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Alterobactin A was recently isolated by Butler and co-workers 
from an open-ocean bacterium, Alteromonas luteoviolacea, 
together with alterobactin B.Ia The structure of alterobactin A 
was determined to be 1 by spectroscopic methods,Ib and it was 
identified as a siderophore2 possessing an extraordinary affinity 
for ferric ion.Ib Alterobactin A (1) contains two unusual amino 
acids: L-threo-P-hydroxyaspartic acid (L-threo-P-OH-Asp) and 
(3R,4S)-4,8-diamino-3-hydroxyoctanoic acid (lysinestatine, Lys- 
Sta), attaching a catechol carboxylate at the w-amino site. We 
now report the f i s t  total synthesis of 1. 

A [4 + 31 convergent strategy was adopted in our synthesis 
of 1 (see Figure 1 and Scheme 5).  We thought that coupling 
of two fragments and macrocyclization should be accomplished 
between Gly-Arg and G~Y-P-OH-AS~,~  respectively, since the 
construction of the amide bonds at Gly as a C-terminal would 
proceed without both racemization and steric constraint. In 
addition, a P-turn structure existing in 1 along the Gly-Arg-P- 
OH-Asp-Gly sequenceIb probably facilitates the macrocycliza- 
tion of the linear prec~rsor .~ Furthermore, the synthetic 
challenge to alterobactin A (1) may be the appropriate protection 
of the various reactive groups involving one amino group, one 
guanidino group, two phenolic groups, three hydroxyl groups, 
and two carboxyl groups. 

First, we synthesized the P-OH-Asp derivative 6, as shown 
in Scheme 1. A key intermediate, 3, was obtained from methyl 
cinnamate (2) using the enantiocontrolled Sharpless dihydroxy- 
lation (>98% ee) with A D - m i ~ - p , ~ ~  followed by stereo- and 
regioselective  transformation^.^^ Treatment of the bromo ester 
3 with sodium azide, followed by hydrogenation and simulta- 
neous protection, afforded the Boc-amino ester 4. Ruthenium- 
catalyzed oxidation of 4 and subsequent protection by use of 
0-tert-butyl-NN-diisopropylisourea (BDIU)2.6 gave the fully 
protected P-OH-Asp derivative 5, which underwent deprotection 
and reprotection in five steps to yield the desired building block 
6 ('98% de). 

Synthesis of the Lys-Sta unit 9 (Scheme 2) started from the 
known' P-keto ester 7, which was reduced with NaBH4 at low 
temperature to give a mixture of diastereomers with 69% 
diastereomeric excessS8 Separation by flash chromatography 
on silica gel was effectively accomplished to give the (3R,4S)- 
Lys-Sta derivative 8 as a predominant isomer (>95% de).9 The 

+Dedicated to Sir Derek Barton on the occasion of his 77th birthday 
(Kiju in Japanese). 
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Figure 1. Alterobactin A (1). 
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required Lys-Sta building block 9 was obtained from 8 through 
(1) acidic removal of the Boc group, (2) coupling with 2,3-bis- 
(benzy1oxy)benzoic acid with diethyl phosphorocyanidate (DEPC, 
(C2H50)2P(0)CN),Io (3) alkaline hydrolysis, (4) treatment with 
tert-butyldimethylsilyl (TBS) chloride, and ( 5 )  alkaline depro- 
tection of the TBS ester. 

The tripeptide 11 was prepared from N-Boc-glycine trichlo- 
roethyl (Tce) ester (Boc-Gly-OTce, 10) by attachment of Boc- 
D-Serine and then the Lys-Sta derivative 9 through acidic 
deprotection of the N-terminal Boc group and coupling by use 
of DEPC. Condensation of 11 with the P-OH-Asp derivative 
6 was effectively carried out by use of N-ethyl-N'-(3-(dimethyl- 
amino)propyl)carbodiimide (EDCI) to give the left-side dep- 
sitetrapeptide 12, shown in Scheme 3. 

The construction of the right-side tripeptide 15 was also 
started from Boc-Gly-OTce (lo), which underwent the Boc 

~~ ~~ ~~~ ~~~~~ ~ ~ ~ ~ 

(9)The configuration was determined by 'H NMR analysis of the 
corresponding oxazolidinone. Cf. Dufour, M.-N.; Jouin, P.; Poncet, J.; 
Pantaloni, A.; Castro, B. J.  Chem. Soc., Perkin Trans. I 1986, 1895-1899. 

(10) Takuma, S.; Hamada, Y.; Shioiri, T. Chem. Pharm. Bull. 1982, SO, 
3147-3153 and references therein. 
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deprotection followed by coupling with the /3-OH-Asp derivative 
6 by use of DEPC and triethylamine (TEA). The products were 
an inseparable mixture of the dipeptide 13 and aspartimide 
derivative 14 in a ratio of 7:l." However, formation of the 
undesired aspartimide 14 could be entirely suppressed when 
TEA was replaced with N-methylmorpholine (NMM) (13:14 
> 120: 1). After selective deprotection of the Boc group of 13 
with trifluoroacetic acid (TFA), coupling with P-Boc-Nd-2,3,6- 
trimethyl-4-methoxybenzenesulfonyl(Mtr)arginine afforded the 
right-side tripeptide 15 in high yield (Scheme 4). 

Deprotection of the Tce group from 12 was achieved by use 
of zinc powder, while treatment of 15 with p-TsOWHzO 
removed the both Boc and TBS groups. Coupling of the 
deprotected 12 with the deprotected 15 resulted in the con- 
comitant formation of the aspartimide derivative at the /3-OH- 
Asp-Gly sequence. This implied that the steric protection of 
the hydroxyl group on the /3-OH-Asp-residue could suppress 
the aspartimide formation.I2 Fortunately, selective deprotection 
of the Boc group from 15 was accomplished by use of TFA in 
CH2C12I3 without liberation of the Mtr and TBS groups, shown 
in Scheme 5. Condensation of the two deprotected building 
blocks smoothly proceeded with pentafluorophenyl diphen- 
ylphosphinate (FDPP)I4 to give the linear depsiheptapeptide 16. 
After removal of the Tce group at the C-terminus with zinc 
and then removal of the Boc group at the N-terminus with TFA, 
which simultaneously cleaved the TBS group at the side chain, 
the macrolactamization was effectively achieved by use of 
FDPP,I4 to afford the macrocyclic depsipeptide 17 in good yield. 
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Allerobaclln A (1) 

Finally, removal of all the protective groups in two steps and 
purification by preparative HPLC provided alterobactin A (1) 
in 81% yield, identical to the natural product by 500 MHz 'H 
NMR, 125 MHz I3C NMR, high-resolution FAB mass spectra, 
HPLC,I5 and TLC. Interestingly, we found that the pH value 
in the solution strikingly affects the chemical shifts of the 
protons on the two B-OH-Asp moieties. 

Our synthesis of alterobactin A not only has proved the 
proposed structure 1, but also promises availability of this super 
siderophore in quantities which will be useful for the elucidation 
of the siderophoric mechanism in bacteria. 
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(15) Column: YMC-pack C4. 150 x 4.6 mm i.d.; mobile phase MeCN/ 

H2O 5:95 containing 0.1% TFA; flow rate, 1 mL/min; detection, UV 280 
nm. Retention times: synthetic alterobactin A, 12.67 min; natural product, 
12.69 min; mixture, 12.80 min. 


