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Abstract: A series of trans-4,5-disubstituted-y-buty~iactones are found to adopt different 
conformations by aH NMR spectroscopy, whose optical rotation signs are found to depend on the 
conformations they assume. An empirical correlation rule is proposed for the prediction of optical 
activity and stereochemistry of 7-butyrolactones, which is confirmed by the X-ray analyses of (+)- and 
(-)-'&butyrolactones. © 1998 Elsevier Science Ltd. All rights reserved. 

Since the beginning of  the study of  optically active substances, many attempts have been made to devise 

a method for calculating the magnitude of  optical rotation or at least to learn how to predict the sign of rotation. 

As a result, some empirical rules I regarding the optical activities have been found. Empirical methods 2 for the 

prediction of  the sign and magnitude of rotation based on bond refractions and polarizabilities of groups in a 

molecule have been suggested, which have given fairly good results in many cases. Although the cause of  

optical activity has been interpreted by both theoretical and nontheoretical methods, 3 the nature of  optical 

activity, or the correlation of  the chiral molecule's structure with the sign and value of  its optical rotation is 

still a problem that has not been solved. In this paper, we report our discovery of  the correlation between 

optical rotation sign and conformation of  7-butyrolactones. 

RESULTS AND DISSCUSSION 

Recently, in the study of  the physical and spectral properties of a series of  trans-4,5-disubsfituted-y- 

butyrolactones (2-10) derived from (R)-(-)-5-[(1R)-menthyloxy]-2(5H)-furanone 4 (1) (Scheme 1), we found 

that the optical rotation signs of  the y-butyrolactones correlate strictly with the relative order of  the chemical 

shifts of  the C3 methylene protons H3a and H3b in the range of  6 2.0-3.0, as the substituent on the C4 atom 

changes from one series to another. That is, the optical rotation signs of  compounds 2, 5 3, 5 4, ~ 5 are all 

positive, where H3a resonates at higher magnetic field than H3b, or 8H3a < 8H3b; while the optical rotation signs 
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of compounds 6, 7, 8, 6 9, 7 l0 s are all negative, where H3a resonates at lower magnetic field than H3b, or 5H3, > 

8H3~ (Table 1).9 This phenomenon appears somewhat confusing and unlikely considering that there is only one 

difference, the C4 substituent, among these compounds. The possibility of  the anisotropic effects of  the C4 

substituents can be removed, because, although compounds 2-5 and compound 6 all have double bonds (CfN 

or C=O bonds), they still lead to a different relative order of  the chemical shifts of  H3a and H3b. 

OR OR 
HI) SH H b R N / 

Hb% i~" CO2B Hb% , /~ CO2B 

' ,  
O2NCH2CO2 Et Hb~ , / ~  RX / K2CO 3 

0 / \ ~ PrONO I~ b 

8 7 6 5 

Scheme I 

R2 
Hb 

O ~ . ~ . , , ,  Ha Hb 3 4 R1 (R2) 

(+)-I 2-5 2-10 (-)-II 6-10 

R~ = C(NO2H)CO2Et, C(NO2R)CO2Et, C(NOR)CO2Et, C(NOH)CO.2Et 
R2 = COCOzEt , OR, NRR', SR, Alkyl 
MenO = menthyloxy 

Figure I 

There seems to be only one interpretation for the interesting transposition of the chemical shifts of  the 

C3 methylene protons H3= and H3b, which is that the two series of  compounds 2-5 and compounds 6-10 assume 

different conformations, respectively, y-Butyrolactone is a five-membered ring and it is not surprising to think 

that it should adopt an envelope conformation. The preference for coplanarity of  the lactone group ~° implies 

that the stable conformations of  the y-butyrolactone arc restricted to an enantiomeric pair," in which the C4 
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T a b l e  1 

Compound R Mp, *C [a] (c, Solvent) * 8H3a ~H3b AS c J3L3b J3L4 J3k4 .]4.5 Ref 

2 

3a CH 3 

3b C2Hs 

3c C3H7 

3d C4H9 

3e C9H 19 

3f CI2H25 

3g PhCH2 

3h c-C5H9 

3i c-C6H N 

3j C8HI7 

3k C16H33 

31 allyl 

3m i-C3H 7 

311 s-C4H 9 

4a c-CsH 9 

4b c-C6H l I 

4e allyl 

4d s-C4H 9 

4e CH3 

5 

6 

7a C2H5 

7b C3H7 

7e C4H9 

7d PhCH2 

7e allyl 

8a H, PhCH2 

8b 

8 e  

8 d  

8 e  

8 f  

8 g  

9 

1 0 a  

1 0 b  

146-147 +52 (1.0, CHCI3) 2.64 2.94 +0.30 17.4 I 1.5 3.3 0 

93-94 +64 (1.0, CHCI3) 2.58 2.86 +0.28 16.6 11.5 3.4 0 

71.5-72.5 +68 (I.0, CHCI3) 2.55 2.83 +0.28 16.6 11.2 3.4 0 

81-82 +66 (I.0, CHCI3) 2.57 2.84 +0.27 16.6 11.2  3.4 0 

89-90 +61 (I.0, CHCI3) 2.56 2.83 +0.27 16.6 11.2  3.6 0 

54-55 +53 (I.0, CHCI3) 2.57 2.84 +0.27 16.6 11.2 3.5 0 

53.5-55.5 +50(I.0, CHCI3) 2.56 2.83 +0.27 16.6 11.3 3.4 0 

97-98 

80-81 

73-75 

56-58 

51-53 

67-68 

55-56 

36-42 

+48(1.0, CHC13) 2.61 2.89 +0.28 16.6 11.0  3.4 0 

+66(1.0, CHC13) 2.56 2.76 +0.20 16.6 10.7 3.6 0 

+64(1.0, CHC13) 2.56 2.78 +0.22 16.6 10.7 3.4 0 

+57 (0.78, CH2C12) b 2.56 2.84 +0.28 16.6 11.2 3.5 0 

+47 (0.84, CH2C12) b . . . . . . .  

+27 (0.61, CH2Cl2) b 2.60 2.88 +0.28 16.4 11.2  3.4 0 

+59 (0.81, CH2Cl2) b 2.56 2.79 +0.23 16.4 10.8 3.5 0 

+55 (0.92, CH2CI2) b 2.55 2.80 +0.25 15.6 10.8 3.4 0 

oil +104 (2.18, hexane) 2.36 2.76 +0.40 16.0 10.8 3.7 1.8 5 

oil +94 (0.72, hexane) 2.36 2.76 +0.40 16.0 10.8  3.7 1.8 5 

oil +91 (0.28, CH2CI2) b 2.40 2.87 +0.47 16.4 11.4 3.6 1.2 d 

oil +87 (0.76, CH2CI2) b 2.35 2.80 +0.45 15.6 10.8 3.4 1.2 d 

oil +231 (l.O, hexane) 2.38 2.68 +0.43 16.6 ll.4 3.6 1.5 d 

121-122 +118(I.0, CHC13) 2.36 2.88 +0.52 17.2 11.5 3.2 0 d 

58-61 -134 (0.83, CH2C12) 2.97 2.78 -0.19 18.0 9.4 4.8 2.2 d 

93-94 -146 (1.1, CHC13) 2.79 2.45 -0.34 17.8 6.0 1.4 0 d 

92-93 -132 (0.86, CHCI3) 2.77 2.45 -0.32 18.0 6.0 1.6 0 d 

73-74 -128(0.81,CH2CI2) 2.79 2.45 -0.34 17.8 6.0 i.2 0 d 

86-87 -230 (1.0, hexane) 2 .81  2.52 -0.29 18.0 5.8 !.4 0 d 

74-75 -182 (I.0, CHCI3) 2.79 2.47 -0.32 17.8 5.8 1.6 0 d 

100.6-102.7 -101 (I.0, CHCI3) b 2.8 2.3 -0.5 15 7 3 0 6 

-109 (1.0, CHCI3) b 2.7 2.1 -0.6 15 8 2 0 6 

• • e 2 6 

• ~ e ~ 2 6 

c • , 2 6 

e • • 2 6 

• ~ • e 0 6 

-62 (1.0, CHCI3) b 3.04 2.38 -0.66 15 8 3 0 7 

78.2-79.8 -147 (0.9, CHCI3) b 2.82 2.09 -0.73 17.6 8.2 4.0 2.2 8 

oil -89 (1.8, CHCI3) b . . . . . .  0 8 

CH3, PhCH2 oil 

( C H 2 ) 4  134.6-134.8  -150 (1.0, CHCI3) b • 

(CH2 )~  114.9-115.6 -149 (1.0, CHCI3) b • 

(CHz)eO(CH2)2 109.4-110.2 -142 (1.0, CHCI3) b e 

C2H5, C2H5 oil -148 (1.0, CHC13) b 

H, C4H9 semisolid -134 (1.0, CHCI3) b • 

Ph 

CH3 

(CH3ShC 

¢ 

e 

e 

77.8-78 

• Unless otherwise indicated, the specific rotations were measured at 578 nm at 25 °C. b Determined at 589 nm at 20 or 25 

oC. c A5 = ~H3b - ~H3,. d The present paper. • Not assigned or given in the original literature. 
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atom is either below (conformation I) or above (conformation II) the lactone plane (Figure 1). The hydrogens 

or substituents at C3, C4 and C5 atoms are expected to adopt quasi-axial or quasi-equatorial positions. 12 

In conformation I, H3b, H4 and H5 are quasi-axial protons, while H3a, menthyloxy and R t adopt the 

quasi-equatorial positions. On the contrary, in conformation II, H3a, menthyloxy and R 2 assume the quasi-axial 

positions, while H3b, H4 and H5 are quasi-equatorial protons. According to the proposed model 13 of  the 

anisotropic effect of  the carbonyl group, the quasi-equatorial protons of the C3 methylenes in both 

conformations I and II should be in the shielding region of the C2 carbonyl group while the corresponding 

quasi-axial protons should be in the deshielding region. As a result, in the two conformations I and II, the 

quasi-axial proton on the C3 methylene is expected to resonate at lower magnetic field than the corresponding 

quasi-equatorial proton. Since for compounds 2-5, the relative order of the chemical shifts of  H3a and H3b is 

~H3a < 6H3b, therefore it is self-evident that compounds 2-5 all assume conformation I. And because for 

compounds 6-10, the relative order of the chemical shifts of H3~ and H3b is 8H3a > 8H3b, it can also be inferred 

that compounds 6-10 all adopt conformation II. 

Apparently, this result agrees with the previous observations that in steroidal ct-acetoxy, ~4 a-halo 

ketones 15 and ct-bromo cyclohexanones, 16 the a-protons of  the carbonyl groups resonate at lower magnetic 

fields when axial than when equatorial. 

In both conformations I and II, the geminal coupling constants of  the C3 methylene protons H3a and H3b 

alter in a narrow range, or 2J3~3b = 15-18 Hz. In conformation I, there are three vicinal couplings which 

include one coupling of  the quasi-equatorial H3a and the quasi-axial H4 with the coupling constants, 3J3~4 = 

10.8-11.5 Hz, and two couplings of  the quasi-axial protons H3b, I44 and H5 with the coupling constants 3,/3b,4 = 

3.2-3.7 Hz and 3J4.5 = 0-1.8 Hz. In this case, the quasi-axial H3b is deshielded 0.2-0.5 ppm by the C2 carbonyl 

group with respect to the quasi-equatorial H3a. In conformation II, there are also three vicinal couplings which 

consist of one coupling of  the quasi-axial H3a and the quasi-equatorial H4 with the coupling constants 3or3~4 = 

5.8-9.4 Hz, and two couplings of  the quasi-equatorial protons H3b, I-I4 and H5 with the coupling constants 3J3b,4 

= 1.2-1.8 Hz and 3j4.5 = 0-2.2 Hz. In this case, the quasi-axial H3a is deshielded 0.2-0.7 ppm by the C2 

carbonyl group with respect to the quasi-equatorial H3b. It should be noted that these data of this five- 

membered ring are in contrast to those of  a six-membered ring where the coupling constant of the vicinal 

axial-axial protons is usually much larger than that of the vicinal axial-equatorial protons, 17 and an equatorial 

proton is generally deshielded 0.1-0.7 ppm by the C-C bonds with respect to the corresponding axial proton) s 

lfthe substituents R l, R 2 and MenO were replaced with hydrogens, it would be obvious that conformer I 

and conformer II are enantiomers, or that one is the mirror image of the other. Since the absolute configuration 

of C4 and C5 atoms are the same in both conformations I and II, it appears to be reasonable and significant that 

the optical rotation signs of  the "/-butyrolactones depend on the conformations they assume rather than on the 

substituents on the lactone ring (although R ~ and R 2 belong to a variety of  substituents and MenO is a 
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menthyloxy that contains three chiral centers), in other words, conformer I creates a right-handed rotation, 

while conformer II results in a left-handed rotation. 19 

..,,,* NHBn 

OSiBuiPh2 

I1 
[ct]2°D +15.3 (c 1.08, CHCI3) 

! H _.j,.. o,~ a. 

O ~  OSiButPh2 O ~  
12 13 OBn 

[(I]20 D +13.2 (C 1.00, CHCI3) [(7.]20 D +53.4 (C 2.01, CHCI3) 

8c 
[(Z]20D-150.1 (c 1.0, CHCI3) 

Ph O ~ . O / ' . , , ~  

14 15 
[ct]25D -79 (c 1.0, CHCI3) [¢]v -214.1 (c 1.0, n-hexane) 

MoO O 
~ , , , H  

o / 7 " , . O / " , , ~  
16 

[~]2OD - 199.9 (c 1.00, CH2C12) 

. .  , . . .  

17 

[O~]D -14.76 (c 0.42, CH2CI2) 

Figure 2 

The correlation between optical rotation sign and conformation of chiral ?-butyrolactones are 

unequivocally confirmed by the X-ray analyses of (+)-y-butyrolactones 112°, 1221 and 1322, and (')'7" 

butyrolactones 8e 6, 1423, 159, 169 and 1724 (Figure 2). The OPTEP plots of (+)-7-butyrolactones 11-13 clearly 

show that their lactone rings assume the expected conformation I with the C4 atom deviating below the lactone 

plane, whereas the ORTEP plots of (-)-7-butyrolactones 8c and 14-17 indicate that their lactone tings adopt the 

predicted conformation II with the C4 atom deviating above the lactone ring. 

On the basis of these interesting and important findings, we propose an empirical correlation rule for the 

prediction of  optical activity and stereochemistry of 7-butyrolactones: 

(1) If the relative order in chemical shifts of  the C3 methylene protons of a 7-butyrolactone is 5H3, < 

5H3b, then it must assume conformation I and it must be a dextrorotatory compound; 
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(2) If the relative order in chemical shifts of the C3 methylene protons of a "/-butyrolacWne is 8H3a > 

6H3b, then it must adopt conformation II and it must be a levorotatory compound; 

(3) If the optical rotation sign of  a "/-butyrolactone is positive, then it must assume conformation I; 

(4) If the optical rotation sign of a ~/-butyrolactone is negative, then it must adopt conformation II. 

Because of the widespread occurrence of ~,-butyrolactone rings in natural products, especially in 

molecules that possess diverse biological activity, 25 we think this empirical correlation rule will be useful to 

the prediction of  optical activity and stereochemistry of  such compounds. 

In conclusion, a series of trans-4,5-disubstimted-T-butyrolactones are found to adopt different 

conformations by ~H NMR spectroscopy. The optical rotation signs of these ~,-butyrolactones are found to 

correlate with their conformations. An empirical correlation rule is accordingly proposed for the prediction of 

optical activity and stereochemistry of ~'-butyrolactones, which is confirmed by the X-ray analyses of (+)- and 

(-)-~,-butyrolactones. Further investigations on this subject are currently in progress. 

EXPERIMENTAL SECTION 

Elemental analyses were obtained on a Perkin-Elmer 240C micro analyzer. Infrared spectra were 

recorded on a Hitachi 260-50 spectrometer. IH and 13C NMR spectra were performed at 200 MHz on a 

Varian-200 spectrometer in CDC13 with chemical shifts in ppm downfield from TMS and coupling constants 

in hertz. Optical rotations were measured on a Perkin-Elmer 241MC polarimeter. Melting points (uncorrected) 

were taken on a Yanaco MP-500 apparatus. The syntheses and characterization of compounds 1, 2, 3a-3i, and 

4a-4b were reported in the preceding paper. 5 

General Procedure for Preparation of Compounds 3 and 4. Compound 2 (0.74 g, 2 retool) and 

finely ground anhydrous K2CO3 (0.28 g, 2 mmol) were mixed in DMF (9 mL). To this well stirred suspension 

was added an alkyl halide (2 mmol). The progress of the reaction was monitored by TLC. Soon after 

completion of the reaction, the mixture was dissolved in ether and washed with water and dried (Na2SO4). 

Removal of solvent furnished crude products which were further purified by recrystallization from light 

petroleum ether or by column chromatograghy on silica gel using a mixture of light petroleum ether and ethyl 

acetate (8:1) as the eluent affording compounds 3, and 4 (where secondary or allyl halides were employed). 

(Z)-(+)-n-Octyl nitronic ester of (4S*,SR)-4-(l'-nitro-l'-earbethoxymethyl)-5-[(IR)-meuthyloxy]- 

3,4-dihydro-2(SH)-furanone (3j): white crystals; mp 56-58 °C; [ct]2ss89 +56.8 ° (c 0.78, CH2C12); IR (KBr) 

1760, 1725, 1640 cm't; IH NMR 5 0.76-1.16 (m, 14H), 1.2-1.5 (m, 16H), 1.63 (m, 4H), 2.16 (m, 2H), 2.56 (dd, 

1 H, J = 16.6, 11.2), 2.84 (dd, 1H, J = 16.6, 3.5), 3.41 (dd, 1H, J = 10.4, 4.)), 3.75 (dd, 1H, J = 11.2, 3.5), 4.10 
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(t, 2H), 4.33 (q, 2H), 5.39 (s, IH); Anal. Calcd for C26I-I45NO.: C, 64.60; H, 9.32; N, 2.90. Found: C, 64.48; H, 

9.30; N, 3.15. 

(Z)-(+)-n-Hexadecyi uitroni¢ ester of (4S*,5R)-4-(1 '-nitro-l'-carbethoxymethyl)-~.[(IR)- 

menthyloxy]-3,4-dihydro-2(SH)-furanone (3k): white crystals; mp 51-53 °C; [ct]2sss9 +46.5 ° (¢ 0.84, 

Cll2Cl2); IR (KBr) 1760, 1730, 1640 cm't; Anal. Calcd for C34H6tNOT: C, 68.57; II, 10.25; N, 2.35. Found: C, 

68.44; 11, 10.30; N, 2.25. 

(Z)-(+)-Allyl nitronic ester of (4S*~R)-4-(l'-nitro-l'-carbethoxymethyl)-5-K1R)-menthyloxy]-3,4- 

dihydro-2(SH)-furanone (31): white crystals; mp 67-68 °C; [cc]7~5s9 +27.4 ° (c 0.61, Cll2Cl2); Ig (KBr) 1755, 

1735, 1640 cm'm; mH ~ ~ 0.7-1.3 (m, 15II), 1.35 (t, 311), 1.65 (m, 2ll), 2.14 (m, 2H), 2.60 (dd, III, J= 16.4, 

11.2), 2.88 (dd, 111, J = 16.4, 3.4/, 3.40 (dd, 1H, J =  10.6, 4.4), 3.75 (dd, IH, J= 11.2, 3.4), 4.33 (q, 211/, 4.62 

(d, 211, J =  5.8), 5.27 (dd, 1I-I, J =  10.2, 1.4), 5.35 (dd, 111, J= 17.5, 1.4), 5.39 (s, 111), 5.91 (m, 1H, J ' ,  17.5, 

10.2, 5.8); t3C NMR 8 14.2, 16.1, 21.0, 22.1, 23.0, 25.4, 31.7, 33.2, 34.1, 43.0, 47.1, 48.1, 61.9, 65.8, 81.9, 

103.2, 109.9, 119.1, 131.5, 158.5, 169.7; Anal. Ceded for C2tl133NOT: C, 61.31; 11, 8.03; N, 3.41. Found: C, 

61.10; II, 8.05; N, 3.41. 

(Z)-(+)-/so-Propyl nitroni¢ ester of (4S*,SR)-4-(l'-nitro-l'-carbethoxymethyl)-5-[(IR)- 

menthyioxy]-3,4-dihydro-2(SH)-furanone (3m): white crystals; mp 55-56 °C; [~]25ss9 +59.4 ° (c 0.81, 

Cll2Cl2); IR (I~r)  1760, 1725, 1640 cm'l; roll N ~  8 0.71-1.23 (m, 1511), 1.25 (d, 6I-I), 1.35 (t, 3H), 1.65 (m, 

2II), 2.56 (dd, III, J =  16.4, 10.8), 2.79 (dd, III, J =  16.4, 3.5), 3.42 (dd, 111, J =  10.6, 4.4), 3.74 (dd, III, J = 

10.8, 3.5), 4.33 (q, 2I-I), 5.03 (m, 1H), 5.40 (s, lll); m3C ~ 8 14.0, 15.9, 20.8, 21.5, 21.9, 22.0, 22.8, 25.2, 

31.4, 33.4, 33.9, 42.8, 47.0, 48.0, 61.6, 68.5, 81.6, 103.0, 109.6, 158.3, 169.3; Anal. Calcd for C211135NO7: C, 

61.02; II, 8.47; N, 3.39. Found: C, 61.23; 11, 8.58; N, 3.45. 

(Z)-(+)-(RS)-sec-Butyl nitronie ester of (4S*~SR)-4-(r-nitro-r-carbethoxymethyl)-5-[(1R)- 

menthyloxy]-3,4-dihydro-2(SH)-furanone (3n): white crystals; mp 36-42 °C; [(z]25589 +55.4 ° (c 0.92, 

CH2C12); IR (U~r) 1740, 1700, 1635 cm't; ~H NIVIR 8 0.7-1.1 (m, 15H), 1.15 (d, 3H), 1.35 (t, 3H), 1.4-1.9 (m, 

6I-I), 2.15 (m, 2I-I), 2.55 (dd, 1H, J=  15.6, 10.8/, 2.80 (dd, 1H, J = 15.6, 3.4/, 3.41 (dd, Ill, J=  10.6, 4.2), 3.75 

(dd, 1H, J =  10.8, 3.4), 4.34 (q, 2II/, 4.88 (m, 1H), 5.38 (s, 1II); m3c NMR 6 9.4, 14.0, 15.8, 19.1, 20.8, 21.9, 

22.8, 25.2, 28.5, 31.4, 33.3, 33.9, 42.8, 47.0, 48.0, 61.7, 73.2, 81.6, 103.0, 109.7, 158.3, 169.6; Anal. Calcd for 

C7~113~NO~: C, 61.83; 11, 8.67; N, 3.28. Found: C, 61.60; II, 8.65; N, 3.22. 

(Z)-(+)-O-Allyloxime of (4S*,5R)-4-(1 '-nitroso-l'-carbethoxymethyl)-~[(1R)-menthyloxy]-3,4- 
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dihydro-2(SH)-furanone (4e): a colorless oil; [G~]25589 +91.3  ° (c 0.28, CH2C12); IR (neat) 1795, 1740, 1720, 

1650, 1595 cm'~; tH NMR 8 0.7-1.3 (m, 14H), 1.37 (t, 3H), 1.65 (m, 2H), 2.19 (m, 2H), 2.40 (dd, 1H, J =  16.4, 

11.4), 2.87 (dd, 1H, J =  16.4, 3.6), 3.45 (dd, 1H, J = 10.6, 4.2), 3.63 (ddd, 1H, J = 11.4, 3.6, 1.2), 4.35 (q, 2H), 

4.60 (d, 2H, J =  5.8), 5.26 (dd, 1H, J = 10.2, 1.4), 5.32 (dd, 1H, J =  17.5, 1.4), 5.53 (d, 1H, J =  1.2), 5.91 (m, 

1H, J =  17.5, 10.2, 5.8); ~3C NMR ~ 14.0, 16.0, 21.0, 22.1, 23.0, 25.3, 31,5, 32.4, 34.1, 42.8, 48.1, 49.4, 62.0, 

65.7, 81.6, 110.7, 118.8, 131.6, 153.4, 159.9, 169.7; Anal. Calcd for C2tH33NO6: C, 63.80; H, 8.35; N, 3.54. 

Found: C, 63.65; H, 8.33; N, 3.50. 

(Z)-(+)-O-(RS)-sec-Butyloxime of (4S*.SR)-4-(l'-nitroso-l'-carbethoxymethyl)-5-[(IR)- 

menthyloxy]-3,4-dihydro-2(SH)-furanone (4d): a colorless oil; [0t]25589 +86 .8  ° (c 0.76, CH2CI2); IR (neat) 

1795, 1740, 1590 cm'l; IH NMR 6 0.7-1.15 (m, 15H), 1.21 (d, 3H), 1.36 (t, 3H), 1.58 (m, 6H), 2.20 (m, 2H), 

2.35 (dd, IH, J =  15.6, 10.8), 2.80 (dd, 1H, J = 15.6, 3.4), 3.45 (dd, IH, J =  10.6, 4.2), 3.62 (ddd, 1H, J=  10.8, 

3.4, 1.2), 4.35 (q, 2H), 4.86 (m, 1H), 5.54 (d, 1H, J =  1.2); 13C NMR 8 9.5, 14.0, 16.0, 19.2, 20.9, 22.1, 22.9, 

25.3, 28.6, 31.5, 32.7, 34.7, 42.8, 48.1, 49.5, 61.9, 73.1, 81.4, 110.7, 153.5, 159.9, 169.7; Anal. Calcd for 

C22H37NO62 C, 64.23; H, 9.00; N, 3.41. Found: C, 64.05; H, 8.95; N, 3.40. 

(4S*•5R)•(+)-4-(•••Nitr•s•••••carbeth•xymethy•)•5•[(•R)•me•thy••xy]•3•4-dihydr•-2(5H)- 

furanone (5). Compound 2 (15 mmol, 5.4 g), NaNO2 (0.15 tool, 10 g) and PrONO (0.15 tool, 12 g) were 

mixed in DMSO (40 mL) under nitrogen. 26 After stirred in subdued light at 23-28 °C for 48h, the reaction 

mixture was quenched with ice and water (400 mL) to give the crude product. Recrystallization from ether and 

petroleum ether afforded white crystals (4.0 g, 78%) of 5: nap 121-122 °C; [¢t]2557s +118 ° (c 1.0, CHCI3); IR 

(KBr) 3250, 1745, 1725, 1688, 1590 cm'l; tH NMR 6 0.66-1.14 (m, 14H), 1.29 (t, 3H), 1.55 (m, 2H), 2.11 (In, 

2H), 2.36 (dd, 1H, J-- 17.2, 11.5), 2.88 (dd, 1H, J =  17.2, 3.2), 3.35 (dd, 1H, J =  10.5, 4.1), 3.53 (dd, IH, J-- 

11.5, 3.2), 4.26 (q, 2H), 5.74 (s, 1H), I 1.35 (br s, 1H); t3C NMR 8 14.2, 16.2, 21.2, 22.4, 23.4, 25.7, 31.9, 32.5, 

34.7, 43.5, 46.8, 50.1, 62.1, 81.6, 111.4, 153.9, 160.3, 171.7; Anal. Calcd for CtsH29NO6: C, 60.81; H, 8.23; N, 

3.94. Found: C, 60.92; H, 8.26; N, 3.95. 

(Z)-(+)-O-Methyloxime of (4S*,5R)-4-(1 '-nitroso-l'-carbethoxymethyl)-5-[(IR)-menthyloxy]-3,4- 

dihydro-2(SH)-furanone (4e). Compound 5 (0.5 g, 1.4 retool) and finely ground anhydrous K2CO3 (0.19 g, 

1.4 mmol) were mixed in DMF (10 mL). To this well stirred suspension was added methyl iodide (1.4 retool). 

After stirred at room temperature for 48h, the mixture was dissolved in ether and washed with water and dried 

(Na2SO4). Removal of solvent under reduced pressure furnished a colorless oil of 4e: [a]2557s +230.5 ° (c 1.0, 

hexane); IR (neat) 1740, 1720, 1650, 1580 cm'~; IH NMR 6 0.65-1.35 (m, 14H), 1.38 (t, 3H), 1.63 (m, 2H), 

2.19 (m, 2H), 2.38 (dd, 1H, J = 16.6, 11.4), 2.86 (dd, IH, J = 16.6, 3.6), 3.45 (dd, 1H, J = 10.6, 4.2), 3.62 (ddd, 
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1H, J =  11.4, 3.6, 1.5), 3.72 (s, 3H), 4.35 (q, 2H), 5.52 (d, 1H, J =  1.5); 13C NMR 5 13.5, 15.6, 20.4, 21.6, 22.6, 

24.9, 31.0, 31.9, 33.7, 42.4, 47.7, 49,0, 51.4, 61.4, 81.0, 110.3, 152.8, 159.3, 169.9; Anal. Calcd for 

Ct9H31NO6: C, 61.79; H, 8.40; N, 3,79. Found: C, 61.92; H, 8.22; N, 3.73. 

(4R*,SR)-(.).4.Ethoxyoxalyl-5-l(1R)-menthyloxYl.3,4-dihydro-2(SH)-furanone (6). Compound 2 

(2.0 g, 5.4 mmol) in methanol (25 mL) was treated with potassium hydroxide (0.33 g, 5.9 mmol) and stirred 

for 5 min to form the nitronate salt. Then the solution was cooled to 0 °C, and a stream of ozone-oxygen was 

passed through it. 27 The progress of the reaction was monitored by TLC. Soon after the completion of the 

reaction, the mixture was concentrated by rotary evaporation to a residue, which was dissolved in ether (50 

mL) and washed with 20% NaOH, water, brine, and dried (Na2SO4). Removal of solvent gave crude product. 

Recrystallization from a mixture of petroleum ether and methylene chloride led to white crystals (1.5 g, 83%) 

of 6: mp 58-61 °C; [~]25589 -134 ° (c 0.83, CH2C12); IR (in nujol) 1790, 1760, 1750, 1730 cm'~; IH NMR 5 

0.7-1.3 (m, 14H), 1.40 (t, 3H), 1.65 (m, 2H), 2.10 (m, 2H), 2.78 (dd, 1H, J = 18.0, 4.8), 2.97 (dd, 1H, J = 18.0, 

9.4), 3.55 (dd, 1H, J = 10.6, 4.2), 3.93 (ddd, 1H, J = 9.4, 4.8, 2.2), 4.38 (q, 2H), 5.86 (d, 1H, J = 2.2); t3C 

NMR 5 13.9, 15.5, 20,8, 22.1, 22.9, 25.3, 29.2, 31.2, 34.1, 39.6, 47.5, 50.4, 63.3, 77.8, 99.4, 159.6, 173.5, 

189.5; Anal. Calcd for CIsH28NO6: C, 63.53; H, 8.24. Found: C, 63.48; H, 8.21. 

General Procedure for Preparation of Compounds 7. To a stirred solution of a primary alcohol (2 

mL) in DMF (5 mL) was added a catalytic amount of metallic sodium. As soon as sodium disappeared, 

compound 1 (1.0 g, 4.2 mmol) was added and the resulting red color solution was stirred at room temperature 

for 3-24h until the red color faded (the red color might be caused by the resulting enol anion of the furanone). 

Then, the reaction mixture was dissolved in ether and washed with water and dried (Na2SO4). Removal of 

solvent afforded crude product that was further purified by recrystallization from light petroleum ether. 

(4R*,5R)-(-)-4-Ethoxy-5-[(IR)-menthyloxy]-3,4-dihydro-2(5H)-furanone (7a): white crystals; mp 

93-94 °C; [~t]2s578 -146 ° (c 1.1, CHC13); IR (KBr) 1780 cm'l; IH NMR ~i 0.7-1.15 (m, 14H), 1.22 (t, 3H), 1.65 

(m, 2H), 1.99 (m, 1H), 2.15 (m, 1H), 2.45 (dd, 1H, J = 17.8, 1.4), 2.79 (dd, 1H, J = 17.8, 6.0), 3.55 (q+dd, 3H), 

3.90 (dd, 1H, J =  6.0, 1.4), 5.55 (s, 1H); 13C NMR 5 15.1, 15.5, 20.8, 22.2, 22.9, 25.4, 31.3, 34.1, 34.2, 39.5, 

47.6, 64.8, 76.8, 78.7, 102.8, 174.9. Anal. Calcd for C!6H2804: C, 67.61; H, 9.86. Found: C, 67.55; H, 9.89. 

(4R*,SR)-(-)-4-Propoxy-5-[(1R)-menthyloxy]-3,4-dihydro-2(SH)-furanone (7b): white crystals; mp 

92-93 °C; [0t]25578 -132 ° (c 0.86, CHCI3); IR (KBr) 1780 cmq; tH NMR 5 0.6-1.8 (m, 21H), 2.00 (m, IH), 

2.15 (m, 1H), 2.45 (dd, 1H, J =  18.0, 1.6), 2.77 (dd, IH, J =  18.0, 6.0), 3.43 (t, 2H, J-- 6.4), 3.54 (dd, 1H, J =  

10.6, 4.0), 3.91 (dd, 1H, J =  6.0, 1.6), 5.55 (s, 1H); 13C NMR 8 10.5, 15.5, 20.8, 22.2, 22.8, 25.5, 31.3, 34.1, 
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34.2, 39.6, 47.6, 71.1, 76.7, 78.9, 102.8, 174.9. Anal. Calcd for CI7H3004: C, 68.46; H, 10.07. Found: C, 68.35; 

H, 10.11. 

(4R*,SR)-(-)-4-Butoxy-5-l(tR)-menthyloxyl-3,4-dthydro-2($H)-furanone (7¢): white crystals; mp 

73-74 °C; [ct]2ssTs -128 ° (c 0.81, CH2C12); IR (KBr) 1780 cm'l; IH NMR 8 0.7-1.8 (m, 23H), 2.00 (ra, IH), 

2.15 (m, IH), 2.45 (dd, IH, J= 17.8, 1.2), 2.79 (dd, 1H, J= 17.8, 6.0), 3.47 (t, 2H, J= 6.2), 3.54 (dd, 1H, J "  

10.0, 4.2), 3.91 (dd, 1H, J= 6.0, 1.2), 5.56 (s, 1H); 13C NMR 6 13.7, 15.4, 19.0, 20.7, 22.1, 22.8, 25.3, 31.1, 

31.5, 34.0, 34.1, 39.4, 47.4, 69.1, 76.5, 78.7, 102.7, 174.9. Anal. Calcd for CnH3204: C, 69.23; H, 10.26. 

Found: C, 69.35; H, 10.28. 

(4R*,SR)-(-)-4-Benzyloxy-5-[(IR)-menthyloxyl-3,4-dihydro-2(SH)-furanone (7d): white crystals; mp 

86-87 °C; [~x]25sTs -230 ° (c 1.0, hexane); IR (KBr) 1780 cm'l; IH NMR 5 0.7-1.5 (m, 18H), 1.65 (m, 2H), 2.00 

(m, 2H), 2.52 (dd, IH, J = 18.0, 1.4), 2.81 (dd, 1H, J= 18.0, 5.8), 3.52 (dd, IH, J= 10.4, 4.2), 4.04 (dd, 1H, J 

= 5.8, 1.4), 4.58 (s, 2H), 5.58 (s, 1H); 13C NMR 6 15.5, 20.8, 22.2, 22.9, 25.4, 31.2, 34.2, 39.5, 47.5, 71.6, 

76.7, 78.4, 102.7, 127.7, 128.1, 128.5, 136.8, 174.8; Anal. Calcd for C21H3004: C, 72.83; H, 8.67. Found: C, 

72.88; H, 8.65. 

(4R*,SR)-(-)-4-Allyloxy-5.[(IR)-menthyloxy].3,4-dihydro-2($H).fm~none (7e): white crystals; mp 

74-75 °C; [c~]2557 s -182 ° (c 1.0, CHCI3); LR (KBr) 1780, 1640 cm'l; IH NMR 8 0.7-1.5 (m, 14H), 1.7 (m, 2H), 

2.00 (m, 1H), 2.10 (m, 1H), 2.47 (dd, IH, J =  17.8, 1.6), 2.79 (dd, IH, J = 17.8, 5.8), 3.54 (dd, IH, Jffi 10.4, 

4.2), 4.03 (d+dd, 3H, J = 5.4; 5.8, 1.6), 5.22 (dd, 1H, J = 9.0, 1.4), 5.28 (dd, 1H, J ffi 17.2, 1.4), 5.58 (s, IH), 

5.88 (m, IH, J = 17.2, 9.0, 5.4); t3C NMR 8 15.5, 20.8, 22.2, 23.0, 25.4, 31.3, 34.1, 34.2, 39.5, 47.6, 70.2, 

76.7, 78.3, 102.8, 117.7, 133.5, 174.7. Anal. Calcd for CI7H2804: C, 68.92; H, 9.46. Found: C, 69.10; H, 9.52. 
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