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Total Synthesis of (+)-Pseudomonic Acid Ct 

Summary: The convergent enantiospecific total synthesis 
of (+)-pseudomonic acid C (IC) has been completed from 
D-glucose. 

Sir: The pseudomonic acids consist of a small group of 
four related metabolites, originally isolated from sub- 
merged cultures of Pseudomonic fluorescens NCIB 10586.2 
Detailed studies of structural and chemical characteriza- 
tions of the major component pseudomonic acid A (la) and 
the lesser components B, C, and D have been reported in 
a series of  paper^.^ In 1982, X-ray crystallography es- 
tablished the absolute configuration of the monate skeleton 
of pseudomonic acid C ( l ~ ) . ~  The therapeutic value of 
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(a) Trityl chloride (1.1 equiv), DMAP (1.1 equiv), DMF (80%); 
(b) NaH dispersion, THF,  benzyl bromide (83%); (c) 40% con- 
centrated HCl in methanol, 22 "C, 14 h (84%): (d) PPTs  (0.1 
equiv), acetone, 18 h (78%); (e) ClCOCOCl (1.5 equiv), Me2S0 (2.4 
equiv), CH,CI,, -78 "C; then Et,N (2.4 equiv), -78 "C - 0 "C 
(87%); (f)  9-BBN triflate, E t20 ,  thio ester 5 (1 equiv), diiso- 
propylethylamine (1.4 equiv); add 4 a t  -78 OC - 0 OC (79%); (g) 
LiAlH,, ether, 0 "C - 22 "C, 1 h (85%); (h) TsCl (1.4 equiv), 
CH2Cl,, DMAP (1.1 equiv), Et3N (2.5 equiv), 22 "C, 4 h; (i) TsOH 
(1.1 equiv), MeOH, 16 h, 22 "C; add NaOCH3 in methanol (80% 
yield of 8). 
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these antibiotics has been clinically developed in the 
Beecham Lab~rator ies .~ Several chemical investigations 
have documented strategies for the total synthesis of 
pseudomonic acid C, and numerous approaches have been 
published. The conversion of pseudomonic acid C (IC) 
to the major metabolite la has also been r e p ~ r t e d . ~  
Herein, we communicate our recent efforts affording a 
convergent total synthesis of (+)-pseudomonic acid C. 

Construction of a chiral tetrahydropyran, bearing four 
contiguous asymmetric centers (C6 through C,; IC num- 
bering), suggested use of a reduced (at c16) carbohydrate 
precursor. However, the necessary absolute configuration 
at C5 was directly apparent only in the series of L-hexoses. 

'Dedicated to Professor George Buchi on the occasion of his 65th 
birthday. 

Our introduction of the desired absolute stereochemistry 
at  c5, as Well as c6, was accomplished by D-glucose, as 
illustrated in Scheme I. A classical three-step sequence 
provided the known diol 2,8 and arrangement of appro- 
priate protection gave the optically pure primary alcohol 
3. Swern oxidation provided aldehyde 4, which was used 
immediately for condensation at  -78 "C in anhydrous ether 
with the preformed Z(0)-boron enolate derived from thio 
ester 5?-1° High stereocontrol was observed with formation 
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(a) Formation of carbanion 12; LDA (1.1 equiv), THF, -60 "C; addition of 11, -60 "C, 20 min; addition of CS, (excess), -60 "C - +5 "C, 
20 min; add CH31 (10 equiv), 22 "C, 1 h (96%); (b) n-Bu3SnH (1.5 equiv), toluene, cat. AIBN, 95 "C (86%); (c) 1.0 M n-Bu4NfF- in T H F  
(85%); (d) PDC (1.7 equiv), CHpC12, 3 8, powdered molecular sieves (76%); (e) preparation of 16 a t  -100 "C; add anhydrous CeI, (1 equiv) 
in THF,  30 min; add 15, -100 "C - 0 "C; quench aq. NHICl (65%); (f) CBr,, CH2C12, BaC03 (1.7 equiv), Ph3P (1.7 equiv), 45 min (75%); (g) 
n-Bu3SnH (1.5 equiv), toluene, AIBN, 65 "C, 1 h (82%); (h) PPTs (0.5 equiv), MeOH, 22 "C, 14 h (98%); (i) MnOz (excess), THF,  5 h; then 
methyl 9-hydroxynonanoate, NaCN, HOAc, 16 h (98%). 

of the pure 2,3-syn,3,4-anti isomer 6 in 79% yield after 
preparative thin-layer or flash Chromatography." The 
aldol reaction exhibits diastereofacial selectivity with at- 
tack from the re-face of the aldehyde through the general 
chair-like cyclic transition state, which affords a Felkin 
model for establishing the observed C3 and C4 geome- 
tries.12J3 Hydride reduction of 6 gave the 1,3-diol 7. 
Selective conversion to the primary tosylate followed by 
acid cleavage of the acetonide, and base treatment yielded 
the tetrahydropyran 8 (80%) along with small amounts 
of tetrahydrofuran 9 (17%), resulting from nucleophilic 
participation of the benzyl ether a t  C-4.14 

Transformations for attachment of the CI1 - C14 carbon 
chain of pseudomonic acid C, and subsequent completion 
of the total synthesis are described in Scheme 11. For- 
mation of the silyl ether 10 proceeded in two steps 
(Php-t-BuSiC1, 1 equiv; CH2C1,; Et3N, DMAP, 1 equiv; 22 
"C: then benzyl bromide, THF, NaH, 12 h) with 84% 
overall yield. Ozonolysis in methylene chloride containing 
pyridine selectively gave the desired aldehyde 11 without 
competing oxidation of the benzyloxy units to their cor- 
responding benzoates. Introduction of the trans Cl0-Cl1 
unsaturation was explored by using Julia methodology15 
for coupling the chiral a-sulfonyl carbanion 1216 with al- 

(11) Small amounts (-5%) of a second pure diastereoisomer were also 
obtained; however, sterebassignments have not been feasible. 

(12) Although stereoselectivities for the Masamune aldol procedure 
using similar a,@-dialkoxysubstituted aldehydes have not been published, 
the &alkoxy substituent appears to confer increased stereocontrol, 
whereas the a-benzyloxy unit does not provoke a chelation-controlled 
(anti-Cram) addition. Related discussions are presented in ref 10 and 13 
and Gennari. C.; Bernardi, A.; Poli, G.; Scolastico, C. Tetrahedron Lett. 
1986, 26, 2372. 
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hydr. Chem. 198b; 3, 125. 

(14) Possible ring closure to the isomeric oxetane was never observed. 
(15) Julia, M.; Paris, J. M. Tetrahedron Lett. 1973, 4833. 
(16) The optically active sulfone 12 was prepared from (+)-(2R,3S)- 

2-methyl-3-(benzyloxymethoxy)-l-butanol via established procedures. 
Still, W. C.; Schneider, J. A. Tetrahedron Lett. 1980, 21, 1035. 

dehyde 11. Although the usual protocol for reductive 
eliminations of a variety of @-hydroxy sulfone derivatives 
failed to produce olefinic materials,17 we were able to adapt 
an alternative procedure reported by Lythgoe and 
Waterhouse.18 Thus addition of sulfone 12 was followed 
by a carbon disulfide-methyl iodide quench, leading to a 
mixture of diastereomeric @sulfonyl xanthates which were 
purified by flash chromatography. Reductive elimination 
with tri-n-butyltin hydride in toluene at  100 "C gave 86% 
yield of the desired olefin 13 ( E / Z  ratio is 85:15).19 This 
process afforded an excellent 83 % overall yield and should 
prove generally useful for connective constructions in 
functionally complex molecules. 

Deprotection and oxidation gave aldehyde 15 for in- 
corporation of the a,o-unsaturated ester of pseudomonic 
acid C.20 Addition of the vinyllithium 16 in the presence 
of anhydrous cerium(II1) iodide (1 equiv) a t  -100 OC af- 
forded a 65% yield of alcohols 17 as a mixture (3:l) of C-4 
epimers.21 Without cerium iodide,22 our products 17 were 
accompanied by substantial amounts of 0-elimination of 
the C6-benzyloxy substituent. The unwanted C-4 hydroxyl 

(17) An efficient and high yielding procedure for introduction of the 
ClO-Cl1 alkene of pseudomonic acid C has been a recurring problem. 
Coincident with our investigations, Keck and co-workers had extensively 
explored the Julia methodology with similar difficulties. We thank Gary 
Keck for private communications (see also ref 6a-d). 

(18) Lythgoe, B.; Waterhouse, I. Tetrahedron Lett. 1977, 4223. 
(19) The more polar E-olefin was cleanly separated by preparative 

TLC on silica. 
(20) Oxidation (PDC) led to a mixture (4:l) of 15, and the thermody- 

namically more stable epimeric aldehyde (at C-5j, which was subse- 
quently separated by preparative TLC. Swern conditions at -78 "C gave 
a 1:3 ratio. 

(21) Lithium reagent 16 was prepared from the corresponding vinyl 
bromide using tert-butyllithium (2 equiv, THF, -100 "C). See: Corey, 
E. J.; Bock, M. G.; Kozikowski, A. P.; Rama Rao, A. V. Tetrahedron Lett. 
1978, 1051. All attempts for C3-C4 bond formation via alkylations using 
various organometallic reagents of lb failed. 

(22) Imamoto, T.; Kusumoto, T.; Yokoyama, M. J .  Chem. SOC., Chem. 
Comnun. 1982, 1042. No epimerization at  C-5 was observed in the 
products 17. 
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of 17 was excised by transformation to the bromides 18, 
follou d by tin hydride reduction at  60 "C providing only 
19.23 Fortunately each step of this reduction process 
occurred without loss of regio- or stereochemical integrity 
of the adjacent trisubstituted alkene.24 

Finally the total synthesis was completed upon removal 
of the tetrahydropyranyl ether yielding 20 and manganese 
dioxide oxidation. After the conjugated aldehyde 21 was 
formed, a second allylic oxidation was initiated by in situ 
addition of 9-hydroxynonanoate methyl ester (1 equiv) 
with sodium cyanide and glacial acetic acid, affording 
nearly quantitative conversion to the methyl pseudomo- 
nate 2ZZ5 Deprotection with boron chloride at -90 "C in 
methylene chloride (2 min) followed by treatment of the 
residue with 1 M lithium hydroxide in aqueous methanol 
(10 min for saponification of the methyl ester) and re- 
acidification (HOAc) gave a 97% yield of synthetic (+)- 
pseudomonic acid C (IC), [a]24D +8.7' (c 0.3, CHCI,), as 
confirmed by direct comparisons with the authentic nat- 
ural m e t a b ~ l i t e . ~ ~ , ~ ~  
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Figure 1. Front view of the structure of 1-malononitrile. Hy- 
drogen bonds indicated by dashed lines: C-0 distance range, 
3.09-3.15 A; C-H-0 angle range, 129-149'. 

Cram and co-workers have studied the complexation of 
a variety of hemispherands with alkali and substituted 
ammonium cations.2 They found that hemispherand 1 
exhibits a strong binding capacity toward a number of 
cations.2 

We are currently interested in the selective complexation 
of neutral guests, e.g., urea,3 nitromethane? and malo- 
n ~ n i t r i l e , ~ ~  by macrocyclic hosts. In such complexes the 
guest is hydrogen-bonded to the receptor molecule. So far 
the investigations carried out in solution, using malono- 
nitrile as a probe for studying conformational properties 
of flexible ligands, have stressed the importance of a proper 
relative orientation of binding sites.4b Therefore, we 
studied ligands 1 and 2, both designed according to the 
preorganization prin~iple.~ Hemispherand 1 was prepared 
according to Cram,2a and 2 was prepared from a highly 
prefunctionalized pyrylium salt,6 in order to study the 
effect of different H-bond acceptor sites. 

0 0  

The Effect of Preorganization of Macrocyclic Hosts 
on the Complexation of Neutral Molecules 

Summary: The contribution of preorganization to recog- 
nizing and binding neutral guest species is described. We 
found that hemispherands form relatively stable complexes 
with malononitrile. A substantial contribution to the free 
energy of complexation originates from the relief of elec- 
trostatic 0-0 repulsion which is present in the uncom- 
plexed ligand. 

Sir: Hemispherands' represent a class of ligands in which 
at  least half of the binding sites are preorganized. In this 
paper we describe the contribution of preorganization to 
recognizing and binding neutral guest species. We found 
that hemispherands form relatively stable complexes with 
malononitrile. A substantial contribution to the free en- 
ergy of complexation originates from the relief of elec- 
trostatic O-.O repulsion which is present in the uncom- 
plexed ligand. 
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