz) 6 5.46 (m, 1 H, butenolide vinyl), 4.65 (m, 2 H, C&O butenolide), 4.24 (1.2 H, J= 6.4 Hz. 

CYOso2),3.16 (m, 2 H, CH=CC&), 3 02 (s, 2 H, OSOpCk(-j), 2.07 (m, 2 H, C/+$H20SD2), 1.76 (m, 2 H, 

CH=CCH2CH2), 1 53 (m, 2 H, C/$(CH2)20S02); IR (neat) 3026, 2941,2674, 1777, 1471, 1346, 1249. 1166, 1151, 1111, 

1017,977,939,636 cm-l, LRMS (Cl), m/z 249 (M + 1). 231, 153. 135(base), 1 I I, 109, 107,97,95.94,93, 79, 66,66; 

HRMS (Cl), mlz 249 0799 (caicd for CIOHI 705S, M + I, 249 0797) 

4-(5-Bromopentyl)-2(5H)-luranone (23). Lithium bromide (anhydrous, 164 mg, 2 12 mmol, 1 5 equiv) was 

added to a solution of the mesylate 22 (350 mg, 1 41 mrnol) in dry DMF (6 mL) and the resulting solution was heated in an oil- 

bath (50-60 “C) for 2 h. The reaction rrkture was then poured into cold water (75 mL) and extracted with ether (3 x 50 mL). 

The combined ether extracts were dried over anhydrous MgS04 and concentrated in Vacua. Chromatography of the crude 

product on 90 g Of silica gel (ICN) in a 3 cm x 34 cm column, using 1 1 ether/PE as the eluting soivent (TLC . Rf = 0.31: not UV 

active, panisaidehyde (stains dark blue) active] yiekted 245 mg (75%) of the required product as a clear cobriess liquid; IH 

NMR (500 MHz) 6 5.46 (m, 1 H, butenolide vinyl), 4.66 (m, 2 H, C&O butenolide), 3.42 (t, 2 H, J= 6.6 Hz, C&Br), 3 16 (m, 2 

H, CH2(CH2)4Br, 2.07 (m, 2 H, CYCH2Br). 1.67 (m. 2 H, CY(CH2)3Br, 1.56 (m, 2 H. C/+(CH2)2Br); IR (neat) 3024,2939, 

2666,1761,I454.1396,1343.1249,1160,1145,1020,939,647 cm-l, HRMS (El), m!z 234,232 (M), 176,174,111, 
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109,98,97,95,93,83,82,81 (base), 79,89,88,67,55,54,53; HRMS (El), m/z 232.0070 (catcd for CgHf3C2Br, M, 

232.0158). 

(E)-4-(5-Bromo-3-pentonyl)_2(5H)_turanone (24). A mixture of the alcohol 20 (280 mg, 1.88 mmol) and s- 

collidine (0.3 mL, 2.0 mmol, 1.2 equiv. freshly distilled from KOH pellets) was treated with a solution of UBr (anhydrous, 173 

mg, 2.0 mmol, 1.2 equiv) in dry DMF (8 mL) and cooled in an ice-bath. Mesyl chloride (0.20 mL, 2.0 mmol, 1.2 equiv, dstilled 

immediately prior to use) was added dropwise and the resulting pale yellow cloudy solution stirred for 3 h at approximately 0 

“C. The reactron rrkture was then poured onto ice and extracted wrth ether (4 x 50 ml). The combined ether extracts were 

washed wrth saturated Cu(NO3)2 solution (2 x 35 mL), dried over anhydrous MgS04 and concentrated in vacua. 

Chromatography of the crude product on silica gel (ICN) In a 3 cm x 34 cm column, using 7:3 CHpCl2/ether as the elutfng 

solvent [TLC: Rf = 0.77; UV and panisaldehyde (stains blue) active], afforded 240 mg (83%) of the required product as a 

Clear pale yelbw ltquid; lH NMR (500 MHz) 5 5.74 (m, 1 H, CH&-CH2Br), 5.66 (m, 1 H, CWCHCH2Br), 5.48 (m. 1 H, 

butenolide vinyl), 4.83 (m, 2 H, C&O bt.ItetWlkk), 4.03 (d, 2 H, J = 7.1 Hz, C/+Br), 3.24 (m, 2 H, Ck@CH2CH=CH), 2.76 (m, 

2 H, CH2WkCH=CH); IR (neat) 3040,3020,2980,2915,2900,1780, 1685,1400,1370,1255, 1175, 1020,970,845, 

750 Cm-‘, HRMS (Cl), mlz 189,187,152,151 [(M + 1) - Br, base], 133,128.123,109,107,106,105,95,93,91,79; HRMS 

(Cl), rWz 151.0785 (caicd for CgHlfD2, (M + 1) - Br, 151.0759). 

5-Hydroxy-2-oxaspIro[4.5ldecan-3-one (25) and 4-(P-Hydroxycyclopentyl)oxacyclopentan-2- 

ona (26). This reaction was conducted under a N2 atmosphere in a standard electrochemical H-cell with a medium porosity 

sintered glass frit. The anode chamber was fitted wfth a platinum electrode (surface area 1 cm2), and a degassed solution of 

n-BuqNBr in CH3CN (0.1 M solution, 25 ml) and cyciohexene (2 mL) were introduced. The cathode chamber contained the 

mercury pool, a Ag!AgCl reference electrode (standardized to SCE) and a degassed solution of n-Bu4NBr in CH3CN (0.1 M 

solution, 25 mL). Afler obtaining a background current reading at a potential of -2.35 V, a solution of aldehyde 12 (140 mg, 

0.83 mmol), diethyl mafonate (0.51 mL, 3.33 mrnol, 4 equiv) and CH3CN (4 mL) was introduced dropwise by syringe pump, 

over a 1 h period, to the cathode chamber. The reduction was carried out at a controlled potential of -2.35 V. After a further 

25 min, 145 coulombs of the theoretical 160 coulombs required had been consumed and the current dropped to the original 

background value The reaction mixture from the cathode chamber was poured Into saturated NaCl solution (35 mL) and 

extracted with 7:3 CH2Cl2I ether (7 x 75 mL). The combined organic extracts were dried over anhydrous MgSD4 and 

concentrated in vacua. Chromatography of the crude product mixture on silica gel (ICN) in a 3 cm x 34 cm column, using 7.3 

CH2Cl2 as the eluting solvent [TLC: Rf = 0.2; not UV active, panisaldehyde (stains dark blue) active], yielded 86 mg (61%) of 

a mixture of alcohols a a clear cobrfess liquid. This mixture of alcohols was separated by HPLC. HPLC condiions: pump flow 

rate 5 mUmin, refractive index detector temp 30 “C, solvent 1’1 ethyl acetate/ hexanes. Compound; retention times (min); 

yield (96): mixture of diastereomenc lactone cycbhexanols 25 diastereomenc lactone cyclopentanots 26: 15 min; 1%. 

Diastereomer 1: 18.6 min; 5% Diastereomer 2: 21 mm, 16%. Diastereomer 3: 22.2 mm, 21%. Drastereomer 4: 28 2 min; 

18%. 

Compound 25 (diastereomerfc mixture, ratio 4’1) Diastereomer 1 1~ NMR (500 MHz) 6 4 44 and 4.05 (2 d, 1 H and 1 

H.J=9.2Hz,C~0lactOne),3.64(m.lH,J=4.lHz,CHDH),2.67and2.27(2d,lHandlH, J=17.5Hz.C/+$CI2 

lactone), 1.75-I .35 (several m, 9 H, CHOH and cycbhexyl methylenes); Diastereomer 2. lH NMR (500 MHz) 6 4.37 and 3.94 

(2 d, 1 H and 1 H, J= 9 0 Hz, C&C lactone), 3 58 (m, 1 H, C/-0H), 2.76 and 2.24 (2 d, 1 H and 1 H, J= 17.3 Hz, C&$C2 

lactone), 1.75-I .35 (several m, 9 H, CHOH and cycbhexyl methylenes); IR (neat, mixture of 25) 3500~3200,2930,2860, 

1780,1255,1420,1360,1285,1200,1070, 1025,800 cm-l, LRMS (Cl, mxture of 25) m/z 171 (M + 1), 154,153 (base), 

135, 125. 109, 107.93.81, 67; HRMS (Cl, mxture of 25), m/z 171.1002 (calcd for CgH1503, M + I, 171 1022). 
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Compound 26, diastereomer 1: IH NMR (500 MHz) 6 4.56 and 4.08 (2 dd, 1 H and 1 H, J= 8.9,7.8 Hz, and J= 8.9,7.7 Hz, 

CYO lactone). 4.19 (d, J= 3.3 Hz. CWH). 2.78 (m, 6 lines, 1 H. J = 8.5, lactone methine). 2.82 and 2.26 (2 dd, 1 H and 1 H, 

J 5: 17 4,8.5 Hz and J= 17.4,8.9 Hz, C&CO2 tactone), 1 68-l 68 (several m, 7 H, CHOH and cyciopentyl methytenes) 1.5 

(m, 1 H, cycbpentyl methine); 13~ NMR (125 MHz. fulty decoupled) 6 177.37 (lactone carbonyl), 73.32 (CHDH), 72.95 

(CH20 lactone). 46.73 ( CH2CO2 tactone), 38 17, 36.00, 33 86, 27.90, 21.75; IR (neat) 35003200. 2950, 2929, 2901, 

2874,1785,1449,1418,1332.1178,1145,1017,920,861,734 cm-l; HRMS (Cl), rWz 171 (M + 1, base), 169,153,141, 

135,123,107,95,93,67; HPMS (Cl), m/z 171.1023 (cakdfor CgHl503, M +I, 171.1022) Diastereomer 2’ IH NMR (500 

MHz) 6 4 43 and 4 02 (2 dd, 1 H and 1 H, J= 8.7.7.4 Hz and J = 8 7.7 8 Hz, C/+20 tactone), 4.20 (d, 1 H, J= 2.8 Hz, CM)H), 

2 76 (m, 1 H, lactone methine), 2.72 and 2 31 (2 d, 1 H and 1 H, J= 8.2 Hz, C&CO2 lacfone), 1.89-l 68 (several m, 7 H, 

CHOH and cycbpentyl mefhytenes), 1.46 (m, 1 H, cyclopentyl methine); ‘3C NMR (125 MHz, fully decoupled) 6 177.46 

(IactOne carbonyl). 74 03 (CHOH), 72 86 (CH20 lactone), 48 80 (CH2CO2 lacfone), 38.12.35.59,33.98, 26.85,22.04; IR 

(neat) 3500-3200,2981,2948,2933,2906,1767,1452, 1424, 1174, 1112,1019,1001, 737 cm-l; HRMS (Cl), mlz 171 (M 

+ I), 169,154.153 (base), 151,141.135,123.107,95,93,87; HRMS (Cl), m/z 154.0975 (calcd for CgHl4C2, (M + 1) -OH, 

l540994),Diastereomer3:1HNMR(500MHz)645land420(2dd,lHandlH,J-9.l,75HzandJ=9l.8.2Hz,C~O 

tactone)3.38(d,l H, J=6.7Hz,CHDH).2.57and226(2dd,l Hand1 H, J=l6.7,83HzandJ=l67,8.7Hz.C~CD2 

lactone), 2 51 (m, 6 lines, 1 H, J= 8 2 Hz, lacfone methine), 1.94 (m, 18 lines, 2 H, cycbpentyl methylene), 1 78 (m, 10 lines, 

2 H, cycbpentyl methylene). 1.62 (m, 3 H, CHOHand cycbpentyl methylene) 1.24 (m, 8 lines, 1 H, cyclopentyl methine); 

13C NMR (125 MHz, fully decoupled) 6 177.27 (lactone carbonyl), 77 57 (CHOH), 72.60 (CH20 lactone), 50.39 (CH2CO2 

tactone), 39 69, 35 22, 33.41, 28.37, 21 49; IR (neat) 3500-3200, 2958, 2938, 2874, 1767, 1172, 1074, 1000 cm-l ; 

HRMS (Cl), m/z 171 (M + I). 154,153 (base), 135,125,109,107,95,93,85,67; HRMS (Cl), m/z 171 1008 (calcd for 

CgHl503, M + I, 171.1022) Dtastereomer 4’ ‘H NMR (500 Mz) 64.39 and 3 99 (2 dd, 1 H and 1 H, J= 8 6,7.1 Hz and J= 

8.6,8.4 Hz, C&O lactone). 3 91 ( q. 1 H, J= 6 3 Hz, CHDH), 2 87 and 2.49 (2 dd, 1 H and 1 H. J = 20 5, 11.6 Hz and J = 

20.5,8.4 HZ, C&Co;! lactone), 2 48 (m, 1 H. lactone methine), 1.92 (m, 16 lines, 2 H, cyclopentyl methylene), 1.76 (m. 2 H, 

cyctopentyl methylene), 1 62 (m, 3 H, CHOHand cyctopentyl methylene), 1 21 (m, 8 lines, 1 H. cyclopentyl methine), l3C 

NMR (125 MHz. fully decoupled) 6 177 56 (tactone carbonyl), 77.55 (CHOH), 72 17 (CH20) lactone), 50 48 ( CH2CD2 

lacfone), 39.48, 35.25, 33.28, 28.03, 21 74, IR (neat) 3500-3200, 2958, 2932, 2900, 2873, 1767, 1419, 1369, 1179, 

1012,916,845 cm-l, HRMS (Cl), mlz 171 (M + I), 189,153 (base), 135,125,123,109, 107,95,93.79,87; HRMS (Cl), m/z 

171.0997 (cakd for CgH1503, M + I, 171 1022). 

4-(5-MethyIsuIfonyloxypentyl)oxacyclopentan-2-one (27). Thts reaction was performed as indicated for 

compound 12 Affer obtaining a background current readmg at a potential of -2 35 V, a solutron of the mesylate 22 (100 mg, 

0.04 mml), dethyl matonate (0.25 mL, 1 62 mmol, 4 equiv) and CH3CN (4 mL) was added by syringe pump, over a 1 h 

period, to the cathode chamber The reduction was camed out at a controlled potential of -2 35 V. After a further 15 min. 

the current had dropped to the onginal background value. The reaction mixture from the cathode chamber was poured into 

saturated NaCl solution (30 mL) and extracted with ether (5 x 50 mL). The combined organic extracts were dried over 

anhydrous MgSCq and concentrated in vacua Chromatography of the crude product on silica gel (ICN) in a 3 cm x 34 cm 

column, using 7 3 CHpCl2/ether as the elutmg solvent [TLC Rf = 0 53, not UV active, panisaldehyde (stains blue) active], 

yiekled 78 mg (75%) of the product 27 as a clear colorless liquid, 1HNMR(500MHz)6442and393(2dd,l Hand1 H, J= 

8.9,7 4 Hz and J= 8 9.7.1 Hz, CYO lactone), 4 23 (1, 2 H, J= 6.4 Hz, C&SO2), 3 01 (s, 3 H, SQ$/-&, 2.63 and 2.18 (2 

dd, 1 H and 1 H, J= 17 0.8 4 Hz and J = 17 0, 7.8 Hz, W2CO2 lactone). 2.55 (m, 7 lines, 1 H, J= 7.4 Hz, lactone methine), 

1.77 (m, 2 H, CHC&CH2), 1.53-I 33 (several m, 6 H, (CH2)3CH2SO2). IR (neat) 3019,2944,2903,2861.1771,1485, 
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1420, 1345,f340,1163,1067,1020,977,936,626,724,693 cm-l, HRMS (Cl), m/z 251 (M + I). 155,137,109,96.95 

(base), 93,66,67,66, HRMS (Cl), m/z 251.0930 (calcd for ClOHlg05S, M + I, 251.0953). 

4-(l-Cyclopentyl)oxacyclopentan-2-0~ (26) and 4-(I-CyclopentyI)-2(3H)-furanone (29). Thrs 

reaction was performed as indicated for compound 12 After obtaining a background current reading at a potential of -2 25 

V. a solution Of the bromide 23 (90 mg, 0.39 mmol), diethyl malonate (0.24 mL, 1 55 mrnol, 4 equiv) and CH3CN (4 mL) was 

introduced by SYnnge pump, over 1 h, to the cathode chamber. The reduction was carried out at a controlled potential of - 

2.25 V. After a further 1 h, the current reading had dropped to the onginal background value The reaction tixture from the 

cathode chamber was poured into saturated NaCl solution (30 ml) and extracted with ether (4 x 50 ml) and 7:3 

CHpCf2/ether (4 x 50 mL) The combined organic extracts were dried over anhydrous MgSO4 and concentrated in vacua 

Chromatography of the crude product on srlica gel (ICN) in a 3 cm x 34 cm column, using 1 :I ether/PE as the eluting solvent 

[TLC: Rf (compound 26) = 0 49; not UV active, panisaldehyde (stams blue) active, and Rf (compound 29) = 0.25, not UV 

active, panisafdehyde (stains blue-green) active], yielded 6 mg (10%) of compound 26 and 34 mg (59%) of compound 29 

as clear cobrfess Squids; Compound 26: IH NMR (500 MHz) 5 4 40 and 4.00 (2 dd. 1 H and 1 H, J= 9.0,6.0 Hz and J= 9.0, 

7.6 Hz, C&O IaCtOne) 2.59 and 2 25 (2 dd, 1 H and 1 H, J= 17.2,6 6 Hz and J= 17.2,6.6 Hz, C&Co;! lactone), 2.39 (m, 1 

H, lactone methine), 1.64-1.40 (several m. 9 H, cyclopentyl methme and methylenes); LRMS 154 (M), 96, 95, 66,62, 61, 69, 

66,67 (base), 66,55,54,53, Compound 29 IH NMR (500 MHz) 6 5.60 (t, 1 H, J = 1 6 Hz, butenolide vinyl), 4.76 (d, 2 H, J= 

1 6 Hz, C&CC2 butenolide), 2.79 (quir8tet, 1 H, J- 6.2 Hz, cyclopentyl melhrne), 2.00 (m, 2 H. cyclopentyl rnethylene), 

t 76 (m, 2 H, cycbpentyl methylene), 1.65 (m, 2 H, cyclopentyl methylene), 1 54 (m, 2 H, cycbpentyl rnethylene); IR (neat) 

2950,2670,l775.1745,1635,1445, 1345,1315,1260,1170,1135,1020,970.900 cm-l; LRMS (El), rWz 152 (M). 125. 

123, 111, 106, 107,95,94.93,91,65,64,63, 61,60,79, 77,69.66,67, 66, 65,57, 56,55 (base), 54,53, 52, 51; HRMS 

(Cl), mh 153.0901 (calcdfor CgHt302, M + I, 153.0915). 

2-0xasplro[4.5ldec-7-en-3-one (31) and (E)-4-(3.Pentenyl)-2(3H)-furanone (32). This reaction 

was performed as indicated for compound 12. After obtaining a background current reading at a potentral of -2 15 V, a 

solution Of the allylic bromide 24 (150 mg, 0.65 mmol), drethyl malonate (0 39 mL, 2 6 mmol, 4 equrv) and CH3CN (4 ml) was 

added dropwise by syringe pump, over a 1 h period, to the cathode chamber. The reductron was camed out at a controlled 

potential Of -2.15 V. After a further 45 min, the current had dropped to the ongmal background value The reactron mixture 

from the cathode chamber was poured into saturated NaCl solutron (35 mL) and extracted with ether (5 x 50 mL). The 

combined ether extracts were dned over anhydrous MgS04 and concentrated m vacua Chromatography of the crude 

product mixture on silica gel (ICN) in a 3 cm x 34 cm column, using 1 1 ether IPE as the elutmg solvent [TLC: Rf (compound 

31) = 0 36 and Rf (compound 32) = 0.27; not UV active, panisaldehyde (stains blue) active], yrefded 6 mg (6%) of 

compound 31 (mixture of diastereomers, ratio 4 1) and 76 mg (77%) of compound 32 as clear colorless liquids, Compound 

31 (diastereomenc mixture, ratio 4.1). drastereomer I IH NMR 6 5 17 and 5 07 (2 m. 1 H and 1 H, cycbhexenyl vinyl), 4.41 

and 4 10 (2 d, 1 H and 1 H, J= 9.5 Hz, C&O lactone). 2 56 (s, 2 H, C&CO2 lactone), 2 07 (m. 2 H, cycbhexenyl 

methylene), 1.95 (m, 2 H, cyclohexenyl methylene), 1 66 (m, 2 H, cyclohexenyl methylene), Drastereomer 2 IH NMR (500 

MHz) 5 5 16 and 5.06 (2 m, 1 H and 1 H, cycbhexenyl vinyls), 4 22 and 4 16 (2 d, 1 H and 1 H, J= 9 4 Hz C/+0 lactone), 

2 66 and 2 36 (2 d, 1 H and 1 H, J= 17 5 Hz, C&CO2 lactone), 2 07-l 66 (3 m, 6 H, cyclohexenyl methylenes);lR (neat, 

mixture of 31) 3015, 2930,2665, 1775, 1740, 1635.1445, 1330, 1275. 1170, 1135, 1030,970, 665, 655 cm-l, LREI (El, 

mrxture of 31) m/z 152 (M), 124, 123, 96, 97,96,95, 69. 66, 67,55 (base), 54,53,42, HRMS (El, mixture of 31) m/z 

152 0637 (Calcd for CgHf202, M, 152.0637). Compound 32 1 H NMR (500 MHz) 6 5 65 (1, 1 H, J = 1 2 Hz, butenolide 

vinyl), 5 52 and 5 40 (2 m, 1 H and 1 H. J= 14.6 Hz, CH=CH), 4 74 (d, 2 H, J = 1 2 Hz, C&CO2 butenolide), 2 47 (t, 2 H, J= 
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7.3 Hz, rnethylene directly adjacent to butenolide ring), 2.27 (m, 2 H, CYCH=CH), 1.66 (d, 3 H, J= 7.6 Hz, CH=CHC&); IR 

(neat) 301529152660, 1775,1740,1635, 1440,1335,1275,1135,1030,970,685,655 cm-l; HRMS (Cl), m/z 153 (M + 

l), 151,136. 135 (base), 124, 123,109,108,107,96,95,61; HRMS (Cl), m!z 153.0935 (cakxiforCgH1302. M + 1, 

153 0915). 

4-(Bromopenfyl)-2(3H)-furanone (42). The chloro(pyridino)bis(di-methylglyoximato)cobalt(lll) complex used 

for this procedure was prepared as follows: Pyridine (1 7 mL, 21 0 mmol) was added dropwise to a hot solution of cobalt(ll) 

chloride 6-hydrate (2.5 g, 10.5 mmol) and dirnethyiglyoxime (2.44 g, 21 0 mmol) in 95% ethanol (100 mL). After cooling the 

mixture to approximately 20 “c, air was bubbled through it for 30 min The reactton mixture was then allowed to stand at 

approximately 20 “C for 1 h and the yellow-brown solid filtered. The filtered solid was washed with water (25 ml), ethanol (25 

mL) and ether (25 mL), and d&d under vacuum. The cobalt(lll) complex was obtained in a yield of 2.0 g (47%). 

A solution of the bromide 23 (50 mg, 0.22 mrnol) in methanol (4 ml) was treated with a catalytic amount (0.1 equiv) of 

the Co(l) species generated electrochemically via Pattenden’s method (-1 6 V, LiClO4, MeOH) from the cobalt(lll) 

complex 3334 The reaction mixture was stirred for 15 min, at which time TLC analysis (7:3 CHpCl2/ether) indicated the 

complete disappearance of bromide 23 and appearance of one new compound. The reaction mixture was concentrated III 

vacua. Chromatography of the crude product on silica gel (ICN) in a 3 cm x 34 cm column, usmg 7:3 CH2Cl2/ether as the 

eluting solvent (TLC Rf =0.7; not UV active, pansakfehyde (stains yellow) active], afforded 35 mg (70%) of bronxde 42 as a 

pale yellow liquid, 1~ NMR (500 MHz) 8 5.85 (1, 1 H, J= 1.4 Hz, butenolide vinyl), 4.74 (d, 1 H, J = 1.4 Hz, CYCO;! 

butenolide), 3.42 (t,2 H, J = 6.6 Hz, CyBr), 2.44 (t,2 H. J= 7 6 Hz, C/+(CH2)4Br). 1.90 (quintet, 2 H, J= 7.0 Hz, 

C/-&CH2Br), 1.64 (quintet, 2 H, J= 7.6 Hz, C/+2(CH2)3Br), 1.55 (m. 2 H, C&(CH2)2Br); IR (neat) 2950, 1779, 1750, 1639, 

1447,117O. 1144,1025,867 cm-l, LRMS (El), m/z 234.232 (M). 205,203,153,126,96,97,95,93,61,69,67,55 (base), 

53; HRMS (Cl), m/z 233.0202, (calcd for CgHf4D2Br, M + 1,233.0173). 
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