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Optically active 4,4-disubstituted butenolides were ,readily prepared by photolysis of chromium 
alkoxycarbene complexes with optically active ene carbamates, followed by Baeyer-Villiger 
oxidatiodoxazolidinone elimination. These butenolides underwent clean 1,3-dipolar cycloaddition 
reactions with cyclic nitrones exclusively from the more hindered face of the butenolide. Azomethine 
ylides were considerably less stereoselective. Conjugate addition reactions also occurred from the 
more hindered face, while cis hydroxylation occurred from the opposite face. 

Introduction 

Because of their high intrinsic chemical reactivity, 
optically active butenolides (y-~ubstitutedS(5H)-fura- 
nones) have been extensively developed as chiral tem- 
plates for the synthesis of a wide range of biologically 
active compounds. Two general classes of these com- 
pounds have been studied. Hanessianl synthesized (SI- 
5-(hydroxymethyl)furan-2(5H)-one from (S)-glutamic acid 
in five steps and an overall 42% yield2 and used this as 
a template for asymmetric conjugate additions, a-enolate 
chemistry, and cycloadditions and in the synthesis of 
polypropionates, 1,3-polyols, and other biologically ac- 
tive compounds.2 Feringa3 developed the chemistry of 
y-alkoxy8(5H)-furanones, synthesized in good yield and 
excellent optical purity4 by singlet oxygen oxidation of 
furfural followed by diastereoselective acetalization of the 
resulting 5-hydroxy-2(5H)-furanone with menthol. In 
this way, either enantiomer was available enantiomeri- 
cally pure, after recrystallization, by acetalizing with 
either d- or 1-menthol. Again, conjugate addition5 and 
cycloaddition reactions6 of these substrates were exten- 
sively studied. Other approaches to this general class 
of compounds are also known7 but are less broadly 
studied. 

Butenolides that contain both a 4-alkoxy,and a 4-alkyl 
substituent are less common but do occur in nature: 
often from marine algaeg or sponges.1° Racemic synthe- 
ses include singlet oxygen oxidation of substituted furans" 
and intramolecular acetalizations,12 while syntheses of 
optically active materials have been achieved by resolu- 

@Abstract published in Advance ACS Abstracts, June 1, 1995. 
(1) Hanessian, S. Aldrichimica Acta 1989, 22, 3 and references 

(2) Hanessian, S.; Murray, P. J. Tetrahedron 1987, 43, 5055. 
(3) For reviews, see: (a) Feringa, B. L.; de Lange, B.; Jansen, J .  F. 

G. A,; de Jong, J .  C.; Lubben, M.; Faber, W.; Schudde, E. P. Pure Appl. 
Chem. 1992,64,1865 and references therein. (b) Feringa, B. L.; deJong, 
C. Bull. SOC. Chim. Belg. 1992, 101, 627 and references therein. 
(4) Feringa, B. L.; de Lange, B. Tetrahedron 1988, 44, 7213. 
( 5 )  (a) van Oeveren, A.; Jansen, J. F. G. A.; Feringa, B. L. J .  Org. 

Chem. 1994, 59, 5999. (b) Pelter, A,; Ward, R. S.; Jones, D. M.; 
Maddocks, P. J. Chem. Soc., Perkin Trans. I1993, 2621. (e) Jansen, 
J .  F. G. A.; Feringa, B. L. Synth. Commun. 1992,22, 1367. 
(6) (a) Rispens, M. T.; Keller, E.; delange, B.; Zijlstra, R. W. J. ;  

Feringa, B. L. Tetrahedron: Asymmetry 1994, 5, 607 and references 
therein. (b) deJong, J. C.; van den Berg, K. J . ;  van Leusen, A. M.; 
Feringa, B. L. Tetrahedron Lett. 1991, 32, 7751. 
(7) (a) Tomioka, K.; Ishiguno, T.; Koga, K. J .  Chem. Soc., Chem. 

Commun. 1979,652. (b) Nagao, Y.; Dai, W-M.; Ochai, M.; Shiro, M. J .  
Org. Chem. 1989, 54, 5211. (c) Nokami, J.; Ono, T.; Kajitani, Y.; 
Wakabayashi, S. Chem. Lett. 1984, 707. (d) Takano, S.; Morimoto, M.; 
Ogasawana, K. Synthesis 1984, 834. (e) Rodriguez, C. M.; Martin, V. 
S. Tetrahedron Lett. 1991, 32, 2165. 

therein. 

0022-3263/95/1960-3787$09.00/0 

tion13 or by oxidation of carbohydrate-derived furan 
derivatives.14 Recently, an efficient synthesis of optically 
active 5-alkoxy-5-alkyl-2(5H)-furanones has been re- 
ported from these laboratories,15 and the procedure was 
used to synthesize (+I-tetrahydrocerulenin and two 
butenolides from the marine sponge Plakortis lita.16 
Herein we report asymmetric 1,3-dipolar cycloaddition 
reactions, conjugate addition reactions, and oxidations 
of this class of compounds. 

Results and Discussion 

The requisite optically active butenolides 4a-d were 
synthesized in the usual manner16 in fair yield and with 
high diastereoselectivity (eq 1). Their reactivity toward 
1,3-dipolar cycloaddition was first addressed. Nitrones 
and azomethine ylides were chosen as 1,3-dipolar species 
to allow direct comparisons with the corresponding 

Ph. 

l a  R = nBu, R' = Et 
l b  R = nBu, R' = Me 
IC R=Me,R '=Bn 
I d  R=Ph,R '=Me 

2 

mCPBA 1 
II 
0 

4a 99%; 4b 91% 

(48 R = H, R' =menthyl) 

3a 80%; 3b 66% 
4C 70?'0;4d 49% 3~ 93%;3d 55% 

monosubstituted 4-(menthyloxy)butenolides (e.g., 4e, R 
= H, R1 = menthyl) of Feringa.6a Cyclic nitrones 6, 6 
(eq 21, and 9 (eq 3) added cleanly, giving high yields of a 

(8) (a)  Gnabre, J. N.; Pinnas, J. L.; Martin, D. G.; Mizsak, S. A.; 
Kloosterman, D. A,; Baczynskyi, L.; Nielsen, J. W.; Bates, R. B.; 
Hoffmann, J. J.; Kane, V. V. Tetrahedron 1991,47,3545. (b) Gonzalez, 
M. S.; San Segundo, J. M.; Grande, M. C.; Medarde, M.; Bellido, I. S. 
Tetrahedron 1989, 45, 3575. (c) Itokawa, H.; Morita, H.; Osawa, K.; 
Watanabe, K.; Iitaka, Y. Chem. Pharm. Bull. 1987, 35, 2849. For a 
dated review see: Rao, Y. S. Chem. Rev. 1976, 76, 625. 

(9) Nomura, Y.; Kusumi, T.; Ishitsuka, M.; Kakisawa, H. Chem. Lett. 
1980,955. 
(10) De Guzman, F. S.; Schmitz, F. J. J. Nat. Prod. 1990,53, 926. 
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single diastereoisomer of the cycloaddition product. The 
regioselectivity was as with the nitrone 
oxygen adding to the P-carbon of the butenolide. Clean 
exo addition was evidenced by the lack of coupling (Jtra,, 
0) between the methine proton adjacent to the carbonyl 

group and that adjacent to nitrogen. The addition of the 
nitrone occurred from the face opposite the alkoxy group, 
and this was confirmed by determining the X-ray crystal 
structure of compound 7a. This corresponds to attack 
from the sterically more hindered face (R > OR1) of the 
butenolide and may reflect an electronic rather than a 
steric bias in these systems (see below). Nitrones derived 
from proline, diethylamine, and homopiperidine failed to 
undergo this cycloaddition reaction. The nitrone decom- 
posed and the butenolide was recovered unchanged. 
Hydrogenolysis of 7a produced P-hydroxy lactone 11 in 
excellent yield (eq 4). 

Reed and Hegedus 

4a (R = nBu, R' = Et) 5 n = 1 7a 89% 
6 n = 2  

4c ( R = M ~ , R ' = B ~ )  5 n = l  7c 80% 

9 

w 
10 07% 297% de 

In contrast, the monosubstituted butenolide 4e was 
reported6a to undergo 1,3-dipolar cycloaddition to a range 
of both cyclic and acyclic nitrones. Attack always oc- 
curred from the less sterically hindered face which, 
however, corresponds to the face opposite the alkoxy 
group, as  observed above. With nitrone 5, an 89: l l  
mixture of exolendo was observed in the monosubstituted 
system. 

Azomethine ylides underwent cycloaddition with 4a 
with considerably lower diastereoselectivity (eq 5) ,  and 
the use of an optically active azomethine ylide had little 

(11) For example: (a) Yamamoto, M.; Munakata, H.; Kishikawa, K.; 
Kokmoto, S.; Yamada, K. Bull. Chem. SOC. Jpn. 1992, 65, 2366. (bj 
Gollnik, K.; Griesbeck, A. Tetrahedron 1985,41, 2057. (c) Feringa, B. 
L.; Butselaar, R. J. Tetrahedron Lett. 1983, 24, 1193 and references 
therein. 

(12) For example: (a) Miyata, 0.; Schmidt, R. R. Tetrahedron Lett. 
1982, 23, 1793. (bj Levison, B. S.; Miller, D. B.; Salomon, R. G. 
Tetrahedron Lett. 1984,25, 4633. (c) Pearlman, B. A. J. Am. Chem. 
SOC. 1979, 101, 6404 and references therein. 

(13)Maeba, I.; Suzuki, M.; Hara, 0.; Takeuchi, T.; Iijima, T.; 
Furukawa, H. J. Org. Chem. 1987,52, 4521. 

(14) Lopez Aparicio, F. J.; Lopez Sastre, J. A.; Garcia, J. I.; Diaz, R. 
R. Carb. Res. 1984, 132, 19. 

(15) Hegedus, L. S.; Bates, R. W.; Soderberg, B. C. J. Am. Chem. 
Soc. 1991, 113, 923. 

(16) Miller, M.; Hegedus, L. S. J. Org. Chem. 1993, 58, 6779. 

13a 

10 

13b 

Figure 1. NOE effects in compounds 13a and 13b. 

effect on stereoselectivity (eq 6). The best results were 
obtained at  high temperature. The diastereoisomers 
were easily separated, and the stereochemistry was 
assigned on the basis of NOE measurements (Figure 1). 
In contrast to the nitrone cycloadditions, the major 
diastereoisomer resulted from attack of the face opposite 
the butyl group and from the same side as the alkoxy 
group. For comparison, monosubstituted butenolide 4e 

t 

conc, M 

0.27 
0.09 

T "C yield YO ratio a h  nBu 
150 67 4.0 ' t o 8 0 p - P h  

25 79 2.1 
0.14 25 07 2.0 0 
0.54 25 75 1.6 13b 
1 .1  25 01 1.7 
0.27 0 33 1.5 

15a 65% (Eq.6) 4a 

t 
EtOo,*Nl nBu Ph 

0 

O H  

15b a/b=3.2 

has been reported6* to undergo cycloaddition to the same 
azomethine ylide exclusively from the face opposite the 
alkoxy group to give a single diastereoisomer of the 
adduct. (This also corresponds to the sterically less 
hindered face for this system.) 

To determine if the dependence of product ratio on 
temperature €or the reaction in eq 5 was due to revers- 
ibility of the reaction, resulting in thermodynamic vs 
kinetic control, the minor diastereoisomer 13b was 
subjected to the reaction conditions for 15 h and recovered 
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Figure 2. NOE measurements for compound 16a. 

unchanged, indicating that the minor product could not 
convert to the major after formation. To check for 
reversibility, the minor diastereoisomer was heated a t  
reflux in toluene in the presence of N-phenylmaleimide 
and a catalytic amount of trifluoroacetic acid, in an 
attempt to trap any azomethine ylide resulting from 
retrocycloaddition. Only unchanged starting materials 
were recovered, indicating irreversibility. 

Nucleophilic Michael addition to 4-monosubstituted 
butenolides has been extensively studied with a very wide 
range of nucleophiles. In all cases, the nucleophile 
attacked from the face opposite the substituent in the 
4-position, whether it was an alkyl group12 or an alkoxy 
g r ~ u p . ~ - ~  This selectivity was attributed to steric hin- 
drance of one face of the butenolide ~t system by the 
4-substituent, directing the nucleophile to the other face. 
Remarkably, although 4-alkylbutenolides were generally 
reactive toward organocuprates,12 the 4-alkoxy systems 
failed to react with either cuprates or implying 
some electronic impediment to cuprate additions in these 
systems. 

In light of this, it was not surprising that cuprates 
failed to add to 4,4-disubstituted butenolide 4a, since both 
faces are shielded by a substituent and one of them is 
an  alkoxy group. Addition of trimethylsilyl iodide failed 
to promote efficient addition, in contrast to acyclic 
y-alkoxy-a,@-unsaturated esters.17 In contrast to cu- 
prates, thiolate anions added cleanly and in high yield, 
giving a single diastereoisomer, corresponding to addi- 
tions anti to the smaller alkoxy group and syn to the 
larger alkyl group (eqs 7 and 8). This unexpected 
stereoselectivity was confirmed by NOE measurements 
(Figure 2) and parallels that previously observed"j in the 

R'o*09 + PhCH2SLi 

R THF w R ~ O ~ $ S C H P ~  

(Eq. 7) 
-90°C + -20°C 

0 0 
4a 
4b 16a R = nBu, R' = OEt 75% 

16b R = nBu, R' = OMe 79% 

THF 0 0 

4a 17 95% 

nucleophilic (NaOC1) epoxidation of similar butenolides. 
Butenolide 4a  also underwent nucleophilic epoxidation 
from the more hindered face (eq 91, suggesting that an 
alkoxy group in the 4-position exerted electronic control 
over Michael addition reactions.l8 (The low yields of 
epoxidation of these butenolides observed here and 
previously16 reflect poor conversion (=50% recovery of 
starting butenolide) and the instability of these com- 

(17) Hannessian, S.; Sumi, K. Synthesis 1991, 1083 and references 
therein. 
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Scheme 1 

'to'i9 n0u KMn04 
EtO,;vo:H n0u 

0 0 
DCH-18-Crown4 

4a 19a 86% 
297% de 

ArS02CI 
Et3N 

J t 

218 Ar = pMePh 93% 
21 b Ar = p02NPh 79% \ 22 83% 

I 

24 68% 
(1 diast.) 23 75% 

pounds to both the basic conditions required for nucleo- 
philic epoxidation and chromatographic purification.) 
Finally, piperidine underwent clean conjugate addition 
to 4a.19 However all attempts to purify this adduct 
resulted in retro conjugate addition followed by attack 
of the amine at  the carbonyl group to give ring-opened 
material. 

n0u 
EtO,,, 

( 4  9) 0 
DMF I Et20 

0" 
Eto809 + NaOCl 

0 0 
4a 18 23% 

(48% vs. recovered 3a) 

Butenolide 4a  underwent clean cis-hydroxylation with 
potassium permanganate from the same face as the 
alkoxy group (Scheme 1) to give good yields of a single 
diastereoisomer of the desired diol 19a. With 4-alkyl- 
butenolides, cis-hydroxylation under these conditions 
occurred predominantly but not exclusively from the less 
hindered face, opposite the alkyl group.2o When sodium 
periodate and a catalytic amount of ruthenium chloride 
were used for the cis-hydroxylationZ1 of butenolide 4a, a 
93:7 mixture of 19a and its other cis diastereoisomer 19b 
was formed in 75% yield. The major diastereomer was 
still 19a. 

(18) Wipf and Kim recently provided experimental evidence for 
electrostatic control of nucleophilic additions to  4,4-disubstituted 
dienones. In all cases, attack anti to the oxygen substituents at  C-4, 
regardless of the steric factors, was observed; Wipf, P.; Kim, Y. J .  Am. 
Chem. SOC. 1994, 116, 11678. 

(19) Feringa has reported direct p-amination of 5-alkoxy-2(5H)- 
furanones followed by lactone cleavage to give a variety of useful 
compounds: de Lange, B.; van Bolhius, F.; Feringa, B. L. Tetrahedron 
1989,45, 6799. 

(20) Mukaiyama, T.; Tabusa, F.; Suzuki, K. Chem. Lett. 1983, 173. 
(21) Shing, T. K. M.; Tai, V. W.-F.; Tam, E. K. W. Angew. Chem., 

Int. Ed. Engl. 1994, 33, 2312. 
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ium(0) (lb),25 [(benzyloxy)(methyl)carbene]pentacarbonyl- 
chromium(0) ( l ~ ) , ~ ~  [(methoxy)(phenyl)carbene]pentacar- 
bonylchromium(0) (ld),27 (benzyloxy)(methyl)cyclobutanone,27 
(methoxy)(phenyl)cyclobutanone,27 (benzyloxy)(methyl) lactone 
3c,27 N-benzyl-N-(methoxymethyl)-N-(trimethylsilyl)meth- 
ylamine ( 12),28 3-vinyl-(S)-4-phenyl-2-oxazolidinone (2),16 (S)-  
methyl-N-benzyW-(methoxymethyl)-N-(trimethylsilyl)methy- 
lamine (14),29 and dimethylti tan~cene.~~ 
[(Ethoxy)(butyl)carbenelpentacarbonylchromium- 

(0 )  (la). A 1.3 M solution of n-butyllithium in hexanes (11.5 
mL, 15.0 mmol) was slowly added to a solution of chromium 
hexacarbonyl (3.00 g, 13.6 mmol) in 30 mL of ether. The 
reaction was stirred at  rt for 18 h. Methanol was slowly added 
to protonate any unreacted n-butyllithium. The solvents were 
removed, and water was added to the remaining dark residue. 
Triethyloxonium tetrafluoroborate was added until the pH was 
3. The water layer was extracted several times with hexanes 
until no orange color was seen in the organic layer. The 
organic layers were combined and dried over MgS04. The 
solvent was removed, and the crude carbene complex was 
purified by flash column chromatography using hexanes as 
the eluent to give 3.56 g of an orange oil (85%): 'H NMR 6 
0.88 (m, 3H), 1.24-1.52 (m, 4H), 1.60-1.65 (t, 3H, J = 7.1 
Hz), 3.25 (m, 2H), 5.04 (9, 2H, J = 7.1 Hz); 13C NMR 6 360.4, 
223.3, 216.5, 77.2, 62.8, 28.3, 22.3, 14.8, 13.7; IR (thin film) v 
2051, 1935 cm-l. 
Cycloaddition Reactions. The carbene complex and the 

(SI-ene carbamate 2 in CHzCl2 (degassed) in a Fisher Porter 
pressure tube were flushed with CO gas, and 90 psi of CO was 
left in the tube. The reaction was irradiated for 18 h. The 
CO pressure was slowly released, and the solvent was re- 
moved. The residue was placed in a sublimation apparatus 
and heated to 50 "C under reduced pressure (ca. 1 mmHg) to 
remove all chromium hexacarbonyl. The remaining material 
was purified by flash chromatography using the appropriate 
eluent. When the carbene complex Id was used, glass beads 
were placed in the pressure tube and the irradiation time was 
doubled. 
(Ethoxy)(butyl)cyclobutanone. The carbene complex la 

(1.09 g, 3.57 mmol) and the (SI-ene carbamate 2 (450 mg, 2.37 
mmol) were subjected to the reaction conditions above. Flash 
chromatography (15 ethyl acetate:hexanes) gave the (R,S,S) 
diastereomer as a white solid (625 mg, 83%): mp 78-81 "C; 
*H NMR 6 0.88 (t, 3H, J = 6.8 Hz), 1.02 (t, 3H, J = 6.9 Hz), 
1.21-1.32 (m, 3H), 1.43-1.49 (m, lH), 1.83 (m, 2H), 2.51 (dd, 
lH, J = 10.1, 18.0 Hz), 3.24-3.31 (m, 3H), 4.19 (dd, lH, J = 
5.2, 8.7 Hz), 4.31 (t, lH, J = 9.8 Hz), 4.66 (t, lH, J = 8.6 Hz), 
4.87 (dd, lH, J = 5.2, 8.5 Hz), 7.24-7.41 (m, 5H); 13C NMR 6 
206.3, 157.8, 138.7, 129.4, 129.3, 126.5, 98.5, 70.0, 61.8, 60.2, 
48.0, 42.2, 29.9, 25.3, 22.9, 15.2, 13.9; IR (thin film) Y 1790, 
1741 cm-'. Anal. Calcd for C19H2bN04: C, 68.86; H, 7.60; N, 
4.23. Found: C, 69.03; H, 7.73; N, 4.20. [a% = +67.1" (c = 
0.785 in ether). 
(Methoxy)(butyl)cyclobutanone. The carbene complex 

lb (700 mg, 2.4 mmol) and the (S)-ene carbamate 2 (349 mg, 
1.8 mmol) were subjected to the reaction conditions above. 
Flash chromatography (4: 1 hexanes:ethyl acetate) gave the 
(R,S,S) diastereomer in 67% yield (403 mg): mp 112-114 "C; 
'H NMR 6 0.89 (t, 3H, J = 8.0 Hz), 1.24-1.49 (m, 4H), 1.83 
(m, 2H), 2.52 (dd, lH, J = 10.1, 18.0 Hz), 3.15 (s, 3H), 3.23 
(dd, lH, J = 9.2, 17.9 Hz), 4.20 (dd, lH, J = 5.0, 8.7 Hz), 4.34 
(t, lH, J = 9.5 Hz), 4.67 (t, lH, J = 8.6 Hz), 4.88 (dd, lH, J = 
4.8, 9.0 Hz), 7.24-7.28 (m, 2H), 7.37-7.41 (m, 3H); 13C NMR 
6 205.7, 157.8, 138.7, 129.5,129.4,126.4,98.7, 70.1,61.6,52.4, 
47.3, 42.6, 29.5, 25.2, 23.0, 13.9. Anal. Calcd for C18H23N04: 
C, 68.12; H, 7.30; N, 4.41. Found: C, 68.27; H, 7.37; N, 4.27. 
[ a I z 5 ~  = +63.2" (c = 0.212 in CH2C12). 

4 

0' 

19a 19b 

20 

Figure 3. NOE measurements for diol lactones. 

To aid in the assignment of the stereochemistry of the 
cis-hydroxylation products 19, the phenyl analog 20 was 
prepared using the KMn04 procedure. These diol lac- 
tones were subjected to NOE studies, and the results are 
summarized in Figure 3. Although all NOE effects in 
these compounds were weak, they were consistently 
observed. The most important interactions in the diols 
resulting from oxidation from the same face as the alkoxy 
group, 19a and 20, are those between the syn-C-3 
methine and  the C-4 alkyl or aryl group. This, coupled 
with the lack of interaction of this same methine with 
the anti-C-4 alkoxy group, argues for the stereochemistry 
shown. In contrast, in the minor diastereoisomer 19b, 
the C-3 methine interacted with the C-4 alkoxy group 
but  also with the C-4 alkyl group. Taken together, these 
data  argue for the stereochemistry assigned. Crystals 
suitable for X-ray studies could not be obtained. 

Diol 17a was selectively sulfonated, and its acetonide 
was cleanly deoxygenated a to the carbonyl group by 
samarium(I1) iodidez2 and was methylenatedreduced to 
form compound 2423 (Scheme 11, both of importance for 
planned applications in nucleoside analog syntheses. 

In summary, 4,4-disubstituted butenolides undergo a 
variety of reactions with high but  unpredictable stereo- 
selectivity. The use of these functionalized lactones in 
the synthesis of nucleoside analogs is under current 
study. 

Experimental Section 
General Procedures. Melting points are uncorrected. 

The NMR spectra (300 MHz for 'H NMR and 75 MHz for 
NMR) are recorded in CDC13, and chemical shifts are given in 
6 relative to CDC13 (6 7.24 for 'H and 6 77.0 for I3C) unless 
otherwise indicated. Other general procedures are the same 
as those in previous literature. Trimethyloxonium tetrafluo- 
roborate, chromium hexacarbonyl, TBAF, and samarium(I1) 
iodide were used as received. Organolithium reagents were 
titrated according to the procedure described by Watson and 
E a ~ t h a m . ~ ~  

The following materials were prepared according to litera- 
ture methods: [(methoxy)(butyl)carbenelpentacarbonylchrom- 

(22) Molander, G.  A. Org. React. 1994, 76, 211. 
(23) DeShong P.; Rybczynski, P. J. J .  Org. Chem. 1991, 56, 3207. 
(24) Watson, S. C.; Eastham, J. F. J .  Organomet. Chem. 1967, 5, 

165. 

(25) Yamashita, A,, Upjohn. Eur. Patent Appl. EP 146,348. 
(26) Hafner, A.; Hegedus, L. S.; de Weck, G.;  Hawkins, B.; Dotz, K. 

(27) Hegedus, L. S.; Bates, R. W.; Soderberg, B. C. J.  Am. Chem. 

(28) Padwa, A,; Dent, W. J.  Org. Chem. 1987, 52, 235. 
(29) Fray, A,; Meyers, A. I. Private communication. 
(30) Claus, K.; Bestian, H. Justus Liebigs Ann. Chem. 1962,654, 8. 

H. J .  Am. Chem. SOC. 1988,110, 8413. 

SOC. 1991, 113, 923. 



Optically Active 4,4-Disubstituted Butenolides 

Lactones. m-CPBA was added in small portions to a CH,- 
C12 solution containing the cyclobutanone and Na2HP04. The 
mixture was stirred at rt for 18 h. A saturated aqueous 
solution of NazS203 was added, and the biphasic mixture was 
stirred vigorously for 1 h. The mixture was diluted with water 
and extracted with CH2C12. The organic layers were washed 
with aqueous saturated NaHC03 and dried over MgS04. The 
solvent was removed, and the lactone was purified by flash 
column chromatography using the appropriate eluent. 

Ethoxy Butyl Lactone 3a. The ethoxybutylcyclobutanone 
(815 mg, 2.46 mmol), Na2HP04 (873 mg, 6.15 mmol), and 
m-CPBA (972 mg, 4.43 mmol, 80% mixture) were combined 
as described above. Purification of the lactone by flash 
chromatography (1:2 ethyl acetate:hexanes) gave a white solid 
(824 mg, 96%): mp 131-133 "C; 'H NMR 6 0.91 (m, 3H), 1.11 
(t, 3H, J = 7.0 Hz), 1.31-1.41 (m, 4H), 1.59-1.64 (m, lH), 
1.86 (d, lH,  J = 18.3 Hz), 2.15 (m, lH), 2.78 (dd, lH,  J = 8.2, 
18.1 Hz), 3.70 (m, 2H), 4.19 (dd, lH, J = 2.3, 8.7 Hz), 4.57- 
4.72 (m, 3H), 7.22-7.25 (m, 2H), 7.35-7.40 (m, 3H); NMR 
6 174.2,157.8, 139.9, 129.6, 126.3, 112.3, 71.0,58.3,58.1,56.7, 
32.4, 29.7, 24.3, 22.8, 15.2, 13.7. Anal. Calcd for C19H25N05: 
C, 65.69; H, 7.25; N, 4.03. Found: C, 65.48; H, 7.21; N, 3.92. 
[ a ] 2 5 ~  = +41.1" (c = 0.095 in CHzClZ). 

Methoxy Butyl Lactone 3b. The methoxybutylcyclobu- 
tanone (700 mg, 2.21 mmol), NazHP04 (784 mg, 5.53 mmol), 
and m-CPBA (871 mg, 3.97 mmol, 80% mixture) were added 
together as described above. Purification of the lactone by 
flash chromatography (1:3 ethyl acetate:hexanes) gave a white 
foam (728 mg, 99%): mp 121-122 "C; 'H NMR 6 0.92 (m, 3H), 
1.28-1.49 (m, 4H), 1.57-1.68 (m, lH),  1.87 (d, lH, J = 18.2 
Hz), 2.11-2.22 (m, lH), 2.77 (dd, lH,  J = 8.1, 18.3 Hz), 3.26 
(s, 3H), 4.21 (dd, lH, J =  2.3,8.1 Hz), 4.58-4.71 (m, 3H), 7.21- 
7.25 (m, 2H), 7.35-7.38 (m, 3H); 13C NMR 6 174.0, 157.8, 
139.8,129.6, 126.3, 112.3,71.0,58.3,56.5,49.9,32.4,29.0,24.1, 
22.7, 13.6. Anal. Calcd for ClsH23N05: C, 64.85; H, 6.95; N, 
4.20. Found: C, 65.09; H, 7.04; N, 4.15. = f50.0" (c = 
0.240 in CH2C12). 

Methoxy Phenyl Lactone 3d. The methoxyphenylcy- 
clobutanone (455 mg, 1.35 mmol), NazHP04 (1.34 g, 9.45 
mmol), and m-CPBA (711 mg, 2.43 mmol, 60% mixture) were 
added together as described above. Purification of the lactone 
by flash chromatography (1:3 ethyl acetate:hexanes) gave a 
white solid (367 mg, 77%): mp 167-168 "C; 'H NMR 6 1.98 
(d, lH, J = 18.2 Hz), 2.92 (dd, lH, J = 8.6, 18.4 Hz), 3.07 (9, 
3H), 3.38-3.50 (m, lH), 3.74 (dd, lH ,  J = 3.2, 8.5 Hz), 4.14 
(dd, lH, J = 3.0, 8.6 Hz), 5.06 (broad s, lH), 7.12-7.15 (m, 
2H), 7.31-7.36 (m, 3H), 7.45-7.52 (m, 3H), 7.58-7.65 (m, 2H); 
I3C NMR 6 173.7, 157.8, 133.1, 130.0, 129.5, 129.4, 128.8, 
126.6, 126.3, 112.2, 70.6, 58.9, 57.0, 51.4, 32.3; MS (FAB) 354 
(M + l), 277 (100); HRMS calcd 354.1341, found 354.1349; 
[a]25~ = +9.2" (c = 0.274 in CHzC12). 

Butenolides. A 1.0 M solution of TBAF in THF was slowly 
added to a solution of the lactone in THF. The solution turned 
a bright yellow color. The reaction was stirred for 1 h at rt. 
Water and ether were added, and the water layer was 
extracted with ether. The organics layers were combined and 
dried over MgS04. The solvent was removed, and purification 
was accomplished by flash chromatography in the appropriate 
eluent. 

Ethoxy Butyl Butenolide 3a. The lactone 3a (750 mg, 
2.16 mmol) and the TBAF solution (3.78 mmol) were allowed 
to react together as described above. Flash column chroma- 
tography (1:5 ethyl acetate:hexanes) gave a clear oil (395 mg, 
99%): IH NMR 6 0.87 (t, 3H, J = 6.9 Hz), 1.16 (t, 3H, J = 7.0 
Hz), 1.28-1.35 (m, 4H), 1.86-1.91 (m, 2H), 3.28-3.38 (m, lH), 
3.42-3.52 (m, lH), 6.16 (d, lH, J = 5.7 Hz), 7.12 (d, lH, J = 
5.7 Hz); 13C NMR 6 169.9, 153.9, 124.2, 111.0,59.2,36.8, 25.2, 
22.4, 15.0, 13.6; IR (thin film) Y 1770 cm-'. Anal. Calcd for 
C10H1603: C, 65.19; H, 8.76. Found: C, 65.30; H, 8.63. [aIz5~ 
= C35.7" (c = 0.185 in ether). 

Methoxy Butyl Butenolide 3b. The lactone 3b (351 mg, 
1.05 mmol) and the TBAF solution (1.84 mmol) were allowed 
to react together in the method described above. Flash column 
chromatography (1:2 ethyl acetate:hexanes) gave a clear oil 
(163 mg, 91%): 'H NMR 6 0.86 (m, 3H), 1.29-1.34 (m, 4H), 
1.84-1.90 (m, 2H), 3.19 (s, 3H), 6.19 (d, lH,  J = 5.8 Hz), 7.10 
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(d,1H,J=5.7Hz);13CNMR6170.0,153.9,124.7,111.3,51.1, 
36.7,25,3,22.6, 13.8; IR (thin film) v 1770 cm-'. Anal. Calcd 
for CgH1403: C, 63.51; H, 8.29. Found: C, 63.57; H, 8.35. [ a Iz5~  
= +40.7" (c = 0.405 in ether). 

Benzyloxy Methyl Butenolide 3c. The lactone 3c (126 
mg, 0.34 mmol) and the TBAF solution (1.75 mL) were allowed 
to react together in the method described above. Flash column 
chromatography (1:4 ethyl acetate:hexanes) gave a clear oil 
(49 mg, 70%): lH NMR 6 1.71 (s, 3H), 4.33 (d, lH, J = 11..2 
Hz), 4.52 (d, lH,  J = 11.2 Hz), 6.17 (d, lH ,  J = 5.6 Hz), 7.16 
(d, lH, J = 5.7 Hz), 7.24-7.35 (m, 5H); 'W NMR 6 169.9,154.5, 
136.8,128.5,128.0,127.7,123.9,108.9,66.0,23.9. Anal. Calcd 
for C12H1203: C, 70.57, H, 5.92. Found: C, 70.32, H, 6.17. 
[a]25D = -77.5' (c = 0.120 in ether). 

Methoxy Phenyl Butenolide 3d. The lactone 3d (30 mg, 
0.849 mmol) and the TBAF solution (1.5 mL) were allowed to 
react together in the method described above. Flash column 
chromatography (1:4 ethyl acetate:hexanes) gave a clear oil 
(79 mg, 49%): lH NMR 6 3.33 (9, 3H), 6.14 (d, lH, J = 5.5 
Hz), 7.30 (d, lH,  J = 5.5 Hz), 7.38-7.41 (m, 3H), 7.45-7.50 
(m, 2H); 13C NMR 6 170.6, 154.7, 135.4, 129.6, 128.8, 126.0, 
121.9,109.4,52.1. Anal. Calcd for CllH1003: C, 69.46; H, 5.30. 
Found: C, 69.55; H, 5.49. [ a I z 5 ~  = f31.6" (c = 0.342 in ether). 

Nitrone Additions. The nitrones were made from the 
appropriate secondary amines using the procedure described 
by Murahashi and Shoita31 and were used without further 
purification. The butenolide was dissolved in toluene in a two- 
neck round-bottom flask equipped with a condenser and 
brought to reflux. The crude nitrone in toluene was slowly 
added over 45 min. The solution was boiled 3 h more and then 
was cooled to rt and stirred for another 4 h. The reaction was 
poured into a mixture of water and ether, the water was 
extracted several times with ether, and the organic fractions 
were combined and dried over MgS04. The solvents were 
removed, and purification was accomplished by flash column 
chromatography in the proper eluent. 

Ethoxy Butyl Isoxazolone 7a. The butenolide 4a (75 mg, 
0.407 mmol) was dissolved in 1 mL of toluene and heated to 
reflux. The crude nitrone 5 (approximately 2.75 mmol) was 
reacted with the butenolide in the manner described above. 
Purification by flash column chromatography (1:3 ethyl ac- 
etate:hexanes) gave 89 mg (89%) of a white solid: mp 83-85 
"C; 1H NMR 6 0.91 (t, 3H, J = 7.2 Hz), 1.13 (t, 3H, J = 7.0 
Hz), 1.25-1.41 (m, 4H), 1.61 (m, lH),  1.77 (m, lH),  1.98-2.08 
(m, 4H), 3.00 (m, lH), 3.36 (m, lH), 3.53-3.68 (m, 3H), 3.85 
(t, 1H, J = 7.6 Hz), 4.43 (d, lH, J = 6.3 Hz); 13C NMR 6 176.0, 
111.9, 80.7, 69.8, 57.8, 56.7, 55.7, 29.8, 28.9, 25.4, 24.2, 22.6, 
15.2, 13.9. Anal. Calcd for C14H23N04: C, 62.43; H, 8.61; N, 
5.20. Found: C, 62.22; H, 8.48; N, 5.07. = +105.9" (c 
= 0.205 in CH2C12). 

Benzyloxy Methyl Isoxazolone 7c. The butenolide 4c 
(75 mg, 0.367 mmol) was dissolved in 1 mL of toluene and 
heated to reflux. The crude nitrone 5 (approximately 4 mmol) 
was added, and the procedure above was followed. Flash 
chromatography (1:3 ethyl acetate:hexanes) gave 85 mg (80%) 
of a white solid: mp 63-64 "C; 'H NMR 6 1.52-1.66 (m, lH), 
1.75 (s, 3H), 1.75-1.85 (m, lH), 2.00-2.12 (m, 2H), 3.00 (m, 
lH), 3.39 (m, lH), 3.61 (d, lH, J = 6.5 Hz), 3.86 (t, lH, J = 
7.7 Hz), 4.50 (d, lH, J = 6.5 Hz), 4.64 (d, lH, J = 17.7 Hz), 
4.70 (d, lH, J = 17.7 Hz), 7.24-7.35 (m, 5H); I3C NMR 6 176.0, 
137.4, 128.8, 128.3, 128.1, 110.8, 82.4, 70.6, 65.4, 57.0, 56.1, 
30,0,24.6, 17.3. Anal. Calcd for C16H19N04: C, 66.42; H, 6.62; 
N, 4.84. Found: C, 66.49; H, 6.53; N, 4.85. [a125~ = +91.4" (c 
= 0.152 in CH2C12). 

Ethoxy Butyl Isoxazolone 8a. The butenolide 4a (40 mg, 
0.217 mmol) was dissolved in 1 mL of toluene and was heated 
to reflux. The crude nitrone 6 (approximately 2.75 mmol) was 
reacted with the butenolide in the manner described above. 
Purification by flash column chromatography (3:l hexanes: 
ethyl acetate) gave 48 mg (78%) of a white solid: mp 38-40 
"C; 'H NMR 6 0.90 (t, 3H, J = 7.0 Hz), 1.12 (t, 3H, J = 7.0 
Hz), 1.22-1.59 (m, 9H), 1.70 (m, 2H), 1.96 (m, 2H), 2.93 (m, 
lH), 3.29 (dd, lH,  J = 2.0, 6.8 Hz), 3.47-3.67 (m, 3H), 4.38 

(31) Murahashi, S.; Shoita, T. Tetrahedron Lett. 1987, 28, 2383. 
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45.5 (OCCH), 30.8 (CH2CH2CH21, 25.2 (CHZCH~CH~), 22.4 
(CH~CHZCH~), 15.3 (OCH2CH3), 13.7 (CHzCH2CH3); MS (EI) 
mlz 317 (M+), 91 (100); HRMS calcd 317.1991, found 317.1991; 
[a125~ = f31.2" (c = 0.950 in ether). 

(S)-a-Methylbenzylamine Azomethine Additions. A 
catalytic amount of TFA (5 mol %) was added to a 1 mL toluene 
solution of the butenolide 4a (50 mg, 0.271 mmol) and the 
chiral azomethine precursor 14 (205 mg, 0.814 mmol), and the 
reaction was stirred at rt for 18 h. The reaction was poured 
into aqueous saturated NaHC03 solution and extracted with 
ether. The organics were dried over MgS04, the solvent was 
removed, and the products were purified by flash column 
chromatography (5% ether in CHZC12) to give 58 mg (65%) of 
the product (52% de). The major diastereomer 15a: 'H NMR 

(m, 4H), 1.32 (d, 3H, J = 6.5 Hz,), 1.62 (m, lH), 1.99 (m, lH), 
2.22 (t, lH, J = 3.0 Hz), 2.48 (m, lH), 2.86 (m, lH), 2.94 (dd, 
lH,  J = 2.6, 18.7 Hz), 3.11 (m, lH), 3.21 (9, lH, J = 6.5 Hz), 
3.38 (dd, lH, J = 3.2, 9.7 H), 3.60-3.71 (m, lH), 3.76-3.86 
(m, lH), 7.18-7.27 (m, 5H); I3C NMR 6 177.3, 145.0, 128.4, 
128.2,126.9,110.0,64.1,59.2,55.7,52.1,46.5,46.2,37.1,25.3, 
22.9, 22.6, 15.3, 13.9; MS (EI) 331 (M+), 316 (861, 105 (loo), 
91 (25); HRMS calcd 331.2147, found 331.2119; [ a I z 5 ~  = f62.1" 
(c = 1.11 in CHzClZ). The minor diastereomer 15b: 'H NMR 
60.71(t,3H,J=7.1Hz),1.01-1.18(m,4H),1.12(t,3H,J= 
7.0 Hz), 1.32 (d, 3H, J = 6.6 Hz), 1.45 (m, lH), 2.03 (m, lH), 
2.11 (dd, lH, J = 8.4, 10.2 Hz), 2.35 (dd, lH, J = 6.8, 8.8 Hz), 
2.67 (m, 2H), 3.11 (dd, lH, J = 10.3, 12.3 Hz), 3.24 (t, lH, J =  
7.5 Hz), 3.40-3.58 (m, 2H), 3.58-3.64 (m, lH), 7.19-7.27 (m, 
5H); 13C NMR 6 179.3, 138.6, 128.7, 128.6, 127.4, 111.6, 59.2 
, 57.7, 57.2, 55.3, 50.7, 47.8, 45.9, 31.2, 25.6, 22.7, 15.7, 14.1; 
MS (EI) 331 (M+), 316 (loo), 105 (73), 91 (38); HRMS calcd 
331.2147, found 331.2146; [aIz5~ = f14.1" (c = 0.085 in ether). 

Addition of Lithium Thiolates to Butenolides. Gen- 
eral Procedure. n-Butyllithium was slowly added to a -90 
"C solution of benzyl mercaptan in THF. The solution was 
stirred at -90 "C for 0.5 h. A solution of the butenolide in 
THF was slowly added, and the solution was stirred for an 
additional 1.5 h at -90 "C. The reaction was warmed to -40 
"C and stirred 3 h more. A saturated aqueous NH4C1 solution 
was added, and the entire mixture was warmed to rt. The 
water layer was extracted with ether. The organics were 
combined and dried over Na2S04. After removal of the solvent 
by rotary evaporation, the product was purified by flash 
column chromatography in the appropriate eluent. 

Benzylthio Ethoxy Butyl Lactone 16a. n-Butyllithium 
(0.21 mL, 0.326 mmol) was added to the benzyl mercaptan 
(0.04 mL, 0.358 mmol) solution, and the reaction was stirred 
for the time indicated. The butenolide 4a (60 mg, 0.326 mmol) 
in 2 mL of THF was added, and the procedure above was 
followed. The product was purified by flash column chroma- 
tography (1:5 ethyl acetate:hexanes) to give 75 mg of a clear 
oil (75%). 'H NMR peaks were assigned on the basis of 
decoupling and NOE experiments: 'H NMR 6 0.90 (t, 3H, J 

1.16-1.36 (m, 4H, CH2CH2CH3), 1.87 (m, lH, CH~CH~CHZ), 
2.00 (m, lH,  CH~CHZCHZ), 2.50 (dd, lH, J = 3.4, 17.5 Hz, 

1 H , J =  3.5,7.3 Hz, CHS), 3.45-3.57 (m, 2H, OCH2CHd, 3.66 

Ph), 7.24-7.34 (m, 5H, Ph); 13C NMR 6 174.4, 136.9, 128.8, 
128.7, 127.5, 112.2, 58.3, 46.6,37.3,35.6,31.4,24.6,22.5,15.3, 
13.9. Anal. Calcd for C17H2403S: C, 66.20; H, 7.84; S, 10.40. 
Found: C, 66.37; H, 7.72; S, 10.56. [aIz5o = +127.9" (c = 0.870 
in CH2Clz). 

Benzylthio Methoxy Butyl Lactone 16b. n-Butyllithium 
(1.3 M solution in hexanes, 0.35 mmol) was slowly added to 
the benzyl mercaptan solution (0.05 mL, 0.39 mmol). After 
the time mentioned above, a solution of the butenolide 4b (60 
mg, 0.35 mmol) in 5 mL of THF was added. The isolation 
procedure above was followed. The product was purified by 
flash column chromatography (15 ethyl acetate:hexanes) to 
give a clear oil (82 mg, 79%): 'H NMR 6 0.87-0.93 (m, 3H), 
1.24-1.36 (m, 4H), 1.87 (m, lH),  2.00 (m, lH), 2.51 (dd, lH, J 
= 3.4, 17.5 Hz,), 3.03 (dd, lH,  J =  7.4, 17.5 Hz), 3.22 (dd, lH, 
J = 3.5, 7.4 Hz), 3.24 (s, 3H), 3.67 (d, lH, J = 13.5 Hz), 3.78 

6 0.89 (t, 3H, J =  7.1 Hz), 1.20 (t, 3H, J =  7.0 Hz), 1.25-1.30 

= 7.2 Hz, CH~CHZCH~), 1.11 (t, 3H, J = 7.0 Hz, OCH2CH3), 

CH2C=O), 3.04 (dd, lH, J =  7.3, 17.4 Hz, CHzC=O), 3.24 (dd, 

(d, lH, J = 13.5 Hz, CHzPh), 3.78 (d, lH, J = 13.5 Hz, CHz- 

(d, lH, J = 6.8 Hz); NMR 6 176.5, 112.7, 80.2, 63.3, 57.8, 
55.1, 50.1, 29.2, 25.4, 25.1, 22.7, 22.2, 19.1, 15.3, 13.9. Anal. 
Calcd for C15H25N04: C, 63.58; H, 8.89; N, 4.94. Found: C, 
63.58; H, 8.68; N, 4.92. [a]25~ = +87.5" (c = 2.85 in ether). 

Ethoxy Butyl Isoxazolone 10. The butenolide 4a (50 mg, 
0.271 mmol) was dissolved in 1 mL of toluene and was heated 
to reflux. The crude nitrone 9 (approximately 2.75 mmol) was 
reacted with the butenolide in the manner described above. 
Purification by flash column chromatography (6: 1 hexanes: 
ethyl acetate) gave the product as a clear oil (78 mg, 87%): 
'H NMR 6 0.92 (t, 3H, J = 7.1 Hz), 1.13 (t, 3H, J = 7.0 Hz), 
1.24-1.44 (m, 4H), 2.04 (m, 2H), 2.68 (dt, lH, J = 5.0, 16.5 
Hz), 3.06 (m, lH), 3.22 (m, lH), 3.38 (dt, lH,  J = 5.4, 11.8 
Hz), 3.54-3.73 (m, 2H), 3.77 (dd, lH, J =  3.0, 8.1 Hz), 4.45 (d, 
lH,J=6.6Hz),4.78(d,lH,J=2.6Hz),7.09(d,lH,J=7.2 
Hz), 7.15-7.26 (m, 2H), 7.40 (d, lH, J = 7.3 Hz); 13C NMR 6 
176.3, 133.5,133.1,128.4,127.3,127.1,126.9,111.8,81.0,66.1, 
57.8,57.4,47.9,29.1,25.4,24.5, 22.7, 15.2, 13.9. Anal. Calcd 
for C19Hz5N04: C, 68.86; H, 7.60; N, 4.23. Found: C, 68.71; 
H, 7.56; N, 4.02. [a125~ = +31.9" (c = 1.97 in CHzClZ). 

Ethoxy Butyl Alcohol 11. Palladium on carbon (32 mg, 
0.0149 mmol) in ethyl acetate was pretreated with H2 (50 psi) 
in a pressure tube with vigorous stirring for 1 h. The pressure 
was released, and isoxazolone 7a (40 mg, 0.149 mmol) and di- 
tert-butyl dicarbonate (39 mg, 0.178 mmol) in 1 mL of ethyl 
acetate were added to the tube. Hz (50 psi) was again, added 
and the reaction was stirred vigorously for 24 h. The H2 was 
released, and the suspension was filtered through Celite. The 
filtrate solvent was removed, and the product was purified by 
flash column chromatography using 1:4 ethyl acetate:hexanes 
as the eluent. A clear oil (55 mg, 99%) was recovered: 'H NMR 
6 0.91 (t, 3H, J =  7.2 Hz), 1.14 (t, 3H, J =  7.0 Hz), 1.24-1.48 
(m, 5H), 1.44 (s, 9H), 1.51 (s, 9H), 1.88-2.04 (m, 4H), 2.67 (m, 
lH),  2.80 (dd, lH, J = 3.6, 10.8 Hz), 3.32 (m, 2H), 3.60 (m, 
2H), 3.98 (t, lH,  J = 2.6 Hz), 4.22 (dd, J = 7.2, 10.5 Hz, lH), 
6.25 (bs, 1H); I3C NMR 6 174.7, 146.6, 110.5, 85.1, 80.9, 72.3, 
57.7, 53.2, 49.5, 46.7, 28.3, 28.1, 27.3, 24.7, 23.1, 22.6, 15.3, 
13.9; IR (thin film) 3295, 1780, 1665 cm-'. Anal. Calcd for 
C19H33N06: C, 61.43; H, 8.95; N, 3.77. Found: C, 61.53; H, 
8.79; N, 3.58. [aIz5o = +97.1" (c = 1.11 in CHzClZ). 

Azomethine Ylide Additions. A catalytic amount of TFA 
(5 mol %) was added to  a toluene solution of the azomethine 
ylide precursor 12 (306 mg, 1.36 mmol) and the butenolide 4a 
(50 mg, 0.271 mmol). The tube was sealed, and the reaction 
was stirred at various temperatures for 3 h. The reaction was 
poured into a saturated aqueous NaHC03 solution and ex- 
tracted several times with ether. The organics were dried over 
MgS04, the solvent was removed, and the products were 
purified by flash column chromatography (5% ether in CHZ- 
Clz). The spectral assignments were made according to a 
HETCOR experiment. The major diastereomer 13a: 'H NMR 

Hz, OCHZCH~), 1.19- 1.33 (m, 4H, CH2CH2CH31, 1.63 (m, lH, 
CH2CH&H2), 1.97 (m, lH, CH~CHZCHZ), 2.14 (dd, lH,  J = 
8.2, 9.8 Hz, CH2N), 2.51 (dd, lH, J =  7.2,9.2 Hz, CHzN), 2.87 
(m, lH,  CHCHC=O), 3.13-3.22 (m, 2H, O=CCH and 
O=CCHCH2N), 3.30 (dd, lH, J = 2.6, 9.8 Hz, CHzN), 3.42 (d, 
lH, J = 14.3 Hz, CHzPh), 3.58-3.71 (m, lH, OCH2CH31, 3.73- 
3.80 (m, 2H, OCH2CH3 and CH2Ph), 7.20-7.34 (m, 5H, Ph); 
I3C NMR 6 177.5 (C=O), 138.6 (ipso), 128.3, 128.1, 126.9 (Ph), 

6 0.89 (t, 3H, J = 7.1 Hz, CHZCH~CH~), 1.17 (t, 3H, J = 7.0 

109.9 (OCO), 59.2 (OCHzCHz), 58.8 (CHzPh), 57.3 (CHzN), 53.6 
(CHzN), 46.7 (CHC=O), 46.4 (OCCH), 37.0 (CHzCHzCHz), 25.2 
(CH~CHZCH~), 22.6 (CH2CH2CH3),15.3 (OCH2CH3),13.9 (CHz- 
CH2CH3); IR (thin film) 1778 cm-I; MS (EI) 317 (M+), 91 (100); 
HRMS calcd 317.1991, found 317.1989; [aIz5~ = f17.5" (c = 
0.200 in CH2Clz). The minor diastereomer 13b: mp 53-56 
"C; 'H NMR 6 0.81 (t, 3H, J = 6.9 Hz, CHZCHZCH~), 1.13 (t, 
3H, J = 7.0 Hz, OCH2CH3), 1.19-1.38 (m, 4H, CHZCH~CH~), 
1.58 (m, lH,  CHZCHZCH~), 2.05-2.18 (m, lH, CH~CHZCH~), 

CHzN), 2.80 (m, 2H, CHCHC=O and CHzN), 3.18 (d, lH, J = 

(m, 2H, OCH2CH3 and CHzPh), 3.62-3.70 (m, 2H, OCH2CH3 
and CHzPh), 7.21-7.29 (m, 5H, Ph); I3C NMR 6 178.9 (C-O), 
138.3 (ipso), 128.3,128.2,127.1 (Ph), 111.2 (OCO), 58.8 (OCH2- 

2.30 (t, lH, J =  9.8 Hz, CHzN), 2.46 (dd, lH, J =  6.9, 9.0 Hz, 

9.2 Hz, CH2N), 3.25 (t, lH, J = 8.1 Hz, O=CCH), 3.41-3.60 

CH3), 57.4 (CHzPh), 56.9 (CHzN), 54.9 (CHzN), 47.4 (O=CCH), 
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(d, lH, J = 13.5 Hz), 7.24-7.32 (m, 5H); I3C NMR 6 174.8, 
137.2, 129.2, 129.1, 127.9, 112.6, 50.5, 46.6, 37.7, 36.0, 31.1, 
24.8, 22.8, 14.2; IR (thin film) 1792 cm-'. Anal. Calcd for 
C16H2203S: C, 65.27; H, 7.53; S, 10.89. Found: C, 65.50; H, 
7.54; S, 10.61. [ a I z 5 ~  = +105.3" (c = 0.300 in ether). 

Phenylthio Ethoxy Butyl Lactone 17. Triethylamine (4 
pL, 0.027 mmol) was added to a 0 "C CH2Cl2 solution of the 
butenolide 4a (100 mg, 0.543 mmol) and thiophenol (56 pL, 
0.543 mmol). After 15 min, the reaction was allowed to warm 
to  rt over a 1.5 h period, the solvent was removed, and the 
product was purified by flash column chromatography ( 1 : l O  
ethyl acetate:hexanes) giving 152 mg (95%) of the product as 
an oil: 'H NMR 6 0.91 (t,  3H, J = 7.2 Hz), 1.14 (t, 3H, J = 7.0 
Hz), 1.29-1.53 (m, 4H), 1.95 (m, lH), 2.12 (m, lH),  2.48 (dd, 
lH, J = 1.9, 17.7 Hz), 3.13 (dd, lH,  J = 6.9, 17.7 Hz), 3.52- 
3.66 (m, 2H), 3.85 (dd, lH,  J = 1.9, 6.9 Hz), 7.24-7.34 (m, 
5H); 13C NMR 6 174.5, 132.6, 132.3, 129.3, 127.9, 111.6, 58.2, 
50.4,37.2, 30.9,24.9 , 22.5, 15.2, 13.9; MS (FAB) 295 (M + l), 
249 (71); HRMS calcd 295.1368, found 295.1359; [a125~ = +8.6" 
(c  = 0.348 in ether). 

Epoxide 18. A 10% aqueous solution of NaOCl (0.271 
mmol) was added at 0 "C to the butenolide 4a (40 mg, 0.217 
mmol) in 3 mL of ether and 3 mL of DMF. The reaction was 
stirred for 1 h. An aqueous saturated NazS203 solution was 
then added to  the reaction, and the reaction was extracted 
several times with ether. The organics were dried over MgS04, 
the solvent was removed, and purification was accomplished 
by using radial chromatography (30:l hexanes:ethyl acetate). 
Only 10 mg of the product (23%) was recovered: 'H NMR 6 
0.93 (t, 3H, J = 7.2 Hz), 1.19 (t, 3H, J = 7.0 Hz), 1.36-1.47 
(m, 4H), 1.81 (m, lH), 1.98 (m, lH), 3.56-3.72 (m, 2H), 3.77 
(d, lH,  J = 2.4 Hz), 3.94 (d, lH,  J = 2.4 Hz); 13C NMR 6 169.6, 
108.1, 58.7, 57.3, 50.0, 30.9 , 25.4, 22.6, 15.1, 13.9; [ u I ~ ~ D  = 
+146.7" (c = 0.045 in CH2Clz). 

Ethoxy Butyl Diols 19s and 19b. Method A. KMn04 
(89 mg, 0.565 mmol) was added to  a -40 "C solution of the 
butenolide 4a (80 mg, 0.434 mmol) and dicyclohexyl-18-crown- 
6-ether (16 mg, 0.043 mmol) in 10 mL of CH2C12. The reaction 
was stirred at -40 "C for 4 h and then warmed to 0 "C and 
stirred another 3 h. Solid NaHS03 and water were added to 
the reaction. A solution of 1 M HzS04 was added until the 
purple color disappeared. The layers were separated, and the 
water layer was extracted several times with CHzClz. The 
organics were dried over Na2S04, the solvent was removed, 
and the product was purified by flash column chromatography 
(1:l ethyl acetate:hexanes) to give 65 mg of a white solid (66%, 
86% versus recovered butenolide). 

Method B. RuC13.HzO (10 mg, 0.038 mmol) and NaI04 (174 
mg, 0.814 mmol) in 1.5 mL of water were added to a 0 "C 
solution of the butenolide 4a (100 mg, 0.543 mmol) in 4 mL of 
ethyl acetate and 4 mL of CH3CN. The reaction was stirred 
vigorously for 3 min and was poured into an aqueous saturated 
NazS203 solution. The organics were extracted with ethyl 
acetate and combined. The organic solution was dried over 
Na2S04, and the solvents were removed. Flash column chro- 
matography using 1:4 ethyl acetate:hexanes gave 89 mg (75%) 
of two diols and 83 mg (70%) of the major diol diastereomer. 
The 'H NMR peaks assignments for the two diastereomers 
were determined by decoupling and NOE experiments. The 
major diastereomer 19a: mp 112-113 "C; 'H NMR 6 0.92 (t, 

OCHZCH~), 1.23-1.55 (m, 4H, CHZCHZCH~), 1.97 (m, 2H, CHZ- 
CHZCH~), 2.82 (bs, lH,  OH), 3.19 (bs, lH, OH), 3.61 (m, 2H, 
OCHZCH~), 4.15 (d, lH,  J = 4.5 Hz, CH(OH)CH), 4.71 (d, lH, 
J = 4.2 Hz, CH(OH)C=O); 13C NMR 6 176.7, 111.6, 71.9, 70.1, 
58.2, 28.5, 24.6, 22.6, 15.2, 13.9. Anal. Calcd for C10H1805: 
C, 55.03; H, 8.31. Found: C, 55.09; H, 8.17. [a125~ = 138.0" 
(c  = 0.590 in ether). The minor diasteromer 19b: 'H NMR 6 

OCHZCH~), 1.32-1.40 (m, 4H, CHZCHZCH~), 1.60 (m, lH, CHz- 
CHzCHz), 2.09 (m, lH,  CH~CHZCHZ), 3.10 (bs, lH, OH), 3.27 
(bs, lH,  OH), 3.69-3.87 (m, 2H, OCHZCH~), 4.20 (d, lH, J = 
4.7 Hz, CHCHC-O), 4.37 (m, lH, CHC=O); IR (thin film) 
3424, 1785 cm-'. 

Methoxy Phenyl Diol 20. m n 0 4  (96 mg, 0.607 mmol) 
was added to a -40 "C solution of the butenolide 4d (72 mg, 

3H, J = 6.8 Hz, CHZCH~CH~), 1.14 (t, 3H, J = 7.0 Hz, 

0.91 (t, 3H, J = 6.9 Hz, CHzCHzCHa), 1.25 (t, 3H, J = 7.0 Hz, 
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0.379 mmol) and dicyclohexyl-18-crow-6-ether (17 mg, 0.0467 
mmol) in 10 mL of CH2C12. The reaction was stirred at -40 
"C for 3.5 h. It was then warmed to 0 "C and stirred for 
another 2 h. Solid NaHS03 and water were added to the 
reaction. A solution of 1 M H2S04 was added until the purple 
color disappeared. The water layer was extracted several 
times with CHzC12, and the organics were dried over NaSO4. 
The solvent was removed, and the product was purified by 
flash column chromatography (1:2 ethyl acetate:hexanes). This 
gave 35 mg of a white solid (41%). The 'H NMR peaks were 
determined by NOE experiments: mp 130-131 "C; 'H NMR 
(acetone-&) 6 2.80 (bs, lH, OH), 2.82 (bs, lH, OH), 3.13 (s, 
3H, OCH3), 4.38 (d, lH, J = 4.1 Hz, CHCHC=O), 4.82 (d, lH, 
J = 4.1 Hz, CHC-O), 7.40-7.47 (m, 5H, Ph); I3C NMR 
(acetone-&) 6 175.1, 134.7, 129.0, 128.3, 127.4, 109.0, 75.0, 
70.2, 50.5; MS (FAB) 225 (M + 11, 193 (49); HRMS calcd 
225.0763, found 225.0759; [a125~ = +6.2" (c = 0.130 in CH3- 
OH). 

Tosylate 21a. The diol 19a (38 mg, 0.174 mmol) and 
triethylamine (0.040 mL, 0.261 mmol) were combined in 1.5 
mL of CHzClz and cooled to  0 "C. The tosyl chloride (33 mg, 
0.174 mmol) was added to the reaction in one portion, and the 
reaction was placed in the freezer for 18 h. The solution was 
diluted with more CHzC12, and the organics were washed with 
1 N HC1 aqueous solution, a saturated aqueous solution of 
NaHC03, and brine. The organics were dried over NazS04, 
and the solvent was removed. The crude product was purified 
by flash column chromatography using 1:3 ethyl acetate: 
hexanes as the eluent to give an oil (60 mg, 93%): 'H NMR 6 
0.92 (t, 3H, J = 7.2 Hz), 1.14 (t, 3H, J = 7.0 Hz), 1.24-1.47 
(m, 4H), 1.98 (m, 2H), 2.45 (s, 3H), 2.65 (bs, lH), 3.59 (9, 2H, 
J=7..1Hz,),4.38(d,lH,J=4.3Hz),5.32(d,lH,J=4.3Hz), 
7.37 (d, 2H, J = 8.1 Hz), 7.86 (d, 2H, J = 6.6 Hz); NMR 6 
169.1, 146.0, 131.9, 130.1, 128.3, 111.3, 75.5, 71.7, 58.4, 28.2, 
24.5, 22.5, 21.7, 15.2, 13.8. Anal. Calcd for C17H240,S: C, 
54.82; H, 6.50; S, 8.61. Found: C, 54.60; H, 6.42; S, 8.36. [a125~ 
= -22.1' (c = 2.75 in ether). 

p-Nitrobenzenesulfonate 21b. The diol 19a (40 mg, 0.183 
mmol) and triethylamine (28 mg, 0.275 mmol) were combined 
in 2 mL of CHZC12, and the solution was cooled to 0 "C. The 
p-nitrobenzenesulfonyl chloride (45 mg, 0.202 mmol) was 
added in one portion, and the reaction was placed in the freezer 
for 24 h. The reaction was then removed from the freezer, 
and the solvent was removed. The thick residue was dissolved 
in ethyl acetate and washed with a 1 N HC1 aqueous solution 
and a saturated aqueous NaHC03 solution. The organics were 
dried over Na2SO4. The solvent was removed, and the crude 
material was purified by flash column chromatography using 
1:3 ethyl acetate:hexanes as the eluent to  give the product as 
a white solid (58 mg, 79%): mp 101-103 "C; 'H NMR 6 0.92 
(t, 3H, J = 6.8 Hz), 1.16 (t, 3H, J = 7.0 Hz), 1.29-1.48 (m, 
4H), 1.98 (m, 2H), 2.75(bs, lH), 3.60 (9, 2H, J = 7.1 Hz), 4.41 
(d, lH, J = 4.3 Hz), 5.48 (d, lH, J = 4.3 Hz), 8.22 (d, 2H, J = 
8.7 Hz), 8.42 (d, 2H, J = 8.7 Hz); I3C NMR 6 169.0, 152.0, 
141.1, 129.7, 124.5, 111.7, 76.6, 71.8, 58.6, 28.2 , 24.4, 22.5, 
15.2, 13.8; [ a I z 5 ~  = +12.2" (c = 0.418 in CH2C12). 

Acetonide 22. A few crystals of TsOH were added to  a 
solution of the diol 19a (81 mg, 0.371 mmol) and dimethoxy- 
propane (1.15 mL, 9.28 mmol) in CHzC12. After 1.5 h a t  rt, 
the reaction was heated to reflux for 1.5 h. The reaction was 
cooled and diluted with CHzClz and washed with a saturated 
aqueous solution of NaHC03. The organic layer was separated 
and dried over Na2S04. The solvent was removed, and the 
product was purified by flash column chromatography using 
1:20 and 1:2 ethyl acetate:hexanes as the eluent. The product 
was isolated as a clear oil (64 mg, 67% or 83% based on 
recovered diol): 'H NMR 6 0.91 (t, 3H, J = 7.1 Hz), 1.12 (t, 
3H, J = 7.0 Hz), 1.22-1.46 (m, 4H), 1.35 (s, 3H), 1.41 (8 ,  3H), 
1.88 (m, lH), 2.02 (m, lH), 3.54-3.66 (m, 2H), 4.42 (d, lH, J 
= 5.1 Hz), 4.83 (d, lH, J =  5.1 Hz); 13C 6 174.2, 114.3, 109.6, 
79.6, 76.2, 58.0, 29.0, 26.9, 26.1, 24.9, 22.6, 15.2, 13.9. Anal. 
Calcd for C13H2205: C, 60.44; H, 8.59. Found: C, 60.68; H, 
8.64. [aIz5~ = +1.2" (c = 0.844 in ether). 

Ethoxy Butyl Alcohol 23. Samarium(I1) iodide in THF 
(7.08 mL, 0.708 mmol) was slowly added to a degassed solution 
of the acetonide 22 (61 mg, 0.236 mmol) and dry ethylene 
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lH, J = 5.7 Hz); 13C NMR 6 161.4 , 113.0, 111.2, 87.7, 82.3, 
79.7, 56.5, 29.2, 26.8, 26.0, 25.7, 22.8, 15.3, 13.9. 

Palladium on carbon (18 mg, 0.017 mmol) was placed in a 
pressure tube in dry ethyl acetate. The tube was purged with 
Hz and pressured to 40 psi of Hz. The suspension was stirred 
vigorously at  rt for 1 h. The Hz was released from the tube, 
and the enol ether (0.170 mmol) produced from the reaction 
described above was added as a solution in ethyl acetate. The 
tube was sealed and pressured to 40 psi of Hz. The reaction 
stirred vigorously for 18 h. The Hz pressure was released, and 
the reaction was filtered through Celite. The solvent was 
removed by rotary evaporation at 5 "C. The product was 
purified by flash chromatography using 20:l pentanes:ether 
as the eluent. The two steps gave the tetrahydrofuran 24 as 
an oil (30 mg, 68%): 'H NMR 6 0.86 (t, 3H, J = 7.1 Hz), 1.12 
(t, 3H, J = 7.1 Hz), 1.19-1.39 (m, 4H), 1.25 (d, lH, J = 6.4 
Hz), 1.27 (s, 3H), 1.44 (s, 3H), 1.66-1.80 (m, 2H), 3.35-3.48 
(m, 2H), 3.94 (dq, lH, J = 3.9, 6.4 Hz), 4.36 (d, lH, J = 6.0 
Hz), 4.59 (dd, lH,  J = 3.9, 6.0 Hz); 13C NMR 6 112.0, 109.2, 
85.1, 81.6, 74.3, 55.2, 29.3, 26.2, 25.8, 25.1, 22.9, 22.3, 15.4, 
13.9. Anal. Calcd for C14H2604: C, 65.08; H, 10.14. Found: 
C, 64.84; H, 9.86. [a I z5~  = f5.1" (c = 0.286 in ether). 
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glycol (0.16 mL, 2.83 mmol) in THF. The reaction was stirred 
at  rt for 1 h. The reaction was quenched with a saturated 
aqueous solution of NaHC03, and ether was added. The 
organics were separated from the aqueous layer. The organic 
layer was then washed with a saturated aqueous solution of 
NazSz03 and brine and dried over NazS04. The solvent was 
removed. The product was purified by flash column chroma- 
tography using 1:15 and 1:l ethyl acetate:hexanes as the 
eluent to give the product as a clear oil (36 mg, 75% or 92% 
on the basis of recovered acetonide): 'H NMR 6 0.91 (t, 3H, J 
= 7.0 Hz), 1.12 (t, 3H, J = 7.0 Hz), 1.29-1.39 (m, 4H), 1.97 
(m, 2H), 2.36 (d, lH, J = 17.7 Hz), 2.99 (dd, lH, J = 5.3, 17.7 
Hz), 3.51-3.65 (m, 2H), 4.19 (d, lH,  J = 5.3 Hz); 13C NMR 6 
176.1,113.4,71.7,57.9,38.3,28.0,24.9,22.7, 15.3, 13.9. Anal. 
Calcd for C10H1804: C, 59.38; H, 8.97. Found: C, 59.46; H, 
8.77. [a I z5~  = +13.1" (c = 0.236 in ether). 

Ethoxy Butyl Tetrahydrofuran 24. The acetonide 22 (44 
mg, 0.170 mmol) and CpZTi(CH3)z (167 mg, 0.802 mmol) were 
combined in a pressure tube in 3 mL of THF. The tube was 
sealed and heated to 70 "C with stirring for 18 h. The reaction 
was cooled to rt. Acetone (0.12 mL, 1.6 mmol) was added, and 
the tube was sealed again. The reaction was heated to 50 "C 
for another 18 h. The reaction was transferred to a round- 
bottom flask, and the solvent was removed by rotary evapora- 
tion at  5 "C. The residue was treated with a 5:l mixture of 
pentane:ether to precipitate the titanium salts. This mixture 
was filtered through basic A 1 2 0 3  and washed with pentanes. 
The solvent was removed in the fashion described above. A 
crude IH NMR spectrum showed a little impurity in the 
sample: 'H NMR 6 0.91 (t, 3H, J = 6.9 Hz), 1.10 (t, 3H, J = 
7.1 Hz), 1.22-1.42 (m, 4H), 1.33 (s, 3H), 1.44 (s, 3H), 1.79- 
1.92 (m, 2H), 3.42-3.56 (m, 2H), 4.30 (dd, lH, J = 0.8, 1.9 
Hz), 4.33 (d, lH, J =  5.7 Hz), 4.48 (d, lH, J =  1.3 Hz), 5.05 (d, 


