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trans couplings, rather than as the observed broadened 
singlet. This requirement, which implies cis couplings, 
could be met by either 16 or the more highly strained 
isomer 18. Subsequent transformations, now described, 
eliminate the latter. 

Ketopyranoses such as 16 can be conveniently degraded 
by Baeyer-Villiger oxidation using m-CPBA,23 oxygen 
being inserted chemoselectively into the electron rich 

C445 bond. Sodium chromateu achieved a similar result 
with accompanying with allylic oxidation to give the a- 
enone 17. Upon methanolysis the acylal function was 
cleaved leading to lactone 4 whose 'H NMR data were 
identical to those described by Ruvedalob for the racemic 
modification. 

Use of the above strategy for various synthetic targets 
is underway and will be described in due course. 

~~ 

(23) Tsang, R.; Battista, R.; Fraser-Reid, B. Unpublished results. (24) Marshall, J. A.; Johnson, P. C. J .  Org. Chem. 1970,35, 192. 

Asymmetric Synthesis of Macbecin I 
David A. Evans,* Scott J. Miller, Michael D. Ennis, and Paul L. Ornstein 
Department of Chemistry, Harvard University, Cambridge, Massachusetts 02138 
Received November 7, 1991 

Summary: The asymmetric synthesis of macbecin I is 
described wherein the absolute stereochemical relation- 
ships were established through the use of chiral boron aldol 
bond constructions and internally directed a-methoxy 
ketone reduction, while the E,Z dienic amide moiety was 
installed in one step using a vinylogous phosphonate 
reagent. 

The benzoquinoid antibiotics, the macbecins,' herbi- 
mycins? and geldanamycin? are representatives of an 
emerging class of ansa-bridged macrocyclic lactams pos- 
sessing a significant range of antitumor a c t i ~ i t y . ~  We 
describe in this paper our studies culminating in the 
s u c d  total synthesis of macbecin I. Our retrosynthetic 
analysis is shown in Scheme I. Both the structural com- 
plexity and the promising antitumor potential of these 
molecules have made them attractive as targets for total 
synthesis. To date, one total synthesis of macbecin I5 and 
one of herbimycin A have appearedS6 

The synthesis of 1 was initiated with the C14-Cls aldol 
bond construction that establishes the two stereogenic 
centers resident in the fragment (Scheme 11). Treatment 
of the @)-boron enolate of imide 4,' derived from the 
(4R,5S)-norephedrine-based oxazolidinone (XNH), with 
2,5-dimethoxy-3-nitroben~aldehyde~ according to the 
standard conditions9 afforded the desired aldol adduct 5 
(80%, >97% diastereomeric purity).'" Methylation of the 
C15-hydroxyl was accomplished by reaction of the aldol 
adduct with trimethyloxonium tetrafluoroborate (Proton 
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a Key: (a) n-Bu2BOTf, Et3N, 2,5-dimethoxy-3-nitrobenz- 
aldehyde; (b) Me,O BF4, Proton Sponge, CH2C12, 25 OC; (c) LiOO- 
H, THF/HzO,O "C; (d) (ClCO),, DMF, CH2C12, 25 "C; (e) CH2N2, 

mercaptothiazoline, EDC, DMAP, CH2C12. 

Sponge, CH2C12, 25 OC, 5 days)." Subsequently, a one- 
carbon homologation was effected using the Amdt-Eistert 
sequence.12 Thus, imide 6 was treated with lithium hy- 

(11) Diem, M. J.; Burow, D. F.; Fry, J. L. J.  Org. Chem. 1977, 42, 

EkO/CH2C12, 0-25 OC; (f) &NOS, THF/HzO, 25 OC; (9) 2- 
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"Key: (a) n-Bu,BOTf, Et3N, trans-cinnamaldehyde; (b) AlMe3, MeONHMeeHCl, CH2C12, -10 OC; (c) MeI, NaH, THF/DMF, 0 OC; (d) 
DIBAL-H, CH2C12, -78 OC; (e) Ph3P=C(Me)C02Me, toluene, 100 "C; (0 DIBAL-H, CH2C12, -78 OC; (g) (COCl),, DMSO, CH,Cl,; EhN, -60 
OC; (h) 4, n-Bu2BOTf, EhN (i) m e 3 ,  MeONHMeeHCl, CH2Cl2, -10 OC; 6) TBSC1, imidazole, DMF, 25 OC; (k) Os04, NMO, t-BuOH/ 
THF/H20; NaIO,, NaHC03, 25 OC; (1) 1, TiCl,, EhN, 0 "C; (m) Dess-Martin periodinane, pyridine/CH2ClZ, 25 OC; (n) LiOH, THF/H20, 25 
OC; (p) Zn(BH& cyclohexane, EhO, -78-20 6C; (9) Me30BF4, Proton Sponge, CH2C12, 25 "C. 

drogen peroxide13 to provide acid 7 (95%). Diazo ketone 
8 was prepared in 86% yield from 7 by formation of the 
corresponding acid chloride (1.1 equiv of (COCU2, cat. 
DMF, 25 "C) and subsequent treatment with excess dia- 
zomethane (Eh0/CH2Cl2 0-25 "C). Wolff rearrangement 
(AgN03, THF/H20, 25 "C, 24 h) then afforded the ho- 
mologated acid 9 in 88% yield. Finally, treatment of the 
acid with 2-mercaptothiazoline (EDC, DMAP, CH2C12, 25 
"C) furnished the completed synthon 1 in 84% yield. 

With fragment 1 in hand, we addressed the C5-C12 
synthon 2 (Scheme 111). As with the aromatic synthon, 
the construction of this fragment centered around the 
incorporation of the four stereocenters using chiral boron 
enolate methodology. Treatment of tram-cinnamaldehyde 
with the enolate derived from imide 4 afforded the aldol 
adduct 10 (70%, >95% one diastereomer by 'H NMR 
analysis). Transamination of 10 according to the condi- 
tions of Weinreb,14 followed by methylation (MeI, NaH, 
THF/DMF, 0 "C), and DIBAL reduction furnished 13 in 
87% yield for the three-step sequence. The Ca-Cg tri- 
substituted olefin was then stereoselectively incorporated 
(78%, 94:6 trans-cis by capillary GLC) by treatment of 
13 with (carbethoxymethylene)triphenylphosphorane15 in 
refluxing toluene. Sequential DIBAL reduction and Swem 
oxidationl6 (86% for two steps) afforded aldehyde 15 to 
set up the final boron aldol reaction. Addition of the (2) 
enolate derived from imide 4 to 15 thus afforded the aldol 
adduct 16 in 77% yield (>95% one diastereomer by 'H 
NMR analysis). At this point, six of seven of the stereo- 
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genic centers resident in the macbecins had been estab- 
lished via the common imide precursor 4. 

Elaboration of 16 to the completed C5-C12 synthon 2 was 
then accomplished by successive transamination and 
subsequent silylation of the secondary alcohol (TBSCl, 
imidazole, DMF, 25 "C) to provide 18 in 87% overall yield. 
The C12 aldehyde moiety was then revealed by selective 
oxidation of the disubstituted olefin with osmium tetroxide 
(20 mol %, NMO, t-BuOH/THF/H20)." Oxidative 
cleavage of the intermediate diol with sodium periodate 
afforded the desired aldehyde 2 in 82% yield. 

The aldol coupling of fragments 1 and 2 was accom- 
plished using a modification of the recently reported 
TiC&/EbN enolization procedure.18 It is noteworthy that 
attempts to activate 1 toward enolization with other mild 
enolization reagents such as n-Bu2BOTf resulted in loss 
of the C15-methoxyl group. In a similar manner, Sn- 
(OTf12-based procedures also resulted in low yields of 
coupled product. However, enolization of 1.0 equiv of 1 
(1.05 equiv of T i c 4 ,  1.10 equiv of Et3N, CH2C12, 0 "C, 1 
h) followed by addition of aldehyde 2 (0.9 equiv, 0 "C, 3.3 
h) afforded 73% of aldol adduct 20 as a single diastereomer 
(9% of recovered 2, complete recovery of unreacted 1). 
Although the absolute stereochemistry of this aldol adduct 
remains to be established, we have determined that the 
relative stereochemistry is that of an anti aldol adduct.lg 

Elaboration to the completed C5+5 synthon began with 
oxidation of 20 to the corresponding @-ketoimide (90%) 
using the pyridine-buffered Dess-Martin oxidation.m 
Subsequent lithium hydroxide hydrolysis and in situ 
thermal decarboxylation (THF/H,O, 25 "C) afforded the 
desired ketone 21 in 73% yield. Chelate-controlled re- 
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neat trimethyl phosphite afforded the corresponding di- 
methylphosphonate. Subsequent treatment with neat PC1, 
and then 2,2,2-trifluoroethanol (Hunig's base, PhH, 0-25 
"C) provided 3 (38% for two steps). Horner-Emmons 
olefination (8 equiv of 3, n-BuLi, Et20, -78 "C) with al- 
dehyde 24 (prepared by DIBAL reduction of 23 in 95% 
yield), then provided a 73:27 mixture of (E,Z)-(E,E) un- 
saturated esters from which the desired (E,Z) isomer 28 
was isolated in 70% yield.26 

With the macbecin skeleton assembled, the nitro group 
was selectively reduced (H2, Lhdlar's catalystn) to provide 
the anilinic ester 29 in 94% yield (6% recovered 28) 
without any reduction of the diene moiety. Subsequent 
hydrolysis of the methyl ester (LiOH, THF/MeOH/H20) 
afforded the derived acid 30 in quantitative yield. Ma- 
crocyclization according to the Baker conditions with 
N,"-bis(2-oxo-3-oxaolidinyl)phosphinic chloride* in the 
presence of Hunig's base (0.001 M in PhCH3, 85 "C, 67%) 
provided the macrocycle 31. Oxidation of 31 to quinone 
32 (CAN, CH3CN/H20, 71%)29 and subsequent desilyla- 
tion (TBAF, THF, 25 "C, 48 h, 51%,10% recovered 32) 
afforded decarbamoyl macbecin 33. Finally, acylation of 
the C, hydroxyl group (NaOCN, TFA, 71%) provided 
synthetic macbecin I whose spectroscopic and physical 
properties agreed in all respects with the data ('H NMR, 
IR, [cy],,, HR FABMS) reported in the literature for the 
natural product.30 In addition, direct comparison to a 
natural sample ('H NMR, 13C NMR, IR, [aID, HR 
FABMS, TLC, R, in several solvent systems) confirmed 
the identity of the natural and synthetic samples.31 
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duction of 21 with Zn(BH4)221 (4.0 equiv of cyclohexene, 
EhO, -78 to -20 "C) provided the secondary alcohol 22 
as a single isomer (85%, >95:5 by 'H NMR analysis). 
Although we did not rigorously prove the stereochemistry 
of the newly created C12-hydroxyl center, we felt that the 
high diastereoselectivity of the reaction reflected the an- 
ticipated high degree of chelate organization in the tran- 
sition state.22 Methylation of the C12-alcohol using tri- 
methyloxonium tetrafluoroborate and proton sponge 
(CH2C12, 25 "C) then afforded the completed c5-c15 syn- 
thon 23 (83% yield). 

The stereoselective incorporation of the C1-C4 diene and 
the completion of the synthesis were then addressed 
(Scheme IV). It is known that conventional vinylogous 
phosphorous-based reagents undergo selective (Ea) ole- 
fination with aldehydes.23 Our plan was to employ a 
vinylogow phosphonate that would undergo selective ( E a  
olefin formation by using activating substituents on 
phosphorus." Treatment of y-bromomethyl tiglate% with 
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