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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 molecule.” 3a thereby simulates enterobactin in
adopting a chiral, circularly organized conformation that is sta-
bilized by intramolecular H bonds.5!°

Addition of Ga,(SO,); to a DMSO-d; solution of 3b resulted
in the appearance of a second set of signals, due to its Ga’*
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-Ga®* (ca.
—0.0003 ppm/K) is compatible with H bonding to the catecholate,
as earlier suggested on the same grounds for the Ga** enterobactin
complex.!? Such H bonds were also recently demonstrated by
X-ray crystal analysis in artificial Fe3* catecholates.!> The
electrostatically induced differences in chemical shifts observed
in chiral 3b are smaller than those reported for enterobactin!2 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.!* 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—Fe* complex,'s in respect
to the location of the extremes, their absolute signs, and mag-
nitudes (Ae = 2.3 at 556 nm and +4.4 at 438 nm for 3b—Fe3*
in 20% methanol-TRIS buffer pH 8.5 and Ae = —4.0 at 535 nm
and +4.0 at 420 nm for 1-Fe** in 50% ethanol!®). This dem-
onstrates that the predominant configuration of the 3b—Fe’*
complex is identical with that of the Fe3*—enterobactin complex,
namely A-cis.?

Competition between chiral 3b and achiral 2 for binding Fe**
was monitored by the Cotton effect of the Fe3*—catecholate
chromophore in 3b. Fe(ClOy); (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,! indicating that 3b competes favorably with 2.
Although this advantage is small, it does not seem fortuitous as
it is compatible with the NMR 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 2.5 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 abundant,'™ and much effort
has been devoted to the synthesis of artificial analogues.® The
microbial ferrichrome Fe3* carriers resemble the enterobactin
siderophore by being macrocyclic molecules composed of L-amino
acids and three ligating side chains.** They, however, differ from
the latter by lacking its Cy symmetry, by using hydroxamates
instead of catecholates as binding sites, and by forming Fe’*
complexes of opposite configuration, A-cis. In the preceding
communication® 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 providas 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 at their C
terminals.

The tripods 1-4 were synthesized by condensation of the
trisphenolate EtC(CH,OCH,CH,COOCCly);’ with the respective
amino acid derivatives. Tripods 1 and 2 were used as structural

EtC[CHyOCHyCHy CONHCH(i-Bu)CONK-i-Pr]3

1

EtC[CHoOCHyCHyCONHCH(i-Bu)COOMel 3

2

EtC[CHyOCH)CHyCONHCH(i-Bu)CON(Me)-OH| 3

3

EtC[CHyOCH, CHyCON=CHCON(Me )}-OH] 3

4
models for establishing the conformational properties of this family
of compounds. IR of 1 in CHCI; solution (0.6 mM) revealed
mainly bonded NH (3303 cm™), with only a trace of free NH
(3429 cm™). NMR showed two distinct signals for each of the
diastereotopic -CH,~O and -CH,CO- protons in CDCl; (Figure
1b) but single peaks in CD;OD. The single chain molecule §
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Figure 1., 270 MHz 'H NMR traces of compound 2 (R = OMe, trace
a), 1 (R = NH-i-Pr, trace b), 3 (R = N(Me)OH, trace ¢), and 3-Ga’*
(trace d) in CDCl, solution (10 mM), 298 K. Residual signals of 3 in
trace d (ca. 20%) indicate slow exchange under these conditions.

[#n-BuOCH,CH,CONHCH(i-Bu)CONH-;-Pr] showed almost
identical chemical shifts for its diastereotopic protons and little
solvent dependence (CDCl; versus CD;OD). All this indicated
restricted conformational freedom due to interchain H bonds in
1. A priori, H bonds may involve equivalent or nonequivalent
amides of adjacent chains. In order to distinguish between these
two possibilities compound 2 with only one type of amide group
was examined. The IR spectrum of ester 2 showed two NH
absorptions (3435 and 3371 cm™, 0.65 mM CHCI;) and its NMR
spectrum (Figure 1a) single signals for the diastereotopic protons
—~CH,—0 and -CH,-CO in CDCl,, indicating weak H bonds that
do not impair the molecule’s conformational freedom. The H
bonds in amide 1 thus involve nonequivalent amides. This ulti-
mately causes a tilt of the side chain to generate a propellerlike
arrangement.?

Replacement of the isopropylamine in 1 by methyl hydroxyl-
amine provided the Fe3* binder 3. 3 adopted a H bonded pro-
pellerlike conformation like the parent molecule 1 according to
its bonded NH (3284 cm™ in CDCl,) in the IR spectrum and the
nonequivalence of its diastereotopic protons in the NMR (Figure
lc). Titration showed a 1:1 stoichiometry for Fe3* binding, and
CD (Ae = +3.4 at 450 nm and —6.8 at 365 nm in MeOH) es-
tablished predominance of the A-cis isomer? (see Figure 2). This
coordination isomer proved to be stabilized by H bonding (NH
absorption at 3353 cm™! in CDCl;). The Fe3* complex of the
proline binder 4 which is incapable of forming such H bonds
showed significantly smaller Cotton effects (Ae = +1.27 at 465
nm and —4.3 at 378 nm in MeOH).

NMR analysis of the Ga3* complex of 3 (which is structurally
close to the Fe3* complex® but amenable to NMR measurement)
showed a single set of signals with a pattern close to that of the
free ligand (Figure 1d). This establishes the isomeric purity of
the complex and its structural similarity to the uncomplexed
molecule. In contrast, the Ga’* complex of the proline binder
4 showed a complex NMR pattern, indicative of isomeric mixtures.
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Figure 2. Schematic representation of the A-cis Fe’* complex of 3.

These biomimetic tripodlike binders functioned as growth
promoters of Arthrobacter flavescens.'” This mutant still contains
ferrichrome receptors but lacks the capability to produce ferri-
chrome. Therefore, its growth depends on externally added
siderophores. Although the activity observed for some of these
compounds described above was only around 1% of that of fer-
richrome, this result is significant and suggestive of specific
recognition. No synthetic compound tested so far on this very
system, except for synthetic retrohydroxamate ferrichrome, has
shown any activity. If and to which extent the chemistry of the
natural ferrichromes is governed by some preorientation of con-
formation that favors certain pathways of complexation, as in the
artificial carriers, remains a topic of future research.
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1,3-Dipolar cycloaddition reactions are usually considered to
proceed via concerted [,4, + ,2,) mechanisms' though arguments
for the stepwise nature have been presented.? The nonstereo-
specific cycloaddition of an electron rich thiocarbonyl ylide with
dimethyl dicyanofumarate, an electron deficient dipolarophile,
has just been reported as the first unequivocal example of a
nonconcerted 1,3-dipolar cycloaddition.?

In accordance with the orbital symmetry rules,* 1,3-dipoles have
been found to react with 1,3-dienes to give vinyl-substituted
five-membered rings exclusively.> Corresponding [4 + 3] cy-
cloadditions have only been observed in the ozonation of an-
thracenes® and in one case as an intramolecular variant.’
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