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NMR Measurements. All measurements were made in CDC1, 
on a JEOL FX-SOQ spectrometer for 15N (at 9.04 MHz) at natural 
abundance and a Varian XL-300 spectrometer with a 5-mm 
broadband probe for enriched samples. Operation frequencies 
for 13C and "N on the Varian XL-300 were 75.429 and 30.406 
MHz, respectively. The 13C NMR spectra were based on Me,Si 
as the internal standard; the 15N spectra were referenced externally 
to CH3N02, where 6 CH3N02 = 380.2 with liquid NH, as zero. 
All 15N measurements were run using full proton decoupling. 
Samples were enriched to contain about 23% 15N. 
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Carbon-carbon bond formation reactions employing 
addition of radical 1 to alkenes 2 have been successfully 
applied in organic synthesis.l Alkylmercury hydrides and 
tri-n-butyltin hydride act as efficient traps which convert 
adduct radicals 3 to products 4 before polymerization can 
occur (Scheme I).* In the case of the tin method, radicals 
5 propagate the chain by reaction with suitable educts 6 
to  form radicals 1. Halides, xanthanes, selenides, and 
tertiary nitro compounds can be used as radical precursors 
6.2 

Since these radical reactions are very fast and occur 
under mild conditions, molecules containing sensitive 
chiral centers can be used. Therefore, we have applied this 
method to the synthesis of chiral &lactones starting from 
the readily available chiral precursors 7 and 17. The 6- 
lactonic structure is found in several pheromones and could 
be a useful intermediate in the synthesis of other natural 
 product^.^ 

The synthesis that we have developed involves the 
generation of radicals with the radical center cy to a chiral 
carbon atom and addition of these radicals to electron-poor 
alkenes. The radicals were generated from the chiral iodide 
7,4 which was synthesized from (R)-(+)-2,3-0-iso- 
pr~pylideneglyceraldehyde.~ The resulting adducts Sa and 
8b were, after a series of transformations, converted to the 
lactonic pheromones of the carpenter bee 14a6 (cis and 
trans mixture) and the oriental hornet 16 (Scheme II).7 
Direct conversion of alcohol 9 to 14b and 16 was not 

(1) Hart, D. J. Science (Washington, D.C.) 1984, 223, 883. See also 
"Selectivity and Synthetic Applications of Radical Reactions" Tetrahe- 
dron Svmn  (Giese. B., Ed.): Tetrahedron 1985, 41, 3887. 

(2) Giese, B. Angew. Chem., Int. Ed. Engl. 1985, 24, 553. 
(3) Ikan, R.; Gottlieb, R.; Bergmann, E. D.; Johay, J. J.  Insect Physiol. 

1969, 15, 1969. Wheeler, J. W.; Evans, S. L.; Blum, M. S.; Velthius, H. 
H. V.; de Camergo, J. M. F. Tetrahedron Lett. 1976, 4029. Gais, H. J.; 
Lied, T. Angew. Chem., Znt. Ed. Engl. 1984,23, 145. Lichtenthaler, F. 
W.; Klingler, F. D.; Jarglis, P. Carbohydr. Res. 1984, 132, C-1. Seebach, 
D.; Renaud, P. Helu. Chim. Acta 1985, 68, 2342. 

(4) Takano, S.; Goto, E.; Hirama, M.; Ogasawara, K. Heterocycles 
1981, 16, 951. 

(5) Baer, E.; Fischer, H. 0. L. J .  Am. Chem. SOC. 1939, 61, 761. 
(6) (a) Pirkle, W. H.; Adams, P. E. J. Org. Chem. 1979, 44, 2169. (b) 

Mori, K.; senda, S. Tetrahedron 1985, 41, 541. 
(7) (a) Fujisawa, T.; Itah, T.; Nakai, M.; Sato, T. Tetrahedron Lett. 

1985,26, 771. (b) Utaka, M.; Watabu, H.; Takeda, A. Chem. Lett. 1985, 
1475. 
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(a) H2C=CRC02Me, Bu3SnC1, NaBH,, hu, EtOH, 20 "C, 45% 
(R = Me), 58% (R = H); (b) KOH, EtOH; (c) proton-exchange 
resin, MeCN, 25 "C, 67%; (d) TsOH, MeOH, 25 "C, 89% (R = 
Me), 81% (R = H); (e) TsCl, pyridine, 0 "C, 18 h, 70% (R = Me), 
73% (R = H); (f)  TsOH, DHP, CH2C12, 25 "C, 1 h, 93% (R = Me), 
95% (R = H); (9)  NaI, Bu3SnH, AIBN, glyme, reflux, 3 h, 82% (R 
= Me), 78% (R = H); (h) proton-exchange resin, CH3CN, 25 "C, 
83% (R = Me), 94% (R = H); (i) (CloH2,)2CuLi, ether, -30 O C ,  4 h, 
65%; (j) proton-exchange resin, CH,CN, 25 "C, 88%. 

successful because of difficulties encountered ip separating 
the product lactones from the reaction mixtures. However, 
9 could be a useful "chiral building block" for other 
syntheses. 

In a similar scheme, ~-(+)-2-(benzyloxy)propanol~ was 
converted to the chiral iodide 17,9 which reacted in C-C 
bond formation reactions to give adducts 18,20a, and 20b 
(Scheme 111). The yield of 20b was unexpectedly lower 
than that for 20a because of the formation of a new un- 
identified side product. Adducts 20a and 20b were de- 
protected and converted to lactones 21a and 21b. 

The enantiometric purity of 14b and 21b was estimated 
to be in excess of 95% by using the chiral shift reagent 

(8) Abbott, S. J.; Jones, S. R.; Weinman, S. A.; Bockhoff, F. M.; 

(9) Steiner, K.; Graf, U.; Hardegger, E. Helu. Chim. Acto 1971,54,845. 
McLafferty, F. W.; Kowles, J. R. J .  Am. Chem. SOC. 1979, 101, 43. 
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a pH 3 with 2 N HC1, and extracted 3 X  with 80 mL of CH2ClZ. 
The combined extracts were dried over MgSO,, and the solvent 
was removed in vacuo. The resulting crude product was stirred 
with 250 mg of H+ ion-exchange resin in 140 mL of CH&N for 
4.5 h. The solvent was removed in vacuo, and the remaining 
residue was chromatographed (100% CH,CN, silica) to give 780 
mg (67%) of 9: IR (neat) 1725 (s), 3400 (br) cm-'; NMR (CDC13) 
6 1.7-2.3 (m, 4 H), 2.4-2.8 (m, 2 H),  3.2-3.7 (br s, 1 H), 3.7 (d, 
J = 6.0 Hz, 2 H), 4.2-4.7 (m, 1 H); [aI2'~ +28.2" (e 5.3, EtOH). 

Anal. Calcd for C6Hl0O3: C, 55.38; H, 7.69. Found: C, 55.04; 
H, 7.74. 

Methyl (S)-5,6-Dihydroxy-2(R,S)-methylhexanoate (loa). 
A solution of 1.5 g (6.9 "01) of Sa and 50 mg (0.3 "01) of TsOH 
in 35 mL of MeOH was stirred for 3 h at 25 "C. The solvent was 
removed in vacuo, and the remaining oil was diluted with 35 mL 
of MeOH. After 15 min, the mixture was neutralized with Et3N. 
After removal of the solvent, the remaining oil was chromato- 
graphed (EtOAc, silica) to give 1.1 g (89%) of methyl (S)-5,6- 
dihydroxy-2(R,S)-methylhexanoate: IR (neat) 3400 (br), 1735 (s) 
cm-'; NMR (CDC1,) 6 1.17 (d, J = 7.0 Hz, 6 H), 1.4-1.8 (m, 4 H), 
2.2-2.8 (m, 1 H), 3.0-3.4 (m, 3 H), 3.4-3.8 (m, 2 H), 3.70 (s, 3 H). 

Anal. Calcd for C8H1,04: C, 54.55; H, 9.09. Found C, 54.38; 
H, 8.93. 

Methyl (S)-5,6-Dihydroxyhexanoate (lob). With the same 
procedure as for loa, 2.2 g (10.9 mmol) of ester Sb reacted to give 
1.42 g (80.5%) of methyl (S)-5,6-dihydroxyhexanoate: IR (neat) 
3400 (br), 1740 ( 8 )  cm-'; NMR (CDC1,) 6 1.1-2.0 (m, 4 H), 2.2-2.6 
(m, 2 H), 3.4-3.8 (br s, 2 H), 3.6-3.9 (br s, 3 H), 3.68 (9, 3 H); [(Y]%D 

Anal. Calcd for C7Hl4O4: C, 51.85; H, 8.64. Found: C, 51.49; 
H, 8.19. 

Methyl 5( S )-Hydroxy-%(R ,S )-methyl-6-[ (tolylsulfony1)- 
oxylhexanoate ( l l a ) .  To a solution of 870 mg (4.9 mmol) of 
diol 10a in 12 mL of pyridine at 0 "C was added 1.13 g (5.9 mmol) 
of TsCl over 30 min. The mixture was placed in the refrigerator 
overnight, poured into 100 g of ice-water, and extracted three 
times with 50 mL of CH2C12. The combined extracts were dried 
over MgSO,, and the solvent was removed in vacuo. The pyridine 
was azeotropically distilled with benzene in vacuo, and the re- 
sulting oil was chromatographed (1:l EtOAc/hexane, silica) to 
give 1.15 g (70%) of lla: IR (neat) 3520 (br), 1735 (s) cm-'; NMR 
(CDCl,) 6 1.18 (d, J = 7.0 Hz, 3 H), 1.4-1.7 (m, 4 H), 2.50 (s, 3 
H), 2.2-2.6 (m, 1 H), 3.7 (s, 3 H), 3.5-4.1 (m, 4 H), 7.2-7.9 (m, 
4 H). 

Anal. Calcd for CI5Hz2SO6: C, 54.55; H, 9.09. Found C, 54.38; 
H, 8.93. 

Methyl 5(S)-Hydroxy-6-[(tolylsulfonyl)oxy]hexanoate 
( l lb ) .  With the same procedure as for l la ,  1.1 g (6.8 mmol) of 
diol 10b reacted to give 1.6 g (73%) of l l b :  IR (neat) 3520 (br), 
1735 ( 8 )  cm-'; NMR (CDCl,) 6 1.2-1.9 (m, 4 H), 2.2-2.5 (m, 2 H), 
2.48 (s, 3 H), 2.6-2.8 (br s, 1 H),  3.6-4.1 (m, 1 H), 3.68 (s, 3 H), 
3.8-4.2 (m, 2 H), 7.2-7.9 (m, 4 H); [al2'D -4.9" ( c  4.7, EtOH). 

Anal. Calcd for Cl4HmSO6: C, 52.83; H, 6.29. Found: C, 52.70; 
H, 6.12. 

Methyl 2(R,S)-MethyLB(S)-(tetrahydropyranyloxy)-6- 
[(tolylsulfonyl)oxy]hexanoate (12a). A solution of 800 mg (2.4 
"01) of tosylate lla, 1.02 g (12.1 "01) of 3,4-dihydro-W-pyran, 
and a few milligrams of TsOH in 16 mL of CHzC12 was stirred 
for 1 h a t  25 "C, diluted with 100 mL of ether, and washed with 
dilute aqueous NaHC03. After drying over MgS04, the solvent 
was removed in vacuo and the remaining oil chromatographed 
(1:3 EtOAc/hexane, silica) to give 940 mg (93%) of 12a: IR (neat) 
1735 ( 5 )  cm-'; NMR (CDCl,) 6 1.17 (d, J = 7.0 Hz, 3 H), 1.0-2.0 
(m, 10 H), 2.1-2.6 (m, 1 H), 2.45 (s, 3 H),  3.2-4.3 (m, 5 H), 3.71 
(s, 3 H), 4.4-4.7 (m, 1 H), 7.2-7.9 (m, 4 H). 

Anal. Calcd for CzJ&S07: C, 57.97; H, 7.25. Found: C, 58.20; 
H, 7.15. 

M e t h y l  5(S)-(Tetrahydropyranyloxy)-6-[(tolyl- 
sulfonyl)oxy]hexanoate (12b). With the same procedure as 
for 12a, 750 mg (2.4 mmol) of tosylate l l b  reacted to give 900 
mg (95%) of 12b: IR (neat) 1738 (s) cm-'; NMR (CDCl,) 6 1.2-1.9 
(m, 10 H), 2.2-2.5 (m, 2 H), 2.48 (s, 3 H), 3.2-4.3 (m, 5 H), 3.68 
(s, 3 H), 4.5-4.8 (m, 1 H), 7.2-7.9 (m, 4 H); [mI2OD -8.7" (c  4.7, 
EtOH). 

Anal. Calcd for C19HBS07: C, 57.00; H, 7.00. Found: C, 56.96; 
H, 6.96. 

-26.7" (C 4.8, EtOH). 
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"(a) H,C=CHCN, Bu3SnC1, NaBH,, hu, EtOH, 20 "C, 51%; (b) 
Hz, 10% Pd/C, EtOH, 25 "C, 93%; (c) H2C=CRC02Me, Bu3SnC1, 
NaBH,, hv, EtOH, 20 "C, 35% (R = Me), 30% (R = H); (d) Hz, 
10% Pd/C, EtOH, (e) proton-exchange resin, CH,CN, 25 "C, 58% 
(R = Me), 83% (R = H). 

method of Jacovac and Jones.lo NMR analysis of 14a and 
21a showed that the cisltrans ratio for both compounds 
was about 1:l; therefore, the hydrogen abstraction from 
tributyltin hydride by the adduct radicals showed no se- 
lectivity. 

Experimental Section 
Proton nuclear magnetic resonance spectra were recorded on 

a Varian EM 360 A (60-Hz) or a Bruker WM 300 (300-Hz) 
spectrometer. Chemical shifts are expressed as parts per million 
(ppm) d o d i e l d  from internal tetramethyhilane (Me,Si); coupling 
patterns are designated s (singlet), d (doublet), t (triplet), q 
(quartet), or m (multiplet). IR spectra were obtained as neat liquid 
films or as Nujol mulls between sodium chloride plates on a 
Perkin-Elmer 297 spectrometer. Intensities are reported as s 
(strong), m (medium), w (weak), and br (broad). Optical rotations 
were measured on a Perkin-Elmer 141 polarimeter equipped with 
sodium and mercury light sources in a 1-dm constant-temperature 
cell; reported temperatures are uncorrected. Melting points were 
observed on an electrothermal melting point apparatus and are 
uncorrected. Mass spectra were obtained from a Varian MAT 
311-A spectrometer combined with an ET-FT source. 

Methyl (S )-5,6-( Isopropylidenedioxy)-2(R ,S )-methyl- 
hexanoate (sa). In a typical procedure, a solution of 3.0 g (12.4 
mmol) of iodide 7," 12.4 g (124 mmol) of methyl methacrylate, 
and 700 mg (18.5 mmol) of NaBH4 in 130 mL of dry EtOH was 
irradiated (Pyrex reaction vessel) with a medium-pressure Hg lamp 
a t  20 "C, and 800 mg (2.5 mmol) of BuaSnCl in 6 mL of dry EtOH 
was added over 15 min. After 45 min of irradiation, the mixture 
was treated with a KF solution (3.0 g of KF in 1.5 mL of HzO) 
for 4 h a t  25 "C. After the mixture was filtered through mag- 
nesium sulfate and dried over MgSO,, the solvent was removed 
in vacuo. Chromatographic separation of the residue (20% Et- 
OAc/hexane, silica) gave 1.2 g (45%) of methyl-5,6-(iso- 
propylidenedioxy)-2(R,S)-methylhexanoate: IR (neat) 1735 (s) 
cm-l; NMR (CDC13) 6 1.20 (d, J = 7.0 Hz, 3 H), 1.40 (d, J = 3.0 
Hz, 6 H), 1.5-1.8 (m, 4 H), 2.2-2.7 (m, 1 H), 3.3-3.6 (m, 1 H), 3.7 
(s, 3 H), 3.8-4.2 (m, 2 H). Anal. Calcd for CllHzoO4: C, 61.11; 
H, 9.26. Found: C, 60.93; H, 9.25. 

Methyl (S)-5,6-(Isopropylidenedioxy) hexanoate (Sb). With 
the same procedure as for adduct Sa, 3.0 g (12.4 mmol) of iodide 
7 reacted with 10.6 g (124 mmol) of methyl acrylate to give 1.45 
g (58%) of methyl (S)-(+)-5,6-(isopropylidenedioxy)hexanoate: 
IR (neat) 1737 (s) cm-'; NMR (CDCl,) 6 1.38 (d, J = 3.0 Hz, 6 
H), 1.5-1.8 (m, 4 H), 2.2-2.5 (m, 2 H), 3.3-3.8 (m, 1 H), 3.70 (s, 
3 H), 3.9-4.3 (m, 2 H); 

Anal. Calcd for CloH180,: C, 59.41; H, 8.91. Found: C, 59.10; 
H, 8.93. 
5(S)-(Hydroxymethyl)-6-valerolactone (9). A solution of 

1.8 g (8.91 mmol) of ester Sb and 750 mg (13.4 mmol) of KOH 
in 5 mL of 95% EtOH was stirred for 3 h a t  25 "C, acidified to 

6.7" ( c  5.0, EtOH). 

(IO) Jacovac, I. J.; Jones, J. B. J. Org. Chem. 1979, 44, 2165. 
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Methyl 2( R ,S )-Methyl-5(R )-(tetrahydropyrany1oxy)- 
hexanoate (13a). To a refluxing mixture of 434 mg (1.05 mmol) 
of tosylate 12a, 276 mg (1.84 mmol) of N d ,  and a catalytic amount 
of azoisobutyronitrile in 8 mL of dry glyme was added dropwise 
0.32 mL of Bu,SnH (1.19 mmol). After 1.5 h, an additional 0.32 
mL of Bu3SnH was added. The solution was refluxed for another 
1.5 h, and 2 mL of a saturated KF solution was added. After the 
mixture was stirred overnight a t  25 'C and the solvent was re- 
moved in vacuo, the remaining oil was taken up in 100 mL of ether 
and dried over MgS04 and the ether removed. The oil was 
chromatographed (4:l EtOAc/hexane, silica) to give 210 mg (82%) 
of 13a: IR (neat) 1740 (s) cm-'; NMR (CDCl,) 6 1.0-1.3 (m, 6 H), 
1.3-1.9 (m, 10 H), 2.1-2.6 (m, 1 H), 3.2-4.1 (m, 3 H), 3.70 (s, 3 
H), 4.4-4.7 (m, 1 H). 

Anal. Calcd for C13H2404: C, 63.93; H, 9.84. Found: C, 63.64; 
H, 9.89. 
Methyl 5(R)-(Tetrahydropyrany1oxy)hexanoate (13b). 

With the same procedure as for 13a, 650 mg (1.62 mmol) of 
tosylate 12b reacted to give 293 mg (78%) of methyl 5(R)-(tet- 
rahydropyrany1oxy)hexanoate: IR (neat) 1740 (s) cm-'; NMR 
(CDCI,) 6 1.15 (t, J = 6.0 Hz, 3 H), 1.35-2.0 (m, 10 H),  2.2-2.6 
(m, 2 H),  3.2-4.2 (m, 3 H),  3.68 (s, 3 H), 4.5-4.8 (m, 1 H), [.i]zOD 

Anal. Calcd for ClZH2204: C, 62.61; H, 9.56. Found: C, 63.10; 
H, 9.75. 
2(R,S),5(R)-Dimethyl-6-valerolactone (14a). A solution 

of 481 mg (1.96 mmol) of 13a, a catalytic amount of H+ ion-ex- 
change resin (Amberlyst 15), and a few 4-1\ molecular sieves in 
20 mL of dry CH&N was stirred for 4 h a t  25 'C. The reaction 
mixture was filtered, and the solvent was removed in vacuo. The 
remaining residue was taken up in ether and dried over MgS04. 
The solvent was removed in vacuo, and the remaining oil was 
chromatographed (50% EtOAc/hexane, silica) to give 210 mg 
(83%) of a 1:l mixture of 2(R),5(S)- and 2(S),5(R)-dimethyl-6- 
valerolactone: mp 53 'C; IR (Nujol) 1743 (s); NMR (CDC1,) 6 
1.24 (d, J = 7.1 Hz, 1.5 H),  1.32 (d, J = 7.1 Hz, 1.5 H), 1.36 (d, 
J = 6.2 Hz, 1.5 H), 1.38 (d, J = 6.2 Hz, 1.5 H), 1.4-1.7 (m, 2 H), 
1.8-2.2 (m, 2 H), 2.35-2.70 (m, 1 H), 4.35-4.40 (m, 1 H). 

-13.8' (C 5.4, EtOH). 

Anal. Calcd for C7H12O2: 128.0834. Found: 128.0837. 
5(R)-Methyl-8-valerolactone (14b). With the same procedure 

as for 14a, 402 mg (1.74 mmol) of ester 13b reacted to give 186 
mg (94%) of 5(R)-methyl-6-valerolactone: IR (neat) 1735 (s) cm-'; 
NMR (CDCl,) 6 1.38 (d, J = 6.5 Hz, 3 H), 1.4-1.6 (m, 1 H), 1.8-2.0 
(m, 3 H), 2.3-2.6 (m, 2 H), 4.4-4.6 (m, 1 H); [ a ] " ~  +33.1' ( c  3.0, 
MeOH) [lit.6b [aIzoD +37.2' ( c  1.8, EtOH]. 

Anal. Calcd for C6HlOOz: 114.0678. Found: 114.06848. 
Methyl 5(R)-(Tetrahydropyranyloxy)hexadecanoate (15). 

Decyllithium was prepared by using the procedure of H. Gilman." 
To a suspension of 712 mg (3.74 mmol) of purified CUI" in 40 
mL of dry ether a t  -20 'C under dry Nz was added 8.15 mL of 
0.92 M ClOHZ1Li (ether solution) over 30 min. The mixture was 
stirred for an  additional 30 min until it turned a pale, clear brown 
color. It was cooled to -30 'C, and 500 mg (1.25 mmol) of tosylate 
12b in 5 mL of dry ether was slowly added over 45 min. The 
mixture was stirred for 4 h a t  -30 'C and quenched with 5 mL 
of saturated NH,Cl solution, After dilution with 100 mL of ether, 
it was washed three times with a saturated NaCl solution and dried 
over MgS0,. The solvent was removed in vacuo, and the re- 
maining oil was twice chromatographed (20% EtOAc/hexane, 
silica) to  give 300 mg (65%) methyl 5(R)-(tetrahydropyranyl- 
0xy)hexadecanoate: IR (neat) 1745 (9) cm-'; NMR (CDC1,) 6 
0.8-1.0 (m, 3 H), 1.1-1.5 (m, 20 H), 1.4-1.8 (m, 10 H), 2.1-2.5 (m, 
2 H), 3.4-3.9 (m, 3 H), 3.65 (s, 3 H), 4.54.8 (m, 1 HI; [ a I z 0 ~  -0.43' 

Notes 

( c  5.3, EtOH). 
Anal. Calcd for C17H3304 ([M - 1011': 269.2472. Found: 

269.2482. 
5(R)-Undecanyl-b-valerolactone (16). With the same pro- 

cedure as for 14a, 200 mg (0.54 mmol) of ester 15 reacted to give 
120 mg (88%) of 16: mp 37 'C; IR (Nujol) 1745 (s) cm-'; NMR 
(CDCI,) 6 0.8-0.9 (m, 3 H), 1.30 (s, 20 H), 1.4-2.0 (m, 4 H), 2.3-2.7 

(11) Gilman, H.; Beel, J. R.; Brannen, C. G.; Bullock, M. W.; Dunn, 
G. E.; Miller, L. S. J.  Am. Chem. Soc. 1949, 71,1499. Fieser, L. F.; Fieser, 
M. R e a g e n t s  for  Organic Synthesis; Wiley: New York, 1967; Vol. 1, p 
618. 

(12) Kauffman, G. B.; Teter, L. A. Inorg. Synth. 1963, 7,  19. 

(m, 2 H), 4.2-4.3 (m, 1 H); [ct']20D +38.2 (0.74, THF) [lit?" [ a I z 3 D  
+40.8' (0.76. THF)l. 

Anal. Calcd ~ O ~ ' C , ~ H , ~ O ~ :  254.2240. Found: 254.2250. 
Methyl 5(S)-(Benzyloxy)-2(R,S)-methylhexanoate (20a). 

With the same procedure as for 8a, 2 g (7.2 mmol) of iodide 17 
reacted with 7.2 g (72 mmol) of methyl methacrylate to give 630 
mg (35%) of 20a: IR (neat) 1740 (s) cm-'; NMR (CDC1,) 6 1.10 
(d, J = 6.0 Hz, 3 H), 1.18 (d, J = 6.0 Hz, 3 H), 1.4-1.9 (m, 4 H), 
2.1-2.6 (m, 1 H), 3.1-3.8 (m, 1 H), 3.7 (s, 3 H), 4.5 (d, J = 2.0 Hz, 
2 H), 7.4 (s, 5 H). 

Anal. Calcd for C15HZzO3: C, 72.00; H, 8.80. Found: C, 71.67; 
H, 8.95. 
Methyl 5(S)-(Benzy1oxy)hexanoate (20b). With the same 

procedure as for educt 8a, 2 g (7.2 mmol) of iodide 17 reacted with 
6.2 g (72 mmol) of methyl acrylate to give 520 mg (30%) of 20b: 
IR (neat) 1740 (9) cm-'; NMR (CDC1,) 6 1.18 (d, J = 6.0 Hz, 3 
H), 1.4-2.0 (m, 4 H), 2.1-2.4 (m, 2 H), 3.68 (s, 3 H), 3.2-3.8 (m, 
1 H), 4.50 (d, J = 2.0 Hz, 2 H), 7.3 (s, 5 H); [a]20 +25.0° (c  4.9, 
EtOH). 

Anal. Calcd for C14H2003: C, 71.19; H, 8.47. Found: C, 70.89; 
H, 8.62. 
2(R,S),5(S)-Dimethyl-6-valerolactone (21a). A solution of 

480 mg (1.92 mmol) of ester 20a and 50 mg of 10% Pd/C in 10 
mL of dry EtOH was hydrogenated (1 atm) for 2 h. The Pd/C 
was filtered off, and the solvent was removed in vacuo. The 
remaining residue was chromatographed (50% EtOAc/hexane, 
silica) to give 303 mg of a mixture of methyl and ethyl esters. A 
solution of 204 mg of this ester mixture, a catalytic amount of 
H+ ion-exchange resin, and a few 4-1\ molecular sieves in 10 mL 
of dry CH3CN was stirred for 3 h at 25 'C. The reaction mixture 
was filtered, and the solvent was removed in vacuo. The remaining 
residue was taken up in 150 mL of ether and dried over MgSO,. 
The solvent was removed in vacuo, and the remaining oil was 
chromatographed (50% EtOAc/hexane, silica) to give 142 mg 
(58%) of a 1:l mixture of 2(R),5(S)- and Z(S),5(S)-dimethyl-d- 
valerolactone: mp 55 'C; IR (neat) 1735 (s) cm-'; NMR (CDCl,) 
6 1.24 (d, J = 7.1 Hz, 1.5 H), 1.32 (d, J = 7.1 Hz, 1.5 H), 1.36 (d, 
J = 6.2 Hz, 1.5 H), 1.38 (d, J = 6.2 Hz, 1.5 H), 1.4-1.7 (m, 2 H), 
1.8-2.2 (m, 2 H), 2.3-2.7 (m, 1 H), 4.3-4.5 (m, 1 H). 

Anal. Calcd for CBHI2O2: 128.0834. Found: 128.0836. 
5(S)-Methyl-6-valerolactone (21b). With the same procedure 

as for lactone 21a, 600 mg (2.54 mmol) of 20b reacted to give 380 
mg of a mixture of methyl and ethyl esters. Lactonization of 367 
mg of this mixture gave 241 mg (94%) of 5(S)-methyl-6-valero- 
lactone: IR (neat) 1735 (s) cm-'; NMR (CDC13) 6 1.38 (d, J = 6.5 
Hz, 3 H), 1.4-1.6 (m, 1 H), 1.8-2.0 (m, 3 H), 2.3-2.6 (m, 2 H), 
4.4-4.6 (m, 1 H); [aIzoD -33.5' (c 3.3 MeOH) [lit.6b [a]21'5D 34.3' 
(c  2.08, EtOH)]. 
4(S)-(Benzyloxy)-l-~yanopentane (18). With the same 

procedure as for 8a, 3.3 g (12.0 mmol) of iodide 17, reacted with 
6.3 g (120 mmol) of acrylonitrile to give 2.5 g (51%) of 18: IR 
(neat) 2220 (m) cm-'; NMR (CDCl,) 6 (d, J = 6.0 Hz, 3 H), 1.5-2.0 
(m, 4 H), 2.1-2.4 (m, 2 H), 3.3-3.8 (m, 1 H), 4.2-4.7 (m, 2 H), 7.35 
(s, 5 H); [ a I z 0 D  +38.1' (c  5.1, EtOH). 

Anal. Calcd for Cl3HI7NO: 203.1305. Found: 203.1317. 
l-Cyano-4(S)-hydroxypentane (19). A solution of 2.3 g (11.3 

mmol) of 18 and 150 mg of 10% Pd/C in 60 mL of dry EtOH was 
hydrogenated (1 atm) overnight; the Pd/C was fikered off, and 
the solvent was removed in vacuo. The residue was taken up in 
ether and dried over MgS04. The ether was removed in vacuo, 
and the remaining oil was chromatographed (EtOAc, silica) to 
give 1.19 g (93%) of 19: IR (neat) 3440 (br), 2250 (m) cm-l; NMR 
(CDCl,) 6 1.15 (d, J = 6.0 Hz, 3 H), 1.4-1.9 (m, 4 H), 2.2-2.5 (m, 

EtOH) [lit.6a [ a ] 2 2 , 4 D  +13.7' (c 4.3, EtOH)]. 
2 H), 2.6-3.0 (br S, 1 H), 3.5-4.0 (m, 1 H); [ a l Z o ~  +22.8' (C 5.3, 

Anal. Calcd for C5H8N0 ([M - 151'): 98.0603. Found: 98.0609. 
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The failure of the [4 + 21 cycloaddition of dimethyl- 
maleic anhydride with furan was a result of both electronic 
and steric hindrance of the methyl group. Another reason 
for the failure of the cycloaddition was due to the poor 
Diels-Alder rectivity of furan.' I 

Recently the more reactive diene isobenzofuran was 
found to react quantitatively with dimethylmaleic anhy- 
dride (1) in reluxing xylene to give the cycloaddition 
product, benzocantharidine.2 Another reactive furan, 
3,4-dimethoxyfuran (2), undergoes cycloaddition with 1 
under high pressure (22 kbar) a t  room temperature. The 
reaction, however, did not proceed a t  lower pressure, e.g., 
10 kbar.3 We have also demonstrated that when the 
methyl groups of 1 were replaced by chlorines, it reacted 
with furan under 5 kbar of pressure to yield a cycloadduct." 
This result showed that the electron-withdrawing chlorine 
groups increased its dienophilicity, and the application of 
high pressure overcomes the steric hindrance. The reaction 
first yields the 1:l cycloadduct, which is still reactive as 
a dienophile, and adds a second molecule of furan giving 
the 1:2 addition product. Thus, we expect that a reactive 
diene (2) and dichloromaleic anhydride (3) may react un- 
der more moderate conditions to yield a stable 1:l  cyclo- 
addition product. When 2 and 3 were refluxed in toluene, 

a polymerization was initiated with the elimination of 
hydrogen chloride and a black solid was produced. The 
cycloaddition reaction of 2 and 3 in THF solution was 
found to proceed under 10 kbar a t  room temperature. 
(The reaction failed at  lower pressure, 5-6 kbar.) The 

'Kyoto University. 
f Polytechnic University. 

product 5 was isolated in 67 70 yield after chromatographic 
purification. The compound 5 probably arose via 1:l ad- 
dition (4) followed by dehydrochlorination and rear- 
rangement. 
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The reaction of furan with diphenylcyclopropenone (6) 
has been reported to be unsuccessful, yielding only the 
dimer of 6.5 We have found that the cycloaddition re- 
action does not occur even under high pressure (- 10 kbar). 
The more reactive furan 2, however, underwent the cy- 
cloaddition with 6 on refluxing in toluene to give 2,3-di- 
methoxy-5,6-diphenylphenol (8) in 24 % yield. The com- 
pound 8 may be obtained via the decarbonylation and 
rearrangement of the initially formed adduct (7). 
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Similarly, methylphenylcyclopropenone (9) reacts with 

2 in refluxing toluene producing 2,3-dimethoxy-5- 
methyl-6-phenylphenol (10) in 9% yield along with the 
dimer (1 1)6 of 9. 

OH ,CHI 

Ph 
Ph CH3 

11 10 

The yields of these phenols 8 and 10 were greatly im- 
proved when the reactions were performed at  high pres- 
sure, 8-10 kbar. The yields were increased to 51% and 
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