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The reaction of lb  v v a s  examined in CTABr, using excess 
substrate so that there was a rapid evolution of p-nitro- 
phenol followed by a slow reaction as the acylated inter- 
mediate was hydrolyzed to regenerate the catalyst (Scheme 
I). The kinetic analysis under burst conditions shows that 
the catalytic efficienc,y of l b  mainly depends on acylation 
process a t  pH 7.30 (Table 11). 

Figure 1 shows the pH-rate profiles for the reactions of 
3a with lb  and 2 in the presence of CTABr. The log k,-pH 
profiles in Figure 1 indicate that the catalytic action of lb 
involves both of the imidazole and hydroxamic acid groups 
over the pH range studied. I t  is noteworthy that the 
stereoselective behavior of l b  corresponds to a bell-shaped 
curve with the maximum a t  near pH 6.2. This behavior 
is quite different from that of 2 (the stereoselectivity does 
not depend on pH). The above observation indicates that 
at lower pH (<7) the stereoselectivity of l b  is determined 
by the reactivity of the imidazole group rather than that 
of the hydroxamic acid group. However, at  higher pH 
(>7), the reaction occurs mostly at  the hydroxamic acid 
site as mentioned above. 

The present study demonstrates an interesting kinetic 
property of the optically active bifunctional catalyst toward 
the enantiomeric amino acid ester derivatives in the 
presence of CTABr, and a mechanism is suggested for the 
stereselective behavior involving acylation of the optically 
active imidazole and hydroxamic acid functions because 
the stereoselectivity depends on pH. A detailed study of 
the mechanisms involving the deacylation process is a 
future problem. 
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Syntheses of Enterobactin and Enantioenterobactin 

Summary: Enterobactin, the siderophore (iron-binding 
ionophore) of the enteric bacteria has been synthesized 
from L-serine; the antipode of the natural product, enan- 
tioenterobactin, synthesized from D-serine, displays the 
unnatural A-cis configuration of the metal center in its 
Fe(II1) complex. 

Sir: Microbes have evolved specialized ligands or sidero- 
phores' for the acquisition and transport of insoluble Fe- 
(111) [KSp(Fe(OH),) 5 into the cell. Three distinct 
mechanisms for siderophore-mediated iron transport, 
differing in the details of entry and release of iron, have 
been recognized.' 

Enter~bac t in ,~  the cyclic trimer of N-(2,3-dihydroxy- 
benzoyl)-L-serine (see antipode 15), is a siderophore which 
is overproduced by E.  coli and related enteric bacteria 
under low iron stress. The catechol-based siderophore 
forms a ferric complex, 1, of exceptional stability (K,  = 
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1052).4 The transport of 1, mediated by a membrane 
receptor p r ~ t e i n , ~  is followed by hydrolysis of the 12- 
membered, serine-derived trilactone and release of iron.' 

Fe(II1)-enterobactin exists predominantly as the A-cis 
complex 1,6 the configuration of the L-seryl ester platform 
favoring the A helicity of the iron-catecholate center. I t  
has been assumed that the chirality of 1 may play a key 
role in the recognition, binding, and transport of the 
complex into the bacterial cell. Herein we report the 
syntheses of enantioenterobactin (D-serylenterobactin) 15 
(Scheme I; cf. 8 4 s  complex 2) and of the naturally oc- 
curing antipode, enterobactin (see A-cis complex 1). De- 
tails of membrane receptor binding and transport studies 
in E. coli with synthetic enterobactin and its antipode (15) 
will appear elsewhere.' 

We have evaluated two fundamentally different ap- 
proaches to enterobactin and its antipode (15). The first 
entails the coupling of differentially protected N-[2,3- 
bis(benzyloxy)benzoyl]serine monomers, e.g., 38 and 4.8 

YHCOAr FHCOAr 

L O - f O H  Wydapar 
3 O 4  

Ar = 2,3-bis(benzyloxy)phenyl 

The second utilizes urethane protection for the monomer 
amino groups (e.g., see Scheme I) and introduces the 
N-benzoyl ligands only after cyclization of the seryl ester 
platform. Inherent to the second approach is urethane 
deprotection and subsequent N-acylation of three amino 
groups in the cyclic triester of L- or D-serine (cf. 13 in 
Scheme I). The propensity for 0- to N-acyl shifts in 0- 
acylserine derivatives? e.g., 13, poses a potential risk late 
in the synthetic sequence for the urethane approach. 
Consequently, we initially weighed the risk inherent to any 
N-benzoyl monomer approach, viz., racemization of an 
activated ester (e.g., from 3) during coupling. 

A survey of coupling methods revealed dicyclohexyl- 
CarbodiimidelN-hydroxybenzotriazole (DCC/HOBt)'O to 
be the most satisfactory for the coupling of monomers 3 
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Scheme I 
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and 4. Nonetheless, the DCC/HOBt-mediated coupling 
yields an approximately 1:l mixture of diastereomeric 
dimers (66%)." Despite the success achieved with 
DCC/HOBt for the coupling of N-benzoyl amino acids,l@ 
no satisfactory solu1,ion could be found to limit racemi- 
zation of protected h'-(2,3-dihydroxybenzoyl)serine mo- 
nomers. 

The Corey synthesis of enterobactin12 via the enantiomer 
of D-serine cyclic trimer 13 (Scheme I) showed the viability 
of the urethane approach. Our application of the DCC/ 
HOBt coupling method to urethane-protected monomers 
revealed the lack of racemization during coupling. How- 
ever, (tert-butyloxylcarbonyl-protected trimer hydroxy 
acid S8,l3 produced hy sequential DCC/HOBt couplings 
failed to cleanly cyclize under a variety of conditions, in- 
cluding those used by Corey et  a1.12 for cyclization of the 
corresponding N -  [ (benzyloxy)carbonyl] -protected trimer 
hydroxy acid (see enantiomer 11, Scheme I). Crude cy- 
clization mixtures deipived from 5 could not be purified nor 
deprotected to give ;I cyclic triammonium salt (see enan- 
tiomer 13, Scheme I). 

NHBoc YHBoc p o c  

"""3"T"'k" 
5 ,  BOC - ( i e r f - b u t y l o x y ) c n b y l  

Our successful approach to enantioenterobactin (and 
enterobactin) is outlined in Scheme I. %N- [ (Benzyloxy)- 
~arbonyl]-D-serine'~ (6) was alkylated 'with %(bromo- 
methy1)anthraquino ne15 (MaqBr), giving acid-protected 
monomer 7s,13 (92%). Hydroxyl-protected monomer 
was derived from 7 by reaction with dihydropyran followed 
by photoreductive depr~tect ion '~ of the Maq ester (82% 
overall). Coupling of  7 and 8 and removal of the THP 
protecting group yielded crystalline dimer alcohol g8,I3 
(88% overall). Further coupling of 9 with 8 and THP 
removal yielded crystalline trimer alcohol 108J3 (95 % 
overall). Removal of'the Maq ester generated the enan- 
tiomer (I 18) of Corey's linear trimer enterobactin pre- 
cursor12 (67-82%). 

Trimer 11 could be cyclized in low yield by DCC/HOBt 
coupling by Masamune's tert-butyl thioester/cuprous 
triflate method16 or, preferably, by Corey's imidazolyl 
disulfide procedure.12 Hydrogenolysis of crystalline WJ3 
in the presence of HCl proceeded smoothly to trihydro- 
chloride salt 13 which was acylated without isolation to 
give hexabenzylenantioenterobactin ( 14,8J3 61-69% over- 
all). Further hydrogenolysis yielded enantioenterobactin 
( 15,13 56-8970) which was indistinguishable from natural 
enterobactin by 'H NMR, IR, TLC, UV, field-desorption 
mass spectrometry (M', m / e  6691, and melting point. 
Ferric enantioenterobactin (2) displays a CD spectrum 
which in intensity and sign of rotation is exactly the mirror 
image of that measured17 for the natural ferric complex 
(1). 

Scheme I applied to N-[ (benzyloxy)carbonyl]-~-serine'~ 
yielded enterobactin indistinguishable in all respects (vide 
supra) from natural material. 

Synthetic L-serylenterobactin is fully active in iron 
transport in E. coli, whereas D-serylenterobactin (enan- 
tioenterobactin, 15) is completely inactive.' 
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Selective Catalysis of Diels-Alder Reactions of 
2-Methoxy-5-methyl-1,4-benzoquinone 

Summary: The poor regioselectivity of Diels-Alder re- 
actions of 2-methoxy-5-methylbenzoquinone with alkyl- 
substituted dienes can be directed to favor either isomeric 
adduct by using stannic chloride or boron trifluoride 
catalysts. 

Sir: Diels-Alder reactions of p-benzoquinones have been 
used to advantage in many well-known syntheses (e.g., 
steroids,' reserpine,2 and gibberellic acid3). Indeed, 
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