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and extracted with ether (30 ml) to remove traces of nitrobenzene. 
The sodium hydrogen carbonate extract was acidified to  pH <1 by 
dropwise addition of concentrated hydrochloric acid and reextract- 
ed with chloroform (4 X 15 ml). The pooled chloroform extracts 
were dried (NazS04) and the solvent was removed in vacuo to 
leave 1.20 g of viscous brown oil, which after standing for 2 days a t  
5' crystallized. Attempted recrystallization from benzene a t  this 
stage failed and the crude product was chromatographed on a 1-in. 
column packed with 60 g of silica gel with chloroform-acetic acid 
(19:l) as eluent. This procedure afforded a product which when re- 
crystallized from benzene gave 0.7 g (68%) of pure 28: mp 119- 
121'; NMR (CDC13) 6 2.00-2.59 (2 H,  m, five lines), 2.63-3.26 (2 H, 
m), 3.45 (2 H,  t, J = 8 Hz), 3.70 (3 H, s), 4.82 (2 H, t, J = 7 Hz), 
4.70-4.96 (1 H,  m); uv A,,, 221 nm (log t 3.65) and 274 (4.25). 

Anal. Calcd for C11H1206: C, 55.00; H,  5.04. Found: C, 54.95; H, 
5.13. 

(+)-Carlie Acid ( l a ) .  Carlic acid methyl ester (0.70 g) was dis- 
solved in 3 N potassium hydroxide (10 ml) and left a t  room tem- 
perature for 72 hr. The solution was acidified with concentrated 
hydrochloric acid to pH <1 and evaporated to dryness in vacuo. 
The remaining solid mass was extracted with boiling chloroform (8 
X 10 ml) and the chloroform was removed, leaving 0.54 g of crys- 
talline material, mp 176-180O. One recrystallization from ethyl ac- 
etate-ethanol gave 0.50 g (76%) of pure carlic acid: mp 177-180' 
[lit.22 mp of (-)-carlic acid 176OI; NMR (DMSO-de) 6 1.90-2.48 (2 
H, m, five lines), 2.50-3.15 (2  H, m), 3.36 (2  H,  t, J = 8 Hz), 4.70 (2  
H,  t, J = 7.5 Hz), 4.55-5.00 (1 H, m); uv A,,, 226 nm (log t 3.73) 
and 273 (4.23).26 

Anal. Calcd for CloHloO6: C, 53.10; H,  4.46. Found: C, 52.90; H,  
4.57. 

Registry No.-1, 55088-89-6; la ,  55088-90-9; 2, 54423-52-8; 3, 

93-2; 8, 54397-58-9; 9, 40421-01-0; 10, 55088-94-3; loa, 55088-95-4; 
54397-56-7; 4, 54397-59-0; 5, 55088-91-0; 6, 55088-92-1; 7, 55088- 

11,  55088-96-5; 15, 54423-53-9; 16, 55088-97-6; 17, 54397-60-3; 19, 
55088-98-7; 20, 55088-99-8; 23, 55089-00-4; 24, 41479-98-5; 26, 
33177-29-6; 27 (R = CHs), 53252-38-3; 28, 54397-61-4; ethyl chlo- 
rocarbonylacetate, 36239-09-5; ethyl hydrogen malonate, 1071-46- 
1; thionyl chloride, 7719-09-7; diethyl malate, 7554-12-3; fumaric 
acid, 110-17-8; bromine, 7726-95-6; ethyl acetoacetate, 141-97-9; 
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trans-3-ethoxycarbonylacrylyl chloride, 26367-48-6; ethyl 3-oxo- 
hexanoate, 3249-68-1; 3-oxodecanoate, 13195-66-9; ethyl 6-chloro- 
3-oxohexanoate, 54362-87-7. 
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Stereospecific oxidation of 12a and 12b, followed by methylenation, yielded l b  and la ,  respectively. The latter 
product was identified as (f)-canadensolide and has resulted in a revision of the stereochemistry previously pro- 
posed for this natural dilactone. Furthermore, a new stereospecific double lactonization reaction of olefinic dicar- 
boxylic acids has been found. Besides a demonstration with some model compounds, it has been used to lactonize 
54 and 57 giving l b  and la ,  respectively. 

Canadensolide (la) is a mold metabolite produced by 
Penicillium canadense and has an antigerminative activity 
against fungi, e.g., Botrytis alii. It was isolated from the 
culture filtrate, along with other closely related com- 
pounds, and their structures were assigned by McCork- 
indale et a1.l A structural feature of canadensolide is its di- 
y-lactone system, and the analogous di-y-lactone structure 
has been found in other acetogenins, dihydrocanadensol- 
idel (2), avenaciolide2 (3a), 4-isoa~enaciolide~ (3b), and 

ethisolide3 (3c), and in the sesquiterpenoids picrotoxinine4 
(4a) and picrotine4 (4b). 

We were interested in the synthesis of canadensolide and 
related di-y-lactone systems.j Our synthetic design envi- 
saged a double lactonization of unsaturated tricarboxylic 
acids, such as 5 or 6, which would lead to the dilactonic car- 
boxylic acid ( 7 ) .  The extra carboxyl group in 7 might then 
be utilized for the introduction of an exocyclic methylene 
group. 
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Stereochemistry of Canadensolide. The original stere- 

ochemistry o€ canadensolide ( lb)  was assigned on the basis 
of NMR evidence.l Alignments of protons a t  C(2), C(3), 
and C(4) have been given on their NMR coupling con- 
stants, i.e., 5 2 , 3  = 6.5 and J3,4 = 4.5 Hz, respectively. How- 
ever, it is recognized that the Karplus relation between 
coupling constants and dihedral angles largely depends 
upon the electronegativity of substituents, bond angles, 
and bond lengths.6 Thus to  confirm the stereochemistry of 
canadensolide assigned by McCorkindale et aL,l we at- 
tempted the synthesis according to formula l b  via stereo- 
chemically well-documented  reaction^.^ 

1-Hexynylmagnesium bromide (8) was allowed to react 
with trimethoxycarbonylethylenes (9) in the presence of 
cuprous chloride and gave an adduct (10) (73% yield) ac- 
companied by a minor amount of the allene derivativeg (11) 
in a ratio of 20:l (GLC) (Chart I). Hydrogenation of 10 over 
Lindlar catalyst yielded the cis olefinic ester (12a) in 74% 
yield, which when submitted to oxidation with Milas' re- 
agent afforded a crystalline dilactone (22% yield). The 
structure (13a) depicted for this dilactone was supported 
by its spectra. The lack of stereoselectivity presumed for 
this oxidation led us to anticipate the formation of two dia- 
stereomeric cis oxidation intermediates, one of which 
should give 13a upon lactonization. The other diastereomer 
should give largely strained trans dilactone (14), provided 
that its double lactonization were possible under reaction 
conditions used. Nevertheless, we did not encounter the 
latter lactone or its progenitors and, in fact, the facile for- 
mation of a single dilactone, obtained under such mild 
reaction conditions, suggested the product to be an un- 
strained cis-fused compound (13a). When lactone 13a was 
hydrolyzed by heating with dilute hydrochloric acid a t  55", 
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the corresponding carboxylic acid (13b) was obtained; on 
the other hand, heating with the same mineral acid a t  
100-llOo resulted in the formation of the decarboxylation 
product (13c). The latter compound was also obtained 
from the cis olefinic acid (12b), itself prepared by alkaline 
hydrolysis of 12a, upon treatment with Milas' reagent fol- 
lowed by acetic anhydride (29% yield). The dilactone 13c 
has been prepared by Mukaiyama et al.1° using an alterna- 
tive route, and our compound was identified by comparison 
with their compound. To introduce an exo methylene 
group, the carboxylic acid 13b was treated, according to 
Parker and Johnson,5b with formalin and diethylamine in 
acetic acid and then with sodium acetate. The unsaturated 
lactone l b  was obtained in 64% yield. The NMR spectrum 
of l b  was similar to that of canadensolide, but they were 
distinctly different. A prominent difference was that the 
coupling constant between protons a t  C(3) and C(4) for 
this compound is 1.5 Hz, whereas 4.5 Hz has been reported 
for the corresponding proton coupling of natural product. 
These results raised doubts about the orientation assigned 
to  the n-butyl group in canadensolide and therefore we 
turned to a synthesis of its epimer ( la )  by analogous 
routes. 

The acetylenic ester 10 yielded the trans olefinic ester 
15a on treatment with sodium in liquid ammonia (69% 
yield). A similar cis oxidation of 15a with Milas' reagent 
then afforded a mixture from which we failed to separate 
the desired dilactonic ester. Trans oxidation of the cis ole- 
finic ester 12a with performic acid also gave an inseparable 
mixture. However, when the former product was heated 
with dilute sulfuric acid, crystals could be isolated, whose 
spectra seemed to be consistent with formula 16b. In addi- 
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Table I 
Double Lactonization of 

Norbornenedicarboxylic Acid (22) 
Reaction conditions 

Salt Temp, OC Yield 

Run of 22 Solvent Reagent (time, hr) of 23, % 

1 Nan DMSO 1 2  Room temp 0 

2 K b  I-BuOB 1 2  Room temp 0 
(12) 

(15) and 
then 50 
(2)  

3 K b  DMSO + HzO 12, KI 50 (18) 27 
(40: l )  

4 Na" DMSO 12, AgOAc 50(15) 64 
5 AgC DMSOd I,, AgOAc 60(12) 92 

a Neutralized with sodium bicarbonate. Neutralized with potas- 
sium tert-butoxide. CPrepared from the sodium salt by an ex- 
change reaction with silver nitrate. When dimethylformamide 
was used as  solvent, 23 was obtained in 88% yield. 

tion the coupling constant between C(3) and C(4) protons 
in the NMR spectrum was 4.0 Hz. The performic acid oxi- 
dation product of 12a was then heated with dilute hydro- 
chloric acid a t  5 5 O ,  and the resulting thick oily hydrolysis 
product, probably consisting of dilactonic acid (16a) for the 
most part, was treated with formalin and diethylamine as 
in the previous case. The unsaturated dilactone ( la )  ob- 
tained was completely identical with natural canadensolide 
by spectral comparison.ll We thus conclude that the rela- 
tive stereochemistry of canadensolide should be revised to 
that depicted in la.12 Consequently, the configuration of 
the butyl groups assigned to other mold metabolites corre- 
lated to canadensolide, Le., dihydrocanadensolidel (2) and 
the monolactonic ester1 (17), should also be revised. 

C 0,M e 

17 - 
Double Lactonization. At the outset we examined the 

double lactonization of the acetylenic acid 5 ,  which was ob- 
tained in 85% yield by alkaline hydrolysis of 10 under mild 
conditions. The hydrolysis product was accompanied by a 
minor amount of &lactone 18, which was probably formed 

CO9H 

18 
rc 

I 9  
wc 

2 0  
Nv 

n- A m  -CO- C H -6H2-C 0 2 M  e 
I 

- 
C O,M e 

21 - 
by partial lactonizatiori of 5 upon acidification or during 
silica gel chromatography of the hydrolysis product. At- 
tempted double lactonization of 5 failed to  lead to dilac- 
tones. Treatment of 5 with silver nitrate in aqueous diox- 
ane followed by diazornethane provided the butenolide 19 
in good yield, which was also obtained by heating 5 fol- 
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Table I1 
Double Lactonization of Some Olefinic 

Dicarboxylic Acids via Acyl Hypoiodites 

Acid Product Yield, %. 

2 2 d 3  
24 
26 
28" 
301* 
32 
3419 

2314 
25'6 
2716 
29 
31 
33 
35b 

92 
56 
60 
52 
77 
47 
32 

a The yields were not optimized. 
as solvent for convenience of work-up. 

Dimethylformamide was used 

lowed by esterification. The acetylenic acid lactonized in 
cold sulfuric acid giving an enol-y-lactone in good yield, 
and the product was characterized as its ester 20. On the 
other hand, treatment of 5 with dilute sulfuric acid in the 
presence of mercuric salt followed by esterification yielded 
the major hydration product 21, along with 19 and uniden- 
tified compounds. Although it was of interest that  the ac- 
etylenic acid underwent lactonization and decarboxylation 
a t  different positions depending upon reaction conditions, 
such attempts to form the desired dilactone seemed to be 
hopeless. We then decided to examine the oxidation of re- 
lated olefinic acids. 

When an olefinic polycarboxylic acid undergoes halolac- 
tonization, the halogen atom of the initially formed halo- 
lactone may then serve as a leaving group for the intramo- 
lecular attack of carboxylate ion in the second lactonization 
that leads to the dilactone, provided that stereochemical 
requirements are satisfied. 

Prior to the examination of the olefinic acids, such as 48, 
we began with norbornenedicarboxylic acid13 (22a) as a 

c 0,x '0 -0- 
23 _. 

22 

- a, X = H  
'VII 

b X = I  
- 7  

model compound. Some typical runs are summarized in 
Table I. 

Under anhydrous conditions aprolic (run 1) or protic sol- 
vent (run 2 )  did not effect double lactonization, while addi- 
tion of water (run 3) gave dilactone14 23 in low yield.15 Ad- 
dition of silver acetate to promote the ionization of iodine 
atom of the intermediate iodolactone improved the yield of 
23 remarkably (run 4). An almost quantitative yield was 
obtained when the silver salt of the acid was treated with 
iodine and silver acetate in dimethyl sulfoxide (run 5 ) .  
Under the last-mentioned reaction conditions diacyl dihy- 
poiodite (22b) is likely involved as a reactive intermediate. 

This double lactonization using silver salts was examined 
with some other olefinic dicarboxylic acids, and the results 
are summarized in Table 11. 

It was found that this reaction is general in nature and 
results in good yields of dilactones. An exception, however, 
is the silver salt of trans-dihydromuconic acid (34), which 
gave the butenolide 35 upon treatment with iodine and sil- 
ver acetate but no lactone. Its formation can be rational- 
ized in terms of a faster elimination of hydrogen iodide 
than the rate of the second lactonization, since the inter- 
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Chart I11 mediate is anticipated to be a P-iodobutyrolactone. Dilac- 
tone 33 involves a dilactonic structure which has been 

24 - 25 - 26 - 

O W 0  

o*-0 GC0zH 
27 - C0,H 

28 
I 

2 9  - 

30 
0 -  
h 

O - d 0  
31 
c 

32 - 

35 - 34 - 33 - 
found in some picrotoxane sesquiterpenoids, e.g., picrotoxi- 
nine4 (4a) and picrotine4 (4b). 

The synthesis of the new olefinic acids used is as follows. 
The dimethyl ester of (2)-4-0ctenedioic acid (24) was pre- 
pared by hydrogenation of dimethyl 4-octynedioateZ0 over 
Lindlar catalyst. Dicarboxylic acids 2622 and 32 were pre- 
pared as shown in Chart 11. 

Chart I1 
I )  CrO,.Py, 

DHP. H+ 2) HCzCMgBr 
HO(CH2140H - HO:CH,),OTHP - 

8 6  % 36 6 6  X - -  - 
PH ?H 

HCrC-CH(CH2)30THP 2 H2C=CH-CH(CH2)30THP 
38  - 37 100% 

40 - 4 1  - 4 2  
a ,  R=H 
- 

Next we utilized the above double lactonization reaction 
for the synthesis of canadensolide and related dilactones. 
Cis and trans olefinic dicarboxylic acids, 45 and 48, were 
prepared by decarboxylation of the tricarboxylic acids 12b 
and 15b, respectively. The latter tricarboxylic acid was ob- 
tained by alkaline hydrolysis of the corresponding ester 
15a. Under standard conditions, silver salts of 45 and 48 
yielded 4-epi-norcanadensolide (134  and norcanadensol- 
ide (16b) in 30 and 41% yields, respectively (Chart 111). As 

+A E-Pr 0 

92 
0, R = H  
b, R=Me 
c 

c 

n - 1 6 b  t c a t  

+ H a  0 

n-Bu 

a ,  R = H  
- b ,  H=Me 

47 - 

2 
,--. a ,  R=H 
- b ,  R=Me 

acidic by-products, the former silver salt gave butyrolac- 
tones 46a and 47a, while the latter provided 46a and buty- 
rolactone 49a isomeric with 47a. These by-products were 
characterized as methyl esters (46b, 47b, and 49b). I t  is 
noteworthy that the same butyrolactone (46a) was ob- 
tained from both of the silver salts, and that isomeric buty- 
rolactones, 47a and 49a, were formed in respective reac- 
tions. Stereochemical assignments for 47a and 49a were 
made on the basis of the difference in chemical shift values 
in the NMR spectra of their esters, 47b and 49b; i.e., the 
former ester showed an olefinic proton signal a t  a distinctly 
higher field than did the corresponding proton of the latter 
ester (A6 0.47 ppm). 

These results suggested the following mechanistic path- 
way for the formation of the lactones. The carboxyl group 
that participated in the first lactonization is the less substi- 
tuted one, because we observed no formation of Aa,@-bu- 
tenolide, which would be a possible product if the more 
substituted carboxyl formed the first lactone ring, as we 
saw in the case of 34. This is simply explained in terms of 
the sterically hindered approach of the more substituted 
carboxyl group. Chart IV demonstrates the reaction of the 

Chart IV 

51 
I 5 0 6 -  I 

trans olefinic acid 48 (silver salt). Two diastereomeric iodo- 
lactone intermediates, 50a and 50b, may be formed. As- 
suming that the second lactonization proceeds by bimolec- 
ular substitution, the former intermediate (50a) would give 
norcanadensolide (16b), whereas 50b would lead to the for- 
mation of strained dilactone 51. Either of the intermediates 
should afford the same butyrolactone (49a) by trans elimi- 
nation of hydrogen iodide with methine proton, whereas by 
trans elimination of hydrogen iodide with one of methylene 
protons they would produce butyrolactones 52a and 52b, 
respectively. A similar discussion leads us to assume the 
formation of 4-epi-norcanadensolide (13c), butyrolactones 
52a and 52b, and 47a from the cis olefinic acid 45. The 
stereochemistry of the butyrolactone 46b could not be as- 
signed directly from the coupling constant (6 Hz) between 
protons at  C(2) and C(37. I t  should be noticed, however, 
that only one isomer (46a) was obtained from both of the 
cis and trans olefinic acids (45 and 48). This fact allowed us 
to conclude that in the first iodolactonization step, the io- 
dine atom of the more substituted hypoiodite group partic- 
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ipated in  the transi t ion state of this reaction as shown in 
53. S u c h  a fixation of the conformation in t h e  t ransi t ion 

n-Bu 

- Y  

53 
w 

state accounts  well for t h e  formation of the same butyro-  
lactone (46a) f rom either of t h e  olefinic acids. If th i s  mech- 
an ism is operative, t h e  butyrolactone must b e  cis disubsti- 
tuted, Le., 52a, al though we did not verify it. 

Final ly  t h e  double lactonization reaction was appl ied t o  
t h e  synthesis  of ( f ) -canadensol ide  and its 4 epimer  (Char t  
V). Cis and t r ans  olefinic tricarboxylic acids, 12b a n d  15b, 

Chart V 
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were t rea ted  wi th  formalin and dimethylamine,  affording 
unsa tura ted  dicarboxylic acids 54 a n d  57 in  yields of 43 a n d  
42%, respectively. W h e n  t h e  silver salt of 54 was t rea ted  
u n d e r  similar conditions, (*)-4-epi-canadensolide ( lb ,  14% 
yield) a n d  an acidic product  were obtained.  Similarly 57 
gave ( f ) -canadensol ide  (la, 21% yield) accompanied by  a n  
acidic product .  Although lower yields t h a n  those of the cor- 
responding nordi lactones were obtained in  t h e  above reac- 
t ions,  i t  may be par t ly  ascr ibed to an increased strain in  t h e  
format ion  of lactone rings d u e  t o  t h e  replacement  of sp3 b y  
sp2 carbon atoms.  T h e  acidic by-products  were t rea ted  wi th  
diazomethane,  giving pyrrazolines 56 and 59, respectively. 
This indicated that t h e  acidic products  in  t h e  above reac- 
t ions were unsa tura ted  butyrolactones 55 and 58, respec- 
tively. 

Experimental Section 

All melting points and boiling points are uncorrected. IR spectra 
were taken on a Hitachi EPI-S2 or a G-2 spectrometer. NMR spec- 
tra were obtained by a Jeol Model C-6OHL spectrometer using 
Me4Si (6 0) as an internal standard and CDC13 as the solvent un- 
less otherwise indicated. Coupling constants ( J )  are given in hertz. 
Mass spectra were obtained on a Hitachi RMU-6D spectrometer. 
GLC analyses were performed on a Jeol Model JGC-750 instru- 
ment using the following columns: A (20% PEG, 2 m X 3 mm) and 
B (10% SE-30,2 m X 3 mm). 

1,1,2-Tricarbomethoxy-3-octyne (10). A solution of 1-hex- 
yneZ3 (2.83 g) in dry tetrahydrofuran (20 ml) was added to a stirred 
Grignard reagent solution, prepared from ethyl bromide (3.71 g) 
and magnesium (816 mg) in the same solvent (20 ml), a t  room tem- 
perature. After the mixture had been stirred overnight, anhydrous 
cuprous chloride (15 mg) was added. Tricarbomethoxyethylene* 
(9, 5.39 g) in dry tetrahydrofuran (100 ml) was then added drop- 
wise to the above solution in an ice bath. The reaction mixture was 
stirred a t  room temperature overnight, and then water (150 ml) 
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and 3 N hydrochloric acid (10 ml) were added. The product was 
extracted with ether, and the combined extracts were washed with 
water and brine and dried. Removal of the solvent gave a brown- 
ish-red which was chromatographed on silica gel. Elution 
with petroleum ether-ether (3:l) afforded 10 (5.79 g, 73%) as a col- 
orless oil. An analytical sample was obtained by distillation (bath 
temperature, 120') in vacuo (0.3 mm). The distillate gradually 
crystallized on standing: mp 26-27.5'; ir (KBr) 2220 and 1760- 
1740 cm-'; NMR (cc14) 6 0.89 (t, 3 H,  J = 6.0 Hz), 1.1-1.6 (br m, 4 
H) ,  2.14 (br t,  2 H, J = 6.0 Hz, CHzCr) ,  3.75 and 3.78 (s, 3 H 
each), and 4.0 (br s, 2 H, CHC02Me). 

Anal. Calcd for C14H2006: C, 59.14; H, 7.09. Found: C, 59.38; H, 
6.92. 
Methyl 2,3-Dimethoxycarbonyl-3,4-nonadienoate (1 1). The 

ester 10 (300 mg) was added to a solution of sodium amide pre- 
pared from sodium (70 mg) and liquid ammonia (200 ml), and the 
mixture was stirred for 2 hr. After evaporation of liquid ammonia, 
water (50 ml) was added to the residue. The product was extracted 
with ether, and the combined extracts were washed with water and 
brine and dried. Removal of the solvent gave a yellow oil (300 mg), 
which was chromatographed on silica gel. Elution with petroleum 
ether-ether gave the recovered acetylenic ester 10 (150 mg) and 
then oily 11 (70 mg, 23%). An analytical sample was obtained by 
distillation (bath temperature, 120') in vacuo (0.3 mm): ir (liquid 
film) 1960, 1755 (sh), and 1710 cm-'; NMR 6 0.91 (t, 3 H, J = 6 
Hz), 1.1-1.6 (m, 4 H) ,  1.97-2.35 (m, 2 H, CH&H=C=C), 3.78 (s, 9 
H), 4.55 (d, 1 H, J = 1.5 Hz, CHCOZMe), and 5.80 (dt, 1 H, J = 7.0 
and 1.5 Hz, CH=C=C). 

Anal. Calcd for C14H2006: C, 59.14; H, 7.09. Found: C, 59.34; H, 
7.34. 
Methyl 2,3-Dimethoxycarbonyl-(Z)-4-nonenoate (12a) and 

Its Parent Acid (12b). The ester 10 (470 mg) was hydrogenated 
over 5% palladium on barium sulfate (20 mg) in methanol (3 ml) 
containing synthetic quinoline (20 mg). After 1 equiv of hydrogen 
was taken up, the catalyst was filtered off and the filtrate was 
evaporated in vacuo. The residual oil was chromatographed on sili- 
ca gel. Petroluem ether-ether (3:l) eluted 12a (350 mg, 74%). An 
analytical sample was obtained by distillation (bath temperature, 
150-160') in vacuo (0.3 mm): ir (liquid film) 1760 (sh) and 1745 
cm-'; NMR 0.92 (t, 3 H, J = 6 Hz), 1.1-1.6 (m, 4 H), 1.9-2.4 (m, 2 
H), 3.75 and 3.72 (s, 3 H each), 4.0 [m, 2 H, CHCOzMe and 
CH(COzMe)z], 5.25 (m, 1 H, J = 10.5, 10, and 1.2 Hz, Bu- 
CH=CH), and 5.72 (m, 1 H,  J = 10.5, 7.2, and 1.0 Hz, BuCH=C). 

Anal. Calcd for C14H2206: C, 58.73; H,  7.75. Found: C, 58.93; H, 
7.52. 

A suspension of the ester 12a (685 mg) in an aqueous solution 
(10 ml) of sodium hydroxide (396 mg) was stirred for 5 hr a t  room 
temperature and then a t  60-70' for 1 hr. After cooling, ether (10 
ml) was added, and the stirred mixture was carefully acidified with 
dilute hydrochloric acid in an ice bath until the aqueous layer 
turned slightly acidic. The ether layer was washed with water and 
brine and then dried. Removal of the solvent gave a crystalline 
mass (ca. 600 mg). Recrystallization from ether afforded colorless 
crystals: mp 146.5' dec; ir (KBr) 3400-2500 and 1704 cm-'. 

Anal. Calcd for CllH1606: C, 54.09; H, 6.60. Found: C, 54.48; H, 
6.48. 
1-Methoxycarbonyl-4-epi-norcanadensolide (13a). A solu- 

tion of osmium tetroxide (150 mg) in tert-butyl alcohol (3 ml) was 
added dropwise to a stirred mixture of the cis olefinic ester 12a 
(3.0 g) and a hydrogen peroxide-tert-butyl alcohol solution25 (30 
ml) in an ice bath. After the exothermic reaction had subsided, the 
mixture was kept in a refrigerator overnight and then a t  room tem- 
perature for 20 hr. The mixture was poured into water (200 ml) 
containing a small amount of sodium bisulfite and extracted with 
ether. The combined extracts were washed with water and brine 
and then dried. Removal of the solvent left a pale yellow oil, which 
was chromatographed on silica gel. Petroleum ether-ether (1:2) 
eluted a semisolid material. Recrystallization from ether gave 13a 
(550 mg, 22%) as colorless platelets: mp 117-118'; ir (KBr) 1800 
(sh), 1778, 1742, 1180, and 965 cm-'; NMR 6 0.93 (t, 3 H, J = 6 
Hz), 1.2-1.9 (m, 6 H), 3.8-3.9 [m, 2 H, C(1) and C(2) protons], 3.90 
(s, 3 H), 4.73 [t, 1 H, J = 6.0 Hz, C(3) proton], 5.05 [br d,  1 H, J = 
6.7 Hz, C(4) proton]. The NMR spectrum in DMSO-& demon- 
strated that despite the narrow melting range, this compound was 
a mixture of epimers regarding the methoxycarbonyl group. 

Anal. Calcd for CI2Hl6O6: C, 56.24; H, 6.29. Found: C, 56.42; H,  
6.03. 
4-epi-Norcanadensolide (13c). From 13a. A suspension of 13a 

(350 mg) and 6 N hydrochloric acid (10 ml) was heated a t  100- 
110' for 1.5 hr. After cooling, brine (5 ml) was added, and the mix- 
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ture was extracted three times with ether. The combined extracts 
were washed with brine and dried. Removal of the solvent gave a 
yellow syrup (350 mg), which gradually crystallized on standing. 
Recrystallization from ether gave needles: mp 85-86'; ir (KBr) 
1780,1200, 1180, 1050,1010,1000, and 990-970 cm-l; NMR 6 0.93 
(t, 3 H), 1.1-1.9 (m, 6 H), 2.88 (d, 1 H,  J = 5.3 Hz), 2.9 (d, 1 H , J  = 
7.5 Hz), 3.5 (m, 1 H, J = 7.5, 6.0, and 5.3 Hz), 4.90 (d, J = 6.0 Hz), 
and 4.70 (t, 1 H, J = 6.0 Hz). 

This compound was identified by comparison of its ir and NMR 
spectra with those of an authentic sample.1° 

From 12b. Osmium tetroxide (70 mg) in tert-butyl alcohol (1 
ml) was added to a stirred mixture of 12b (3.00 g) and a hydrogen 
peroxide-tert-butyl alcohol solution25 (15 ml). The reaction was 
exothermic. The mixture was allowed to  react in a refrigerator for 
20 hr and then for 12 hr a t  room temperature with occasional 
swirling. Ether (20 ml) and sodium bisulfite (ca. 2 g) were added to 
the reaction mixture, and the mixture was stirred for 10 min in an 
ice bath. The mixture was filtered, and the ether layer was sepa- 
rated and dried. Removal of the solvent left a yellow oil (2.85 g). A 
mixture of the oil and acetic anhydride (20 ml) was heated a t  
110-120' for 3 hr, and excess acetic anhydride was distilled off to 
leave a dark red oil. The oily residue was dissolved in ether (50 ml), 
and the solution was washed with aqueous sodium bicarbonate, 
water, and brine, and then dried. Removal of the solvent gave a 
neutral oil (870 mg), which was chromatographed on silica gel. Elu- 
tion with petroleum ether-ether (1:4) afforded colorless crystals 
(588 mg, 29%). Recrystallization from ether gave 13c as colorless 
needles, m p  85-86'. 

4-epi-Canadensolide (lb). A suspension of 13a (190 mg) in 6 N 
hydrochloric acid (9 ml) was warmed a t  55' until a clear solution 
was obtained. The resulting solution was diluted with water (10 
ml) and extracted with ether. The extracts were washed with brine 
and dried. Evaporation of the solvent gave 13b as an oil (150 mg), 
which yielded 13a by treatment with diazomethane. 

To a solution of 13b (270 mg) in acetic acid (1.5 ml) was added 
diethylamine (f!50 mg) and then 30% formaline (0.7 ml) in an ice 
bath. After the mixture was stirred until the evolution of carbon 
dioxide ceased, sodium acetate (400 mg) was added, and the mix- 
ture was heated a t  90-100' for 10 min. The reaction mixture was 
diluted with water and extracted with ether. The extracts were 
washed with water and brine and dried. Removal of the solvent 
gave a pale yellow oil (190 mg), which was then chromatographed 
on silica gel. Petroleum ether-ether (2:3) eluted I b  (150 mg, 64%). 
Recrystallization from ether gave colorless needles: mp 47.5-48.5'; 
ir (KBr) 1780 and 1665 cm-l; NMR 6 0.95 (t, 3 H, J = 6 Hz), 1.2- 
1.9 (m, 6 H), 4.09 [dt, 1 H, J = 6.8 and 2.2 Hz, C(2) proton], 4.75 
[dt, 1 H, J = 1.5 and 7.0 Hz, C(4) proton], 4.98 [dd, 1 H, J = 1.5 
and 6.8 Hz, C(3) proton], and 6.23 and 6.54 (d, 1 H, J = 2.2 Hz 
each,=CHZ). 

Anal. Calcd for C1IH1404: C, 62.84; H, 6.71. Found: C, 62.64; H, 
6.30. 

Methyl 2,3-Dimethoxycarbonyl-( E)-4-nonenoate (15a) a n d  
Its P a r e n t  Acid (15b). To  a stirred solution of 10a (6.0 g) in liquid 
ammonia (500 ml) were added pieces of sodium (6 g) over 10 min, 
and the mixture was stirred for 5 hr. Excess ammonium chloride 
was added cautiously. After the mixture turned pale yellow, stir- 
ring was continued a t  room temperature to allow the ammonia to 
evaporate. The pasty residue was dissolved in water and extracted 
with ether. The combined extracts were washed with water and 
brine and dried. An oily fraction (4.12 g, 69%) boiling a t  130" (bath 
temperature) in vacuo (0.2 mm) was collected. GLC analysis (col- 
umn B) showed the fraction to be greater than 95% in purity: ir 
(liquid film) 1740 and 970 cm-l; NMR 6 0.90 (t, 3 H), 1.1-1.6 (m, 4 
H),  1.9-2.3 (m, 2 H, allylic methylene), 3.72 and 3.74 (s, 3 H each, 
OMe), 3.6-3.9 [m, 2 H, CHCO2Me and CH(C02Me)2], 5.42 (dt, 1 
H, J = 15.0 and 7.0 Hz, CHzCH=C), and 5.81 (dd, 1 H, J = 15.0 
and 6.0 Hz, CH&H=CH). 

Anal. Calcd for C14H2206: C, 58.73; H, 7.75. Found: C, 58.55; H, 
7.53. 

A mixture of 15a (2.95 g) and a solution of sodium hydroxide 
(1.59 g) in water (15 ml) was stirred a t  room temperature for 10 hr 
and then a t  70" for 3 hr. The resulting clear solution was washed 
with ether, and the aqueous layer was acidified with 6 N hydro- 
chloric acid in an ice bath. After saturating with sodium chloride, 
the liberated acid was extracted with ether, and the extracts were 
washed with brine. Removal of the solvent left 15b as crystals (2.50 
g), which when recrystallized from ether gave an analytical sample: 
mp 166' dec; ir (KBr) 3500-2500,1700,970, and 900 cm-l. 

Anal. Calcd for CllH1606: C, 54.09; H,  6.60. Found: C, 54.38; H, 
6.82. 

(f)-Canadensolide ( l a )  a n d  Dilactone 16b from Cis Olefinic 
Es te r  (12a) via Performic Acid Oxidation. Hydrogen peroxide 
(30%, 1.0 g) was added in one portion to a stirred solution of 12a 
(2.0 g) in formic acid (6.0 ml) a t  room temperature. After stirring 
for 5 min a t  the same temperature, the mixture was stirred a t  40- 
50' for 7 hr. The reaction mixture was poured into ice water and 
extracted with ether. The combined extracts were washed with 
water and brine and dried. Evaporation of the solvent left a pale 
yellow oil (1.98 g), which was chromatographed on silica gel (60 9). 
Ether eluted an oily fraction (1.17 g), which showed an ir absorp- 
tion a t  1780 cm-l. 

After the above lactonic fraction (170 mg) and 50% aqueous sul- 
furic acid (10 ml) had been heated a t  120' for 2 hr with stirring, 
the reaction mixture was diluted with water (10 ml) and then satu- 
rated with sodium chloride. The product was extracted with ether, 
and the extracts were washed with cold water and then brine and 
dried. Work-up in a usual manner left a semisolid (ca. 50 me), 
which was recrystallized from ether, giving 16b (24 mg) as colorless 
needles: mp 81-82.5'; ir (KBr) 1770 cm-l; NMR 6 0.93 (t, 3 H), 
1.45 (m, 4 H), 1.85 (m, 2 H), 2.91 [l H, d, J = 7 Hz, C(1) proton], 
2.93 [ l  H, d, J = 6 Hz, C( l )  proton], 3.50 [q, 1 H, J = 6.0 Hz, C(2) 
proton], 4.70 [dt, 1 H, J = 4.0 and 7.0 Hz, C(4) proton], 5.09 [dd, J 
= 6.0 and 4.0 Hz, C(3) proton]. 

Anal. Calcd for CloH1404: C, 60.59; H, 7.12. Found: C, 60.34; H, 
6.60. 

A heterogeneous mixture of the lactone fraction (1.0 g) and 6 N 
hydrochloric acid (55 ml) was stirred a t  55' for 5 hr under nitro- 
gen. The resulting clear solution was saturated with sodium chlo- 
ride and then extracted with ether. The combined extracts were 
washed with brine and dried. Removal of the solvent left a pale 
yellow viscous oil (855 mg), whose ir spectrum (liquid film) showed 
broad absorptions a t  3400-2500 and 1780-1720 cm-l. The oil was 
dissolved in acetic acid (10 ml), and diethylamine (2.1 ml) was 
added dropwise with stirring. After stirring for 15 min, aqueous 
formalin (3.5 ml) was added. Stirring was continued for an addi- 
tional 30 min, and then sodium acetate (3.0 g) was added. The 
mixture was heated a t  80' for 10 min. Work-up in a usual manner 
afforded a semisolid (102 mg), which was purified by preparative 
silica gel TLC, giving la (84 mg). Recrystallization from ether gave 
an analytical sample as colorless needles: mp 92.5-93.5'; ir (KBr) 
1770 and 1666 cm-l; NMR 6 0.95 (t, 3 H), 1.5 (m, 4 H), ca. 1.9 (br 
q, 2 H), 4.07 [dt, 1 H, J = 6.8 and 2.1 Hz, C(2) proton], 4.70 [dt, 1 
H,  J = 4.5 and 6.7 Hz, C(4) proton], 5.22 [dd, 1 H, J = 6.8 and 4.5 
Hz, C(3) proton], and 6.18 and 6.49 [d, 1 H, J = 2.1 Hz each, C(1) 
protons]. 

Anal. Calcd for CllH1404: C, 62.84; H, 6.71. Found: C, 62.63; H, 
6.68. 

The ir and NMR spectra were superimposable with those of nat- 
ural canadensolide. 

Hydrolysis of Acetylenic Ester  10. A suspension of 10 (5.7 g) 
in a solution of sodium hydroxide (4.08 g) in water (50 ml) was 
stirred a t  room temperature for 7 hr under nitrogen. The mixture 
was extracted with ether to remove the neutral portion, and the 
aqueous layer was separated. Ether was added to the aqueous 
layer, and the mixture was carefully acidified with 3 N hydrochlo- 
ric acid with stirring in an ice bath. The aqueous layer was extract- 
ed with ether. The combined organic layers were washed with cold 
water and brine and dried. Removal of the solvent a t  room temper- 
ature left a semisolid (5.2 g), which was chromatographed on silica 
gel. Elution with petroleum ether-ether (6:4) gave 18 (610 mg). Re- 
crystallization from ether afforded colorless needles: mp 122-123'; 
ir (KBr) 3400-2500, 1740,1698, and 1670 cm-'; NMR26 6 0.96 (t, 3 
H), 1.2-1.7 (m, 4 H), 1.7-2.1 (m, 2 H), 3.38 (dd, 2 H,  J = 3.0 and 
1.7 Hz, CHzCO), 5.22 (octet, 1 H,  J = 6.0, 3.1, and 3.0 Hz, OCH), 
7.15 (dt, 1 H, J = 3.1 and 1.7 Hz, =CHI, and 11.1 (s, 1 H, C02H). 
The NMR assignments were verified by DNMR experiments. 

Anal. Calcd for C10H1404: C, 60.59; H, 7.12. Found: C, 60.82; H, 
7.14. 

Successive elution with petroleum ether-ether (2%) gave 5 (3.95 
g, 85%). Recrystallization from ether yielded colorless crystals: mp 
157'; ir (KBr) 3550-2400 and 1720 cm-l; NMR 6 0.9 (t 3 H), 
1.05-1.4 (m, 4 H), 2.2 (br t, 2 H), 3.55 and 3.77 [d, J = 7 Hz each, 2 
H in total, CH(COzH)CH(COzH)2], and 6.68 (s, 3 H, C02H). 

Anal. Calcd for CllH1406: C, 54.54; H, 5.83. Found: C, 54.64; H, 
5.90. 

Treatment of 5 with ethereal diazomethane gave 10. 
Silver Salt Catalyzed Lactonization of 5. A mixture of 5 (560 

mg), silver nitrate (10 mg), water (1 drop), and dioxane (6 ml) was 
stirred a t  40-50' for 15 hr under nitrogen. The reaction mixture 
was poured into distilled water (20 ml) and extracted with ether 
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three times. The combined extracts were washed with water and 
then dried. Evaporation of the solvent left a pale yellow oil (560 
mg), which was treated with ethereal diazomethane. An oil ob- 
tained was chromatographed on silica gel. Elution with petroleum 
ether-ether (2:l) afforded 19 (489 mg, 98%) as a colorless oil. An 
analytical sample was obtained by distillation (bath temperature 
105') in vacuo (0.8 mm): ir (CHCls) 1750-1740 and 880 cm-'; 
NMR 6 0.95 (t, 3 H), 1.1-1.8 (m, 6 H), 3.25 (br t ,  2 H,  J = 1.5 Hz), 
3.73 (s, 3 H), 4.93 (m, 1 H, CHO), and 7.40 (9, 1 H,  J = 1.5 Hz, 
=CH). 

Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found: C, 62.22; H,  
7.77. 

This butenolide was also obtained by heating 5 a t  175-180' for 1 
hr followed by treatment with diazomethane. 

Lactonization of 5 with Sulfur ic  Acid. The acetylenic acid 5 
(800 mg) was added to concentrated sulfuric acid (4 ml) in an ice 
bath, and the solution was stirred for 1 hr with cooling and then a t  
room temperature for an additional 1 hr. The mixture was poured 
into ice water and extracted with ether. The combined extracts 
were washed with brine and dried. Concentration in vacuo left a 
semisolid (600 mg). The latter material was treated with a slight 
excess of diazomethane. After work-up, the product was purified 
by silica gel chromatography. Petroleum ether-ether (8:2) eluted 
20 (574 mg, 82%), whose analytical sample was obtained by distil- 
lation (bath temperature 110') in vacuo (0.4 mm) as a colorless oil: 
ir (CHC13) 1821, 1718, and 1660 cm-'; NMR 6 0.92 (t, 3 H),  1.1-1.9 
(m, 6 H), 2.83 (t, 2 H, J = 7.5 Hz, CH&=), 3.35 (br s, 2 H, 
CHzCO),and 3.75 (s, 3 H). 

Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found: C, 62.11; H, 
7.75. 

Lactonization of 5 with Dilute  Sulfur ic  Acid Containing 
Mercuric  Salt. Red mercuric oxide (10 mg) was added to a stirred 
mixture of 5 (760 mg), 60% sulfuric acid (1 ml), and dioxane (1 ml). 
After stirring had been continued a t  room temperature for 12 hr, 
the reaction mixture was poured into ice water. The product was 
extracted with ether, and the combined extracts were washed with 
brine and dried. Removal of the solvent in vacuo yielded an oil, 
which was then treated with diazomethane in slight excess. Work- 
up gave a yellow oil (ca. 750 mg). GLC analysis (column B) showed 
a main peak and three minor peaks, one of which was identified as 
19 by peak enhancement experiments. Petroleum ether-ether (2:8) 
eluted the main product 21 (395 mg) as a colorless oil: ir (CHC13) 
1745 and 1728 cm-'; NMR (benzene) 6 0.80 (t, 3 H), 0.95-1.7 (m, 6 
H), 2.10 (t, 2 H, J = 6 Hz, CHzCO), 2.85 (d, 2 H, J = 7.5 Hz, 
CHZCOzMe), 3.39 (s, 6 H), and 3.93 (t, 1 H, J = 7.5 Hz, CO- 
CHCOZMe); MS mle 145 (base peak), 99, and 55. 

Anal. Calcd for C12Hz005: C, 59.00; H, 8.25. Found: C, 59.36; H, 
7.99. 

Dilactone (23) f rom Norbornene-endo-dicarboxylic Acid 
(22a). Finely pulverized 22aI3 (183 mg, 1 mmol) was dissolved in a 
solution of sodium hydroxide (104 mg, 2.6 mmol) in water (3 ml). A 
solution of silver nitrate (357 mg, 2.1 mmol) in water (5 ml) was 
added with stirring to the above solution, and the mixture was 
stirred for an additional 30 min. The silver salt was collected by fil- 
tration and washed with water and then with ether. The salt was 
dried in vacuo a t  room temperature in the dark. Iodine (507 mg, 4 
mmol) was added to a stirred suspension of the pulverized silver 
salt in dry dimethyl sulfoxide (5 ml). After stirring for 30 min, sil- 
ver acetate (527 mg, 2.1 mmol) was added, and the mixture was 
stirred a t  60' for 12 hr. Chloroform (10 ml) was added to the 
cooled mixture, and inorganic materials were filtered off. The fil- 
trate was concentrated under reduced pressure a t  60' to small 
bulk. The residue then was dissolved in chloroform (30 ml) and 
washed with water. The solution was dried and evaporated to give 
23 (166 mg, 92%). Trituration of the product with hot ether gave 
an analytical sample as colorless, fine needles: mp 265-266' (lit. 
mp 274-275°,14b 264-265' 14=); ir (KBr) 1800 and 1780 cm-I (lit. 
5.53 and 5.60 b,14b 1795 and 1770 cm-' 14c); NMRZ6 (DMSO-&) 6 
1.80 (t, 2 H, J = 2 Hz), 3.06 (m, 2 H), 3.39 (m, 2 H), and 4.78 (t, 2 
H, J = 2 Hz). 

Anal. Calcd for C9Hs04: C, 60.00; H, 4.48. Found: C, 60.19; H, 
4.71. 

Dimethyl Ester  of (Z)-4-Octenedioic Acid (24). A solution of 
methyl 4-octynedioateZ0 (1.60 g) in methanol containing synthetic 
quinoline (0.2 ml) was hydrogenated over 5% palladium-barium 
sulfate (150 mg) a t  room temperature. Hydrogen uptake ceased 
after 1 equiv of hydrogen had been absorbed. After filtration of the 
catalyst, the filtrate was concentrated in vacuo. The oily residue 
was dissolved in ether, and the solution was washed with water and 
brine and dried. Evaporation of the solvent left the dimethyl ester 

of 24 (1.12 g) as an oil. An analytical sample was obtained by distil- 
lation (bath temperature 130') in vacuo (8 mm): ir (liquid film) 
1735 cm-l; NMR 6 2.46 (m, 8 H), 3.70 (s, 6 H), and 5.45 (br m, 2 
H). 

Anal. Calcd for C10H1604: C, 59.98; H, 8.05. Found: C, 59.70; H, 
8.06. 
meso-4,5-Dihydroxyoctanedioic Acid Di-y-lactone (25). A 

heterogeneous mixture of the above dimethyl ester of 24 (1.27 g), 
sodium hydroxide (762 mg), and water (15 ml) was stirred a t  room 
temperature for 1 hr under nitrogen, and then at 60' for 4 hr. The 
resultant solution was washed once with ether. Ether was added to 
the aqueous layer, and the mixture was acidified with dilute hy- 
drochloric acid with stirring in an ice bath. The aqueous layer was 
saturated with sodium chloride and extracted with ether. The 
combined organic layers were washed with brine and dried. Evapo- 
ration of the solvent left a solid, which was washed with a small 
amount of a mixture of ether and petroleum ether (1:l) to give 
crude 24 (813 mg, ca. 73%) as an amorphous powder. The crude 
acid was used without further purification. 

To a stirred suspension of the silver salt of 24 [prepared in a 
similar manner from 24 (1.14 g) and silver nitrate (2.48 g)] in di- 
methyl sulfoxide (10 ml), iodine (3.37 g) and then silver acetate 
(2.22 g) were added. The mixture was then stirred a t  65' for 12 hr. 
Work-up gave 25 (620 mg, 56%) as the neutral product. Recrystal- 
lization from ethyl acetate gave colorless needles: mp 104-105' 
(lit.168 mp 106'); ir (KBr) 1785 (sh) and 1765 cm-'; NMR 6 1.8-2.7 
[m, 8 H, C(2) and C(3) protons] and 4.60 [m, 2 H, C(4) proton]. 

Anal. Calcd for CsH1004: C, 56.46; H, 5.92. Found: C, 56.45; H, 
5.87. 

Monotetrahydropyranyl Ether  (36) of 1,4-Butanediol. A so- 
lution of 1,4-butanediol (3.0 g), freshly distilled dihydropyran (2.8 
g), and p-toluenesulfonic acid (20 mg) in tetrahydrofuran (100 ml) 
was stirred a t  -25' for 3 hr. The mixture was then allowed to 
warm to room temperature during a 1-hr period and was stirred for 
an additional 10 hr a t  the same temperature. A few drops of pyri- 
dine were added to the mixture to quench the catalyst. The mix- 
ture was diluted with ether, washed with water and brine, and 
dried. Evaporation of the solvent left an oil, which was chromato- 
graphed on a silica gel column. Ether-petroleum ether (12) eluted 
an oily diether of 1,4-butanediol (1.25 g, 15%): ir (liquid film) 1120, 
1060, 1030, 900, 860, and 810 cm-l; NMR 6 1.6 (m, 16 H), 3.2-4.1 
(m, 8 H), and 4.60 (br t, 2 H). 

Anal. Calcd for C14H2604: C, 65.08; H, 10.14. Found: C, 64.85; H, 
10.09. 

Further elution with the same solvent gave 36 (3.85 g, 66%) as a 
colorless oil: ir (liquid film) 3400, 1060, 1030, 900, 860, and 810 
cm-l; NMR 6 1.70 (m, 10 H) ,  3.20 (br s, 1 H, OH), 3.3-4.1 (m, 6 H, 
CHzO), and 4.68 (br t, 1 H, OCHO). 

Anal. Calcd for C9H1803: C, 62.04; H, 10.41. Found: C, 61.68; H,  
10.48. 

Ethynyl Carbinol (37). To an ice-cooled and stirred suspension 
of chromic anhydride-dipyridine complexz7 (29.9 g) and Celite 535 
(25 g) in dry methylene chloride (150 ml) was added dropwise a so- 
lution of 36 (2.18 g) in methylene chloride (50 ml) under an argon 
atmosphere. After stirring for 15 min, sodium hydrogen sulfate 
monohydrate (30 g) was added, and the resultant mixture was 
stirred for an additional 15 min a t  room temperature. The organic 
layer was separated, and the solid was washed with a small amount 
of methylene chloride. The combined methylene chloride solutions 
were evaporated a t  0" to leave an oil, which was dissolved in a 
small amount of ether. The solution was filtered through a Celite 
535 column. The filtrate was evaporated in vacuo to give an alde- 
hyde (2.06 g) as a colorless oil: ir (liquid film) 2750 and 1720 cm-'; 
NMR 6 1.3-2.2 (m, 8 H) ,  2.60 (t, 2 H,  J N 7.5 Hz with fine split- 
tings, CHzCHO), 3.3-4.1 (m, 4 H, CHzO), 4.65 (br t, l H ,  OCHO), 
and 9.80 (t, 1 H, J = 1.5 Hz, CHO). 

Although the crude product showed a single spot on TLC, no an- 
alytically pure sample was obtained because of its instability. 

After dry tetrahydrofuran (100 ml) had been saturated with 
acetylene with stirring, ethylmagnesium bromide solution, pre- 
pared from magnesium (350 mg) and ethyl bromide (1.57 g) in the 
same solvent, was added dropwise a t  room temperature. Stirring 
was continued for an additional 30 min while the reaction flask 
was cooled in an ice bath, and then a solution of the above alde- 
hyde (2.06 g) in the same solvent (15 ml) was added dropwise. Stir- 
ring was further continued, while the solution was allowed to warm 
to room temperature. The resultant brown mixture was poured 
into a cold saturated ammonium chloride solution. The aqueous 
layer was extracted with ether several times, and the combined or- 
ganic layers were washed with water and brine and dried. Evapora- 
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tion of the solvent left an oil, which was purified by passing 
through a short. silica gel column to give 37 (2.04 g, 86% from 36) as 
a pale yellow oil: ir (liquid film) 3400, 3210, 1120, 1070, 1020, 910, 
900, and 865 cni-'; NMR 6 1.3-2.0 (m, 10 H), 2.50 (d, 1 H,  J N 1.5 
Hz, =CH), 3.2-4.1 (m, 5 H), 4.5 (br s, 1 H,  OH), 4.68 (br t, 1 H, 
OCHO). 

Anal. Calcd for CllH1803: C, 66.64; H, 9.15. Found: C, 66.98; H, 
9.34. 

Allylic Carbinol (38). The ethynyl carbinol (37, 2.04 g) in 
methanol (20 ml) containing synthetic quinoline (0.15 ml) was hy- 
drogenated over 5% palladium-barium sulfate (200 mg). Hydrogen 
uptake ceased after 1 equiv of hydrogen had been absorbed. The 
catalyst was filtered off, and the filtrate was concentrated in vacuo 
to leave an oil, which was dissolved in ether (30 ml). The solution 
was washed with water and brine and dried. Removal of the sol- 
vent in vacuo gave 38 (2.05 g) as a colorless oil, which showed a sin- 
gle spot on TLC: ir (liquid film) 3400, 3050, 1640, 1110, 1070, 1030, 
900, 860, and 810 cm-l; NMR 6 1.4-2.0 (m, 10 H) ,  2.76 (br s, 1 H, 
OH), 3.3-4.4 (m, 5 H, CH2O and CHO), 4.65 (br t, 1 H, OCHO), 
4.5-5.0 (m, 2 H, =CH2), 5.95 (dq, 1 H,  J = 17.3, 10.5, and 6.0 Hz, 
=CH). 

Anal. Calcd for CllH2003: C, 65.97; H, 10.07. Found: C, 65.98; H, 
10.15. 

Vinyl E t h e r  39. A mixture of 38 (2.00 g), freshly distilled ethyl 
vinyl ether (4 m l ) ,  and mercuric acetate (100 mg) was gently re- 
fluxed for 48 hr under nitrogen. After cooling to 00, saturated sodi- 
um bicarbonate solution (4 ml) was added and the mixture was 
stirred for 15 min. The reaction mixture was extracted with ether 
three times, and the combined extracts were washed with water 
and brine and dried. The solvent was removed, and the residual oil 
was chromatographed on a short silica gel column using methylene 
chloride as eluent to give 39 (1.10 g, 60%) as a pale yellow oil: ir 
(liquid film) 3050, 1636, 1615, 1130, 1120, 1070, 1030, 985, and 900 
cm-l; NMR 6 1.1-2.0 (m, 10 H), 3.2-4.4 (m, 5 H, CH20 and CHO), 
4.0 (dd, 1 H,  J := 7.5 and 1.3 Hz, OCH=CH,H,), 4.32 (dd, 1 H, J = 
14.0 and 1.3 Hz, OCH=CH,Ht), 4.60 (br t, 1 H, OCHO), 5.02-5.4 
(m, 2 H, CH=:CHg), 5.85 (dq, 1 H, J = 18.0, 9.0, and 5.7 Hz, 
CH=CHz), and 6.34 (4, 1 H, J = 14.0 and 7.5 Hz, OCH=CH2). 

Anal. Calcd for C13H2203: C, 68.99; H ,  9.80. Found: C, 68.74; H,  
9.71. 

Further elution with ether gave the unreacted 38 (821 mg). 
(@-4-Octenedioic Acid (26). The vinyl ether 39 (2.00 g) in a 

sealed tube was heated a t  190' for 20 min to give an oily aldehyde 
quantitatively: ir (liquid film) 2720, 1.720, 1130, 1120, 1070, 1030, 
and 970 cm-l. 'The oil was dissolved in acetone (30 ml) and Jones 
reagent was added a t  0' until the orange color of the reagent per- 
sisted for 5 min. After the excess reagent was destroyed by the ad- 
dition of 2-propanol, the reaction mixture was diluted with brine 
(30 ml) and extracted with ether. The combined extracts were 
washed with brine and evaporated to leave an oil. The oil was dis- 
solved in acetone (10 ml), and 10% sulfuric acid (2 ml) was added. 
After warming a t  55' for 30 min, the solution was cooled in an ice 
bath and treated with a slight excess of Jones reagent. Work-up in 
a usual manner gave a semisolid (1.15 g), which was washed with a 
small amount of cold ether to give a colorless solid. Recrystalliza- 
tion from ether gave 26 (750 mg, 50%) as a colorless powder: mp 
174.5--176' (lit.22 mp 175-176'); ir (KBr) 3500-2300, 1700, 980, 
and 940 cm-l; NMRZ6 (DMSO-&) 6 1.24 (br m, 8 H), 5.41 (br m, 2 
H), and 12.4 (br s, 2 H). 

Anal. Calcd for CsH1204: C, 55.80; H, 7.03. Found: C, 55.60; H,  
7.07. 

dl-4,5-Dihydroxyoctanedioic Acid Di-y-lactone (27). To a 
stirred suspension of the silver salt, prepared from 26 (150 mg) in a 
similar manner, in dimethyl sulfoxide (3 ml) was added iodine (454 
mg). After stirring had been continued for an additional 15 min, 
silver acetate (301 mg) was added, and the mixture was stirred a t  
60' for 15 hr. Work-up in a usual manner afforded colorless crys- 
tals (98 mg, 60%), whose recrystallization from ethyl acetate gave 
an analytical sample as colorless needles: mp 55-56' (lit.16b mp 
55-56'); ir (KBr) 1780 cm-l; NMR 6 2.1-2.9 (br m, 4 H) and 4.63 
(m, 2 HI. 

Anal. Calcd for CaH1004: C, 56.46; H, 5.92. Found: C, 56.16; H, 
5.91. 

Dilactone 29. The dimethyl ester of 2817 (250 mg) was heated 
with a solution of sodium hydroxide (125 mg) in a mixture of water 
( 3  ml) and methanol (3 drops) a t  60'. The resultant homogeneous 
solution was washed with ether, and the aqueous layer was treated 
with a solution of silver nitrate (408 mg) in water (1 ml) to give a 
silver salt. Iodine (610 mg) was added to a stirred suspension of the 
dried silver salt in dimethyl sulfoxide (8 i d ) ,  and then silver ace- 

tate (400 mg) was added. The mixture was stirred a t  60' for 12 hr. 
Work-up in a usual manner gave a semisolid, which was poured on 
a short silica gel column, and the product was eluted with methy- 
lene chloride to give 29 (115 mg, 52%). An analytical sample was 
obtained by recrystallization from ethyl acetate as colorless nee- 
dles: mp 116-117O; ir (KBr) 1770 cm-'; NMR 6 1.2-3.2 (br m, 8 H) 
and 5.02 (m, 2 H).  

Anal. Calcd for CgH1004: C, 59.33; H, 5.53. Found: C, 59.34; H, 
5.60. 

Dilactone 31. To a stirred suspension of the silver salt of 3018 
(170 mg), iodine (508 mg) and then silver acetate (351 mg) were 
added a t  50-60'. The mixture was stirred for 5 hr and worked up 
to give crystals (129 mg, 77%), whose recrystallization from ether 
afforded colorless needles: mp 205-206'; ir (KBr) 1840 and 1770 
cm-l; NMRZ6 6 2.22 (dq, 2 H, J = 19.2,4.8, and 2.0 Hz, exo methy- 
lene protons), 2.73 (d, 2 H, J = 19.2 with fine splittings, endo 
methylene protons), 2.98 (q, 2 H, J = 4.8 and 2.0 Hz, CHC-O), 
and 3.23 (m, 2 H, CHO). 

Anal. Calcd for CaHaO4: C, 57.14; H, 4.80. Found: C, 57.03; H, 
4.91. 

5-Hydroxy-3-cyclohexenecarboxylic Acid Lactone (41). A. 
With Silver Acetate. A suspension of 4OZ1 (4.03 g) and silver ace- 
tate (3.51 g) in dry dimethyl sulfoxide (50 ml) was heated at 130- 
140' for 2 hr under nitrogen. The reaction mixture was diluted 
with chloroform (100 ml) and filtered. The filtrate was washed 
with water and brine and dried. After removal of the solvent, the 
residue was distilled (bath temperature ca. 150') in vacuo (20 mm) 
to give 41 (1.61 g, 81%) as an oil: ir (liquid film) 1800 (sh), 17'70, 
and 1735 cm-l (sh); NMR 6 2.0-2.8 (m, 4 H), 2.89 (m, 1 H, 
CHC=O), 4.77 (br t, 1 H, J = 4.5 Hz, CHO), 5.7-6.5 (m, 2 H, 
-CH). 

Anal. Calcd for C7Hs02: C, 67.73; H,  6.50. Found: C, 67.93; H,  
6.37. 

B. With 1,5-Diazabicyclo[5.4.O]undecene-5. A solution of 40 
(20.16 g) and 1,5-diazabicyclo[5.4.O]undecene 5 (18.24 g) in dry 
benzene (300 ml) was refluxed for 6 hr under nitrogen The solu- 
tion was washed with water and dried. The oil obtained by evapo- 
ration of the solvent was distilled in vacuo to afford 41 (6.1 g, 71%). 

Hydroxy Acid 42a a n d  Its Methyl Ester  42b. A suspension of 
41 (2.48 g) and a solution of sodium hydroxide (1.04 g) in water (4 
ml) was stirred a t  room temperature for 3 hr. The solution ob- 
tained was washed with ether. Chloroform (10 ml) was added to 
the aqueous layer, the mixture was acidified with powdered oxalic 
acid with stirring, and then sodium chloride and magnesium sul- 
fate were added until the mixture became pasty. The paste was 
packed in a column and eluted with chloroform. The combined 
chloroform eluents were concentrated. The residual solid was 
washed with hot ether to give 42a (2.5 g, quantitative yield) as a 
colorless powder: ir (KBr) 3350, 2600, 1710, and 950 cm-l; NMR 6 
1.0-1.6 (m, 1 H), 1.95-2.5 (m, 5 H) ,  4.2 (m, 1 H, CHOH), 5.68 (br s, 
2 H, =CH). 

Anal. Calcd for C7H1003: C, 59.14; H, 7.09. Found: C, 58.85; H,  
7.09. 

Treatment of 42a with a slight excess of ethereal diazomethane 
gave oily 42b: ir (liquid film) 3350, 1725, and 1650 cm-l; NMR 6 
2.0-3.0 (m, 6 H), 3.74 (s, 3 H) ,  4.38 (ni, 1 H, CHO), and 5.85 (br s, 2 
H, =CH(/ 

Anal. Calcd for CaHla03: C, 61.52; H, 7.75. Found: C, 61.18; H, 
8.17. 

Vinyl E t h e r  43. A mixture of 42b (435 mg), ethyl vinyl ether (10 
ml), and mercuric acetate (150 mg) was refluxed for 3 days under 
nitrogen. The reaction mixture was diluted with ether (ca. 30 ml), 
washed with 5% sodium bicarbonate, water, and brine, and then 
dried. After removal of the solvent, the residue was distilled (bath 
temperature ca. 120') in vacuo (25 mm) to give 43 (367 mg, 71%) as 
a colorless oil: ir (liquid film) 3010, 1730, 1630, and 1610 cm-'; 
NMR 6 2.0-3.0 (m, 5 HI,  3.70 (s, 3 H), 4.5 (m, 1 H, CHO), 4.08 (dd, 
1 H, J = 6.8 and 1.5 Hz, OCH=CH,H,), 4.35 (dd, 1 H, J = 14.5 
and 1.5 Hz, OCH=CH,H,), 5.82 (m, 2 H, CH=CH in the cyclo- 
hexene ring), and 6.40 (dd, J = 14.5 and 6.8 Hz, OCH-CH2). 

Anal. Calcd for C&1403: C, 65.91; H, 7.74. Found: C, 65.52; H, 
7.62. 

Formyl Ester  44. The vinyl ether 43 (1.31 g) was heated in a 
sealed tube a t  200° for 1 hr: Distillation (bath temperature ca. 
130') in vacuo ( L O  mm) gave 44 (1.08 g. 82%) as a colorless oil: ir 
(liquid film) 2710, 1730-1720, and 1650 cm-l; NMR 6 1.0-3.0 (m, 8 
H) ,  3.65 (s, 3 H), 5.62 (m, 2 H, =CHI, and 9.25 (t, 1 H, J = 2 H, 2 
Hz, CHO). 

Anal. Calcd for C10H1403: C, 65.91; H, 7.74. Found: C, 65.96; H, 
8.31. 
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Dicarboxylic Acid 32. A solution of 44 (273 mg) in acetone (10 
ml) was treated with slightly excess Jones reagent a t  0'. Work-up 
in a usual manner afforded the monomethyl ester of 32 (232 mg) as 
a colorless oil: ir (liquid film) 3500-2500, 1725, and 1705 cm-'; 
NMR 6 1.0-3.0 (m, 8 H) ,  3.67 (s, 3 H), 5.68 (m, 2 H, =CH), and 
10.6 (br s, 1 H, C02H). 

The monomethyl ester (207 mg) was dissolved in a solution of 
sodium hydroxide (52 mg) in water (2  ml), and the solution was 
stirred overnight at room temperature under nitrogen. The reac- 
tion mixture was acidified with 6 N hydrochloric acid in an ice 
bath and then saturated with sodium chloride. The product was 
extracted with methylene chloride, and the combined extracts 
were washed with cold brine and dried. Removal of the solvent 
gave 32 (173 me, 67% from 44) as a colorless powder: ir (KBr) 3350, 
i700, and 1 6 5 O k ' .  

Anal. Calcd for CgH1204: C, 58.69; H, 6.58. Found: C, 58.94; H, 
6.87. 

Dilactone 33. A suspension of the silver salt (587 mg), prepared 
from 32 (347 mg) in a similar manner, was successively treated 
with iodine (813 mg) and silver acetate (551 mg). Work-up gave 33 
(143 mg, 47%). Recrystallization from ethyl acetate afforded color- 
less needles: mp 159-160', ir (KBr) 1775 cm-l; NMR26 6 1.0-2.1 (5 
H) ,  2.4-2.8 (4 H) ,  4.60 (dd, 1 H, J = 9 and 2 Hz, CHO), and 5.05 
(dd, 1 H, J = 6.4 and 2 Hz, CHO(/ 

Anal. Calcd for CgH1004: C, 59.33; H, 5.53. Found: C, 59.07; H, 
5.50. 

Butenolide 35. Iodine (1.27 g) was added to a stirred suspension 
of the silver salt, prepared from dihydromuconic acidlg (34, 350 
mg), in dimethylformamide (5 ml). After stirring for 20 min, silver 
acetate (835 mg) was added, and the mixture was stirred a t  70' for 
24 hr. The reaction mixture was diluted with wet ether (10 ml), 
and the organic layer was separated and concentrated to leave a 
brown oil. An ethereal solution of the oil was treated with slightly 
excess diazomethane in an ice bath. The solvent was removed to 
leave an oil, which was poured on a short silica gel column. Ether 
eluted 35 (120 mg, 32%) as an oil: ir (CHC13) 1760 and 1735 cm-l; 
NMR 6 2.80 (dd, 2 H, J = 7.5 and 1.5 Hz, CHZCOzMe), 3.75 (s, 3 
H, OMe), 5.50 (tdd with fine splittings, 1 H, J = 7.5, 2.3, and 1.5 
Hz, CHO), 6.23 (dd, 1 H, J = 6.0 and 2.3 Hz,=CHC=O), and 7.67 
(dd, 1 H, J = 6.0 and 1.5 Hz, CH=CHC=O). 

Anal. Calcd for C7H804: C, 53.84; H, 5.16. Found: C, 53.98; H, 
5.34. 

2-[ (2)-1-Hexenyl]butanedioic Acid (45). A mixture of 12b 
(5.3 g) and xylene (20 ml) was gently refluxed for 2 hr under nitro- 
gen. After evolution of carbon dioxide had ceased, the solution was 
stirred for an additional 1 hr with heating. Removal of the solvent 
in vacuo gave a colorless solid, whose ir spectrum showed it to be a 
mixture of dicarboxylic acid (1710 cm-l) and anhydride (1860 and 
1790 cm-'). The mixture was refluxed with water (15 ml) for 1 hr. 
The resulting solution was saturated with sodium chloride and ex- 
tracted with ether. The combined extracts were dried. Evaporation 
of the solvent gave colorless crystals (3.91 g, 88%). Recrystalliza- 
tion from ether-petroleum ether (1:l) afforded an analytical sam- 
ple as colorless leaflets: mp 112-113'; ir (KBr) 3400-2500, 1695, 
and 950 cm-l; NMR 6 0.90 (t, 3 H), 1.1-1.6 (m, 4 H), 1.9-2.4 (m, 2 
H,  CH:,C=), 2.52 (dd, 1 H, J = 18 and 6 Hz, one of CHzCOzH), 
2.99 (dd, 1 H, J = 18 and 9 Hz, one of CH:,C02H), 3.82 (m, 1 H) ,  
5.37 (t, 1 H, J = 10.5 Hz, =CHCHCOzH), 5.75 (dt, 1 H, J = 10.5 
and 4.7 Hz, CH:,CH=), and 11.6 (br s, 2 H,  COzH). 

Anal. Calcd for CloH1604: C, 59.98; H, 8.05. Found: C, 60.23; H,  
8.43. 
2-[(E)-l-Hexenyl]butanedioic Acid (48). A suspension of 15b 

(2.5 g) in xylene (25 ml) was refluxed for 4 hr. Evaporation of the 
solvent at 70' in vacuo gave an oil. The oil was refluxed with water 
(10 ml) for 1 hr. The solution was extracted with ether, and the 
combined extracts were dried. Removal of the solvent afforded an 
oil (2.00 g), which gradually crystallized on standing to give color- 
less crystals. The crystals were chromatographed on silica gel, and 
ether eluted 48 (1.50 g, 73%). Recrystallization from petroleum 
ether containing a small amount of ether gave colorless needles: 
mp 86-87'; ir (KBr) 3400-2600, 1695, 970, and 950 cm-'; NMR 6 
0 90 (t, 3 H) ,  1.1-1.6 (m, 4 H),  1.9-2.3 (m, 2 H ,  CHzC=), 2.55 (dd, 1 
H,  J = 16.5 and 6 Hz, one of CH&O:,H), 2.95 (dd, 1 H, J = 16.5 
and 8.3 Hz, one of CH~COZH),  3.53 (br m, 1 H, CHCOzH), 5.42 
(dd, 1 H, J = 17 and 6 Hz, =CHCHCO:,H), 5.78 (dt, 1 H, J = 17 
and 5.7 Hz, CH:,CH=), and 11.75 (s, 2 H, COzH). 

Anal. Calcd for C10H1604: C,  59.98; H, 8.05. Found: C,  60.12; H, 
7.92. 

Silver Salt Double Lactonization of 45. To a stirred suspen- 
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sion of the silver salt (3.44 g), prepared from 45 (1.660 g), in di- 
methyl sulfoxide (25 ml) there was added iodine (4.24 g), and then 
after stirring for 30 min silver acetate (2.84 g) was added. Stirring 
was continued for an additional 4 hr at room temperature, and 
then at 60' for 1 2  hr. The reaction mixture was diluted with meth- 
ylene chloride (70 ml) and filtered. The filtrate was concentrated 
in vacuo at 50-60', and the residue was dissolved in methylene 
chloride (100 ml). The solution was washed with sodium bicarbon- 
ate solution (20 ml), water, and brine. Evaporation of the organic 
layer left a brown oil, which was chromatographed on a silica gel 
column using methylene chloride-ether (1:l) as eluent, giving 13c 
(493 mg, 30%). 

The sodium bicarbonate extracts were acidified with 6 N hvdro- 
chloric acid. Extraction of the mixture with ether, followed by 
evaporation of the extracts, gave an acidic, oily product (463 mg). 
Treatment of the oil with ethereal diazomethane gave a mixture of 
methyl esters (470 mg). The mixture was separated by preparative 
silica gel TLC using ether-petroleum ether (1:2) as solvent, afford- 
ing two oily butyrolactones, 46b (340 mg, 19%) and 47b (130 mg, 
7%). 

46b: ir (liquid film) 1785 and 1740 cm-l; NMRZ6 6 0.90 (t,  3 H),  
1.38 (quintet, 2 H, J = 7 Hz), 2.05 (q, 2 H,  J = 7 Hz, CH&H=), 
2.73 [dd, 1 H, J = 17 and 10 Hz, CHCOz (lactone)], 2.94 [dd, 1 H, J 
= 17 and 7.6 Hz, CHCO:, (lactone)], 3.1 (m, 1 H, CHCOZMe), 3.75 
(s, 3 H, OMe), 4.96 (t, 1 H, J = 6.0 Hz, CHO), 5.45 (dd, 1 H, J = 16 
and 6 Hz, =CHCO), and 5.85 (dt, 1 H, J = 16 and 7 Hz, 
CH2CH=). 

Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found: C, 61.85; H, 
7.22. 

47b: ir (liquid film) 1810, 1740, and 1700 cm-'; NMRZ6 6 0.90 (t,  
3 H), 1.1-1.5 (m, 4 H), 2.15 (m, 2 H) ,  2.78 [dd, 1 H, J = 18 and 9.6 
Hz, CHCOz (lactone)], 3.12 [dd, 1 H, J = 18 and 5.6 Hz, CHCO:, 
(lactone)], 3.78 (s, 3 H, OMe), 3.9 (m, 1 H, CHCOZMe), 4.85 (dt, 1 
H, J = 6.8 and 1.2 Hz, CH=). 

Anal. Calcd for CllH1604: C, 62.25; H,  7.60. Found: C, 62.17; H, 
7.37. 

Silver Salt Double Lactonization of 48. A suspension of the 
silver salt, prepared from 48 (500 mg), in dimethyl sulfoxide (5 ml) 
was treated similarly with iodine (1.27 g) and silver acetate (835 
mg). Work-up of the neutral product gave 16b (205 mg, 41%). After 
the treatment of the acidic product with ethereal diazomethane, 
preparative silica gel TLC gave two oily esters, 46a (84 mg, 16%) 
and 49b (18 mg, 3%): ir (liquid film) 1805, 1740, and 1695 cm-I; 
NMRZ6 6 0.91 (t, 3 H) ,  1.2-1.5 (m, 4 H) ,  2.06 (m, 2 H, CH:,C=), 
2.84-2.92 [m, 2 H,  CH2C02 (lactone)], 3.75 (s, 3 H, OMe), 3.95 (m, 
1 H,  CHCOZMe), and 5.32 (dt, 1 H,  J = 7 and 1.7 Hz, CH=). 

Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found: C, 62.28; H, 
7.67. 

2-[ (Z)-l-Hexenyl]-3-methylenebutanedioic Acid (54). To a 
stirred solution of 12b (3.66 g) and 40% aqueous dimethylamine 
(1.69 g) in methanol (2.5 ml) there was added a solution of 37% 
aqueous formalin (2.5 g) in methanol (2.5 ml) a t  -20'. Carbon 
dioxide evolution was observed during the addition. The resulting 
mixture was stirred for 7 hr, while the temperature was allowed to 
rise gradually to room temperature. The reaction mixture was fi-  
nally refluxed for 1 hr. After removal of the solvent in vacuo, the 
residue was dissolved in water (5 ml). Ether was added to the solu- 
tion, which was then acidified with 6 N hydrochloric acid, with 
stirring in an ice bath. After the mixture had been saturated with 
sodium chloride, the product was extracted with ether. Removal of 
the solvent gave 54 (1.377 g, 43%) as a semisolid, which was recrys- 
tallized from ether-petroleum ether (1:4) to give a pure sample as 
colorless crystals: mp 105-106'; ir (KBr) 3500-2500, 1705, 1625, 
970, 945, and 770 cm-l; NMR 6 0.90 (t, 3 H) ,  1.1-1.5 (m, 4 H) ,  2.1 
(m, 2 H), 4.25 (br d,  1 H, J = 7.5 Hz, CHCOzH), 5.4-6.0 (m, 2 H, 
CH=CH), 5.85 and 6.51 (s, 1 H each, =CH:,), and 11.60 (s, 2 H, 
C02H). 

Anal. Calcd for CllH1604: C, 62.25; H, 7.60. Found: C, 62.43; H, 
7.85. 
2-[(E)-l-Hexenyl]-3-methylenebutanedioic Acid (57). A so- 

lution of 37% aqueous formalin (1.25 g) in methanol (3 ml) was 
added to a stirred solution of 15b (2.78 g) and 40% aqueous di- 
methylamine (1.23 g) in methanol (3 ml) at -20'. The mixture was 
stirred for 7 hr; meanwhile the temperature was allowed to rise 
gradually to room temperature, and then the mixture was refluxed 
for 1 hr. Work-up as described above gave a colorless semisolid (ca. 
1.8 g), whose recrystallization from ether-petroleum ether (1:4) af- 
forded analytically pure 57 (1.04 g, 42%) as colorless needles: mp 
84-85'; ir (KBr) 3500-2500,1965,1625, and 980 cm-l; NMR 6 0.90 
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(t, 3 H), 1.1-1.5 (m, 4 H), 2.05 (m, 2 H),  4.05 (br d, 1 H,  J = 7 Hz, 
CHCOzH), 5.3-5.9 (m, 2 H,  CH=CH), 5.83 and 6.47 (s, 1 H each, 
CH2=), and 10.5 (s, 2 H,  COzH). 

Anal. Calcd for CllH1604: C, 62.25; H,  7.60. Found: C, 62.03; H, 
7.80. 

Silver Salt Double Lactonization of 54. Iodine (2.28 g) was 
added to a stirred suspension of the silver salt, prepared from 54 
(950 mg), in dimethyl sulfoxide (10 ml) a t  room temperature, and 
then silver acei,ate (1.50 g) was added after 10 min. The mixture 
was stirred a t  70' for an additional 15 hr. After most of the solvent 
was removed, the residue was diluted with methylene chloride (10 
ml) and filtered. The filtrate was successively washed with water, 
aqueous sodium thiosulfate, and water. The acidic product was ex- 
tracted with aqueous sodium bicarbonate solution. Removal of the 
solvent from the organic layer left a semisolid, which was purified 
by preparative silica gel TLC using methylene chloride as solvent, 
giving I b  (125 mg, 14%) as colorless needles. 

Ether was added to  the above sodium bicarbonate extracts, and 
the mixture was carefully acidified with 6 N hydrochloric acid with 
stirring in an ice bath. The organic layer was separated, and the 
aqueous layer was extracted with ether. The combined organic 
layers were evaporated in vacuo a t  0' to give an oil (470 mg), which 
was immediately treated with excess diazomethane. Removal of 
the solvent in vacuo a t  0' left an oil. The oil was purified by pre- 
parative silica gel TLC using petroleum ether-ether (2:l) as sol- 
vent, giving 56 (100 mg, 8%) as an unstable oil: ir (liquid film) 
1785, 1730, and 1550 cm-'; NMR 6 0.90 (t, 3 Hj, 1.1-1.6 (m, 6 H), 
1.6-2.2 (m, 3 H,  CHzCH= and CHCOZMe), 3.65 (s, 3 H,  OMe), 
and 4.65-5.05 (m, 3 H, CHzN= and CH=j. 

No analytical sample was obtained owing to its instability. 
Silver Salt Double Lactonization of 57. Iodine (1.22 g) was 

added to a stirred suspension of the silver salt, prepared from 57 
(500 mg), in dimethyl sulfoxide (4 ml) a t  room temperature, and 
then silver acetate (802 mgj was added after 10 min. The mixture 
was stirred at  60' overnight. Work-up of the reaction mixture as 
described for the double lactonization of 54 gave la (114 mg, 21%). 

An acidic product obtained was treated with excess diazo- 
methane and purified by preparative silica gel TLC, giving 59 (79 
mg, 13%) as a colorless oil: ir (liquid film) 1785, 1725, and 1550 
cm-l; NMR S 0.93 (t, 3 H), 1.1-1.6 (m, 6 H), 1.6-2.4 (m, 3 H, 
CH&H= and CHCOZMe), 3.63 (s, 3 H, OMe), and 4.85-5.15 (m, 3 
H,  CH= and CHzN=). 

Anal. Calcd for C13H1804Nz: C, 58.63; H,  6.81; N, 10.52. Found: 
C, 58.75; H,  7.07; N, 10.36. 

Regis t ry  No.-la, 35093-30-2; Ib, 35093-28-8; 5, 54911-70-5; 
10, 54984-23-5; 11, 35093-25-5; 12a, 54911-71-6; 12b, 54911-72-7; 
13a epimer 1, 36283-63-3; 13a epimer 2, 36283-62-2; 13b, 51016- 
86-5; 13c, 35093-27-7; 15a, 54911-73-8; 15b, 54911-74-9; 16b, 
35093-29-9; 18, 54911-75-0; 19, 54911-76-1; 20, 54911-77-2; 21, 
54911-78-3; 22a, 3853-88-1; 23, 5826-27-7; 24 dimethyl ester, 
54432-94-9; 25, 54933-62-9; 26, 48059-97-8; 27, 54933-63-0; 28 di- 
methyl ester, 39590-03-9; 29,54911-79-4; 30 silver salt, 55000-29-8; 
31, 54911-80-7; 32, 54911-81-8; 32 monomethyl ester, 54911-82-9. 
33, 54911-83-0; 34, 29311-53-3; 35 methyl ester, 54911-84-1; 36, 
51326-51-3; 36 diether, 15057-13-3; 36 aldehyde analog, 54911-85- 
2; 37, 54911-86-3; 38, 54985-60-3; 39, 54911-87-4; 40, 19914-92-2; 
41,4720-83-6; 42a, 54911-88-5; 42b, 54911-89-6; 43,54911-90-9; 44, 
54911-91-0; 45, 54911-92-1; 46a, 54911-93-2; 46b, 54911-94-3; 47b, 
54911-95-4; 48, 54911-96-5; 49b, 54911-97-6; 54, 54911-98-7; 56, 
54911-99-8; 57, 54912-00-4; 1-hexyne, 693-02-7; tricarbomethoxy- 

ethylene, 51175-48-5; performic acid, 107-32-4; silver nitrate, 
7761-88-8; silver acetate, 563-63-3; dimethyl 4-octynedioate, 
23542-39-4; 1,4-butanediol, 110-63-4; dihydropyran, 25512-65-6; 
ethyl vinyl ether, 109-92-2; 1,5-diazabicyclo [5.4.0] undecene-5, 
6674-22-2. 
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