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Synthesis of OpticalIy Active Butenolides and 
y-Lactones by the Sharpless Asymmetric 
Dihydroxylation of /?punsaturated Carboxylic 
Fsters** 
Christian Harcken and Reinhard Briickner* 

The Sharpless asymmetric dihydroxylation ("AD") of 
defins is an indispensable tool for contemporary organic 
synthesis."] Frequently, the obtained 1,2-diols are not yet the 
desired target molecules. Rather, they are so profoundly 
modified by follow-up reactions that it may no longer be clear 
from the structures of the final products how well an AD 
served in their construction. The present study reveals that 
enantiomerically pure or enantiomerically enriched y-chiral 
butenolides and y-chiral y-lactones-for which many synthe- 
ses are known, but more efficient ones are continuously being 
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s o ~ g h t ~ ~ ~ ~ ~ - r n u s t  be considered interesting products of the 
AD, too (Scheme 1). Specifically, ADS of P,y-unsaturated 
esters 4 provided (in accordance with the scarce literature 
preceden~e[~ .~] )  lactonized dihydroxylation products, that is, 

4 

t 
5 ent-5 

6 ent-6 

Scheme 1. Furanone derivatives accessible in two or three steps from 4. 
Concrete examples for the reactions marked with solid arrows are given in 
Schemes2-5. The dashed arrows refer to analogous transformations in the 
respective enantiomeric series that, however, have not yet been performed. 

the compounds 3 or their enantiomers ent-3 (78 % 5 ee 5 
97%). From these, we have prepared to date chiral buteno- 
lides Ilent-l monosubstituted y-lactones 2lent-2, disubstituted 
y-lactones 5Ient-5, and trisubstituted y-lactones 6lerzt-6. The 
transformations used are exemplified by enantioselective 
syntheses of the ranunculin aglycon (11; 92% ee; Scheme 2), 
the pheromone dodecanolide (16; 95% ee; Scheme 3), trans 
quercus lactone (21; 97% ee; Scheme 4), and one of the epi- 
blastmycinones (25; 78% ee; Scheme 5). 

Our novel approach to y-chiral butenolides 1 on the basis of 
the transformation type-4-ester +type-flactone is shown in 
Scheme 2. First, the known hydroxyester 7[61 was 0-silylated 

10: R = Me,fBuSi 
l l R = H  

7 : R = H  9 (92% ee) 

8: R = MeztBuSi 

Scheme 2. a) tBuMe,SiCI (1.5 equiv), imidazole (3.0 equiv), CH,Cl,, 0°C 
30min; 84%. b) AD mixb (1.40g per mmol of 8). methanesulfonyl amide 
(1.0 equiv), tBuOH/H,O (li l) ,  addition of 8,0"C, 36 h; 88%. c) NEt, (2.1 equiv), 
methanesulfonyl chloride (1.1 equiv), CH2C12, 0°C  1 h; 72%. d) HFipyridine 
complex (70%,0.50mLpermrnolof 10),THF,O"C,16 h;silicagel,15 min;85%. 
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to form the P,y-unsaturated ester 8.['1 Then the compound was 
asymmetrically dihydroxylated by treatment with AD mix p 
to provide after purification by flash chromatography on silica 
gel[x] the tert-butyldimethylsilylated y-lactone 9C91 with 
92 YO ee.[lo] Mesylation with mesyl chloride/triethylamine 
followed by the spontaneous p-elimination of methane- 
sulfonic acid introduced the C=C bond of the silylated 
butenolide 10. Deprotection with HFlpyridine gave the 
ranunculin aglycon 11.["~'*1 

Our type-4-ester +type3-lactone approach to chiral mono- 
substituted y-lactones 2 is illustrated in Scheme3 by an 
enantioselective synthesis of the rove beetle pheromone 
(+)-dodecanolide (16).["] We started with a decarboxylative 
deconjugating Knoevenagel condensation between decanal 
and malonic acid; this provided the P,y-unsaturated acid 12 

, predominantly as the desired trans isomer.[14] Four more steps 
(62% yield) led to the target structure 16. They were: 
1) esterification (+methyl ester 13), 2) AD with AD mix 
B (+lactone 14; 95% ee"']), 3) mesylationlP-elimination 
(4butenolide 15), and 4) Pd-catalyzed hydrogenation.[lsI 

15 16 

Scheme 3. a) MeOH (3.0 equiv), camphorsulfonic acid (1.0 mol%), CHCl,, 
removal of water by azeotropic distillation, 12 h; 90%. b) AD mix /3 (1.40 g per 
mmol of 13), methanesulfonyl amide (1.0 equiv), tBuOH/H,O (Ul), addition of 
13, O T ,  48 h; 81 %. c) NEt, (2.1 equiv), methanesulfonyl chloride (1.1 equiv), 
CH2C12, o"C, 15min; 91%. d) Pd (10% on charcoal, 5mol%), H, (3bar), 
EtOAc, room temperature, 12 h; 94%. 

Scheme 5 shows how treatment of the commercially 
available methyl pentenoate 22 with AD mix a makes the 
type-4-ester +type-3-lactone conversion a remarkably effi- 
cient synthesis of chirid trisubstituted y-lactones 6. Not 

i Bu. 

M e  

22 23 (78% e e )  24 25 
Scheme 5. a) AD mix a (1.40 g per mmol of 22), rBuOH/H,O (1/1), addition of 
22,0°C, 5 d;  40%. b) LDA (3.0 equiv), THF, -78°C 2 h; BuI (1.5 equiv) in THF/ 
DMPU l / l  (3 mL per mmol of BuI), - 35T,  20 h; 53 % of 24. c) 3-Methyl- 
butanoyl chloride (1.5 equiv), CH,ClJpyridine 5/1, room temperature, 6 h; 
83%. 

unexpe~tedly,[~~l the dihydroxylation product 23 exhibited 
only 78% ee.[lo] With reference to the next step, it is known 
that in HMPA-containing THF (HMPA = hexamethyl phos- 
phoric triamide) the a-alkylation of dilithiated P-hydroxy-y- 
lactones akin to compound 23 occurs such that the a -  
substituent is oriented almost exclusively trans with respect 
to the P-OH group.[20] We were pleased to find that in 4:l 
THF/DMPU[21] (DMPU = dimethylpropyleneurea) the bu- 
tylation of the dilithiated P-hydroxylactone 23 itself also 
delivered only the trans-alkylated lactone 24 (53 % yield) and 
no cis isomer at all. Acylation with isovaleroyl chloride led to 
the isovalerate 25. As an epimer of blastmycinone, the 
antimycin A, degradation product, compound 25 had previ- 
ously been synthesized several times, but with less rigorous 
stereocontrol.[221 

Several other AD-mediated butenolide and butyrolactone 
syntheses that exploit the ready availability of type-4 
and employ type-4-ester +type-3-lactone conversions are 
under investigation in our laboratory. 

Scheme 4 illustrates the AD-mediated type-4-ester +type- 
3-lactone approach to chiral disubstituted y-lactones 5 by the 
hitherto shortest enantioselective synthesis1l61 of trans quercus 

manufactured from oak-wood and contributes to the taste of 
lactone (2l).["] This compound is formed in whisky barrels Received- July 18, 1997 [Z10702IE] 

German version: Angew. Chem. 1997,109,2866-2868 

the liquors stored therein. Acid 17[l41 was condensed with 
methanol and the resulting methyl ester 18 treated with AD 
mix P. Lactone 19 was obtained in 92% yield and with 
97 YO ee.['s] Dehydration with the mesyl chloride/triethylamine 
mixture, which was also used in the 9+10 and 14-15 
conversions, yielded butenolide 20. Me,CuLi added to this 
compound exclusively from the less hindered face, and we 
isolated the desired trans-configured lP-addition product 21 
(the trans quercus lactone, also termed trans oak lactone or 
trans whisky lactone) and none of its cis isomer. The overall 
yield of this sequence was 47 % . 

17: R = H  20 21 
18: R =Me 
Scheme 4. a) MeOH (3.0 equiv), camphorsulfonic acid (1.0 mol%), CHCl,, 
removal of water by azeotropic distillation, 6 h; 76%. b) AD mix /3 (1.40 g per 
mmoI of U ) ,  methanesulfonyl amide (1.0 equiv), tBuOH/H,O (Ul), addition of 
18, O T ,  36 h; 92%. c) NEt, (2.1 equiv), methanesulfonyl chloride (1.1 equiv), 
CH,Cl,, 0°C 15 min; 87%. d) CuI (1.5 equiv), Et,O, 0°C; addition of MeLi 
(3.0 equiv); cooling to - 78°C; addition of 20 in Et,O, 1.5 h; 77% of 21. 

Keywords: asymmetric synthesis - butenolides . dihydroxy- 
lations - furanones - lactones 
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[lo] Optical purity determined by chiral capillary gas chromatography on 

heptakis-(2,6-di-O-methyl-3~O-pentyl-~-cyclodextrin/OVl701 (114, 25 m 
column); 70 kPa H,, isothermal. RT values of AD-based product (or the 
derived butenolide) and of its enantiomer (as observed in the corresponding 
racemic mixture): 10 50.5 rnin (110°C: enantiomer 51.4 rnin); 15 53.6 rnin 
(130‘C; enantiomer 54.8 min); 23 45.4 rnin ( l l 0 T ;  enantiomer 44.3 mm). 

[Ill Stereostructure. R. Hill, R. van Heyningen, Biochem. J.1951,49,332-335. 
[I21 Selected syntheses of levorotatory ranunculin aglycon: a) P. Camps, J. 

Cardellach, J. Font, R. M. OrtuBo, 0. Ponsati, Tetrahedron 1982,38, 2395 - 
2402 (from D-ribonolactone in two steps); b) B. Hafele, V. Jager, Liebigs 
Ann. Chem. 1987,85587, J. Mann, N. K. Partlett, A. Thomas, J .  Chem. Res. 
(S )  1987, 369 (from 1,2:5,6-di-O-isopropylidene-~-mannitol in three steps); 
c) K. Koseki, T. Ebata, H. Kawakami, H. Matsushita, Y .  Naoi, K. Itoh, 
Heterocycles 1990,31,423 -426 (from levoglucosenone in three steps); d) S. 
Takano, A. Kurotaki, M. Takahashi, K. Ogasawara, Synthesis 1986, 403- 
406, G. A. Danilova, V. I. Mel’nikova, K. K. Pivnitsky, Tetrahedron Lett. 
1986, 27, 2489- 2490 (from 1,2:5,6-di-O-1sopropylidene-~-mannitol in six 
steps); e)  0. Yamada, K. Ogasawara, Synthesis 1995,1291 - 1294 (from cis-2- 
butene-l,Z-diol in eleven steps); f )  J. A. J. M. Vekemans, G. A. M. Franken, 
G. J. F. Chittenden, E. F. Godefroi, Tetrahedron Lett. 1987, 28, 2299-2300 
(0-acetyl-11 from D-ribonolactone in two steps); g) S. Hanessian, P. J. 
Murray, S. P. Sahoo, ibid. 1985,26, 5627-5630 (0-tert-BuPh,Si-11; from L- 
glutamic acid in five steps). 

1131 Stereostructure: J. W. Wheeler, G. M. Happ, J. Araujo, J. M. Pasteeis, 
Tetrahedron Lett. 1972, 4635 -4638. 
Prepared in one step by the general procedure of N. Ragoussis, Tetrahedron 
Lett. 1987,28, 93-96. 
Selected syntheses of (+)-dodecanolide: a) G. Tuynenburg Muys, B. 
van der Ven, A. I? de Jonge, Nature 1962, 194, 995 - 996: T. Ohkuma, M. 
Kitamura, R. Noyori, Tetrahedron Lett. 1990, 31, 5509-5512 (from 
commercially not available ethyl 4-oxododecanoate in two steps); b) Y. 
Naoshima, H. Hasegawa, T. Saeki, Agric. B i d .  Chem. 1987,51, 3417-3419 
(from diethyl-3-oxoglutarate in four steps).; c) J. P. Vigneron, V. Bloy, 
Tetrahedron Lett. 1980,21,1735 - 1738 (from I-undecyn-3-one in four steps); 
d) H. Kakeya, N. Sakai, T. Sugai, H. Ohta, Agnc. B d .  Chem. 1991, 55, 
1877-3881 (from 2-hydroxydecanenitril in six steps); e) C. Bonini, C. 
Federici, L. Rossi, G. Righi, J. Org. Chem. 1995, 60, 4803-4812 (from 
octanal in six steps); f) G. C. Paddon-Jones, C. J. Moore, D. J. Brecknell, 
W. A. Konig, W. Kitching, Tetrahedron Lett. 1997, 38, 3479-3482 (from L- 
glutamic acid in six steps); g) T. Ebata, H. Kawakami, K. Koseki, H. 
Matsushita, Agrrc. Biol. Chem. 1991,55,1685 - 1686 in continuation of steps 
described by M. P. Balfe, M. Irwin, J. Kenyon, J. Chem. Sue. 1941,313-316 
(from tetrahydrofurfurol in seven steps); h) V. Cerk, C. Mazzini, C. Paolucci, 
S. Pollicino, A. Fava, J. Org. Chem. 1993, 58, 4567-4571 (from 1,4:3,6- 
dianhydro-u-mannitol in seven steps), i) T. Sugai, K. Mori, A@. B i d .  
Chem. 1984, 48, 2497 -2500 [from N-(chloroacetamidoy1)decanoic acid in 
eight steps]; j) S. Chattopadhyay, V. R. Mamdapur, M. S. Chadha, Tetrahe- 
dron 1990,46, 3667- 3672 (from 1,2:5,6-di-O-isopropylidene-~-mannitol in 
nine steps); k) H. Nemoto, H. Ishibashi, M. Mori, S. Fujita, K. Fukumoto, J. 
Chem. Soc. Perkin Trans. 11990, 2835-2840 (from methyl I-hydroxycyclo- 
propanecarboxylate in ten steps). 
Selected syntheses of (-)-trans quercus lactone: a) D. Hoppe, 0. Zschage, 
Angew. Chem. 1989,101,67-69; Angew. Chem. Int. Ed. Engl. 1989,28,69- 
71 (from crotyl alcohol in four steps); b) M. Beckmann, H. Hildebrandt, E. 
Winterfeldt, Tetrahedron Asymmetry 1990, I ,  335-345 in continuation of 
steps described by K. Matcheva, M. Beckmann, D. Schomburg, E. Winter- 
feldt, Synthesis 1989, 814-817 (from maleic anhydride and an enantiopure 
diene in five steps); c) J. P. Marino, R. F. de la Pradilla, Tetrahedron Lett. 
1985,26,5381-5384 (from trans-I-bromopropene in six steps); d) R. Bloch, 
L. Gilbert, .I. Org. Chem. 1957, 52, 4603-4605 in continuation of steps 
described by R. Bloch, E. GuibC-Jampel, C. Girard, Tetrahedron Lett. 1985, 
26, 4087-4090 (from the Diels-Alder adduct of maleic anhydride and 
furane in seven steps); e) R. M. Ortuiio, R. Merce, J. Font, Tetrahedron 1987, 
13, 4497-4506 (from D-ribonolactone in seven steps); f) C. Gunter, A. 
Mosandl, Liebigs Ann. Chem. 1956, 2112-2122 (from pentanal in eight 
stem); E) D. F. Taber, J. B. Houze, 1. Om. Chem. 1994.59.4004-4006 (from . I I, . -  
geraniol in eleven steps). For another multistep synthesis see ref. [3b]. 

[17] Stereostructure: M. Masuda, K. Nishimura, Phytochem. 1971, 10, 1401 - 
1402; M. Masuda, K. Nishimura, Chem. Lett. 1981, 1333 - 1336. 

[18] 19: trans-octenoate 17 (2.66 mL, 2.34 g, 15.0 mmol) was added to a mixture 
of tBuOH (50 mL). H 2 0  (SO mL), AD-mix /3 (21.0 g), and methanesulfonyl 
amide (1.43 g, 15.0 mmol, 1.0 equiv). The solution was stirred for 36 h at O’C. 
After the addition of saturated Na2S03 solution (2 mL) the mixture was 
extracted with tBuOMe (3 x 100 mL). The extracts were dried over Na2S0,, 
and the solvent was removed. Flash-chromatography on silica gel (ref. [S]; 
Scm, petroleum ether1tBuOMe 1:1-1:3) yielded 19 (2.20g, 92%) as a 
colorless liquid. [a12 =70.8“ (c= 1.36 in MeOH). Chiral capillary gas 
chromatography (ref. [IO]) at 130°C of 19 (RT 75.6 min) vs. its enantioiner 
(RT 77.3 min) revealed 97 ‘10 ee in favor of 19. IR (neat): V= 3450,2960,2870, 
1760,1205,1170,1085,1015,975 cm-’. ‘H NMR (300 MHz, CDCI,): 6 =0.94 
(t, J,?=7.0, 4-H,), 1.32-1.56 (m. 2-H2,  3’-H,), 1.66-1.94 (m. l’-H2), AB 

signal (6, = 2.55, 6, = 2.79, JAR = 17.9, additionally split by J,, = 5.5, 3-H,), 
partially overlapped by 2.61 (br. s, OH), 4.37 (ddd, Jj,, = 8.9, JS. ,  .H(Z) = 
5.8, J s , =  3.8,5-H), 4.48 (dd, J13 H(B)=J4,j=4.4, 4-H). C,H analysis calcd for 
C,H,,O, (158.2): C 60.74, H 8.92: found: C 60.59, H 9.15. 

[19] ADS of disubstituted olefins trans-MeCH=CHR were reported to show 
72% ee in the case of 2-butene (“unpublished results” in ref. [la]), 73% ee 
in the case of I-phenylpent-3-en-1-yne (K.-S. Jeong, P Sjo, K. B. Sharpless, 
Tetrahedron Lett. 1992,33,3833 - 3S36), and 95 YO ee in the cases of l-chloro- 
2-butene (K. P. M. Vanhessche, Z.-M. Wang, K. B. Sharpless, ibid. 1994,35, 
3469-3472) or 4,4-dimethyl-2-pentene (“unpublished results” in ref. [la]). 

[20] Method: H.-M. Shieh, G. D. Prestwich, J. Org. Chem 1981,46,4319-4321. 
Merhyiations of hydroxylactones analogous to 23 were possible in the 
absence of HMPA according to A. R. Chamberlin. M. Dezube, S. H. Reich, 
D. J. Sall, J. Am.  Chem. Soc. 1989,111,6247-6256. 

[21] a) D. Seebach, Chrmia 1985, 39, 147-148; b) D. Seebach, A. K. Beck, A. 
Studer in Modern Synthetic Method.7 1995 (Eds.. B. Ernst, C. Leumann), 
VCH, Weinheim. 1995, pp. 1 - 178. 

1221 The enantiomer of epi-blastmycinone 25 was synthesized by J. Mulzer, T. 
Schulze, A. Strecker, W. Denzer, J. Org. Chem. 1988, 53, 4098-4103 and 
M. I? Sibi, J. Lu, C. L. Talbacka, ibid. 1996,61,7848-7855, while racemic 25 
was synthesized by C. Mukai, 0. Kataoka, M. Hanaoka, Ibid. 1993. 58, 
2946 - 2952. 

A Hexaimidazole Ligand Binding 
Six Octahedral Metal Ions To Give an 
Infinite 3D a-Po-Like Network Through Which 
Two Independent 2D Hydrogen-Bonded 
Networks Interweave** 
Bernard F. Hoskins, Richard Robson,“ and 
Damian A. Slizys 

The current intense activity in the area of crystal engineer- 
ing can be traced back to a number of pioneering studies, an 
important one of which concerns the hexa-host clathrates 
introduced and elaborated by MacNicol et al. about twenty 
years ago.”] This approach, which offered a very appealing 
element of deliberate design, led to the isolation and 
structural characterization of a wide range of new crystalline 
inclusion compounds by the use of host molecules based on 
benzene rings hexasubstituted by flexible but bulky side arms 
such as arylthio-, aryloxy-, and arylmethyl- groups. Weak van 
der Waals interactions were responsible in these cases for 
binding the hexa-host molecules together into a crystal lattice 
that left large cavities for guest molecules. Herein we make 
use of the hexa-host approach, but the six benzene substitu- 
ents are terminated by outwardly directed imidazole donor 
ligands which can then, in principle, be bound together into a 
crystalline lattice by coordinate bonds to metal ions. Metal - 
ligand bonding in these systems may provide much better 
control and strength in assembling the hexa-hosts into lattices 
with larger cavities than could possibly be achieved by using 
the weaker and less predictable van der Waals interactions. 

The ligand used here is hexakis(imidazo1-1-ylmethy1)ben- 
zene (hkimb; 1). Imidazole termini were deliberately chosen 
because they provide strong coordinate bonds and are small 
enough to allow six to assemble around an octahedrally 
coordinated metal ion (in contrast, for example, to pyridine 
donors). 

[*] Dr. R. Robson, Dr. B. F. Hoskins, D. A. Slizys 
School of Chemistry, University of Melbourne 
Parkville, Victoria 3052 (Australia) 
Fax: Int. code +(9)347-5180 
e-mail: R.Robson@chemistry.unimelb.edu.au 
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