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Anions of itaconic acid derivatives [R02CFHC(=CH2)C02] are versatile intermediates for the synthesis of u-  
methylene lactones. The addition of these anionic species to aldehydes or ketones and subsequent lactonization 
and hydrolysis have been utilized for the synthesis of a variety of compounds including protolichesterinic acid, 
nephrosterinic acid, and canadensolide. 

a-Methylene lactones have recently a t t racted much syn- 
thetic effort] owing to the isolation of several cytotoxic and/or 
ant i tumor agents t ha t  possess this characteristic system.2 
Although several direct procedures have been developed for 
the  synthesis of a-methylene lactones, the  current  method-  
ology rests primarily upon techniques for the introduction and 
subsequent elimination of a heteroatom at tached to  the  (3 
carbon.' 

Structural  analysis of several naturally occurring 6-car-  
boxy-a-methylene lactones such as  protolichesterinic acid," 
nephrosterinic acid,4 and canaden~o l ide~  suggested tha t  these 
compounds could be obtained by the addition of an  itaconic 
acid derivative to an aldehyde6 (Scheme I). This  synthesis 
would offer the advantages of broad scope and  the  ready 
availability of s tar t ing  material^.^ 

Results and Discussion 
Stable enolate anions could not be generated from dimethyl 

itaconate (1, R1 = R2 = CH:J even a t  reduced temperatures  
(-78 oC).H The  polymeric products t ha t  resulted from such 
at tempts  appeared to be derived from a Claisen condensation 
of the desired anion with the carboxymethyl not  directly in- 
volved in the resonance stabilized system. Therefore, in order 
to avoid nucleophilic addition to the affected carbonyl carbon 
a carboxylate anion was used as a convenient protecting group 
(1, Rz = Li).!j 

0 

Attempts  to generate the  trianion of itaconic acid (1, R1 = 
Rl  = Li) and  to  add  i t  t o  carbonyl compounds were only 
moderately successful. Thus ,  t reatment  of itaconic acid with 
3 equiv of l i thium diisopropylamide1° (LDA) a t  -78 OC in 
tetrahydrofuran ( T H F )  followed by the addition of 1 equiv 
of aldehyde or ketone gave, upon acidification, low yields 
(-30%) of the desired a-methylene lactone 2 (RI  = H).ll  The  
use of higher reaction temperatures and/or hexamethyl- 
phosphoramide (HMPA)  decreased the yield of 2. 

In contrast, the  dianions derived from monoesters of i ta-  
conic acid 1 (RI = CH3, ArCH2; R2 = Li) were generated and  
observed to be viable nucleophiles in addition reactions to  
both aldehydes and ketones (Table I). For example, treatment 
of methyl itaconate (prepared by the addition of methanol to 
itaconic anhydride7J2) with 2 equiv of LDA'O gave the dianion 
which upon addition to cyclohexanone and  acid-catalyzed 
cyclization provided a 71% yield of the desired a-methylene 
lactone 2 [RI  = CH:,; R.3R4 = (-CH2-)6]. However, the  use of 
methyl itaconate in the  synthesis of protolichesterinic acid 
and its carboxy analogues 3 was precluded by the inability to 
hydrolyze the methyl ester without isomerization to the bu- 
tenolide (Scheme 11). 

The problem of selective hydrolysis vs. isomerization in this 
overall scheme was overcome by utilizing the dianion of p -  
methoxybenzyl itaconate (1, R1 = ArCH2; R2 = Li).]3 Hy-  
drolysis of the ester without concurrent isomerization was 
then effected with trifluoroacetic acid. T h e  overall sequence 
of addition, cyclization, and hydrolysis successfully generated 
a number of a-methylenebutyrolactones 3, including protol- 
ichesterinic and  nephrosterinic acids (Table  I). 

Scheme I 
0 CH, 
II II 

RIOC- CH -CCOOR, 
1 

R, = CH,; R, = CH, 
R, = Li; R, = Li / 

X 
I 

X = OH 
X = ('I 

R, = CH,$; R, = Li 
R, = CH,C,>H.,OCH, E CH2Ar;R2= Li 

3 2 7 
RT = fCH,),,CH,; R, = H R, = H R , = f C H I ) , C H , ;  R,,=H 

(protolichesterinic acid) R, = CH, (canadensol ide) 

(nephmterinic acid) ( epz-canademolide) 
R, = fCH,),&H ,; R, = H R , =  CH2Ar R,=H;R,,=(CHJICH, 

5 6 
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Table 1.0 Compounds Prepared from Monoesters of Itaconic Acid 
H 

2 and 3 
Compd % 

-___-_.____ __ - _____ 

(registry no.)  Rl R4 R, yield M p , " C  NMR, 6 

(60427-56-7)  

- -- 
2a p-CH,OC,H,CH, CH, CH, 780 54.5- 1 .22  (3 H,s ) ,  1 .55  (3  H, s ) ,  3.72 (1 H, t ) ,  3.81 

5E1.5~ (3 H, s), 5.19 ( 2  H,  s), 5.85 (1 H ,  d , J  = 2.5 
Hz), 6.48 (1 H, d ,  J = 2.5 Hz), 6 .95 ( 2  H, 
m), 7 .32 ( 2  H,  m)' 

3a H CH, CH3 69a 150- 1 .37 (3  H,s ) ,  1 .55 ( 3  H , s ) ,  3.85 (1 H, t ) ,  5.90 
(1 h,  d , J =  2.2 Hz), 6.05 (1 H,  broad), 6 .30 
(1 H, d ,  J = 2.8 Hz)d 

a b  p-CH,OC,H,CH, -CH,CH,CH,CH,- 730 e 1.7 (8 H, m), 3.78 ( 3  H , s ) ,  3.90 (1 H, t ) ,  5 .12  
( 2  H, s) ,  5.75 (1 H,  d ,  J = 2.2 Hz), 6.32 (1 
H, d , J =  2.8 Hz), 6.9 ( 2  H , m ) ,  7 .3  ( 2  H, m)C 

3b  H -CH,CH,CH,CH,- 540 107-  1.9 (8 H, m) ,  3.92 (1 H, t ) ,  5.90 (1 H, d,  J = 
2.2 Hz), 6.47 (1 H,  d , J =  2.5 Hz), 8 .5  (1 H, 
s)c 

2c p-CH,OC,H,CH, CH,CH, CH,CH, 3Oa e 0.9 (6 H, m), 1 .7  ( 4  H,  m) ,  3 .8  (2  H, s) ,  3.8 
(60427-60-3 ) ( l H , r n ) , 5 . 1 5 ( 2 H , s ) , 5 . 8 ( 1 H , d , J = 2 . 5  

Hz), 6.4 (1 H, d , J  = 2.5 Hz), 6.9 ( 2  H, m ) ,  
7.28 ( 2  H, m)" 

3 C  H CH,CH, CH,CH, 17a 74-756 1.0 ( 6  H, m),  1.85 ( 4  H, m ) ,  3 .9  (1 H, t ) ,  5.95 
(1 H, d , J =  2.5 Hz), 6.52 (1 H, d , J =  2.5 
Hz),  8.5 (1 H, s ) C  

2d p-CH,OC,H,CH, H CH,(CH,),, 25f 53.5- 0 .91 ( 3  H, t ) ,  1.28 (24  H , m ) ,  3.65 (1 H, m) ,  
3.90 ( 3  H, s), 4.83 (1 H, m ) ,  5 .28 ( 2  H, s ) ,  
5.98 (1 H , d , J =  2.1 Hz), 6.50 (1 H, d , J =  
2.5 Hz), 7.1 ( 2  H, m) ,  7 .4  ( 2  H ,  m)c 

2e p-CH,OC,H,CH, CH,(CH,), , H 16.f 38- 0.89 ( 3  H, t ) ,  1 .25  (24  H, m), 3.9 ( 3  H , s ) ,  
4.08 (1 H, d ,  t , J =  8 and 1 Hz), 4.7 (1 H, 
m), 5.25 ( 2  H, s) ,  5.9 (1 H, d ,  J = 2 Hz), 
6.5 (1 H, d ,  J = 2 Hz),  7.08 (2  H,  m), 7.4 

(1 H, m),  6.1 (1 H, d , J =  2.1 Hz), 6.55 (1 
H, d ,  J = 2.8 Hz), 8.3 (1 H, s ) C  

3e H CH,(CH,)i, H 134 87- 0.9 ( 3  H, t ) ,  1 .25 (24 H, m ) ,  4 .08 (1 H, d ,  t ,  
J =  7.6and 2 H z ) , 4 . 7  (1 H, m),  6.0 (1 H, 
d , J =  2 Hz), 6.55 (1 H , d , J =  2 Hz), 9.75 
(1  H, slc 

2f p-CH,OC,H,CH, H CH,(CH,),, 13.f 46.8- 0.88 ( 3  H, t ) ,  1.25  (20  H , m ) ,  3 .58  (1 H , m ) ,  
3.8 ( 3  H , s ) , 4 . 7 5  (1 € I ,  m),  5 .13 ( 2  H,s ) ,  
6 .83 (1 H, d, J = 2.3 Hz), 6.37 (1 H, d ,  J = 
3 Hz), 6.9 (2  H,  m),  7 .3  ( 2  H, m)C 

3.95 (1 H, d ,  t ,  J = 7.6 and 2 Hz),  4 .55 (1 
H, m), 5.12 ( 2  H,  s), 5.78 (1 H, d ,  J = 2.1 
Hz), 6.38 (1 H, d , J =  2.5 Hz) ,  6.9 ( 2  H, m) ,  
7.2 (2  H,  m)C 

3f H H CH,(CH,),, l l b  83.5- 0 .88 (3 H, t ) ,  1 .28  ( 2 0  H, m),  3.65 (1 H, m ) ,  
84.5h 4.8 (1 H, m),  6.0 (1 H, d , J =  2.7 Hz), 6.49 

(1 H, d,  J = 2.8 Hz),  9.5 (1 H, s)C 

H CH3(CH2)10 5R 81.5- 0.9 (3  H,  t ) ,  1 .28  ( 2 0  H,  m ) , 4 . 0 5  (1 H, d,  t, 
82.56 J = 8 and 2.1 Hz), 4.65 (1 H, m),  5.92 (1 

H, d ,  J = 1.9 Hz), 6.5 (1 H, d,  J = 2.1 Hz), 
9.3 (1 H, s ) C  

1.6 (10 H, m), 3.62 (1 H, t ,  J = 2.1 Hz), 3.88 
(3  H, s), 5.86 (1 H, d ,  J = 2.8 Hz), 6.58 (1 
H, d,  J = 2.5 Hz)c 

UInitial yield based o n  itaconic acid ester; >90% pure by NMR and/or  HPLC. bA satisfactory elemental analysis ( *  0.3%) 
was obtained for this compound. C Solvent: CDCI,. d Solvent: acetone-d,. e This compound gave satisfactory mass spectral 
analysis. fYield of single diastereomer, based on  itaconic ester, after separation and purification by HPLC. RYield based on 
itaconic acid ester; includes separation of intermediate ester diastereomers by HPLC and subsequent hydrolysis. 
mp of (t )-protolichesterinic acid is 92-93.5 "C.  I ( ?  )-Alloprotolichesterinic acid. 3 8 9 1 6  i"(i )-trans-Nephrosterinic a ~ i d " . ~ ? ' ~  
k"( t )-cis-Nephrosterinic a ~ i d " . ~ , ~ ~  

(60427-57-8)  151.86 

(60427-58-9) 

(60427-59-0) 109b 

(60427-61 -4)  

(60427-62-5)  54.5b 

( 604 2 7 -6 3-6) 39.5h 

( 2  H,  m)c 
3d H H CH,(CH,),, 2Og 91- 0.9 (3  H,  t ) ,  1.3 (24  H,  m ) ,  3.7 (1 H, m) ,4 .85  

(51260-32-3)  926 

(60478-54-8)  8 8 h  

(604 27-64-7) 4 76 

P-CH,OC,H,CH, CH,(CH,),o H 13.f 34-35h 0.89 (3  H, t ) ,  1 .23 (20  H,  m ) ,  3.8 (3  H, s ) ,  2g 
( 604 27 -6 5-8)  

(604 27-66-9) 

3g 
(60427-10-0)  

-CH,CH,CH,CH,CH,- 7 l a  63-6.56 2h CH, 
(60427-67-0 ) 

Lit. 

"),.=,, 
1 A d  

T h e  synthesis of canadensolide a n d  related bislactones 7 
(Table 111) could be visualized as emanating from the pre- 
viously developed synthetic sequence by t h e  use of aldehydes 
4 possessing a n  a-hydroxyl equivalent (Scheme I). 

Symmetrically substi tuted a-chloro aldehydes were found 

C F : , W H  - 3  2 K, mild 

R, = ArCH, R, = m H , -  c6H, 

RL = Li 
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Table 11. Physical Properties of Compounds Prepared from Symmetrical a-Chloro Aldehydes and Methyl Itaconate 

RS O N 0  RB 

7 

Compd 
(registry no . )  R,  R6 MP, " C  NMR, 6 (CDCL,) 

1 . 7  ( m ,  10  H),  4 . 2  ( d ,  t ,  1 H,  J =  7 ,  2 Hz), 5.0 ( d ,  1 H , J  = 7 
(60451 -45-8)  

1.7 ( m ,  12H) ,  4 .25  ( d ,  t ,  1 H,  J = 7 ,  2 Hz), 5 . 0  (d .  1 H, J = 7 
(60427-68-1 ) 

1.0 ( t ,  3 H), 1 . 6  (m,  8 H),  4.15 (d ,  t ,  1 H , J  = 7 ,  2 Hz), 5 (d ,  1 
(60427-69-2)  H , J = ~ H Z ) , ~ . ~ ~ ( ~ , ~ H , J = Z H Z ) , ~ . ~ ~ ( ~ , ~ H , J = ~ H Z )  

l a  

7b 

7c 

-CH,CH,CH,CH,CH,- 174-1750 

-CH,CH,CH,CH,CH,CH,- 148-1510 

CH,CH,CH, CH,CH,CH, 80.5-820 

Hz),  6 . 4  ( d ,  1 H, J = 2 Hz), 6.7 (d ,  1 H,  J = 2 Hz) 

Hz), 6.3'(d, 1 H, J = 2 Hz),  6.65 (d ,  1 H, J = 2 Hz)  

a A  satisfactory elemental analysis (t 0.3%) was obtained for this compound.  

+ o A o  

+ Ho2c+fCH:i 
+ o A o  

t o  provide an  en t ry  into t h e  desired bislactone system by t h e  
addition of methyl itaconate dianion, the formation of t h e  cis 
chloro lactone 5 (contaminated with 0-2096 of the trans lactone 
6) by treatment with acid, and  the generation of the bislactone 
by the  silver ion promoted solvolysis of t he  tert iary halide 
(Scheme 111, Table  11). 

However, t h e  synthesis of canadensolide itself from a- 
chlorovaleraldehyde could not be accomplished utilizing this 
procedure since t h e  requisite cis chloro lactone 5 was not  
formed during t h e  initial addition step.  

T h e  successful synthesis of canadensolide involved t h e  
addition of t he  itaconic acid trianion (1, R1 = Rz = Li)I4 t o  
a-hydroxyvaleraldehyde protected as the  ethoxyethyl e ther  

Moreover, t he  ease of isolation of t h e  canadensolide isomers 
by the extraction of the uncyclized acidic products 6 (R1 = H) 
from t h e  itaconic acid tr ianion addition provided significant 
consolation for t h e  relatively low yields. Separation of t he  
isomers by liquid chromatography (HPLC) gave pure samples 
of canadensolide and  epi-canadensolide. 

?CH,CH:, 

14, R.5 = CH:j(CHz):j; Re = H;  X = OCH(OCH&H:%)CH3]. 

I 
OCHCH,, 

I 
CH,(CH,),-~K-C =N CH,,(CH,),,-~H- CHO 

8 4 

Experimental Section 
General. Melting points (uncorrected) were obtained on a 

Thomas-Hoover capillary apparatus. Infrared spectra were recorded 

Scheme I11 

Q 
I A 

0' R,R,CCHO 
4 Ut 1 - - R,. 

R, = CH,; & = Li 
Ri c1.- 

"Ag+ 
5 

CH,OH -fl0/ " 

Ri &, 
7 

on a Beckman IR-33. NMR spectra were obtained with a Varian 
EM-360 instrument using Me4Si as an internal standard. Preparative 
liquid chromatography (HPLC) was carried out on Waters Associates 
equipment using two 610 X 9.5 mm columns packed with Porasil A. 
In most cases ether-hexane mixtures were used at  a flow rate of 9.9 
ml/min. 

The THF (Aldrich Gold Label, <0.003% H20) was maintained 
under N2 in septum-capped bottles and removed via syringe. The 
n-butyllithium and the diisobutylaluminum hydride (DIBAH) in 
hexane were obtained from Alfa Products. The diisopropylamine was 
distilled from CaH2 and stored under Nz. The itaconic acid was ob- 
tained from Aldrich. The methyl itaconate was prepared by literature 
methods." 

All reactions involving organometallic reagents were carried out 
under N2 in septum-capped flasks with introduction of reagents via 
syringe. 

Elemental analyses were performed by Robertson Laboratories, 
Florham Park, N.J. Mass spectra were run on a Varian CH5 by Mr. 
Douglas Kuehl, National Water Quality Laboratory, Duluth, 
Minn. 

General Procedure for the Preparation and Addition Reac- 
tions of Dianions of Monoesters of Itaconic Acid. The preparation 
of protolichesterinic acid (3d) using p-methoxybenzyl itaconate 
provides a typical example of the experimental procedure for the 
compounds listed in Table I. LDA'" was prepared from n-butyllith- 
ium (4.2 ml of a 2.4 M solution in hexane, 0.010 mol) and diisopro- 
pylamine (1.4 ml, 0.010 mol) in 25 ml of THF contained in a sep- 
tum-capped flask with nitrogen atmosphere at  -10 "C .  After stirring 
for 15 min the solution was cooled to -78 "C and p-methoxybenzyl 
itaconate'" (1.25 g, 0.0050 mol) dissolved in 3 ml of THF was added. 
After 1.5 h tetradecylaldehyde (1.06 g, 0.0050 mol) in 3 ml of THF was 
added and the resulting mixture stirred for 7 h at  -78 "C before 
quenching at  this temperature with 25 ml of cold 6 M H2s0.1. Imme- 
diate extraction with ether followed by overnight treatment with 
MgS04 afforded 2.05 g of a 3:l mixture (by NMR) of the desired di- 
astereomeric lactones (2) and p-methoxybenzyl itaconate. After re- 
moval of the starting material with a saturated NaHCO.1 wash, 1.4 g 
(64%) of an approximately 1:l mixture of the two diastereomers re- 
mained. Separation of 1.0 g of this mixture by HPLCI5 gave 0.39 g 
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Table 111. Preparation of Bislactones 7 .  Yield Data 
CH, 0 

OH 

R,R,jC=O - R,R,CCHCI, - RSRbCCHO 
9 

1. MeOOCCHCCOOLi - II c H ' o , ! $ ~ o  AgNO,, so 
Li+ 

- 0  
1. LICHCI, I I .  n.HuLi I 
2. H+ 2.  A, pyr I ,  dioxane 

reflux 
4 2. H+ 

RS /"; H Rb R6 

R, 7 
5 

Overall 
7 yield, % -____ R, R6 9e  4e 5e 

a -CH,CH,CH,CH,CH,- 56% (52183-64-9) 70% (53627-10-4)  65%C (60427-72-7) 31% 8 
b p  55-56 " C  b p  56-60 'Ch 
(0.2 mm) (5.5 m m )  

(0 .3  mm) (1 .4  m m )  

(1 .3  m m )  (1.8 m m )  

b -CH,CH,CH,CH,CH,CH,- 74% (52183-65-0) 76% (60464-11-1) 29% (60427-73-8) 65% 11 
b p  7 5  " C  b p  55-57 " C  

c CH,CH,CH, CH,CH,CH, 49% (60427-70-5) 64%d (60427-71-6) 69%C (60427-74-9) 48% 10 
b p  65-68 " C  b p  38-42 " C  

UYields represent material of 95% purity (by NMR) unless stated otherwise. bLit. b p  47-50 " C  (6  mm):  G .  Stork e t  al., 
J .  A m .  Chem. SOC., 82, 4 3 1 5  (1960) .  c60-75% Pure. d90% pure.  eRegistry no .  in parentheses. 

(25% overall) of the p-methoxybenzyl ester of protolichesterinic acidL6 
(2dj and 0.26 g (16% overall) of the p-methoxybenzyl ester of al- 
loprotolichesterinic acidIfi (2e). 

The p-methoxybenzyl ester of protolichesterinic acid (2d) (0.159 
g, 0.357 mmol) and trifluoroacetic acid" (0.05 mi, 0.714 mmol) in 2 
ml of benzene were stirred for 7 h a t  25 "C. The reaction mixture was 
then extracted with a saturated NaHCOs solution. The combined 
aqueous extracts were washed with ether, acidified to -pH 1 with 6 
M H2SO.4, and extracted with ether to give 0.093 g (80%) of (&)-pro- 
tolichesterinic acid (3d).," 

General Procedure for the Preparation of the  Bislactones (7, 
Rs = Re = Alkyl). The general procedure for the preparation of the 
bislactones shown in Table I1 is illustrated below for the case of the 
lactone 7b [R:,, Re = (CH&]. In all cases, the intermediates in the 
reaction sequence were not isolated in an analytically pure form, but 
rather, they were used in the subsequent step with little or no puri- 
fication (see Table 111). 

Modified literature methods were used to prepare the a-chloro 
aldehyde.Ix Dichloromethane (11.6 ml, 0.18 mol) was dissolved in 300 
ml of dry THF at -78 "C under NP. n-Butyllithium (62.5 ml, 0.15 mol 
of a 2.4 M solution in hexane) was added dropwise from an addition 
funnel over a 1-h period. After the resulting solution had stirred for 
40 min at  -78 "C, cycloheptanone (16.3 ml, 0.138 mol) was added over 
a 5-min period. The reaction mixture was stirred for 2 h at -78 "C and 
then was allowed to gradually warm to -35 "C before it was poured 
into a cold solution of 15 ml of sulfuric acid in 600 ml of water. The 
resulting mixture was immediately extracted with 1 I. of ether in three 
portions. The combined ether extracts were dried over MgS04 and 
evaporated to yield 33 g of oil. Distillation afforded 9b [20 g, 74%, bp 
75-79 "C (0.3 mm); NMR (CDCI:j) 6 1.4-2.2 (broad multiplet, 12 H), 
2.3 (s, 1 H),  5.7 (s, 1 H)]. A portion of the alcohol (9b) (14.5 g, 0.0738 
mol) was dissolved in 180 ml of T H F  at  -78 "C under N2 and n-bu- 
tyllithium (29.5 ml, 0.0738 mol of a 2.5 M solution in hexane) was 
added dropwise. After stirring for 20 min a t  -78 "C, 0.06 ml (0.74 
mmol) of pyridine was added and the solution was gradually warmed 
to reflux and maintained a t  reflux for 18 h. The mixture was cooled, 
filtered, diluted with 200 ml of water, and extracted three times with 
250-ml portions of  ether. The combined ether extracts were dried over 
MgS04 and evaporated to give 12.6 g of crude u-chloro aldehyde which 
was distilled to provide a colorless liquid 4b [bp 55-57 "C (1.4 mm), 
9.03 g, 76% based on alcohol or 56lY0 based on cycloheptane]. 

The addition of methyl itaconate to the cy-chloro aldehyde 4b was 
carried out as described below. Diisopropylamine (4.61 ml, 0.0329 mol) 
was dissolved in 125 ml of dry T H F  under N2 a t  -10 "C and n-bu- 
tyllithium (13.2 ml, 0.0329 mol of a 2.5 M solution in hexane) was 
added dropwise. After stirring for 15 min at  -10 "C, the solution was 
cooled to -78 "C in a dry ice-acetone bath and 2.37 g (0.016 mol) of 
methyl itaconate'? dissolved in 6 ml of T H F  was added slowly. After 
stirring for 2 h a t  -78 "C, 2.6 g (0.016 mol) of the 0-chloro aldehyde 
4b in 2 ml of T H F  was added. After stirring for an additional 4.5 h a t  
-78 "C, the reaction mixture was quenched a t  this temperature with 
100 ml of 6 M H2SO4. The dry ice-acetone bath was removed, and 
after stirring for 5 min the mixture was extracted with 650 ml of ether 

in three portions. The combined ether extracts were dried overnight 
with MgS04. Evaporation of the solvent gave 5.5 g of an oil which 
contained the addition product, the starting aldehyde, and methyl 
itaconate (by NMR). This mixture was dissolved in ether and washed 
with saturated NaHCO:3 solution. After drying over M g S 0 4 ,  the or- 
ganic layer was slowly evaporated to yield a solid which was purified 
by hexane trituration. The yield of solid amounted to 1.36 g (29%) and 
gave an NMR spectrum consistent with structure 5b: NMR (CDC1:J 
6 1.65 (m, 8 H), 2.25 (m, 4 H), 3.85 (s, 3 H), 4.25 (d, t, J = 8, 2 Hz, 1 H), 
4.8 (d, J = 7 Hz, 1 H) ,  5.95 (d, J = 2 Hz, 1 H), 6.6 (d, J = 2 Hz, I 
HI. 

Closure to the bislactone 7b was effected with silver nitrate. Silver 
nitrate (0.8 g, 0.0047 mol) was dissolved in 12 ml of water and 20 ml 
of dioxane and heated to reflux. The product 5b (0.67 g, 0.00235 mol) 
dissolved in 5 ml of dioxane was then added and the resulting mixture 
was maintained a t  reflux for 15 min. After cooling, the mixture was 
filtered and concentrated on a rotary evaporator. The residue was 
diluted with water and extracted three times with methylene chloride. 
The combined organic extracts were washed twice with brine and 
dried over MgSOd. Evaporation gave 0.49 g (88%) of white solid of mp 
142-146 "C (>85% pure by NMR). Recrystallization from THF gave 
analytically pure 7b (0.362 g, 65%, mp 148-151 "C). 

Preparation of Canadensolide. To the ethyl vinyl ether adduct'$ 
of valeraldehyde cyanohydrin20,21 (8) (18.3 g, 0.099 ml), dissolved in 
100 ml of hexane a t  -78 "C under nitrogen, was added 108 ml(O.105 
mol) of a 0.97 M solution of DIBAH in hexane over a period of 40 min. 
After stirring for an additional 30 min, the reaction mixture was 
poured into 690 ml (6.9 mol) of 10 M acetic acid cooled to 0 "C. The 
resulting mixture, after stirring for 30 min at  0 "C, was extracted three 
times with hexane (1250 ml total). The combined extracts were diluted 
with 200 ml of a saturated sodium bicarbonate solution and solid so- 
dium bicarbonate was added to the resulting mixture until carbon 
dioxide ceased to be liberated. The organic layer was separated, 
washed one time with 200 ml of saturated sodium bicarbonate solu- 
tion, and dried over MgSO.1. The crude yield of product, which 
amounted to 12.2 g (66%), was shown by NMR to be 7543% pure. 
Distillation afforded analytically pure aldehyde 4 [Rs = CH:{(CH>):j; 
R6 = H; X = OCH(OCH2CH:JCH:j;22,2:3 8.7 g, 47% yield, bp 46 "C (0.8 
mm); NMR (CDCI:j) 6 0.8-2.0 (m, 15 H), 3.4-4.2 (m, 3 HI, 4.8 (m, 1 H), 
9.75 ( m ,  1 H); ir (neat) 1750 cm-' (C=o)]. 

LDAI" in 140 ml of T H F  was prepared from 6.06 ml (0.0432 mol) 
of diisopropylamine and 17.3 ml (0.0432 mol) of a 2.5 M n-butyllith- 
ium solution in hexane at  -10 "C under nitrogen. After 15 min the 
pale-yellow solution was cooled to -78 "C and 1.87 g (0.0144 mol) of 
itaconic acid in 9 ml of T H F  was added. After 4 h a t  -78 "C, the 2- 
(I-ethoxy)ethoxyvaleraldehyde (4 )  was added to the finely divided 
suspension. After an additional 4 h a t  -78 "C, the reaction mixture 
was quenched at this temperature with 87 ml of 6 M H2S04. The dry 
ice-acetone bath was then removed and the reaction mixture stirred 
vigorously for 25 min before extraction with 400 ml of ether in three 
portions. The ether extracts were combined and dried overright with 
MgS04.24 Evaporation yielded 3.5 g of a complex mixture which in- 
cluded itaconic acid, canadensolide (and its epimer), and unidentified 
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products. In order t o  remove itaconic acid and uncyclizable trans 
products 6 (R1 = H), the mixture was dissolved in ether and washed 
three times w i t h  a saturated solut ion o f  sodium bicarbonate. A f tg r  
dry ing over MgS04, the ether was evaporated t o  y ie ld  1.01 g of a 
mix ture containing canadensolide. Th is  mix tu re  was separated by 
HPLC using 9:l ether-hexane and columns deactivated as previously 
d e ~ c r i b e d . ' ~  T h e  f i rs t  peak, which appeared after 5 min, amounted 
t o  0.48 g o f  material which presumably was largely derived f r o m  the  
unreacted aldehyde (based o n  N M R ) .  T h e  second peak, which ap- 
peared after 6.9 min, amounted t o  0.225 g (7.4% based o n  start ing 
aldehyde) o f  slightly impure (5)-epi-canadensolide. The third peak, 
which appeared after 12.5 min, amounted t o  0.134 g (4.4% based on 
start ing aldehyde) of  impure (f)-canadensolide. 

The material derived f rom the second peak was recrystallized once 
f rom ether-hexane t o  yield (f)-epi-canadensolide [0.179 g, 5.9%, mp 
47-48 "C (lit.5b mp 47.5-48.5 "C); NMR (CDC13) 6 0.95 (t, J = 6 Hz, 
3 H), 1.2-1.9 (m, 6 H), 4.1 (dt, J = 7 and 2 Hz, 1 H), 4.75 (dt, J = 7 and 
lHz,lH),5.1(dt,J=8andlHz,lH),6.3(d,J=2Hz,lH),6.6(d, 
J = 2 Hz, 1 H)]. 

T h e  mater ia l  derived f rom the third peak was recrystallized once 
f rom ether t o  y ie ld  (f)-canadensolide [0.071 g, 2.3%, mp 96-96.5 "C 
(lit.5bmp92.5-93.50C);NMR60.92(t,J= 6Hz,3H),1.1-2.2(m,6 
H), 4.05 (dt, J ='7 and 2 Hz, 1 H), 4.7 (m, 1 H), 5.22 (m, 1 H), 6.2 (d, 
J = 2 Hz, 1 H), 6.51 (d, J = 2 Hz, 1 H)]. 
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