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Ab&aet-JZxhaustive approaches to tbe synthesis of racemic y-beterosubstituted y-methyl-a,&butenolides arc 
presented, starting mainly from C, syntboos fglyceraldebyde. glycidakiehyde, acmkin and 2JIpoxypropyl ethers). 
Good general metbods for tbc preparation of y-bydroxymetbyl-a.~-butenoMc 2, several of its ether derivatives, as 
well as of y-bromometbyl-u&butenoMe 5. arc given. Tbe reactivitks of Utesc structwlly simpk but highly 
functionalixed compounds, convenient syntbons for more complex mokcuks, are preliminarily explored. 

tNTRODOCl’lON 

In recent years there has been a renewed interest in the 
synthesis of structurally simple a$-butenolides. This 
ring system is widely present in secondary metabolites 
which show interesting physiological activities.” Some 
examples are the many sesquiterpenoid lactones, such as 
norparthenone; fungal mctabolites, such as patulin, 
penicillic acid or the pulvinones; and metabolites of 
marine origin, such as the carotenoid pigments of phy- 
toplankton (for example, peridinin), the antibiotic stro- 
bilin or the polyhatogenated algal metabolites known as 
fimbrolidcs. Methods for the synthesis of a$-butenol- 
ides have been reviewed,’ and in recent years some new 
syntheses of butenolides have been published.’ 
However, the synthesis of y-heteromethyl-a$-butenol- 
ides 1 is virtually unexplored, except for a few isolated 
examples.’ 

y-Hydroxymethyl-a&butenolide 2, in its S 
configuration, is the aglycone of ranunculin 3, a glucoside 
studied by Hill6 and by one of us’ several years ago. 
Both (2 )-2 and (-W-2 or ether derivatives from 
them have recently been used as templates in the syn- 
thesis of natural products, the former for prostaglandin 
analogs by Pernet* and tbe latter for antileukaemic lig- 
nans by K~ga.~~~ Their high concentration of functional 

groups on just five carbon atoms allows the use of 
butenolides of type 1 as useful synthons with good 
reactivity as Michael acceptors, although-and this has 
been overlooked in the literature-they can easily eli- 
minate HX under the action of bases to give protoane- 
monin 4. This elimination reaction is so easy that even 
ranunculin 3. which is exceptionally stable towards acids, 
hydrolyxes in neutral or alkaline aqueous solution 
directly to its anhydroaglycone 4.’ Thus the aglycone 
W-(S)_2 has only been isolated in very small amounts 
by enzymic hydrolysis.9 

One of us described a long and inefficient synthesis of 
2 from vinyl-acetylene’0 which was followed by Pernet* 

in his work on PG analogs. On the other hand, ethers of 
(- )-(S)-2, such as 1 (X = PhaCO or PhCHP) have been 
prepared by Koga in six steps from L-glutamic acid% in 
low overall yields. The purpose of the present paper and 
successive ones is to describe new and efficient syn- 
theses of y-hetergmethyl-o,&butenolides of type 1, both 
racemic and opttcally active. In the present paper parti- 
cular emphasis will be placed on the racemic compounds 
y-hydroxymethyl-u&butenolide 2 and y-bromomethyl- 
a&butenolide 5. their synthesis and their reactivity. The 
accompanying paper is devoted to the synthesis of 
optically active (- )-(S)-2. some ether derivatives and 
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several reactions of these chiral compounds. Preliminary 
communications on these subjects have already 
appeared.“*‘* 

Retrosynthetic analysis of the target molecules 1 
A brief analysis yields three different synthetic ap- 

proaches to butenolides 1: 
(i) Initial formation of the butanolide ring with tinal 

generation of the double bond. This was the approach 
used by Koga,” who prepared y-trityloxymethyl-a,/?- 
butenolide from the corresponding saturated lactone 
using selenium chemistry, and in another synthesis of 
(-)-(S)-2 and derivatives, published from these labora- 
tories,‘* using D+ibonolactone as the starting material. In 
both cases optically active products were obtained. 

(ii) Use of furan derivatives as precursors. Actually, 
oxidation of furfuryl alcohol by peracetic acid was bel- 
ieved to give 2 as a minor by-product.‘3 while lead 
tetraacetate is used for the oxidation of furanoterpenoids 
to the corresponding a$-butenolides.” On the other 
hand, condensation of 2-tert-butoxyfuran with carbonyl 
compounds yields y-ylidene-a.&butenolides.‘s 

(iii) Generation of conveniently functionalized (Z)-2- 
pentenoic acids 6 or pentanoic acids 7 oia condensation 
of appropriate C3 and C2 synthons. 

A fourth, non-trivial (see below) approach is the 
replacement of X in previously formed butenolides of 
type 1. In the present paper we explore approach (iii), as 
well as this apparently simple fourth approach. 

Use of glyceraldehyde as the C, synthon 
One obvious precursor for butenolide 2 is (Z)-4,5- 

diiydroxy-2-pentenoic acid, 6 (X = Y = OH, R = H). 
Therefore, the use of glyceraldehyde as the C3 synthon 
was considered. Previous work by one of us has shown 
that attempted Knoevenagel condensation of gly- 
ceraldehyde dimer 8 and malonic acid or esters gives 
polymeric products,‘6 while the use of glyceraldehyde 
acetonide 9 has been reported” to result in the E con- 
densation product 10, rather than the 2 isomer, but in 
very low yield. However, in previous work,” it was 
found that dimer 8 reacts smoothly with the Wittig 
reagent 11 in benzene to afford methyl ester 12 in NJ% 
yield. We have now found that in cold methanol this 

v 

Wittig reaction gave 12 as the major product, together with 
a small amount of 2 (identified by PMR) which could not be 
separated. Similarly, the acetonide 9 reacted with 11 in 
dichloromethane to give exclusively the E ester 13, as 
described by Kuhn,‘* but in methanol as solvent this Wittig 
reaction gave also the Zester 14, which could be isolated in 
28% yield. Careful hydrolysis of 14 gave a low (12%) yield 
of 2, which is extremely soluble in water, and this is 
probably the reason for the low yield of its isolation. 

A substantial improvement in the yield of 2 was 
reached when taking into account the formal equivalence 
between E and Z alkenes under UV irradiation. Usually 
photolactonixation of (E’)-4-hydroxy-Zalkenoic acids or 
esters is carried out under acid catalysis’9 and, as men- 
tioned above, butenolides of type 1 are stable towards 
these conditions. Thus, unsensitized irradiation of 12 in 
acidified methanol for 1.5 h using a 400 W medium pres- 
sure mercury lamp gave 2 in 48.5% yield, together with a 
32% recovery of unreacted 12, which could be recycled. 
Irradiation for longer periods resulted in disappearance 
of the ethylenic protons in the PMR spectrum of the 
crude irradiated mixture. 

Use of glycidaldehyde as the C3 synthon 
Glycidaldehyde 15 can be easily prepared (but not 

easily isolated: 10% yield) from acrolein by epoxidation 
with hydrogen peroxide in mild alkaline medium.m Wittig 
olefination of 15 with the phosphorane 11 in di- 
chloromethane afforded the E ester 16 in 57% yield. The 
same reaction performed in methanol gave a 2: 3 mixture 
of E 16 and Z 17 condensation products in 46% overall 
yield. The same mixture of stereoisomers could be 
obtained in 23% overall yield from acrolein, avoiding the 
difficult isolation of 15, by reacting 11 with the crude 
product from the epoxidation reaction, fairly diluted in 
methanol. 

Separation of 16 and 17 required the use of preparative 
UC, since the Z isomer decomposed (protoanemonin?) 
upon attempted column chromatography on silica gel, 
while 2-methoxyfuran was collected instead of 17 under 
preparative glc. The stereochemical assignment of 
epoxyesters 16 and 17 was confirmed by their spectral 
data. 

Since the preparation of 17 just described, and parti- 
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cularly its isolation by preparative tic, are not very 
convenient from the synthetic point of view, we tried a 
dierent approach to arrive at this compound. The 2 
epoxyaldehyde 18 can be obtained from cyclopentadiene 
by sensitized photooxidation.*’ Furthermore, 18 is now 
commercially availabk from Fh&a. We therefore tried 
several oxidations of 18 under neutral, mild conditions, 
but unsuccessfully. Thus, 18 did not react with atmos- 
pheric oxygen, whtle Corey’s method for the oxidation of 
a&unsaturated aldehydes to methyl esters by active 
manganese dioxide in methanol under hydrocyanic acid 
Catalysis” gave the desired epoxyester in low, un- 
reproducible yields. The use of silver(U) oxide= under 
the same conditions, instead of manganese dioxide, 
resulted in the formation of polymers. 

As expected, treatment of 17 with a catalytic amount 
of perchloric acid in aqueous dioxane or aqueous 
acetone gave 2 in 75% yield. However, when methanol 
was used as solvent, a domplex mixture of products 
resulted. Among them we have identified the E ester 19, 

TET Vol. UI. No. 15-K 

cis- (20) and Irons- (21) fl,y-dimethoxy-&valerolactones, 
as well as small amounts of ketoesters 22 and 23. 
Plausible mechanisms for these reactions are given in 
Fii. 1, in which route (a) takes into account the observed 
nucleophilic attack at C4 of the protonated oxirane ring, 
while route (b) shows the formation of acetylacrylate 
derivatives by hydride migration when the protonated 
oxirane ring opens in the alternative direction (structure 
24, arrows). The possible anchimeric assistance by the 
very near carboxyl oxygen atom, which D priori cannot 
be excluded, is shown in routes (a’) and (b’). 

In striking contrast with this complex behaviour, 
treatment of the E isomer 16 with methanol under acid 
catalysis gave exclusively the E addition product 19 in 
64% yield. Finally, the mixture of 16 and 17 obtained in 
the aqueous-methanolic Wittig reaction, directly treated 
with a catalytic amount of perchloric acid in acetone, 
gave a mixture of butenolide 2 and acetonideester 13 
which could be separated by distillation. 

The constitution and stereochemistry of S-lactones 20 
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b’) t/’ b) 

Fii. 

and 21 have been established by chemical correlation 
with natural products of known configuration, as repor- 
ted elsewhere.23 

The constitution of the E ester 19, i.e. the presence of 
a primary hydroxyl and a secondary methoxyl group, 
was firmly established by its “C NMR spectrum, which 
in the off-resonance mode showed a doublet at 81.0 ppm 
for C, and a triplet at 63.7 ppm for Cs. Comparison of 
this data with those of diolester 12 (doublet at 71.4 ppm 
for C, and triplet at 65.2 for C,) confirms that acid- 
catalyzed opening of the oxirane ring in epoxyesters 16 
and 17 takes place by attack of the nucleophile at C,, as 
shown in Fii. 1, thus preventing the formation of y- 

I. 

lactones of type 1 from the Z epoxyester 17 for nucleo- 
philes other than water. 

In order to have SN2 conditions, which should favor 
the alternative oxirane ring opening, we next reacted 
epoxyesters 16 and 17 with methanolic sodium methox- 
ide. However no ring opening occurred, and from both 
isomers, using either catalytic or equimolar sodium 
methoxide, the Michael adducts 25 were obtained as a 
chromatographically separable mixture of e&n, and 
lhreo diastereoisomers in up to 36% overall yield. We 
could not assign the con&u&on of these two Michael 
adducts, although their constitution 25 was confirmed 
spectroscopically and by conversion to 26. identi6ed by 

25 + 
*0 
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- 

OR OR 

_27 a(R=H) 

b(R=Me) 

2& a(R=H) 

b (R&e) 

Scheme 5. 



Studies on snucmraRy simpie a$-butewlides-I 2381 

RMR. Treatment of 25, as a mixture of diastereomers, 
with acid in methanol afforded the separable lactones 27 
and 28, identified by chemical correlation with natural 
prodUCtS of known co&Uration, Bs reported else- 

wbcre,23 and unmistakably assigned as y-lactones from 
their fR band at 1790 cm-‘. 

Comparison between the reactions of the unsaturated 
epoxyesters 16-17 and the saturated epoxyesters 25 with 
acid in methanol alloys us to conclude that the acrylate 
group of the former pair behaves as a vinyl substituent 
and hence stabilizes the secondary, allylic cationic center 
which develops at C, upon opening of the protonated 
oxirane ring, probably under stereoelectronic control, 
while in the case of 25 the absence of this acrylate unit 
results in the normal SN2 steric control leading to sub- 
stitution at the primary position. The stabking ability of 
the acrylate residue is also the driving force for the 
hydride migration which leads ultimately to 22 and 23 
upon opening of the protonated oxirane ring of the 
unsaturated epoxyester 17 in the alternative direction 
(Fii I. structure 24, arrows). The absence of this 
process in the E isomer 16 supports the anchimeric 
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assistance by the very close oxygen atom of the ester 
group in the case of the 2 isomer 17, as shown in Fig. I, 
routes (a’) and (b’). 

We should finally mention that photolactonization of 
the E epoxyester 16 in acidified aqueous acetone yielded 
hydroxymethylbutenolide 2 (27%). while part of the 
remaining starting material was recovered as dihy- 
droxyester 12 (18%) which is also photolactonkble. 

Use of acrolein as the C, synthon 
An alternative way for the preparation of epoxyester 

17 would start from acrolein, by Wittig or Knoevenagel 
condensation to a diene derivative 29, followed by epox- 
idation of its terminal double bond. On the other hand, 
addition of X-Y to this double bond would also open the 
way to other derivatives of type 6, which could even- 
tually lactonixe to butenolides 1. Again, the stereoche- 
mistry of 29 appears to be the important factor. Thus, 
Wittig reaction of acrolein with the phosphorane 11 in 
dichloromethane gave the E ester 30, but the yield of 
isolated product was quite low (24%) because com- 
pounds of type 29 polymerize during distillation, and in 

MoOCH2CH2CH0 

32 

MeOCH2CH2CH =CHC02Me 
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our hands ester 38 polymerized even at -10”. When the 
Wittig olefination was carried out in methanol, spinning 
band distillation allowed the isolation of the 2 ester 31 in 
only 3% yield, while the yield of the E isomer 30 was 
28%. Also isolated were 3methoxypropanal 32 (< 1%) 
and a 2: 3 mixture of the isomeric esters 33 and 34. 
Epoxidation of the E diene 38 by mchloroperbenzoic 
acid (mCPBA) gave the terminal epoxyester 16 in 63% 
yield. However, the same reaction performed on the Z 
isomer 31 gave unidentifted products, together with a 
trace of butenolide 2. 

Other butenolides of type 1, particularly halogenated 
derivatives 1 (X = halogen) can conceivably be prepared 
from dienes 29. Indeed, the reaction of sodium pen- 
tadienoate 35 with aqueous iodine and potassium iodide 
has been claimeda to yield y-iodomethyl-a,/&butenolide 
1 (X = I). However, in our hands this reaction gave only 
the E iodohydrin 36 in 18% yield, together with much 
unchanged starting material. We have prepared other 
halohydrins from dienes 29. Thus, bromohydroxylation 
of the terminal double bond of 30 by N-bromosuc- 
cinimide (NBS) in aqueous 1.2dimethoxyethane @ME) 
gave 37. impurified with important amounts of the un- 
expected by-product 38, identical with the compound 
formed upon treatment of 38 with NBS in methanol. 
Obviously, formation of 38 in the former reaction 
requires bromination of DME to 39, which upon 
hydrolysis would release the required methanol. Pure 37 
was obtained in 68% yield by reaction of 38 with NBS in 
the presence of water (heterophase). 

However, the reaction in heterophase between the Z 
isomer 31, NBS and water did not give the expected Z 
bromohydrin 40, instead, a mixture of its E isomer 37 
and y-bromomethyl-a$-butenolide 5 was obtained. The 
isomerixation of the a$double bond was largely sup- 
pressed when performing an analogous reaction in 
homogeneous phase. Thus, reaction of 31 with NBS in 
methanol yielded the Z unsaturated ester 41, impuritied 
by small amounts of the E isomer 38. Again, the best 
yield of the bromobutenolide 5 was obtained from the E 
bromohydrin 37, rather than from the scarcely available 
derivatives of Z contiguration, by photolactonixation. 
Thus, irradiation of 37 in acidified methanol yielded the 
bromobutenolide 5 in 41% yield. 

The best route to 5 starts from (E)-2,dpentadienoic 
acid 42, an easily polymerixable compound which can be 
obtained from acrolein by Knoevenagel condensation 
with malonic acid as described by Doebner.” Thus, 
reaction of 42 with either NBS or, preferably, bromine in 
aqueous sodium bicarbonate gave the water-soluble 
bromohydrin 43 in up to 64% yield. Repeated irradiations 
of 43 in acidified water yielded the butenolide 5 in 75% 
isolated yield on a I6 g scale preparation. 

The bromohydroxylation of 42 in alkaline aqueous 
solution is worth commenting upon more deeply. When 
using bromine (1.2 equiv.) and sodium bicarbonate the 
by-products isolated from this reaction were the 
dibromoacid 44 (13% yield) and, somewhat surprisingly, 
(J+t-bromo-2-butenal 45 (formed in up to 10% yield). 
Formation of the latter can be rationalized as shown in 
Fig. 2(a). In more basic conditions, i.e. using sodium 
hydroxide, the epoxyacid 46 was isolated in 16% yield, 
together with much gummy material. On the other hand, 
when bromohydroxylation of 42 was performed in 
aqueous dioxane, in order to suppress these side reac- 

tions brought about by the presence of base, no bromo- 
hydrin 43 could be isolated; instead, dibromoacid 44 

(54% yield) was exclusively formed. Finally, when using 
two equiv. of bromine in aqueous sodium bicarbonate, 
subsequent treatment of the crude reaction products with 
4-methylbenxenesulfonic acid in benzene under reflex 
gave several products, includii the dibrominated 
butenolide 47 (8% yield), probably formed as shown in 
Fig. 2(b). The other products formed in this last reaction 
will be fully described elsewhere.% 

Use of epichlorohydrin as the C, synthon 
Recalling the retrosynthetic analysis shown above, it is 

worth noting that another approach to butenoliies of 
type 1 (X = OR) which combines features from routes 
(iii) and (i) would start from epichlorohydrin (or some 
3-alkoxy-12cpoxypropane easily derived from it) and 
malonyl derivatives. Indeed, the reaction of I.2 - epoxy - 
3 - phthalimidopropane with diithyl malonate has been 
reportedn 
phthalimidometi:-y-butgl&tone, 

aethoxycarbonyl-y- 
from which the 

corresponding butenolide 1 (X= phthalimido) could 
probably be formed through approach (i). 

We tirst tried the preparation of 1 (X = Cl) from epich- 
lorohydrin itself, but its reaction with dimethyl malonate 
48 gave a complex mixture of products, mainly polymers. 
However, reaction of 3-a-butoxy-ljcpoxypropane 49 
with ester 48 gave the y-lactone 58 in 51% yield. 
Chlorination of the active o position of 58 by sulfuryl 
chloride (see Ref. 27) yielded 51, which was hydrolyzed 
and decarboxylated to the chlorolactone 52. Dehydroch- 
lorination of 52 to the desired butenolide was unsuc- 
cessfully tried by several methods @BN in toluene 
under reflux;” potassium reti-butoxide in rert-butanol; 
sodium carbonate in xylene under reflux;” sodium 
ethoxide in ethanol). Therefore the chlorine atom of 52 
was replaced by treatment with sodium benxenethiolate 
in ethanol. The resulting &ether 53 was oxidized by 
sodium metaperiodate in aqueous methanol to sulfoxide 
54, which without further purification was pyrolyzed in 
boiling toluene to afford butenolide 55. All compounds 
50-54 showed to be mixtures of diastereomers. 

Similarly, l &poxy-3-phenoxypropane 56 (prepared 
from epichlorohydrin and sodium phenoxide? was 
converted into 57. However reaction of 57 with sulfuryl 
chloride resulted in chlorination at the benzene ring of 
the side chain substituent. and when three equiv. of 
sulfuryl chloride were used the final product was the 
trichloroderivative 58 rather than the expected 59. Com- 
pound 58 was converted, via 68, 61 and 62. into the 
corresponding butenolide 63. The preparation of the non- 
chlorinated butenolide 64 was achieved by reaction of 57 
with benzenesulfenyl chloride, hydrolysis and decar- 
boxylation of the resulting 65 to 66, oxidation of this 
sulfide to 67 and pyrolysis of the latter to 64. 

y-Heteromethyl-a$-butenolides from other butenolides 
Besides the syntheses described in the preceding 

paragraphs, a simple approach to butenolides of type 1 
would start from other butenolides, for instance by ap- 
propriate functionalixation of the methyl group of a- or 
/3-angelica lactones (68 and 69. respectively), or by 
replacement of X in some of the butenolides 1 hitherto 
described. However, both ways present some problems. 
Thus, reaction of 68 or 69 with NBS has been reported3’ 
to give low yields of the dibrominated derivative 70 as 
the only identified product. In our hands, this reaction 
gave a complex mixture of products in varying propor- 

tions, among them protoanemonin 4, as well as 71,72 and 
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73. We could only obtain the dibromolactone 70 by 
ally& bromination of 7-bromomethyl-a,#Lbutenolide 5 
in heterophase, using NBS in the presence of water. 
Purthermore. attempted allylic oxidation of 68 by 
selenium dioxide gave only 4 and its spontaneously for- 
med dimer 74. 

We next tried the preparation of ether derivatives 1 
(X = OR) from y-hydroxymethyl-a&butenolide 2, and 
several nucleophilic substitutions on y-bromomethyl- 
+butenolide 5. However, the sensitivity of both 2 and 
5 towards bases, which cause elimination to 4, limits the 
applicability of these reactions to cases in which neutral 
or acidic reaction conditions are required. Thus, treat- 
ment of 2 with diazomethane under boron tritluoride 
etherate catalysis gave 75; reaction of 2 with trityl 
chloride in pyridine yielded 76; and treatment of 2 with 
phenyl isocyanate afforded 77. 

Also attempted was the synthesis of ranunculin 3 from 
2, using the general method for the preparation of @- 
glucosides from alcohols.” Thus, reaction of aceto- 
bromoghrcose 78 with 2 in the presence of silver oxide 
gave a mixture of tetra-O-acetylranunculin 79 and its 
Scpimer SO in 55% yield. Column chromatography on 
silica gel allowed the separation of a fraction containing 
79 and 89 in a 3: I ratio, as shown by its 2OOMHz PMR 
spectrum. Comparison of this spectrum with that of a 
sample of 79 derived from natural ranunculin showed the 
identity of the major isomer in the synthetic mixture with 
the acetylated natural ranunculin, as shown in Table I. 
However we were unable to isolate 79 from this mixture, 
and thus the synthesis of 3 could not be continued. 
Nevertheless, in the accompanying paper’3 a direct syn- 
thesis of 3, accomplished in these laboratories, is des- 
cribed. 

We Enally explored the reactivity of y-bromomethyl- 
a,&butenolide 5 towards several nucleophiles. hoping 
that SN2 substitution could give us an entry to other 
butenolides 1. Thus, reaction of 5 with sodium ben- 
zenethiolate did give the expected substitution product 
81, along with some Michael addition product 82. 

+ 

f 

69 

Table I. 200 MHz PMR data of the diagnostic protons 79 and 80 

Hydrogen Compound 6lPpm J/HZ 

a 

a 

a 

8 

0 

6 
anomeric 

anmneric 

anomeric 

natural 

mdjor 

minor 

natural 

major 

minor 

natural 

mdjor 

minor 

7.47 5.8 and 1.6 

7.48 5.7 and 1.6 

7.46 5.7 and 1.6 

6.20 5.7 and 2.1 

6.19 5.7 and 2.1 

6.16 5.7 and 2.1 

4.59 7.8 

4.60 7.8 

4.54 7.8 

However, reaction of 5 with triphenylphosphine resulted 
in formation of the rearranged salt 83. This salt 
hydrolyzed spontaneously on standii in chloroform 
solution to the open-chain salt 84. Both salts, when 
treated with base and dnitrobenxaldehyde in methanol 
gave open-chain condensation products, 85 from 83 and 
86 from 84. Neutral 0-nucleophiles (i.e. ethanol) gave no 
reaction with 5, while anionic 0-nucleophiles, owing to 
their basicity, produced only dehydrobromination to 
protoanemonin 4. On the other hand, N-nucleophiles 
were also unsuccessful. Thus, reaction of 5 with sodium 
azide or imidaxole gave 4 even at low temperature, while 
the use of the more basic nucleophile piperidine resulted 
in the isolation of a small amount of the ring-opening 
product 87. 

Thus, we have observed all possible reactions of 5 
with nucleophiles. i.e. substitution, Michael addition, 
double bond migration. dehydrobromination and ring 
opening. We feel that the key consideration to explain 
this variety of reactions is the acidity of the y-proton of 
the lactone ring. The conjugate base of 1 is the aromatic 
anion 88, which can either expel the leaving group X 
(depending on its nucleofugality) to give protoanemonin 

- 

s 
8 

* 
0 

L 

Scheme 8. 
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$1 

4 

4 or, upon reprotonation, can afford either the original 
a,&butenolide 1 or the rearranged &y-butenolide (e.g. 
83). In the latter case, attack of more nucleophile on the 
now more reactive carbonyl group of the en01 lactone 
would produce not only ring opening but also enol to 
keto tautomerization to give w-functionalized laevulinic 
acid derivatives, such as 87. 

We feel that any factor enhancing the acidity of the y 
proton in 1, such as reaction with a neutral nucleophile 
(this would place a cationic X in l), would result in 
enhanced ability to isomerize the double bond. Thus, the 
more convenient nucleophiles should be non-basic, soft 
anions, while hard or basic anions result in dehy- 
drobromination to 4. The drawback is that these soft 
anions can also give the Michael addition product (i.e. 
82). Other butenolides 1 are being evaluated in these 
laboratories for their reactions with nucleophiles. 

M.ps were determined on a Rcichcrt m.p. microscope and are 
uncorrected, UV spectra on a Perk&Elmer mod. 550 UV-vis. 
spectropbotometcr, IR spectra on a Perkin-Elmer mod. 720 
spcctrophotometer. PMR spectra at 60 MHz on a Perkin-Elmer 
R-12 A, at 80 MHz on a Brukcr WP-80 and at 200 MHz on a 
Varian XL-200 spcctrometers.‘3C NMR spectra on a Varian 
IT-80 or on a Bruker WP-80 spectrometers, both at 20 MHz. and 
mass spectra were recorded under electron impact at 7OeV on a 
Hewlett-Packard 5930A spectrometer. Glc analyses were pcr- 
formed on Perkin-Elmer F-21 or Sigma-l chromatographs, tbc 
silica gel used for column chromatography was Merck Art. 7734 
(70-230 mesh) or Merck Art. 9385 (230-400 mesh). and for 
preparative tic was Merck G scg. Stahl (60). Distillation of small 
amounts were effected on a rotational distillator Buchi. mod. 
KRV 65/u) (only external or oven temp. given), and for large 
scale efficient separations a spinning band distillation apparatus 
Pcrkin-Elmer, mod. 251 Auto Annular Still was used. High scale 
(100-750 ml) irradiations were effected using a 4&l W medium 
pressure mercury lamp (Applied Photophysics mod. 3040) on a 
quartz reactor (Applied Photophysics mod. 3230) under nitrogen 
bubbling. Small scale irradiations were performed using the same 
lamp and quartz immersion well and attaching to it OIK or more 
standard UV cells containing the solution to be irradiated, 
through which nitrogen was bubbled. Microanalyses were pcr- 
formed at Cons& Superior de Iavestigacioncs Cicntlficas in 
Barcelona. 

Methyl (E)aJ-dihydroxy-2-pctenoate 12 
The unpublished spectra of this compound, which was 

obtained as previously dcscribcd,‘0 arc as follows. 60 MHz PMR 
(CD&): & 3.6 (2H. m), 3.7 (3H, s). 4.1 (2H, br s). 4.35 (iH, m), 
6.1 (1H. dd, J- 16. J’= I) and 6.9 (IH. dd, J= 16. J’=4.6). ‘T 
NMR (CD&): 6 Sl.Sq, 65.21.71.4d. IZl.Od, 146&l and 166.9s. 

Wittig condensation of 2,2-dimethyl-1,3_dioxolane4catftox- 
aldehyde 9 with methoxycalbonylmethhyetriphenylphosphorane 
11 

(a) In dichlotvmethanr: Methyl (E)-3_(2,2-dimethyLl,3-diox- 
olan4yl)-2-propenoate 13. The reaction of 9 and 11 in di- 
chloromethane gave, as reported,‘* 13. The unpublished spectra 
of this compound are as follows. 6OMHz PMR (Ccl,): 6 1.32 
(3H, s), 1.38 (3H, s), 3.6 (3H, s), 3.5-3.6 (IH, m), 4.0 (IH, t. 
J=6.5), 4.4 (IH, q, J--6.5). 5.86 (IH. dd. J= 16. J’= I) and 6.7 
(IH. dd. J = 16, J’ = 5). IR (Ccl,): 5 3000,295O. 2900.1725, 1660, 
l440,1380,1300,1200.1060 and 980 cm-‘. 

(b) In methanol: Methyl (Z) - 3 - (2.2 - dimethyl - I,3 - dioxolan 
- 4 - ~1) - 2 - propenoate 14. The reaction of 9 and 11 was 
performed as above, but in methanol as solvent and operating at 
room temp. Distillation gave 14 in 29% yield, b.p. < llO- 
115”/14 mm. 60 MHz PMR (Ccl,): 6 1.35 (3H, s). 1.4 (3H. s), 3.5 
(IH, dd, J = 8.5, J’= 6.5). 3.7 (3H. s), 4.3 (IH, dd, J = 8.5, J’ = 6.5). 
5.4 (IH. dq, J,=6.5, Jd=2), 5.65 (IH, dd, J= II. J’=2) and 6.4 
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(IH, dd, J = I I, J’ = 6.5). IR (Ccl,): 5 2950, 2880, 2820. 1730, 
166O,l440, MO, 1320,1260,1200 and 106Ocm-‘. 

S-Hydroxymethyloxol-3-en-2-one 2 
A solution of 3.46 g (23.7 mmole) of 12 and 12.5 ml of 48% HRr 

in 700 ml MeOH was irradiated under stirring for I.5 h. Solid 
NaHCO, (5 g) was added, and after &ring for another 0.5 h the 
solution was filtered. the solvent was eliminated and the residue 
(4.12 g) was chromatographed on silica gel (60s). Elution with 
CHCI,:EkO (7:3) alforded unmodilkd 12 (l.lOg. 31.8% reco- 
very) and then 1.31 g (48.5%) of 2, bp< 140”11 mm (ht.“< 
W/IS mm). UV and IR identical to Ref. 10. @MHz PMR 
identical to Ref. 9. MS: m/c (96) 1 I5 (hi + I, 2)s 114 (4). 97 (4). 84 
(77). 83 (16) and 55 (MO). 

Methyl (E)-4,5-epoxy-2-penteaoatc 16 
To a solution of 3.8g (11.4mmok) of 11 in 3Oml of CHsCls 

was added dropwise a solution of l.Og (13.9mmole) of gly- 
cidaldehydem 15 in 10 ml of CHsCIx and the mixture was heated 
under reflux for 2 h. After standing overnight at room temp., 
repeated distillation of solvent and addition of ether until no 
more PhsPO precipitated gave a residue (I.514 g) which by dis- 
tillation aRorded 16 (I.OZg, 57.4%). b.p. <78-W/18 mm. 6OMHz 
PMR (CD&): 8 2.6 (IH, dd, J=6, J’=2.5), 2.9 (IH, dd, J=6, 
J’=4), 3.35 (IH, m), 3.65 (3H, s). 6.0 (1H. d. J = 16) and 6.55 (IH, 
dd, J = 16. J’=6.5). IR (Ccl,): F 3070. 3010, 2970, 2930, 1720. 
1660,1440,1390,1310,12gO, 1200.1160.1130,1040,1015,980,925 
and 84Ocm-‘. Found: C, 56.20; H, 6.63. C&O, requires: C, 
56.25; H, 6.29%. 
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Methyl (Z)+epoxy-2-penrenoate 17 Methyl 4J-epoxy-3-merhoxypeatanoate 25 
To a solution of 10.68 g (32 mmole) of 11 in 225 ml of MeOH 

cooled in an ice-salt bath was added dropwise a solution of 2.33 g 
(32 mmolc) of 15 in 5 ml of MeOH. After stirring for 3 h, solvent 
removal, addition of ether and filtration of the precipitated 
P4P0, followed by evaporation of solvent, gave a residue which 
upon distillation atTorded a 3:2 IniXNrC (PMR) of 17 and 16, b.p. 
<78-80”/!4 mm (1.87 g. 46%). Preparative tic on silica gel, eluting 
with hexane:ether (2: 1) allowed the isolation of 0.13 g (9%) of 
16, identical to that descriid above. and 0.27 g (18%) of 17, b.p. 
m/l4 mm, from 0.67 g of mixtmzrSpectral and analytical data 
for 17. 60 MHz PMR (CDt&): 6 2.58 (lH, dd, J = 5.5, J’ = 2.6), 
3.02(lH,dd, J=5.5,J’=4).3.7(3H, s),4.45 (1H. m). 5.64 (IH, d, 
J = 10.2) and 5.95 (lH, dd. J = 10.2, J’ = 7.3). IR (CCL): 5 3070, 
3010, 2970.2930. 1720, 1645, 1440, 1420. 1340, 1300, 1200, 1140, 
1110, 1005.925 and 900cm-‘. Found: C, 55.93; H, 6.47. C&O3 
requires: C, 56.25; H, 6.29%. 

To a stirred solution of 160 mg (6.9 meq.) of sodium in 6 ml of 
MeOH was added dropwise a solution of 1.06 g (8.3 mmole) of a 
mixture of diastereomeric epoxyesters 16 and 17 in 1 ml of 
MeOH. After stirring under retlux for 4 h and allowing to stand 
overnight at room temp., the mixture was neutralized by addition 
of 3 drops of glacial AcOH. Solvent removal and vacuum dis- 
tillation gave a fraction, b.p. 80-8S0/14mm (6OOmg). which by 
column chromatography on silica gel, eluting with CH&-Et,0 
(24: I), afforded 64 mg (6%) of the E epoxyester 16, and 478 mg 
(36%) of 25. b.p. <90-95°/14mm. as a mixture of erythra and 
rhno diastereomers. IR (Ccl,): i 3060, 3OW, 2950, 2850. 1730, 
1440. 1410, 1360, 1250, 1200, 1170. 1120, 1020, 1000, 920 and 
880cm-‘. Found: C, 52.15; H. 7.60. C7H120, requires: C, 52.49; 
H, 7.55%. 

Column chromatography on silica gel, eluting with CH& - 

Oxidation of (Z)-4J-epoxy-2-penknaI 18 
TO a stirred suspension of active MnOl (5.32 g. 61.2 mmole) and 

NaCN (0.75 g, 15.3 mmole) in a solution of 0.30 g (3.06 mmolc) of 
18 (Fluka) in 25ml of a& MeOH was added dropwise in a 
solution of glacial AcOH (0.28 g. 4.59 mmole) in 5 ml of anh. 
MeOH and the mixture was stirred for 5 h. After filtering and 
solvent removal under vacuum without warming, the residue was 
taken up in ether, washed with water and dried. Elimination of 
solvent gave a residue (0.18g) which upon distillation gave 
0.04Og (10%) of 17, b.p. <80”/16mm, impuritied by unknown 
substances, as shown by PMR. 

Et,0 (47 : 3), allowed the separation of both diitereomers of 25 
from the above mixture. The 6OMHz PMR (CCL) of these 
isomers, from which no configmational assignme& was possible, 
are as follows: 

Diastereomer A: 6 2.42.9 (6H. m). 3.32 (3H. s) and 3.6 (3H, s). 
Diastereomer B: 6 2.43.3 (6H, m). 3.38 (3H. s) and 3.6 (3H. s). 

Methyl 3-methoxy4peaknoate 26 

Reaction of 17 with perchloric acid in aqueous acetone 
A solution of 1.0s (7.8 mmole) of 17, 0.14 ml (7.8 mmole) of 

water and 3 drops of cont. HCIO, in 20 ml of acetone was boiled 
under reflux for 20 h. After neutralization with satd. aqueous 
NaliCOl liltration and solvent removal under vacuum, the residue 
was taken up in CHCI,, dried and the solvent was evaporated. The 
resuking oil was distilled yicldii 0.671(75%) of 2, b.p. < 120- 
125VO.35 mm, identical to that described above. 

A mixture of l.Og (6.25 mmole) of 25. 1.637 g (6.25 mmole) of 
dry Ph,P and 6Omg of hydroquinone was melted by heating at 
9&100” for 10min. Distillation pfforded a fraction, b.p. <16& 
190”/1 atm, which by column chromatography on silica gel, elut- 
ing with CH+&-Eta (4: l), gave 202 mg (22.5%) of 26.60 MHz 
PMR (CDCI,): d 2.55 (2H, dd, I = 6.5, J’ = 2). 3.3 (3H, s), 3.7 (3H, 
s), 4.05 (IH, q, J = 6.5) and 5.0-5.7 (3H, m). 

Reaction of 25 with perchloric acid in methanol 
A solution of 2.73 g (17 mmok) of 25 and 4 drops of HCIO, in 

48 ml of MeOH was boiled under retlux for 20 h. Neutraliition 
by addition of NaHCO% 6ltration and solvent removal gave 1.3 g 
of crude reaction mixture, which was chromatoptaphed on silica 
gel, eluting with C&C&-Et*O. The fractions cl& were: 

Reaction of 16 with perchlotic acid in aqueous methanol: methyl 
(E)_S-LydroxyCmethoxy-2-penknoate 19 

(a) transCm&oxy-5-met~xyme~~yfoxo/an-2-one 27b, 300 mg 
(!I%), slightly imp& by 23, which could not be completely 
purified by a se&d column chromatography. 6OMHz~ PMR 
(CCL): 6 2.32 (1H. dd. J = 16. J’= 6.5). 3.31 (3H. s). 3.38 (3H. s). 
j.55 2H, d, J = 3.j). i.0 (IH; m) and’i.42 (iH, mj: IR (&l,): .j 
3UJO. 2950,290O. 28500,1790.1740,1460,14a0,1360.1200. 1160, 
1120. 1100, 1040. 1020.950 and 9OOcm-‘. GC/MS: m/e (46) 160 
(M, 2), 145 (8). 132 (71). 131 (!2), 117 (6), 115 (19), 101 (24). 100 
(29), 87 (12). 85 (19), 84 (8). 83 (27), 75 (12). 73 (55). 72 (31). 71 
(72), 59 (42), 58 (100). 55 (14), 45 (63) and 43 (27). 

A solution of 0.5 g (3.9mmole) of 16 and 4 drops of 60% 
aoueous HCIO. in 10ml of McOH was boiled under reflux for 
26h. Working- up as above gave 0.40 g (64%) of 19, b.p. 
<160”/14mm. 60 MHz PMR (CCL): 6 2.9 (1H. br s), 3.34 (3H, s). 
3.3-3.7 (3H, m), 3.68 (3H, s), 5.95 (lH, dd, J = 15, J’ = I) and 6.75 
(IH. dd, J= 15, J’~5.5). IR (Ccl,): v’ 3620, 3000, 2950, 2875, 
2825, 1740, 1680, 1440, 1400, 1360, 1310, 1280, 1200, 1060 and 
980cm-‘. “C NMR (CD&): 6 51.19, 56.9q, 63.71, 81.Od. 122.5d. 
144.4d and 165.9s. Found: C, 52.19; H, 7.82. C7H120, requires: C, 
52.49; H, 7.55%. 

Reaction of 17 with perehloric acid in aqueous methanol 
A solution of 2.438 (19mmole) of 17 and 5 drops of 60% 

aqueous HClO, in 5Oml of MeOH was boiled under rcflux for 
2Ob. Working-up as above gave 0.15g of fraction A, b.p. 
<!4@‘/14mm, and 0.6Og of fraction B, b.p. <160”/14mm. 
Column chromatography of fraction A afforded 80 mg (3.3%) of 
mefhy/ (E)-ace~y~acry~afe 22 (identical with an authentic sample 
prepared according to Ref. 35) and 40 mg (1.3%) of methyl 
2-methoxy4oxopmlanoate 23.60 MHz PMR (CCL): S 2.1 (3H, 
s), 2.65 (2H, d. J=6.5). 3.3 (3H, s), 3.65 (3H, s), 4.0 (IH, t. 
J = 6.5). Column chromatography of fraction B (CH+&-Et,O) 
gave: 

trans4,5-dimethoxyoxan-2-one 21 (330 mg, I I%), b.p. < l55- 
160”/14 mm. 60 MHz PMR (CDCI.: S 2.75 (2H. dd. J = 4. I’ = 2.5). 
3.4&(38, s), 3.44 (3H. s), 3.L3.9 (?ZH, m) aid 4.45 i2H, d, J = 2.5jt 
IR (CCL): 5 3025,2950,2925,2850, 1740, 1460. 1410, 1370. 1320, 
1260, 1220, 1160 and IllOcm-‘. Found: C, 52.63; H, 7.77. 
C,H,20, requires: C, 52.49; H, 7.55%. 

Alsa isolated from this chromatography were cisd,_5- 
dinuthoxyoxan3-one 20 (10 mg, 0.3%), the unsaturated ester 19 
(117 mg, 4%), identical to that described above, and the butenol- 
ide 2 (30 mg, 1%). also identical to that described above. 

(b) cis4meHmxy-5-methoxymethy/oxolan-2-one isb. 240 mg 
(8.8%). b.p. <!70”114mm. 6OMHz PMR (WI,): S 2.55 (2H. d, 
J = 4.5), 3.34 (3H, s). 3.38 (3H, s). 3.6 (2H, q ), 4.08 (1H. m) and 
4.48 (lH, m). IR (CCL& I 3OW. 2950, 2900, 2850. 1790, 1740, 
1460. 1410, 1360, 1300, 1130, 1070. 1020, 960 and 940011~‘. 
Found: C, 52.57; H, 7.80. C&O, requires: C, 52.49; H, 7.55%. 

(c) 123 mg (4.5%) of ester 19, identical to that described above. 
(d) trans4methoxy-S-hydroxymethyloxolan-2-one Ylr, 174 mg 

(7%). b.p. <lw/O.5 mm. 60 MI& PMR (CDCII): 6 2.75 (2H, m), 
3.0 (IH. br s). 3.38 (3H. s). 3.75 QH. m). 4.1 (IH. m) and 4.5 (IH. 
m). ‘IR .(CHii,): 1‘ti&oadj. 2975, 2E7j. i7ti, 1600, lb60; 
1360. 1170, llu), 1080 aud 94Ocm-‘. Found: C, 49.63; H, 7.28. 
CeH,&, requires: C. 49.31; H. 6.90%. 

(e) cis-S-hydroxymethyl4methoxyoxolan-2-one 28s. 250 mg 
(lO%), slightly impmitied by buteooliie 2. Purification was com- 
pleted by preparative UC on silica gel plates. 6OMHz PMR 
(CKQ): S 2.75 (2H. d, J =4.5), 3.30 (IH, br s), 3.38 (3H. s), 3.95 
(2H. d. J=4.5). 4.28 (lH, m) and 4.65 (1H. m). IR (CHCI3): i 
3600 (broad), 2975,287s. 1790,!600,1460. 1370.1170, 1100,~020 
and 9OOcm-‘. CC/MS: m/e (961 118 (M-28.91. I17 (5). 115 (28). 
103 (12). 85 (14), 84 (56), ti3 (i7j. 73 (i6), 71’(5$. 59 (@, 58 (ioo), 
55 (26), 45 (53). 43 (74). 31 (32) and 29 (33). 

Photolactonizah of 16 
A solution of 100 mg (0.78 mmole) of 16, 1 ml of acetone and 3 
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drops of cont. HCI in 3 ml of water was irradiated for 4 h. After 
solvent removal, the residue was taken up in IOml of CHQ, 
dried and evaporated. Column chromatog&phy of the residue 
(1 IO mg) on 7.01 of silica gel, eluting with CHCI,Et,O (7 : 3) 
afforded 21 ma (18%) of ester 12. and 24 ma (27%) of butenolide 
2, both identical to the compounds descrii2 &o;e. 

Methyl (E)-2-&pentadienoate 30 
To a stirred solution of 11.52 g (34.4 mmole) of 11 in 50 ml of 

CH&I, containing a trace of benzoic acid was added dropwise 
over 1 h a solution of 6.Og (107 mmole) of freshly distilled 
acrolein in 10ml of CH& After boiling the mixture under 
retlux for 24 h the solvent was boikd off through a 30 cm Vigreux 
column, peotane was added to the residue and the precipitate of 
Ph$O was filtered off. Distillation of solvent (Vigreux column) 
gave a residue (2.83g) which was distilkd evaporatively, with 
cooling of the receiving balls at -M”, to yield 930 mg (24%) of 30. 
b.p. GYP/l4 mm. 60 MHz PMR (CDCls): 6 3.65 (3H. s), 5.3-5.7 
@, m), 5.8 (lH, d, J = 16). 6.1-6.8 (lH, m) and 7.2 (lH, dd, 
J = 16. J’ = 9.7). IR (CCL): c 3025. 2975. 1720, 1640. 1600, 1440. 
i320, i275, lzdo, 114$1l&, 1010,&l and 890 hrn-‘. UV (EtOH): 
A 247 nm (log c 4.2). MS: m/r (96) 113 (M + 1, 23). 112 (69). I I1 
(18). 97 (IS), 81 (42). 68 (14). 53 (38). 45 (100). 

Wittig condensation of acmlein and 11 in methanol 
To a stirred solution of 3561 (1.06mole) of 11 in 3.51. of 

MeOH was added dropwise over 3 h. 176g (3.14 mole) of freshly 
distilled acrolein. After stirring at room temp. for I4 h and at 45” 
for 8 h. the mixture was poured on 1.2 I. of water. Continuous 
extraction with 1.51. of pentane, followed by concentration to 
100 ml, filtration of the precipitated PblPO and finally distillation 
of the residue (condenser cookd at -2o”, receiver flasks at -40’) 
gave a forerun (3.Og). then 26.64g (22%) of a mixture of 30 and 
31, b.p. 46-65’/16 mm, and finally 14.85 g (10%) of a mixture of 
methyl (B)- (33) and (Z)- (34) S-methoxy-2-pentenoatcs. b.p. 
80_86’/16mm, tentatively identified from the 6OMHz PMR 
spectrum of the mixture, as well as from its MS. Spinning band 
distillation of the fraction having b.p. 46-65’/16 mm gave 383 mg 
(0.14%) of 3-methoxypmpanal 32. b.p. 62-70”. 6OMHz PMR 
(CDCI,): 6 2.7 (2H, dt, J, =6, J6=2), 3.35 (3H. s), 3.7 (ZH, t, 
J = 6) and 9.8 (IH, t, J = 2). In addition, the E ester was isolated 
later, and in an intermediate fraction, 3.281 (2.7%) of methyl 
(Z)_2,4-pcntadienoate 31, b.p. 82-82.5799 mm. 60 MHz PMR 
(CD($): S 3.55 (3H, s), 5.3-5.8 (3H. m), 6.45 (IH, 1, J= 11.3) 
and 7.2-7.9 (lH, m). 

Epoxidation of 30 and of 31 
To a stimd solution of 300 mg (2.68 mmole) of 30 in 15 ml of 

CHCls was added dropwise over 75 min a solution of mchloro- 
perbenzoic acid (mCPBA) (544 mg, 85% purity, 2.68 mmole) in 
15 ml of CHC&. and the mixture was boiled under reflux for 3 h 
and stirred at room temp. for 24 h. After concentration and 
filtration of the precipitated mchlorobenzoic acid, the filtrate 
was washed with 20% aq. NaHSOs, 10% aq. NaHCOs and brine. 
Drying, solvent removal and distillation afforded 216 mg (63%) of 
16, b.p. <75-76’114 mm, identical to that described above. 

Tbc same reaction performed on 31 on the same scale gave 
resinous products. When performed at room temp. for 8 days, 
solvent evaporation yielded a crude mixture which showed in its 
PMR spectrum some of the absorptions of 2, together with many 
others. No defined products could be isolated after work-up. 

(E)-2,4-pentadienoic acid 42 
This easily polymerizable compound was prepared according 

to known procedures and showed m.p. 66-68” (lit.: 72”” or 80”=). 
It should be kept in a refrigerator for no more than one month 
after its preparation. The unpublished spectra of this compound 
are as follows: 60 MHz PMR (CDCl3: 6 5.3-5.7 (2H. m). 5.9 (1H. 
d, J= 16). 6.2-6.9 (lH, m), 7.i (lH,cad, J= 16, i=$.3i_and il.4 
(IH. s). UV (H@/NaHCQ): A 243 nm (loge 4.3). MS: mle (I) 
98 (M, 76), 97 (50), 81 (22). 80 (IO), 70 (43), 69 (26), 54 (100). 53 
(39). 

Reaction of sodium (E)-2&pentadienoate 35 with aqueous iodine 
and potassium iodide: (E)+hydmxy-S-iodo-2-pentenoic acid 36 

Following strictly the procedure described by Staninets d aL” 
for the preparation of iodomethyl-a&buterlide 1 (X = I), to a 
solution of 0.86 g (10 mmok) of NaHCQ and 1.0 g (10.2 mmole) 
of 42 in 15 ml of water was added a solution of 2.6g (10.2 mmole) 
of iodine in 30ml of water containing enough KI to keep the I2 
dissolved, and the stoppered mixture was heated at 5(P for 15 
days. After cooling, remaining acid 24 (326mg. 33% recovery) 
was extracted with CH& and continuous extraction with Et,0 
of the aqueous layer gave 444 q g (18%) of crude 36, which was 
partially purified by column chromatography on 10 g of silica gel, 
eluting with Et20, ykldii linally 286 mg (11.6%) of solid 36, m.p. 
69-71”. 60 MHz PMR (CD&DC&): d 3.4 QH, d, J = 6), 4.45 (lH, 
m),6.1 (lH,dd. J= 15, J’= 1.5). 7.0(lH,dd, J= lS,J’=S)and 7.3 
(2H, s). MS: nde (96) 242 (“, 1). 225 (2), 189 0.169 (4). 142 (12). 
141 (8). 128 (20). 127 (30). 115 03). 101 (48). 98 (13), 97 (100). 83 
(12). 73 (51). 69 (40). 68 (17), 55 (54). 53 (26). 51 (ls), 50 (14). 

Methyl (E)-5-bmmo4hydmxy-2-pentenoate 31 
A mixture of 3.0 g (26.8 q rook) of 30, 4.76 g (26.7 mmok) of 

NBS and 5Oml water was stirred gently at room temp. for 1 h. 
Extraction with CH+.&, drying, solvent removal and column 
chromatography of the residue (5.57g) on 30g of silica gel, 
eluting with C&: Et# (9: 1) gave 3.78 g (68%) of 37.80 MHz 
PMR (CDCI,): 6 2.75 (1H. br s). 3.43 (IH, dd. J= 10, J’=6.6), 
3.62 (lH.dd, J= lO,J’=4.6). 3.75 (3H, s).4.56(lH. m),6.17 (1H. 
dd, J = 16, J’ = 1.5) and 6.93 (lH, dd, J = 16. J’ = 4.6). lsC NMR 
(CDCI,): 6 36.91, 51.7q. 70.ld. 122.5d. 145.8d and 166.7s. IR 
(film):-; 3450 (broad), 1710 and 165Ocm-‘. UV (EtOH): A 21 I nm 
flon l 4.5). MS: mle 1%) 209-211 (M t 1. 1). 191-193 (1). 177-379 
il3j, 176178 (7), i4<1& (5). 129 0. lzi-ia (17). l~S<lOO). 113 
(25). 97 (20). 93-95 (10). 87 (70). 86 (lo), 83 (17) and lower m/e. 
Found: C. 34.36; H, 4.30; Br. 38.56. C&BrO~ requires: C, 34.48; 
H, 4.34; Br. 38.23%. 

Methyl (E)-5-bmmo+methoxy-2-pentenoate 38 
To a stirred solution of 256 mg (2.4 mmole) of 30 in 10 ml of 

anh. MeOH was added 350mg (2.35 mmole) of NBS. After 
stirring for 1 h at room temp.. solvent removal and column 
chromatography of the residue (205mg) on 2.01 of silka gel, 
eluting with C&Et,0 (98:2). offorded 12Omg (23%) of 38. 
80 MHz PMR (CDQ): 8 3.4 (3H. s). 3.4 (2H, d, J = 6). 3.78 (3H, 
s),4.03(1H,dq,J,=6,1,~1.5).6.12(1H,dd,J=16,J’=15)and 
6.84 (IH, dd. J = 16, J’= 6). “C NMR (CDCI,): S 32.8,51.6,57.5, 
79.7, 124.0, 144.4 and 166.6. IR (film): c 1720 and 166Ocm-‘. UV 
(EtOH): A 240nm (log c 3.2). MS: m/e (96) 221-223 (M- 1, 1). 
191-193 (6). 163-165 (6). 159-161 (4). 143 (6), 129 (100). 112 (7X 
Ill (4). 101 (29). 97 (9). 93-95 (3) and lower m/c. Found: Br, 
36.02. C,&BrO, requires: Br, 35.83%. 

Reaction of 30 with NBS in DME- water 
A mixture of 290 mg (2.26 mmole) of 30.2.5 ml of DME, 0.5 ml 

of water and 402 mg (2.26 mmole) of NBS was stirred at room 
temp. for 4 h. Water (7 ml) was then added, and extraction with 
CH+& drying and solvent removal gave a residue (35Omg) 
which was chromatographed on 5.Og of silica gel, eluting with 
C&-Et,0 (10: 1) to yield 61 mg (12%) of 38 and 62 mg (13%) of 
37, both identical to those described above. 

Reaction of 31 with NBS and water in hetemphase 
Reaction in heterophase of the 2 ester 31 (200 mg. 1.5 mmole) 

with NBS and water as descrii above for 30, followed by 
chromatography on silica gel, afforded 11% of S-bmmomethyl- 
oxol-3-en-2-one 5! identical to that descrii below, and 13% of 
the E bromohydrm 37, identical to that described above. 

Reaction of 31 with NBS in methanol: methyl (Z)-S-bmmo4 
methoxy-t-pentenoate 41 

Following the procedure described above for the preparation 
of 38 from 30, 100 mg (0.9 mmole) of the 2 ester 31 gave, after 
chromatography on silica gel, 43mg (24%) of 41, slightly im- 
puritied by its E isomer Js. Data given for 41. 8OMHz PMR 
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(CD&): 6 3.32 (3H, s). 3.47 (2H. d, J = 5) 3.68 (3H, s), 5.00 (lH, 
m). 5.86.2 @I, q ). IR (film): I2950,1720,1650,1600,1530,1420, 
1400, 1210, 1110, 1040,980 and 820cm-‘. MS: m/r (%) 191-193 
(M-31,5). 159-161 0, 143 (69), 131-133 (S), 129 (lOO), 127 (22). 
112 (IS), Ill (83). 101 (64). 97 (9) 93-95 (14) and lower m/e. 
Found: Br. 35.37. C,Ht,BrOs requires: Br, 35.83%. 

Bnmwhydroxplotion of 42 in aqueous sodium bicarbonate by 
bromine (1.2 q.): (E)-j-bromo-l-hydroxy-2-pentenoic acid 43 _ 

To a solution of 30.0 R 006 mmole) of 42 in 1.0 1. of excess 
aqueous NaHCOs was added dropwise over 2 h at room temp. 
16.8 ml (58.2 g, 363 mmole) of Brs under stirring. Acidification to 
pH 2 with 40% HaSO, and extraction with CHsCls followed by 
solvent removal yielded 27.08 of extractable by-products and 
starting acid 42. identitied as descrii later, and devoid of the 
water-soluble product 43. Repeated extractions of the remaining 
aqueous phase with EtsO. drying and solvent removal gave 37.7 g 
(63.2%) of 43 as a colourless oil from which crvstals deoosited on 
standing. After drying on a tile they showed m.p. 8887’ (lit.)’ 
9293”). The unpttbli~hed spectra of this compound are: 60 MHz 
PMR (CDClstCD,COCDs): 8 3.5 (2H,d, J=6),4.6 (lH, m),6.15 
(1H. dd, J = 16, J’= 1.5) 7.0 (lH, dd, J = 16, J’ = 5). 7.3 (ZH, s). IR 
(KBr): F 3500-2500 (broad), 1690 and 166Ocm-‘. MS: m/r (%) 
194-l% (M. 1). W-179 (9, 176178 (4) 149-W (20). 101 (78);97 
(9). 93-95 (25). 83 (24). 73 (73). 69 (24). SS (100) and 45 (49). UV . , . 
(aq. NaHCO,): A 225 nm (log c 3.6). 

The other products formed in this reaction were isolated from 
or identitied in the CHsCls extract mentioned above. Rapid 
chromatography techniqtu? of 590 mg of this extract on 50 g of 
silica gel (230480 mesh), eluting with hexane-EtOAc. gave 27 mg 
of liquid (E)+bromo-2-butma (2.7%). identified by its PMR 
spectrum (see Ref. 38). and 100 mg (15% recovery) of unaltered 
42. The PMR spectrum of intermediate fractions showed them to 
contain in addition (E)-lJ-dibromo-2-pentenoic acid 44, identical 
to that descrii below. Integration of the PMR diagnostic 
signals of these three compounds showed them to be present in 
the original CH+ZIa extract in proportions corresponding to the 
following conversions from 42: lO%, (45) 13% (42) and 10% (44). 

5-Bromomethyloxol-3-en-2-one S 
(a) By photolactonization of 37. A solution of 400mg 

(1.8 mmole) of 37 in 20 ml of MeOH containing 8 drops of cont. 
methanolic HCI was irradiited for 2 h and I5 min. Elimination of 
MeOH to dryness, addition of CHCls, washing with 10% aq. 
NaHC(X, drvinn and solvent removal was followed by column 
chromat&&hy of the residue (333 mg) on 6.0~ of silica gel, 
eluting with C&EtOAc (19: 1). which gave 138 mg (41%) of 5 
as a colourless liquid, partly decomposed upon attempted dis- 
tillation. 

(b) By photolactonization of 43. A solution of 24.Og 
(123 mmok) of 43 in 700 ml of water containing 12 ml of cont. 
HCI was irradiited for 2 II, and then was extracted with 3 x 50 ml 
of CHaC&, which does not extract the water-soluble starting 
material 43. After subjecting the aqueous layer to 3 more irradia- 
tion-extraction cycks, the combined organic extracts were 
washed (aq. NaHCOs), dried and evaporated, yielding 16.2g 
(74.4%) of 5. identical to that described above. 

80 MHz PMR (CDCI,): 8 3.56 (HI, dd,,B, J = 11.8, J’ = 6) 3.76 
(lH, dd,,a, J= 11.8, J’LS). 5.34 (IH, mjy6.31 (1H. dd, J= 5.5, 
J’= 1.5) and 7.59 IlH. dd. J = 5.5. I’ = 2). “C NMR (CDCI,): 8 
30.2,80.4.123.2.154.0~aud’171.9. IR (Blmj: I 1760 and 16&_&r-‘. 
UV @OH): A 208 MI (log c 4.3). MS: m/e (46) 176178 (M. 10). 
148-150 (6). 147-149 (60). 97 (44), 93-95 (7). 83 (64), 69 (14). 68 
(13), 55 (100). 54 (9) and lower m/e. Found: C, 33.95; H, 3.10; Br, 
44.68. CsHsBtQ requires: C, 33.93; H, 2.85; Br, 45.05%. 

Reaction of 42 with bromine in dioxane-water: (E)-4,5- 
dibromo-2-pentenoic acid 44 

To a stirred solution of 2.Og (21 mmole) of 42 in lOOmI of 
dioxane and 15 ml of water were added at once 3.3 g (20 mmole) 
of Bra. After stirring at room temp. for 20 h, reduction to l/3 its 
original volume aud extraction with EtaO, drying and solvent 
elimination gave 2.94 g (5496) of 44, which was further puritied by 
column chromatography, but did not crystallixe. Distillation (b.p. 

<150-lW10.5 mm) gave a low yield (20%) of still oily material. 
6OMHz PMR (CDCI,): S 3.5-4.0 (2H. m), 4.75 (lH, m), 6.05 (IH, 
d, J = 16). 7.0 (IH, dd, J = 16. J’ = 9) and 11.35 (1H. s). MS: m/e 
4) 257-259-261 (M + 1,0.3:0.6:0.3), 239-241-243 (0.6: 1.2:0.6), 
211-213-215 (1.7:2.7: 1.7), 177-179 (lOO), 147-149 (5). 133-135 
(lo), 121-123 (IO), 98 (49) 97 (92). 80-82 (32) and 79-81 (27). and 
lower m/e. 

(E)-4,5-Epoxy-2-pentenoic acid 46 
To a stirred solution of l.Og (10.2 mmole) of U in 5Oml of 24% 

aa. NaOH was added 0.51 ml (1.6~. 10mmole) of Be. After 
stirring for I6 at room temp. acid&&n to pH 6 was &cted 
by addition of cont. HsSO,. Extraction with CHaCls, drying and 
solvent removal yielded 182mg (16%) of 46 as an oil. 6OMHz 
PMR (CD,COCDs): 8 2.3 (IH, dd, J =6, J’=3), 2.6 (IH. dd, 
J=6,J’=5).3.1 (1H,m),5.7(1H,d,J=16),6.2(IH.dd,J=l6, 
J’ = 6) and 8.0 (broad, IH). IR (film): I 3500-2800 (broad), 1700, 
1660,1420, 1260, 1200,1160,980,920 and 84Ocm-‘. 

Reaction of 42 with bromine (2 quiv.) in aqueous sodium 
bicarbonate: isolation of 3-bromo-5-btvmomethyloxol-3-m-2- 
one 47 

To a stirred solution of 2.0 g (20.4 mmoie) of 42 and 16 g 
(208 mmole) of NaHCO, in IOOml of water was added 6.48 
(40 mmole) of Bra over 1 h and the mixture was stirred for one 
further hour at room temo. Then addition of 16 N HSO, Ito DH 
2). filtration of the yellow’precipitate, concentration of 11; &te 
to l/3 its volume and extraction of both the aqueous phase and 
the yellow solid with EtaO. followed by drying and solvent 
removal of the combined Et20 extracts gave 2.4g of an oil. A 
solution of 1.7 g of this oil and 20 mg of TsOH in uw) ml of C& 
was boiled under reflux for 6 h. After cooling overnight and 
filtering the precipitated TsOH, evaporation of the filtrate gave 
1.6 g of oil. Chromatography of 600 mg of this oil on 301 of silica 
gel, clutiog with hexane-EtOAc gave 118 mg (8.5%) of 47 as an 
oil. 6OMHz PMR (CDCI,): 6 3.54.0 (2H. AB part of ABX 
system, JAB = - 12, J- = 6.5, Jsx = 5.3). 5.2 (IH, m, X part of 
ABX system) and 7.6 (1H. d, J = 2). IR (film): I 178Ocm-‘. MS: 
m/e (96) 254-256258 (M. 15:30: IS). 226-228-230 (5: 10:s). 225- 
227-229 (7: 17:9), 212-214-216 (9: 18:9), 175-177 (42). 161-163 
(54), 133-135 (50). 105-I07 (58). 93-95 (45). 92-94 (15). 91 (58). 79 
(58) 53 (IOO), 51 (100). 50 (91). 43 (50), 42 (50) and 39 (83). UV 
(EtOH): A 239 nm (log c 3.3). Found: C, 23.40; H, 1.59; Br. 62.37. 
CsH,BrxOa requires: C, 23.47; H, 1.57; Br, 62.45%. 

Also isolated from this chromatography was a solid, m.p. 
149-151”. identified as c-l-bromoc-5-bromomethyLr-3-hyd~xy- 
oxolan-2-one. The identitkation of this compound will be given 
elsewhere.” 

Methyl S-butoxymethyl-2-oxooxolane-3-cahoxylate SO 
To a boiling solution of sodium metboxide (166mmok) in 

MeOH @ml), dimethyl malonate 48 (21.93g. 166mmok) was 
added dropwise. followed after 0.5 h by butoxymethyloxirane 49 
(21.58 g, 166 mmole). and the mixture was boiled under r&u for 
18 h. After cooling to room temp., neutralization with AcOH 
(9.4ml. 166mmole). tiltration and solvent removal, water was 
added and the residue was extracted with CHQ. The organic 
layer was separated, dried and distilled, afford& 19.46g(51.2%) 
of 50, b.p. 122-123’10.2 mm. 60 MHz PMR (CDCI,): 8 0.97 (3H. 
m), 1.49 (4H, m). 2.55 (2H, m). 3.48 (SH, m). 3.73 (3H, s) and 4.67 
(lH, m). IR (CC&): 5 3000, 2950, 2900, 1790, 1750, 1460. 1440, 
1350. 1280. 1160. 1150 and 113Ocm-‘. MS: mle 1%) 230 (M. 0.5). 
199 (0.8). nl(o.6). 157 (4) 143 (16), 111(21),87 (35,. 57 il0i-B 56 
(10). 55 (35). 43 (IS), 41 (53). 29 (63) 27 (41) and IS (35). Found: 
C, 57.24; H, 7.73. CIIHIIOs requires: C, 57.37; H, 7.89%. 

Methyl S-butoxymethyl-3-chloro-2-oxooxolane-3-corboxylate 51 
Sulfuryl chloride (17 ml, 2lOmmole) was added dropwise on I 

(33.64g, 146mmole) at 0” under stirring, and the mixture was 
then boiled under reflux for 5 h. Removal of excess SOxCl, under 
vacuum gave 38.62g (100%) of 51.60 MHz PMR (CDCI,): d 0.97 
(3H. m), 1.50 (4H, m). 2.82 (2H. m), 3.58 (IH, m). 3.90 (3H. s) and 
4.80 (IH, m). IR (CHQ): 5 3OW. 2975,290O. 1800, 1770, 1740. 
1440, 1420, 1350, 1250,118O and 113Ocm-‘. MS: m/e (96) 265-267 



Studies on structuraJly simpk u&butenofiies--I 2391 

(Mt 1, 1.4:0.5). 229 (3). 191-193 (9:3), 177 (33). 143 (M), 113 
(20), 1 I I (IS), 89 (i I), 87 (37), 85 (20). 59 (22). 57 (100). 56 (20), 55 
(14), 43 GO), 41 (Xl), 39 (19) and 29 (35). Found: C, 50.34; H, 6.75; 
Cl, 14.73. C,,H,,CIOs requires: C, 49.90; H, 6.49; Cl, 13.39%. 

S-Butoxymethyl-3-chlomoxolan-2-one 52 
A solution of 51 (38.62 g. 146 mmole) and cont. HCI (73 ml) in 

glacial AcOH (146ml) was boiled under reflux for 4 h. Solvent 
removal under vacuum, helped by addition of some benzene in 
late stages, and distillation of the residue gave 29.3Og(97.3%) of 
82, b.p. ll7-lH)“10.3 mm. 60 MHz PMR (CDCls): 6 1.00 (3H, m), 
1.52 (4H, m), 2.62 (2H, m). 3.62 (4H, m) and 4.75 (2H, m). IR 
(CHCls) I 3000, 2950, 2900, 1790, 1430. 1340, 1160, 1120 and 
940 cm-‘. MS: m/r (96) 207-209 (M t 1. 1.6:0.6), 206-208 
(1.1:0.6), 163-165 (1.4:0.J). 133-135 (7:3), 120-122 (13:5), ll9- 
121 (5:3), 100 (13), 87 (47). 85 (19). 63 (IO), 57 (100). 55 (18), 43 
(24), 41 (49). 39 (19) and 29 (27). Found: C. 52.26; H. 7.40; Cl, 
17.32. C&CIO, requires: C. 52.30; H, 7.33; Cl. 17.15%. 

$Butoxymethyl-Ephtnylthiooxolan-2-one 53 
Under anhydrous conditions and in a N2 atmosphere, sodium 

(0.63g. 27 mmole) was reacted with abs. EtOH (35 ml). Then 
3.OOg (2.8 ml, 27 mmolc) of bcazenethiol in 10 ml EtOH was 
added dropwise. and the stirred mixture was boiled under r&x 
for 45 min. After cooling to room temp., a solution of 5.8tg 
(24 q mole) of 52 in 15 ml of abs. EtOH was added dropwise, and 
the mixture was boiled under r&x for 17h. Filtration and 
washing the precipitate with CHCI, was followed by evaporation 
of the combined filtrate and washings. The residue was poured 
on water and extracted with CHCI,, the organic phase was dried, 
8Jtcred and after solvent removal the residue was chromato- 
graphed on silica gel, giving diphcnyl disulfide (hexanc) and 53 
(CHsCls), yield of distilled product 5.62g (83%). b.p. 2OO- 
206’/0.8 mm. 60 MHz PMR (CD&): 6 0.95 (3H. m), 1.45 (4H. m). 
2.42 (2H, m), 3.43 (4H. m). 3.90 (fH, 1, J = 9.3). 450 (IH, m) and 
7.40 ISH. m). IR Ifilm): G uK)o. 2975.2900.1780.1590.1480.1440. 
1380: 13~. ‘1170,‘i 13i30.960.940. 740 and b90&-I. MS: t& (96j 

28O(M. 3). 113 (17). llO(lO), 109(IS). 71 (IO), 69 (13), 65 (lU.57 
(100). 55 (21). 45 (10). 43 (18). 41 (31) and 39 (II). Found: C. 
64.27; H, 7.37; S. 11.18. CIsHmOsS requires: C, 64.24; H. 7.20; S, 
11.43%. 

S-Butoxymethyloxol-3-en-2-one 55 
A solution of 5.9Og (28 mmole) of NalO, in 80 ml of water kept 

at 0” was added at (P to a solution of 6.68 g (24 mmole) of 53 in 
175 ml of MeOH at 0” under stirring. After 0.5 h at 0”. the mixture 
was stirred for 19 h at room temp. After filtering and washing 
with MeOH, the f&ate was evaporated and the residue was 
poured on water and extracted with CHCIr. The organic phase 
was dried, filtered and after solvent removal atforded 6.54g 
(91.7%) of crude 5_butoxymcthyl-3phcnylsuhinyloxolan-tom 
51.60 MHz PMR ICDCL): 6 0.97 (3H. m). 1.50 (4H. m). 2.52 12H. 
m), 3.72 (5H, m). 4.72 (IH. m) and7.64 (?H, broad s). iR (f8m): 2 
2975,29M,2900, 1760. 1470, 1440. 1340. 1180, 1120. 1080. 1040, 
950,740 and 680 cm-‘. 

Without further purifcation. a solution of this crude sulfoxide 
54, (6.54 g, 22 mmok) in 7S ml of tolucnc was boikd under reflux 
for 5 h. Vacuum removal of solvent and addition of EtsO, wash- 
ing the organic with saturated aq. NaHCOs, drying and solvent 
removal gave a residue which upon distillation and chromato- 
graphy of the fraction having b.p. 10&106”/0.4 mm on silica gel 
afforded diphcnyl disulfide (hexane-CHrCI,, 20: I) and then the 
butenolidc 55. which was redistilled, b.p. <130-136’10.74.8 mm 
(3.41 g. 91% yield). 60 MHz PMR (Ccl,): 6 0.98 (3H. m), 1.48 
(4H,m),3.55(4H,m).5.lO(lH,m),6.10(lH,dd,J=6.J’=2)and 
7.68 (IH, dd, J =6, J’= 1.3). IR (film): I3080. 2975, 2900. 1760, 
1470. 1380. 1340. 1160. I130.960.920.890.860 and 82Ocm-‘. MS: 
m/c (96) Ii1 (M’t I, 6.S). 97 (3);87 (19) 84 (33). 57 (93) 55 (19). 
43 (16), 42 (10). 41 (100). 39 (31). 29 (90) and 27 (44). Found: C, 
63.34; H, 8.61. C9H110s requires: C, 63.50; H, 8.31%. 

Methyl S-phenoxymethyl-2-oxooxolane-3-catioxylate Sl 
This product, b.p. 190”/0.9 mm, was obtained in 50% yield from 

21 mmole of 3-phenoxy-l$+poxypropanc 56 and the stoi- 

cheiomctric amount of NaCH(COOMe)s. operating as described 
above for 88. 6OMHz PMR (CC&): 8 2.59 (2H, m). 3.67 (1H. 
broad s), 3.75 (3H. s), 4.09 (2H. m). 4.79 (IH, q ) and 7.13 (SH. q ). 
IR (film): i 3000,178O. 1740,1600,1590,1500,1460.1440,1350, 
1290,1240,1160,1080,1040,1020,980.940,750 and 68Ocm-‘. 

Methyl 5 - (2.4 - dichlomphenoxy)methrhyl - 3 - chfom - 2 - 
oxooxoianc - 3 - carborglotr 88 

This compound was obtained upon reaction of lo.7711 
(43 mmok) of 57 and 21.33g (158 mmok) of S&C&, operating as 
described abnve for 51, in quantitative yield (cndc rmtaisl). 
60 MHZ PMR (CDCls): 8 3.u (2H, m), 4.11 (3H, s). 454 (2H. m), 
5.30 IlH. ml. 7.30 (1H. d. J = 9.3) and 7.69 C!H. q ). fR (film): 5 
3000,. 1790, i760. ik lj90. l48i1. 1450.1430, i3O,u4& 1290. 
1260,118O. 1100,1060,1010,970,&50and 79Ocm-‘. MS: nJr (%) 
352-354-356 (M, 3:4: I), 191-193 (lOO:34). 164 (40). 162 (66), 155 
(60). 149-147 (74:26). 145 (26), 135 (26). 133 (37). 131 (26). 125 
(29). 1 IS (45). 111(47), 75 (42). 63 (34), 59 (92). 53 03) and 43 (45). 
5 - (2.4 - LXchlomphcaoxy)mcthyloxol - 3 - en - 2 - one 63 

TIK sequence described above for the preparation of 55 from 
51 was followed. 

5 - (24 - lMlomphawxy)methyl - 3 - chlonwoiaa - 2 - oat 
60 was obtained in 97.7% yield from l558g (44mmok) of 88. 
60 MHz PMR (CD&): 8 2.87 (2H. m), 4.27 (ZH, q ), 4.87 OH. m). 
6.95 (1H. dd. J = 8.7, J’= 2) aud 7.35 (2H, m). fR (film): 5 2975. 
1790,1590,1580.1%0.1490,1460,1400.1350.1~, 1270.1250. 
1200. 1170.1 I IO, 1070.950.920,870,800 arid 760 cm-‘. 

5 - (2.4 - lXchlomphenoxy)methyl - 3 - pheny/thiooti - 2 - 
one 61 was obtabd io 765% yield from 9.94g (34 mmok) of 68 
and 39 mmok of sodium bcnxen&iolatc. 60 MHz PMR (CDCls): 
6 2.60 (ZH, m). 4.10 (3H. m). 4.70 (1H. m). 6.75 (IH. d, J=8.7) 
and 7.34 (7H. m). 

5 - (2.4 - LXchlomphenoxy)mcthyl - 3 - phcnylsu@nyloxola~ - 2 
- one 62 was obtained in quantitative yield (crude matcriaJ) from 
7.73g (21 mmok) of 61 by oxidation with 5.161 (24mmok) of 
NalO,. 60 MHz PMR (CD&): 6 2.69 (Hi. m). 4.30 (3H, m), 5.07 
(IH. m). 7.25 (3H. m) and 7.80 (SH, broad). IR (film): v’ 3100, 
2950.1780,l570.1480.1440.1400,1340.1300.1260,1190.1170. 
1090.1070.1060.940.800.740 and 690 cm-‘. 

5 - (2.4 - lXchlomphenoxy)kthyloxol - 3 - en - 2 - one 63 was 
obtained in 64% yield by pyrolysis of 4.40 g (1 I .4 mmok) of 62 in 
57 ml anh. tolucnc. M.D. 8081’ (from Eta). 6OMHz PMR 
(CDCI,): 6 4.25 (2H, dd,‘J = 5.3. J’ i 1.3). 5.36 (IH, m), 6.22 (lH, 
dd, J = 6. J’= 2). 6.82 (1H. d J = 8). 7.22 (2H. m) and 7.62 (IH. 
dd. J = 6. J’= 1.3). IR (KBr): 5 l770,1580, 1480, 1450.1380.1330. 
1300,129O. 1260,124O. 1160, lItlO. 1060,1020,930,870,810,780 
and 73Ocm-‘. MS: m/r (96) 258-260-262 (M. 9:7:2), 179 (7). I77 
(28). 175 (50). 163 (II), 161 (19). 149 (29). 147 (68). I45 (71). 133 
(32). 112 (27), ll l (loo), 109 (97), 97 (60), 83 (64). 77 (24), 75 (81). 
74 Ol), 73 (76). 69 (69). 63 (67). 62 (SO). 55 (81), 53 (43). 5101). 50 
(42), 43 (84). 42 (41). 41 (81). 39 (68) and 31 (45). Found: C. 50.87; 
H, 3.23; Cl, 27.12. C,,H&Os requires: C, S0.98; H, 3.12; Cl, 
27.37%. 

5 - Phcnoxymethyl - 3 - phenylthiooxo~an - 2 - one 66 
A solutioa of 4.13 g (16.5 mmok) of 57 in 18 ml of ah. &OH 

was added dropwisc at room temp. to a solution of 16 q mok of 
sodium methoxhk in 6 ml of anh. MeOH. After coofing at (P. 4 g 
(28 mmok) of benxcncsuffe~yi chloride was added dropwise. aud 
the mixture was stirred at room temp. for 16 h. Filtering off the 
precipitate of NaCl and solvent removal gave a nsiduc which 
was poured into water and extracted with CHCls. Drying, tiltcr- 
ing and evaporating the organic layer gave 7.62g of crude 
material containing methyl 5 - phenoxymethyl - 3 - phenylthio - 2 
- oxooxoiane - 3 - catixylate 65 and diphenyl disulfide (PMR 
control) which was used in the next step without further 
purification. 

A solution of this crude material and 10.5 ml of corm. HCI in 
31 ml of glacial AcOH was boiled under rctlux for 5 h. Solvent 
removal, partition between water and CHCIs and drying the 
organic layer, followed by solvent removal and chromatography 
of the residue on silica gel, eluting with CH&, afforded 3.641 
(81% yield from 87) of 5-phcnoxymethyl-3-phylthiooxolon-2- 
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one 66.60 MHz PMR (CD&): S 2.59 (2H, m), 4.02 (3H, m), 4.77 
(lH, m) and 7.27 (10H. m). IR (film): i 3075, 2975, 2950. 2900, 
1770, 1600,1590, 1500, 1480, 1450,144O. 1340, 1300, 1250. 1180, 
1120, 1090. 1060, 1040, 1020. 940, 880, 870. 810. 750. 730 and 
690 cm-‘. 

5-Phmoxymethyloxol-3-en-2-one 64 
The sequence descriid above for the preparation of 55 from 

s3 was followed. 
5 - Phenoxymdhyl - 3 - phenylsulfinyloxolan - 2 - one 61 was 

obtained in quantitative yield from 1.10~ (4 mmok) of 66 and 
5 mmok of NaIO,. 60 MHz PMR (CDCis): & 2.47 (2H, m), 4.01 
(3H, m), 4.81 (lH, m). 7.00 (SH, q ) and 7.50 (5H, broad).IR (film): 
G 3100.2950.1760,1600,1590.1500,1440,1350,1300,1240,1180, 
1080,105O. 970,940,750 and 680 cm-‘. 

Pyrolysis of this sulfoxide (2.06 g, 6.5 mmok) followed by 
chromatography gave 0.848 (67.7%) of 5-phaoxymethyloxok3- 
UI-t-one 64, m.p. 82-83”. 6OMHz PMR (CDCI,): 6 4.20 (W, d, 
J-5.3). 5.35 (1H. m), 620(1H,dd. J=6,J’=2), 7.14 (SH. m) and 
7.60 (lH, dd, J = 6. J’ = 1.3). IR (KBr): F 3100. 1760, 1600, 1590, 
1490. 1460. 1400, 1340, 1300, 1280, 1260, 1250. 1170, 1160. 1120. 
I 100,105O. lOtNl, 960,940,900,880,760 and 7OOcm-‘. MS: m/c 
(46) 190 (M. 0.6). 107 (55). 94 (9), 79 (33). 77 (lOO), 65 (18). 55 (18). 
51 (43). 50 (17). 43 (16). 41 (18). 39 (39) and 29 (IO). Found: C, 
69.37; H. 5.29. C,,H,& requires: C, 69.45; H, 5.31%. 

Reaction of 5-methyloxolQen-2-one (a-angelicalactonr) 68 with 
NBS _ .-- 

To a solution of 2 g (20.4 mmok) of 68 in 24 ml anh. Ccl, were 
added 1.57 P 128 mmole) of CaO. 1.95 P (23.2 mmole) of NaHCO, 
and 3.63 g-k.4 mmole) of NBS. 6‘ mixture was irradiated 
(Pyrex equipment) with a 500 W visible lamp at room temp. 
(water jacket) for 28 h under stirring. The mixture was filtered. 
the precipitate washed with Ccl, and after solvent removal the 
residue (15760) was distilkd, giving 7% mg of several fractions, 
b.p. 58-64YO.O7&08mm, which analyzed by PMR showed the 
presence of several compounds (glc gave aberrant peaks). One of 
the components was shown to be r-4, t-5-dibro~-c-5-methrliylox- 
o/an-Zone 71, identical PMR to that of the product of bromina- 
tion of 68 by Br,‘. Another group of PMR peaks was due to 
protoanemonin 4 (this compound was available for comparison). 
Other peaks were assigned to 5-bmmo-5-mcthy/oxol-3-m-2-ona 
72: 62.19QH,s).6.11(1H,d,J=6)and7.79(1H.d,J=6).Thc 
remaining peaks were assigned to Cbmmo-5-mdhyloxolden-2- 
one 73: 6 2.03 (3H, t. J = 2.6). 3.4 (2H, q. J = 2.6). Integration of 
the diistic signals from these four compounds showed them to 
be present in 45.5% (71). 29.5% (72). 18% (73) and 6.8% (4) 
(weight %). Compound 70 (see below) was ckarly absent (see 
Ref. 31). The last fraction of this distillation (0.379 g). b.p. 105- 
Il3’/0.35 mm, crystallii to a solid. m.p. 53-56”. identified as 
3-bmmo4oxopennlanoic acid (lit.- m.p. 5V). 

5-Bmmo-5-bmmomethyioxol-3-en-2-one 70 
A mixture of 100 mg (0.57 mmole) of 5.5 ml of CH&&, 5 ml of 

water and 1OOmg (0.56 mmok) of NBS was gently stirred at 
room temp. for 4 h. Separation of the organic phase and drying 
gave 122 mg of crude 70, containing some succinimide. Chroma- 
tography on 3 g of S&X gel, eluting with C& gave 66 mg (45%) 
of pure 70, identical in its PMR spectrum with the compound 
described by the Swiss group.” 

Oxidation of 68 by selenium dioxide 
A mixture of 1.01 g (IO mmole) of 6S, 1.41 g (13 mmole) of !kOl 

and 10ml of dioxanc was boikd under retlux for 6 h. After 
cooling to room temp., the mixture was Ptercd, and the pre- 
cipitatc was washed with CH,CI,. Solvent elimination gave 1.21 g 
of a black solid residue which was extracted (Soxhkt) with 
CHCI,. The extract (424mg) showed the PMR -peaks due to 
anemonin 74 and protoanemonin 4. The insoluble residue could 
not be identified. 

5-Methoxymelhyloxol-3-en-2-one IS 
Three drops of BF,Et,0 and 5.% ml of a 0.294W solution of 

CH2N2 (1.75 mmole) in Et20 were simultaneously added to a 

solution of 0.2 g (1.75 mmole) of 2 in 3 ml of CH& After 
standing for 1 h at room temp. and neutralization with satd. aq. 
NaHCOI. the organic phase was dried and solvents evaporated. 
The residue, containing 6096 unreactcd 2 (PMR), was again 
treated as above (150% excess CH,Nd. The crude product 
(0.11 g) was distilkd giving 93 mg (42%) of 75, b.p. <14OV4 mm. 
60 MHz PMR (Ccl,): 6 3.4 (3H, s), 3.6 (2H, dd. J = 6, J’ = 1.3), 
5.05 (1H. m). 6.05 (IH. dd. J=6,J’=2) and 7.47 (IH, dd, J=6, 
J’= 1.3). IR (Ccl,): i u190, 2860, 2g20, 1785, 1755, 1650, 1600, 
1450, 1380,1320,1260, 1155,1125,1100 and 96Ocm-‘. Found: C, 
56.06; H, 6.60. C&O, requires: C, 56.25; H, 6.29%. 

5 - Triphcnylmcrhoxym~h~loxol - 3 - en - 2 - one 16 
Freshly recrystallized (from C&-AcCI. 85: 15) Ph+XI 

(1.22 g. 4.4 mmok) in 7.7 ml of anh. pyridii was added to a 
solution of 0.5 g (4.4 mmok) of 2 in 3 ml of anh. pyridine, and the 
mixture was stirred at room temp. for 1 h. After standing for 3 
days, filtration and solvent elimination uoder vacuum gave a 
residue from which Ph,COH was crystaGed by CH&hcxanc 
treatment. Filtration, solvent removal and crystalliition of the 
residue from C,&-hexanc gave O.l4g(9%) of 76, q .p. 162-164’. 
6OMHz PMR (CD&): 6 3.37 (2H, d. J =5.3). 5.0 (lH, m), 6.10 
(IH, dd, J = 5.3, J’ = 2) and 7.30 (16 H. compkx abs). IR (KBr): I 
3080, 3030, 2920, 2810, 1765, MOO, 1490. 1445, 1330, 1215, 1150, 
1110, 1085. 1050. 1020,990,950,880,860.820,790,770,755,745, 
705. 695 and 62Ocm-‘. Found: C, 81.01; H, 5.53. C%H&, 
requires: C. 80.88; H. 5.66%. 

(5-Oxooxol-3-en-2-flmethyi phcnyicatbamate 77 
A solution of freshly distilled phenyl isocyanatc (0.876g, 

7.35 mmole) in 6 ml of anh. C& was added to a solution of 
0.68 g (6 mmole) of 2 in 6 ml of anh. C&, and the mixture was 
boiled under reflux for 24 h. After cooling, tiltration removed 
N,N’diphenylurca and solvent removal from the fii&atc gave a 
residue which was recrystallized from C& yklding 0.47 g (34%) 
of 77, m.p. IIC116”. 6OMHz PMR (CD,COCD,): 8 4.50 (ZH, d, 
J = 4.7). 5.40 (lH, m). 6.25 (IH, dd, J i6, J’ ; 2). 7.0-8.0 (6H, 
comnlcx) and 8.87 (1H. broad sl. IR (KBd: I 3350.3310. 1745. 
172j, 1600,1540,1i45,~1345,13~, 13io,1u5.1225; 1160; 1080; 
1070.1060, 1040.970.920.810,750,730 and 69Ocm-‘. Found: C, 
62.16; H. 4.77; N, 6.23. C,2H,,N0, requires: C.61.80; H, 4.75; N, 
6.01. 

Tetm-O-ace~ylranunculin 19 and tetmOacetyL5-qimnuncniin 
80 
--To a solution of 2OOmg (1.7 q mole) of 2 in IO ml of CHCI, 
(EtOH-free) dried overnight over drverite was added at once 
&5 mg (l.?mmole) of A&O and 87 rLg (0.34 mmole) of iodine, 
and the mixture was stirred overnight under anh. conditions at 
room temp. Then a solution of 720 mg (1.7 q rook) of a-aceto- 
bromoglucose (dried overnight over dry&c) was added drop- 
wise over 20 min and UK mixture was stirred for 24 h. Aliquots 
showed the presence of umzactcd 2 (UC control). so addition of 
reactants was repeated three more times after 24. 72 and 96 h 
from the onset of the reaction until complete exhaustion of 2. 
Filtration, solvent removal and column chromatography (rapid 
technique? of the residue (2.63g) on 501 of silica gel. cluting 
with CHCI, : Et,0 (3 : 2) yielded 418 mg (55.3%) of vitreous solid. 
consisting of a mixture of 79 and g& as shown by its 2OOMHz 
PMR spectrum (Table I). 

5-PhenyWiomethyloxoloxol_3_cn-2-one 81 
A solution of 1.00 mmole of NaSCJl, in 3 ml of anh. DME 

(prepared from 110 mg of C.&SH and 96 mg of hcxane-washed 
NaH, then decanting the excess NaH) at 0” was quickly added to 
a solution of 177 mg (1.0 mmole) of 5 in 3 ml of anh. DME under 
anh. conditions. Stirring for 30 min. concentration to 2 ml total 
volume, filtering and solvent removal gave a residue which was 
chromatographcd on 20g of siIica gel, eluting with hcxanc-Et*O, 
to give 17 mg (6%) of an oil, tentatively identified as S-bmmo- 
melhyl-4-phenykhiooxolan-2-one 82 (MS: molecular ion at m/e 
286-288, 17% rel. abundance) and later 52mg (25.2%) of 5- 
phcnylrhiomcthhyloxol-3-en-2-one 81, elutcd as an oil. b.p. 
< 12WO.05 mm. 60 MHz PMR (CDCIS): S 2.95 (IH. dd, J = 13. 
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j' = 8), 3.35 (IH, dd, J - 13, J' = 6), 5.0 (IH, m), 6.0 (IH, dd, J = 6, 
J'= 2) and 7.1-7,4 (6H, m). IR (film): ~ 3100, 2950, 1760, 1600, 
1580, 1490, 1440, 1325, 1230, 1180, I100, 1070, 1025, 970, 920, 890, 
820, 740 and 690cm -~. UV (EtOH): A 251 mn (log e 3.8). MS: m/e 
(~)207 (M+ 1, 2), 206 (14), 124 (il), 123 (100), 110 (5), 109 (7), 83 
(6), 77 (4) and 65 (7). Found: C, 63.69; H, 4.89; S, 15.48. 
C,HmOzS requires: C, 63.96; H, 4.89; S, 15.55%. 

(5 - Oxooxol-  2 - en - 2 - yOmethyltriphenyiphosphonium 
bromide $3 

A solution of 708mg (4mmole) of $ in 20ml anh. ~ I ~  was 
very slowly added over a 22h period to a solution of 1.05 g 
(4 mmole) of (C~HshP in 20 mi anh. C ~  and the mixture was 
stirred at room temp. for another 40 h. Decantation of oils and 
filtration of the white solid gave I.II g (63%) of $3, m.p. 172-178 ° 
(dec.). 60 MHz PMR (CDCI~): 8 3.0 (2H, d, J = 7), 5.3 (2H, d, 
J-- 14), 6.0 (2H, m) and 7.6-8.1 (15H, m). IR (KBr): ~ 3080, 2900, 
1800, 1710 (hydrolysis7), 1600, 1480, 1440, 1390, 1310, 1280, !100, 
1030, 1000, 990, 920, 820, 780, 740, 720 and 680 cm -s. MS: ~ e  
(%) 278 (Ph~PO, 2), 277 (3), 262 (3), 183 (11), 98 O0), 78 (100), 77 
(37), 69 (21), 63 (21), 52 (29), 51 (48), 50 (48) and 44 (52). Found: 
C, 62.77; H, 4.34; Br, 18.34; P, 6.74. C,~H~oBrO2P requires: C, 
63.03; H. 4.57; Br, 18.19; P, 7.05%. 
Treatment of the oils referred to above with CHCI~ resulted in 

the precipitation of the ring opening product 114 (see below) in 6% 
yield (from 5). 

4 - Hydroxycarbonyl - 2 - oxobutyltriphenylphosphonium bromide 
g4 

A solution of 113 in CHCI~ on standing for 7 days at room temp. 
yielded quantitatively the salt g~, m.p. 231-233. 60MHz PMR 
(CD~OD): ~ 2.1 (2H, t, J =7.5), 2.6 (2H, t, J=7.5), 4.5 (3H, s, 
exchanged protons) and 7.4.-7.7 (15H, m). 60MHz PMR 
(CI~SOCI~): 2.5 (overlapped with solvent), 3.0 (2H, t, J = 7.5), 
6.7 (2H, d, J = 13), 7.6-7.9 (15H, m) and 8.3 (IH, s). IR (KBr): 
3200--2400 (broad), 2900, 28.50, 1700, 1480, 1430, 1360, 1340, 1230, 
1160, 1100, 1080, 990 and ll20cm -~. MS: m/e 357 (9), 263 (19), 262 
(100), 261 (23), 184 (23), 183 (78), I0~ (47), 107 (32), 96 (19), 82 
(19), 81 (17), 80 (21), 79 (12), 78 (20), 77 (33), 68 (20), 51 (69), 50 
(36). Found: C, 60.31; H, 4.80; Br, 17.36, P, 6.73. CzsH22BrO3P 
requires: C, 60.41; H, 4.84; Br, 17.47; P, 6.78%. 

Methyl (E)-6-(4-nitrophenyl)-4-oxo-5-he~enoate 
A stirred suspension of 439 mg (i remote) of salt !13 and 54 mg 

(1 mmole) of NaOMe in 10 ml of anh. DME was heated at 600 for 
2 h and allowed to cool to room temp. for 30 min. After adding 
151mg (1 mmole) of 4-nitrobenzaldehyde in 2ml anh. DME, 
heating at 60 ° was resumed for 18 h. Filtering off PhjPO, and 
extracting the filtrate with CH2CI,, followed by solvent removal, 
gave a residue (430mg) which was chromatographod on 20g of 
silica gel, eluting with CH2CI2, to give 80 mg 00%) of $5, m.p. 
141-143 (lit? ~ 150°). The unpublished spectra of this compound 
are as follows. 60MHz PMR (CDCi3): 8 2.7 (2H, t, J=6), 3.1 
(2H, t, J -- 6), 3.7 (3H, s), 6.8 (IH, d, J = 16), 7.65 (IH, d, J = 16), 
7.7 (2H, d, J = 8) and 8.25 (2H, d, J -- 8). IR (KBr): ~ 3100, 3000, 
2870, 1800, 1730, 1680, 1620, 1600, 1510, 1440, 1420, 1350, 1200, 
1160, II00, 1060, 990, 970, 890, 840 and 740cm -~. UV (EtOH): A 
306 nm 0og e 4.3). MS: role (%) 263 (M, 2), 246 (7), 232 (10), 177 
(14), 176 (100), 130 (50), 118 (24), 102 (80), 90 (34), 89 (23), 76 (50), 
75 (28) and 63 (26). 

(E) - 6- (4 - Nitrophenyl) - 4 - oxo - 5 - hexenoic acid 86 
A mixture of !!5 mg (0.25 mmole) of salt 84 and 20rag 

(0.5 mmole) of NaOH in 3 mi of water was stirred at room temp. 
in heterophase for 2 h with a solution of 38 mg (0.25 mmole) of 
4-nitrobenzaldehyde in 3 ml of CH2CI2. Separation of the organic 
layer and solvent removal gave a residue (100rag) from which 
yellow crystals deposited on standing (40rag, 64%) which 
showed a PMR spectrum identical to that of $5, except for the 
absence of the 3H singulet at 8 3.7. 

5 - (N - PiperidyD - 4 - oxopentanoic acid piperidide gl 
To a solution of 152 mg (0.86 mmole) of 5 in 5 ml of Et20 was 

added dropwise 146rag (i.72mmole) of piperidine. The pre- 

cipitate of piperidinium bromide (140mg) was filtered off and 
solvent removal from the filtrate gave a residue (150 mg) which 
was chromatographed on 8g of silica gel, eluting with EhO-- 
CH2CI2 (2:1), affording 29mg (13%) of an oil, tentatively 
identified as 87. 60MHz PMR (CDCI~): 8 1.3-1.7 (12H, m), 
2.2-2.7 (SH, m) and 3.2-3.7 (6H, m). MS: mJe (%) 266 Od, 2), 182 
(2), 181 (I0), 168 (3), 154 (I0), 140 (2), 138 (2), 121 (3), 119 (3), 112 
(14), 98 (100) and lower m/~ 
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