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A Short Asymmetric Synthesis of (+)-Nonactic Acid and 
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A short enantioselective synthesis of (+)-(2S,35,6R,8R)-nonactic acid and (-)-(U2,3R,6S,BR)-epi- 
nonactic acid is described. The key step was the stepwise stereoselective reduction of the triketo 
sulfoxide B without any protective group on the different carbonyls. 

The ionophoric macrolide antibiotic nonactin, isolated 
from a variety of Streptomyces cultures,l consists of two 
subunits of (+I-nonactic acid (la) and two subunits of 
(-1-nonactic acid arranged in an alternating order. Many 
syntheses of nonactic acid in both optically active and 
racemic form have been reported in recent years with 
varying success with respect to the degree of stereose- 
lectivity.2 We now report the enantioselective synthesis 
of both (+)-(2S,3S,6R,8R)-nonactic acid and (-)-(2R,- 
3R,GS,8R)-epi-nonactic acid. As shown in the retrosyn- 
thetic Scheme 1, this new approach is based on the 
asymmetric reduction of the (R)-P,d-diketo sulfoxide B 
using our recently reported methodology,3 which, when 
applied to the complex molecule B, does not require 
protection of any functional groups. 

The synthesis of the tert-butyl ester 6 of the P,d-diketo 
sulfoxide B was carried out, following our methodolo& 
from the diester 4 (prepared by methylation of the diester 
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3 of 3-oxoadipic acid,' in 80% yield) and the dianion of 
(R)-(+)-l-(p-t0lylsulfinyl)-2-propanone~~ in 75% yield 
(Scheme 2). 

As expected from our previous r e s ~ l t s , ~  the d-carbonyl 
in 6 was totally enolized and the reduction required 2 
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Ni, MeOH, rt, 30 min, 98% (e) WAlzo~, Hz, MeOH, 3 days, 98%; (0 2 N KOH, HzO, rt, 48%. 

equiv of Dibal: one to quench the d-enolate and one to 
reduce the p-carbonyl. As shown before? this reduction 
involves an intramolecular hydride transfer from an 
intermediate in which Dibal is chelated by the sulfoxide 
oxygen. Therefore it was expected that, by using the right 
number of equivalents, we should be able to reduce the 
B-carbonyl only and that the protection of the carbonyl B 
to the ester should not be necessary. Dibal reduction of 
compound 5 gave, as expected, the [S(R),8(S)]-hydroxy 
sulfoxide 6 in 60% yield. The absence of over-reduction 
products was confirmed by the 'H NMR spectrum of the 
crude product. The diastereoselectivity (de > 98%) was 
determined by 'H NMR analysis from the characteristic 
AB pattern displayed by the methylene protons a to the 
sulfoxide (only one diastereomer was indeed detected). 
The absolute configuration of the hydroxylic center was 
deduced from our previous results3 and will be confirmed 
by the final correlation with nonactic acid. The 60% 
isolated yield is due to the formation of a secondary product 
resulting from a desulfurization reaction which is a t  the 
present time difficult to explain. However, this 60% yield 
is still acceptable because of the absence of any additional 
step to protect the other reducible groups (Scheme 3). 

In the next step the 6-keto group was reduced to the 
syn-diol using diethylmethoxyborandsodium boro- 
h ~ d r i d e . ~  However, the resulting syn-diol7 could not be 
isolated. It spontaneously cyclized to the lactol 8 by 
reaction with the carbonyl p to the ester group. The lactol 
8 was easily identified on the basis ofits 13C NMR spectnun 
(a signal a t  110 ppm coresponding to the hemiketal-C) 
and by subsequent transformation to the next product 9. 
The preference for the cyclic hemiketal over the open diol 
may be due to the stabilization of the hemiketal via 
hydrogen-bonding with the ester carbonyl as it has been 
already observed in similar 

~ ~ ~ ~~~~~~~~ 

( 5 )  Chen, K.; Hardtmann, G.; Prasad, K; Repic, 0.; Shapiro, M. J. 
Tetrahedron Lett. 1987,28,155. 

F'yridinium p-toluenesulfonate catalyzed dehydration 
of the lactol 8 gave the (+)-enantiomer of [6(S),8(S),S- 
(R)]-(2E)-2,3-dehydro-epi-nonactate 9, in 95% yield, easily 
identified from the related work of Bartlett.2n Desulfu- 
rization with Raney nickel afforded the dehydroepi- 
nonactate2= 10 as a single diastereomer as determined by 
its 'H-NMR spectrum (mainly from the terminal methyl 
group signal) and by its W-NMR spectrum (from the 
signal a t  82.37 ppm, corresponding to the asymmetric 
carbon on the cycle). Subsequent Rh-AlzO3-catalyzed 
hydrogenation2" afforded the (-1-tert-butylepi-nonactate 
2b which results from hydrogenation on the least-hindered 
face of the double bond. The (-)-ester 2b was finally 
hydrolyzed to (-)-(2R,3R,6S,€@)epi-nonactic acid (2a) in 
basic medium (2 N KOH) which showed spectral data 
identical to literature.% It has been already proved that 
the hydrolysis of the ester proceeds without epimerization 
a t  C-2% (Scheme 3). 

For the synthesis of (+I-tert-butyl nonactate Ob), we 
used an approach based on the obtention of the anti-diol 
11 from the intermediate 6. The compound 6 was thus 
reduced by Evan's reagent,' tetramethylammonium tri- 
acetoxybomhydride, in modified experimental conditions, 
into the corresponding anti-diol 11, which cyclized spon- 
taneously into the bicyclic acetal 12, identified by 'H- and 
13C-NMR and by further transformations (Scheme 4). 
As expected, acidic treatment (catalytic amount of a 1 

N HC1 solution in 'I") of the bicyclic acetal 12 yielded . 
[6(R),8(S),S(R)I-(zE)-2,3-dehydrononactate 13, via a car- 
bocationic opening of the seven membered ring, in a 
moderate and nonoptimized yield. Compound 13 was 
easily identified by comparison with the diastereomer 9. 
Desulfurization with Raney nickel afforded 14 as a single 
diastereomer (determined mainly from the signal of the 
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a (a) (Me4N)BH(OAc)3, AcOH, rt, 2.5 h, 78%; (b) HCL, rt, 3 h, 50%; (c) Raney Ni, MeOH, rt, 30 min, 97%; (d) Rh/&os, Hz, 3 days, 97%; 
(d) 2 N KOH, HzO, rt, 58%. 

terminal methyl group in the lH-NMR spectrum and the 
signal of C-6 in the 13C NMR spectrum). Finally, Rh- 
AlzOs-catalyzed reductionzn of 14 gave the desired (+I- 
(2$,3S,6R,8R)-tert-butyl-nonactate (lb), which was con- 
verted by saponification to (+)-(2S,3$,6R,8R)-nonactic acid 
(la).Z' 

In conclusion, we have reported a short asymmetric 
synthesis of both subunits of the antibiotic nonactin, (-1- 
(2R,3R,GS,8R)-epi-nonactic acid and (+)-(2S,3S,6R,8R)- 
nonactic acid, in only six steps with an overall yield of 35 
and 20%, respectively (yields were not optimized). The 
formation of the exocyclic asymmetric center at C-8 of the 
nonactic esters frame has been induced by a chiral 
sulfoxide group, and no protecting groups were used in 
any step of the synthesis. 

Experimental Section 

tert-Butyl ethyl 3-oxo-2-methyladipate (4). To a stirred 
solution of potassium tert-butoxide (1.43 g, 11.4 mmol) in tert- 
butyl alcohol (30 mL) was added a solution of 34 in tert-butyl 
alcohol (10 mL). The solution was stirred at 25 "C for 30 min 
and then an excess of iodomethane (2 mL) was added. The 
mixture was stirred for 20 min, hydrolyzed with H20, and 
extracted with CHzClz (3 x 20 mL). The organic phases were 
dried and evaporated, and the crude product was purified by 
column chromatography (silica gel, AcOEthexane: 1/2) to give 
1.96 g (80%) of the keto ester 4 as a colorless liquid: IR 1730 
cm-l; 'H NMR (200 MHz) 6 1.22 (t, 3H, J = 7 Hz), 1.30 (d, 3H, 
J = 7 Hz), 1.46 (8 ,  9H), 2.54-2.89 (m, 4H), 3.47 (q, lH, J = 7 

81.78, 60.58, 53.75, 35.90, 29.10, 14.09, 12.61. 
fert-Butyl (+)-(R)-2-Methyl-3,6,8-t~oxo-9.(p-toluene- 

sulfiny1)nonanoate (6). To a stirred solution of diisopropy- 
lamine (4.6 mL, 33 mmol) in THF (38 mL) under argon at  -15 
"C was dropwise added a 1.5 M solution of n-butyllithium in 
hexane (21 mL, 32.1 mmol). After stirring for 30 min, the 
mixture was allowed to reach 0 "C and a solution of (+)-(I?)- 
l-(p-toluenesulfinyl)propanone-23a (3.2 g, 16.3 "01) in THF 
(30 mL) was added and stirred for 30 min. The resulting solution 
was added to a solution of ester 4 (1.35 g, 5.26 mmol) in THF 
(33 mL) at 0 "C. The reaction mixture was allowed to reach 
room temperature and was stirred for 2 h. The solution was 
finally hydrolyzed with saturated ammonium chloride (150 mL) 
and a 5% sulfuric acid solution till pH = 2, extracted with ethyl 
acetate (3 x 35 mL), dried(NazSO4), andevaporated. The crude 
product was purified by chromatography on metal-free silica 

Hz), 4.10 (9, 2H, J = 7 Hz); W-NMR 6 204.48, 172.42, 169.5, 

gels to obtain 5 as a yellow oil (1.6 g, 75%): [ab = +149 (c = 
0.7, CHCl3); 'H NMR (200 MHz) 6 1.29 (d, 3H, J = 7 Hz), 1.46 
(s,9H), 2.42 (s,3H), 2.60-2.90 (m, 4H), 3.47 (q, lH, J = 7 Hz), 
3.58(AB,2H, Jm=11.8H~),5.56(~, lH),7.31-7.55(4H).Anal. 
Calcd for CzlHzsO&: C, 61.74; H, 6.91. Found: C, 61.80; H, 
6.89. 

tert-Butyl [8(S),S(R)1.8-Hydroxy-2-methyl-3,Bdioxo-9- 
(p-toluenesulfinyl)nonanoate (6). To a solution of compound 
5 (300 mg, 0.73 mmol) in anhydrous THF (15 mL) under argon 
at -78 "C was added dropwise a solution 1 M in toluene of 
DIBAL (1.5 mL, 1.5 mmol). After stirring for 15 min at -78 
"C the mixture was quenched with a saturated ammonium 
chloride solution (50 mL) and the pH was adjusted to 4-5 with 
a 5% HzSO4 solution. The solution was extracted with ethyl 
acetate (3 x 20 mL), dried, and evaporated. The crude product 
was purified by chromatography on metal-free silica gels to 
give 6 (180 mg, 60%): [ a ] ~  = +135 (c = 1.01, CHCls); 'H NMR 
(200 MHz) 6 1.27 (d, 3H, J = 7 Hz), 1.44 (s,9H), 2.40 (s,3H), 
2.60-2.84 (m, overlap of the AB pattern of CH2SO and the m 
of CHzCHz), 2.60-3.05 (AB part of ABX partially overlapped 
with am,  Jpx = 9.5 Hz, JAB = 13.4 Hz), 3.44 (q, lH, J = 7 Hz), 
4.29 (bs, lH), 4.60 (X part of ABX, lH), 7.30-7.53 (m, 4H); 13C 
NMR 6 207.81, 205.09, 170.20, 141.75, 130.19, 124.08, 82.03, 
63.77, 61.27, 53.78, 48.87, 36.91, 35.01, 27.97, 21.50, 12.81. 
Anal. Calcdfor CzlH300,jS: C, 61.44; H, 7.37. Found: C, 61.20; 
H, 7.41. 

(~)-[6(S),8(S),S(R)]-tert-Butyl 2,3-Dehydro-epi-non- 
actate (9). (1) Formation of the lactol8. t o  a solution of 
6 (80 mg, 0.19 mmol) in a 3/1 mixture of anhydrous THF and 
methanol (2 mL), under argon at -78 "C, was added dropwise 
a 1 M solution in THF of diethylmethoxyborane (0.2 mL, 0.2 
mmol), producing a white precipitate. After the slurry was 
stirred for 15 min, sodium borohydride (8 mg, 0.21 mmol) was 
introduced. H2 evolution was immediate, giving a clear, 
effervescent solution. The reaction was stirred for 2.5 ha t  -78 
"C, quenched with 1 mL of a 1 N aqueous acetic acid, and warmed 
to room temperature. After it was stirred for an additional 20 
min, the mixture was diluted with 5 mL of saturated NaHCOs 
and extracted with ethyl acetate (3 x 10 mL). The organic 
layers were dried, filtered, and evaporated. The residue thus 
obtained was azeotroped five times with methanol until the 
hydrolysis of the boronate was complete and then percolated 
on silica gel using ethyl acetate as eluent to give 62 mg of lactol 
8 (80%) as a colorless oil: 'H NMR (200 MHz) 6 1.07,l.Ol (two 
d), 1.43 (s,9H), 1.65-2.19 (m, 6H), 2.41 (s,3H), 2.69-2.95 (AB 
part of a ABX and m overlapped), 4.17-4.44 (m, 3H), 7.27- 
7.55 (m, 4H); 13C NMR6 172.82,141.57,130.11,123.99,110.4, 
81.02, 78.29, 66.00, 63.55, 48.48, 28.03, 21.48, 13.18. 

(2) Dehydration of Lactol 8. The lactol 8 (62 mg, 0.15 
mmol) was dissolved in dichloromethane (5 mL), a catalytic 

(8) Hubbard, J. S.; Harris, T. M. J. Org. Chem. 1981, 46, 2566. 
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amount of pyridinium p-toluenesulfonate was added, and the 
mixture was stirred at room temperature for 1 h. The resulting 
solution was partitioned between saturated NaHCOs (10 mL) 
and AcOEt (10 mL). The organic layer was dried and 
evaporated, and the crude product was purified by column 
chromatography on silica gel with AcOEt as eluent to give 9 (56 
mg, 95%) as a colorless oil: [ a l ~  = +120 (c = 0.4, CHCl3); 'H 
NMR (200 MHz) 6 1.45 (s,9H), 1.6-1.8 (m, partially overlapped 
with a d), 1.70 (t, J = 1.5 Hz) 2.20 (m, lH), 2.43 (s,3H), 2.6- 
3.26 (m, 4H), 4.10 (bs, lH), 4.50 (m, 2H), 7.3-7.5 (m, 4H); 
NMRG 168.12,147.7,130.2,124.05,139.31,99.61,80.14,79.38, 
65.17, 60.88, 41.68, 30.72, 30.46, 28.51, 21.51, 11.79. Anal. 
Calcd for CzlHsoO& C, 63.93; H, 7.67. Found C, 63.84; H, 
7.73. 

terf-Butyl (2R,SR,6S,8R)spi-nonactate (2b). (1) De- 
sulfurization of Compound 9. To a solution of 9 (100 mg, 
0.25 mmol) in methanol (10 mL) a catalytic amount of Raney 
nickel was added. The mixture was vigorously stirred for 30 
min at room temperature. The solution was filtered through 
Celite to remove the remaining nickel and the Celite washed 
with methanol. The solution was evaporated and the crude 
product purified by columm chromatography (silica gel, Ac- 
OEWexane: yl) to give 63 mg of (zE)-(6S,&R)-tert-buty12,3- 
dehydroepi-nonadate (10) (98%) as a colorless oil: 'H NMR 
(200 MHz) 6 1.24 (d, 3H, J = 6 Hz), 1.42 (S, 9H), 1.62-1.80 (m, 
6H), 1.75(t, J =  1.5Hz),2.25(m, lH), 2.74-3.00(m, lH),3.12- 
3.26 (m, lH), 4.10 (m, lH), 4.50 (m, 1H); 13C RMN 6 168.72, 

28.51, 23.55 11.83. 
(2) Double Bond Reduction of Compund 10. A mixture 

of 10 (25 mg, 0.1 mmol) and 5% rhodium on alumina (60 mg) 
in methanol (10 mL) was shaken under a hydrogen atmosphere 
of 4 bars for 3 days. The mixture was filtered through Celite 
and evaporated to give 25 mg of 2b pure (98%) as a colorless 
oil: [ a ] ~  = -19 (c = 0.5, CHCls); IH NMR (200 MHz) 6 1.08 (d, 
3H, J = 7 Hz), 1.16 (d, 3H, J = 6 Hz), 1.44 (8  9H), 1.47-1.63 
(m, 4H), 1.94-2.0 (m, 2H), 2.37-2.5 (m, lH), 3.60 (bs, lH), 
3.96-4.10(m,3H);13CNMR6174.26,81.86,80.30,80.4,68.00, 
46.28, 4-4.69, 31.86, 28.27, 28.12, 23.49, 13.54. 
(-)-(2R,3R,6S,8R)epi-Nonactic Acid (2a). The saponi- 

fication of the ester 2b was carried out following the known 
procedurezi with a 2 N aqueous KOH solution: yield 48%; [ a l ~  
= -48 (c = 0.2, CHCls), lit.2i -50 (c = 1, CHCl3). All the spectral 
characteristics were identical to the reported values.2i Anal. 
Calcd for CloH1804: C, 59.39; H, 8.97. Found: C, 59.50; H, 
8.88. 
(2E)-[B(R),8(S),S(R)]-ferf-Butyl2,3-Dehydrononactate 

(13). (1) Formation of the Bicyclic Acetal 12. Tetra- 
methylammonium triacetoxyborohydride (355 mg, 1.35 mmol, 
5 equiv) was dissolved in anhydrous acetic acid (3 mL) and 
stirred for 30 min at room temperature. The mixture was then 
cooled with an ice bath till solidification and a solution of 6 (110 
mg, 0.27 mmol, 1 equiv) in acetic acid (6 mL) was added 
dropwise. The solution was stirred at room temperature for 
2.5 h. A saturated sodium tartrate solution (10 mL) was then 
added and the resulting mixture poured on ice and neutralized 
with NaHC03. ARer extraction with CH2C12, the organic phases 
were washed with brine (15 mL), dried(NazS04), and evaporated 
to give the crude product which was filtered through silica gel 

168.18, 99.65, 82.37 (C-6), 79.36, 67.07, 44.52, 30.83, 30.66, 

J.  Org. Chem., Vol. 59, NO. 14, 1994 3901 

(AcOEthexane: 20/3) to give 80 mg (78%) of the bicyclic acetal 
12: 1H NMR (200 MHz) 6 1.20, 1.30 (2 x d, J = 7 Hz, two 
isomers), 1.42 (s,9H), 1.70-2.40 (m, 6H), 2.4 (s,3H,), 2.7-3.0 
(m,3H),4.6(m,2H),7.3-7.5(m,4H);13CNMR6171.9,141.7, 
141.6,130.3,123.96,107.56,80.79,75.2,63.3,65.6,36.5,31.7, 
28.0, 47.1, 28.3, 21.6, 12.6. 

(2) Acetal Opening. Compound 12 (60 mg, 0.15 mmol) was 
dissolved in THF (5  mL) and a catalytic amount of a 1 N HCl 
solution was added. The mixture was stirred for 3 h at room 
temperature. The solution was then neutralized with a 
saturated solution of NaHC03, extracted-with CHzC12, dried, 
and evaporated. The resulting oil (mixture of starting material 
and compound 13) was chromatographed on silica gel (AcOEt) 
to give 30 mg (50%) of 13: [ a ] ~  = -150 (c = 0.3, CHCL); 'H 
NMR(200MHz)G 1.47(s,9H), 1.6-1.95(m, partially overlapped 
with the signal a t  1.70), 1.70 (t, J = 1.5 Hz, 3H), 2.2 (m, lH), 
2.4 (s, 3H), 2.7-3.2 (m, 4H), 4.1 (d, lH), 4.5 (m, 2H), 7.3-7.5 
(m, 4H). Anal. Calcdfor C21H300& C, 63.93; H, 7.67. Found: 
C, 63.79; H, 7.54. 
(2S,3S,aR,sR)-fert-Butyl Nonactate (lb). (1) Desulfu- 

rization of compound 13. To a solution of 13 (30 mg, 0.07 
"01) in methanol (6 mL) was added a catalytic amount of 
h e y  nickel. The mixture was vigorously stirred for 30 min 
at room temperature. Remaining nickel was filtered on Celite 
and the Celite washed with methanol. The solution was 
evaporated and the crude product purified by column chro- 
matography (AcOEthexane: l/1) to obtain 17 mg of (223)- 
(GR,8R)-tert-butyl2,3-dehydrononadate (14) (97%) as a colorless 
oil: 1H NMR (200 MHz) 6 1.26 (d, 3H, J = 6 Hz), 1.47 (s,9H), 
1.69-1.79 (m, 6H), 1.76 (t, 3H, J = 1.5Hz), 2.2 (m, lH), 2.83- 
3.00(m, lH), 3.11-3.26(m, 1H),4.1 (m, lH), 4.61 (m, 1H); 13C 
NMR6 168.87,168.53,99.33,79.99,79.19,65.37,44.04,31.05, 
30.56, 28.53, 24.08, 11.78. 

(2) Double Bond Reduction of Compound 14. Amixture 
of 14 (17 mg, 0.07 mmol) and 5% rhodium on alumina (30 mg) 
in methanol (6 mL) was shaken under hydrogen atmosphere 
at 4 bars for 3 days. The mixture was filtered through Celite 
and evaporated to give 16 mg of pure lb  (97%) as a colorless 
oil: [ a l ~  = +15 (c = 0.3, CHCls); IH NMR (200 MHz) 6 1.11 (d, 
3H, J = 7 Hz), 1.20 (d, 3H, J = 6 Hz), 1.4 (8 ,  9H), 1.53-1.76 
(m, 4H), 1.92-2.10 (m, 2H), 2.39-2.50 (m, lH), 3.6 (bs, lH), 
3.97-4.13 (m, 3H). 

(+)-(2S,3S,aR,8R)-NonacticAcid (la). The saponification 
of the ester l b  was carried out following the known procedure% 
with a 2 N aqueous KOH solution: yield 58%; [ a l ~  = +9 (c = 
0.15, CHCIs), lit?' +10 (c = 1.69, CHCl3). Anal. Calcd for CIO- 

C, 59.39; H, 8.97. Found: C, 59.14; H, 9.10. 
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