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species in methanol.18 On the other hand, 6a-c are diamagnetic 
d6 Co(II1) complexes both in methanol and in CH2C12. The 
reactivity of (0EP)Co"' toward DMADC increases with de- 
creasing electron donation from the axial ligand (Me > I > Br 
> C1> H,O), and consequently with increasing charge transfer 
interaction of the porphyrin ligand with Co(II1). However, 1 is 
no longer a d6 Co(II1) complex in noncoordinating solvents, and 
thus the direction of attack of DMADC is changed. As a Co(II1) 
complex of dibenzo[b,i]-5,7,12,14-tetramethyl-l,4,8,1 l-tetraa- 
za[ 141 annulene reportedly19 reacts analogously to 6, the present 
reaction is remarkable since the metalloporphyrin is completely 
planar and rigid and biologically significant in relation to heme 
catabolism.20 That is, a d,Fe-peroxo-bridged iron 5H,21 H- 
porphyrin structurally similar to 7 may be formed from Fe(I1) 
porphyrin with dioxygen and converted into oxophlorins and 
eventually into biliverdins in vivo. 

In summary, the reaction behaviors of Co(1II) porphyrins are 
strongly dependent on the nature of their axial ligands to give novel 
organocobalt(II1) porphyrins of biological interest. 
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The potency of enterobactin 1, the most powerful natural 
siderophore (ferric ion has stimulated the synthesis 
of a large number of analogues,2 with the triscatecholate 2 
(MECAM) prepared and analyzed by Hams and Raymond4 being 
the most efficient one. It has recently been shown that only the 
native enterobactin, but not its enantiomer, is taken up by Es- 
cherichia coli5 and that the native molecule assumes a right-handed 
propellerlike conformation which is governed by its chirality and 
intramolecular hydrogen bonds (H bonds)! Similar arrangements 
stabilized by interchain H bonds have recently been obtained in 
C3 symmetric molecules where three L-amino acids are attached 
to a mesitylene as common a n ~ h o r . ~  Here we demonstrate that 
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Table I. 'H  N M R  Chemical Shift (6) Values" of Ligands 1, 3b, 
and ZC 

DrOton I* 3b 2 
N H  9.06 (+2.66) 8.79 (+1.16)c 9.39 (+0.76) 

o-catechol 7.34 (-0.50) 7.42 (-0.42) 7.29 (-0.28) 
m-catechol 6.73 (-0.60) 6.67 (-0.33) 6.65 (-0.27) 
D-catechol 6.98 (-0.54) 6.91 (-0.34) 6.91 (-0.32) 

8.57 (+0.13)d 

"In DMSO-& Concentrations: 1 ,  ca. 0.045 M; 3b and 2, 0.033 M .  
Temperature: 1, ca. 318 K; 3b and 2 298-300 K. 6 values are  ex- 
pressed as ppm downfield from internal TMS.  *Data taken from ref 
12. 'Ca-NH. d C H 2 N H .  'Their induced changes (As)  upon Ga3+ 
binding are  in parentheses. 

an extension of such amino acid derivatives by catecholates 
provides a binder 3b and its protected precursor 3a that mimic 
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enterobactin: 3a adopts a chiral structure circularly organized 
by interchain H bonds, and 3b forms metal complexes of similar 
geometry and identical configuration, A-cis. Although still below 
enterobactin, the binding efficiency of 3b is comparable and 
perhaps even better than that of Raymond's artificial binder 2, 
the best so far ~ r e p a r e d . ~  

The catecholate ligand 3b was prepared from 1,3,5-tris(N- 
Bwleucy1amido)benzene (4)7 via deprotection, condensation with 
2,3-bis(benzyloxy)benzoyl chloride,8 and subsequent hydrogeno- 
lytic removal of the protecting groups. The IR spectrum of 3a 
in dilute CHC13 (0.5 mM) showed only low-frequency N H  ab- 
sorptions at 3354 cm-'. The N M R  spectrum (CDCI,, 5 mM) 
revealed nonequivalence of the diastereotopic C6H3( CH2NH-), 
protons (A6 = 0.56 ppm). The single chain reference molecule 
5 shows higher N H  frequencies (3437, 3361 cm-l) and magnetic 
equivalence for the diastereotopic PhCH2NH protons. In 
DMSO-$ the N M R  pattern of 3a becomes similar to that of 5. 

( 8 )  Rastetter, W. H.; Erickson, T. J.; Venuti, M. C. J .  Org. Chem. 1981, 
46, 3579-3590. 
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These observations demonstrate the Occurrence of intramolecular 
H bonds between the chains in 3a that restrict the conformational 
freedom of the m o l e c ~ l e . ~  3a thereby simulates enterobactin in 
adopting a chiral, circularly organized conformation that is sta- 
bilized by intramolecular H bonds.6J0 

Addition of Ga2(S04)3 to a DMSO-d, solution of 3b resulted 
in the appearance of a second set of signals, due to its Ga3+ 
complex.]’ This set is characterized by a pronounced low field 
shift of the Ca-NH proton and high field shifts of the catecholate 
aromatic protons, relative to that of free 3b (Table I ) .  The 
low-temperature coefficient for the Ca-NH in 3b-Ga3+ (ca. 
-0.0003 ppm/K) is compatible with H bonding to the catecholate, 
as earlier suggested on the same grounds for the Ga3+ enterobactin 
complex.I2 Such H bonds were also recently demonstrated by 
X-ray crystal analysis in artificial Fe3+ cat echo late^.'^ The 
electrostatically induced differences in chemical shifts observed 
in chiral3b are smaller than those reported for enterobactin12 but 
still larger than those we found for the achiral analogue 2. Since 
all three complexes contain the same metal ion and make use of 
identical binding sites, the electrostatically induced differences 
are determined mainly by their geometries.I4 If we assume that 
the induced differences are increasing with the strength of binding, 
then 3b as a binder may be ranked somewhere between entero- 
bactin and 2. 

CD measurements of the 3b-Fe3+ complex showed Cotton 
effects close to those of the enterobactin-Fe3+ ~ornplex,’~ in respect 
to the location of the extremes, their absolute signs, and mag- 
nitudes (A€ = -2.3 at 556 nm and +4.4 at 438 nm for 3b-Fe3+ 
in 20% methanol-TRIS buffer pH 8.5 and A€ = -4.0 at 535 nm 
and +4.0 at  420 nm for l-Fe3+ in 50% ethanol15). This dem- 
onstrates that the predominant configuration of the 3b-Fe3+ 
complex is identical with that of the Fe3+-enterobactin complex, 
namely A-cis.2 

Competition between chiral 3b and achiral 2 for binding Fe3+ 
was monitored by the Cotton effect of the Fe3+-catecholate 
chromophore in 3b. Fe(C104)3 (1 equiv) was added to a 20% 
methanol-TRIS buffer (pH 8.5) solution of 3b and 2, 1 equiv each. 
Approximately 80% of the circular dichroism of the full 3b-Fe3+ 
was retained,16 indicating that 3b competes favorably with 2. 
Although this advantage is small, it does not seem fortuitous as 
it is compatible with the N M R  results on the related Ga3+ com- 
plexes (Table I). 

The small advantage of chiral 3b over 2 may imply that the 
3b complex is less strained than the 2 complex or that less con- 
formational entropy is lost in 3b upon binding. Both these factors 
have been estimated to contribute to the superiority of enterobactin 
relative to 2.6 If and to which extent the similarities between this 
analogue and genuine enterobactin are reflected in its chiral 
recognition by the outer membrane receptor” has still to be 
established. 
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Among the natural siderophores (Fe3+ carriers), the hydrox- 
amate-based binders are the most and much effort 
has been devoted to the synthesis of artificial  analogue^.^ The 
microbial ferrichrome Fe3+ carriers resemble the enterobactin 
siderophore by being macrocyclic molecules composed of L-amino 
acids and three ligating side  chain^.^^^ They, however, differ from 
the latter by lacking its C3 symmetry, by using hydroxamates 
instead of catecholates as binding sites, and by forming Fe3+ 
complexes of opposite configuration, A-cis. In the preceding 
communication6 we showed that the conformation and ion-binding 
configuration of enterobactin may be mimicked by simple tri- 
podlike molecules whose chains are interlinked through “circular” 
H bonds. In this communication we demonstrate that the same 
principle of design providds artificial hydroxamate carriers that 
adopt a propellerlike conformation and simulate the ferrichromes 
in respect to their ion-binding configuration (A-cis) and in their 
capability to act as growth promoters of ferrichrome dependent 
bacteria. These carriers are tripod structures composed of natural 
L-amino acids that are attached to a tricarboxylate anchor via 
their N terminals and flanked by ion-binding sites a t  their C 
terminals. 

The tripods 1-4 were synthesized by condensation of the 
trisphenolate EtC(CH20CH2CH,COOC6C15)37 with the respective 
amino acid derivatives. Tripods 1 and 2 were used as structural 

E~C[CH~OCH~CH~CONHCH(I-BU)CONH-I-P~]~ 

1 

E ~ C [ C H ~ O C H ~ C H ~ C O N H C H ( ~ - B U ) C O O M ~ ] ~  
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EtC [CH~OCH~CH~CONHCH(I-BU)CON(M~)-OH]~ 
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0 
Et C [ CH20CH2CH2CON-CHCON (Me)-OH] 3 

4 
models for establishing the conformational properties of this family 
of compounds. IR of 1 in CHC13 solution (0.6 mM) revealed 
mainly bonded N H  (3303 cm-l), with only a trace of free N H  
(3429 cm-I). NMR showed two distinct signals for each of the 
diastereotopic -CH2-0 and -CH2CO- protons in CDCI, (Figure 
lb)  but single peaks in CD30D. The single chain molecule 5 
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