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Abstract

A method was developed to synthesize macrocyclic trihydroxamate siderophores using optimized
Yamaguchi macrolactonization conditions. The natural ability of siderophores to bind iron(III)
was exploited to template the reactions and allowed for rapid reaction rates, high product
conversions, and the formation of large macrolactone rings up to 35 atoms. An X-ray structure of
a 33-membered macrolactone siderophore-Fe(III) complex is presented.

Siderophores are low molecular weight, multidentate iron(III) chelators used by
microorganisms for assimilation of otherwise insoluble and bio-unavailable iron(III)
minerals.1 Siderophore structures are finely tuned to selectively bind iron(III) with high
affinity from a mixed metal environment, which makes them ideal candidates for chelation-
based treatments of human iron overload diseases such as β-thalassemia.2 The limited
choice of drugs and far from ideal treatment regimes for currently approved iron chelation
therapies has driven the search for more effective iron(III) chelating agents.3

One approach adapted by microbes to improve a siderophore’s ability to chelate iron(III) is
to biosynthesize macrocyclic siderophore scaffolds. A macrocyclic scaffold preorganizes the
ligands for metal chelation, increases iron(III) binding constants, and stabilizes the resulting
siderophore-iron(III) complexes which gives the producing organism a competitive
advantage for sequestering the essential nutrient.4 Herein we report a method to synthesize
macrocyclic trihydroxamate siderophores using an iron(III)-templated Yamaguchi
macrolactonization reaction.
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Linear trihydroxamate siderophores from the ferrioxamine family were some of the first
siderophores isolated and have been used extensively in the clinic for treating iron-overload
diseases in humans.1–2 Linear ferrioxamine siderophores form 1:1 octahedral complexes
with iron(III) and have iron(III) binding constants of 1030, while a value of 1032.5 was
reported for the macrolactam ferrioxamine siderophore desferrioxamine E, 2.5

Desferrioxamine G, 1, is a direct biosynthetic precursor for desferrioxamine E, 2, in
Streptomyces coelicolor and the macrolactonization event is facilitated by the action of
DesD in an ATP-dependent fashion via the mixed anhydride with release of PPi.6 The
existence of the hydroxy acid siderophore desferridanoxamine, 3, suggests that a
macrolactone counterpart, 4, might exist in nature since an increase in iron(III)-binding
affinity would give the producing organism a competitive growth advantage to compensate
for extra energy spent on biosynthesis of the macrolactone ring.

The total synthesis of desferrioxamine E was accomplished by Bergeron and coworkers
using a DPPA-mediated macrolactamization of tri-O-benzyl-desferrioxamine G. The
macrolactamization took 4 days and gave 54% yield of the benzyl protected desferrioxamine
E precursor.7 A similar benzyl protecting group strategy was adopted by our group to
synthesize desferridanoxamine, 3.8 However, a macrocyclization approach to
desferridanoxamine macrolactone, 4, using a protected hydroxy acid precursor was not
possible since the terminal alcohol was also protected as a benzyl ether.9 Thus, a different
synthetic approach was envisioned using an iron(III)-templated macrolactonization (Figure
2). Precomplexation of desferridanoxamine, 3, with iron(III) was anticipated to bring the
alcohol and carboxylate in close proximity in the resulting siderophore-iron(III) complex,
5a. The template-induced proximity decreases the effective macrolactone ring size to 14,
compared to the untemplated 33-membered ring, and was expected to promote a more facile
macrolactonization event.

While there are many reagents and methods for performing macrolactonizations of large
rings,10 we first tested the iron(III)-templation model by screening the well known Keck11

(DCC, DMAP, DMAP-HCl) and Yamaguchi12 (2,4,6-trichlorobenzoyl chloride, iPr2EtN,
DMAP) macrolactonization conditions using danoxamine, 5a, as a substrate. Keck
macrolactonization conditions failed to give any detectable macrolactone product according
to LC-MS analyses (data not shown) while the initial Yamaguchi conditions screened gave
43% conversion to the macrolactone, 5b (Table 1, Entry 1). When desferridanoxamine, 3,
was used as substrate under Keck and Yamaguchi conditions no macrolactone product was
detected by LC-MS (data not shown).

Inspired by these initial results the Yamaguchi conditions were optimized using
danoxamine, 5a, as a model substrate (Table 1, Entries 1–4). Reactions were monitored by
quenching aliquots of the reaction mixture with methanol followed by analysis with LC-MS
and analytical HPLC using visible detection at a wavelength of 427 nm (λmax for 1:1
trihydoxamate siderophore:Fe(III) complexes)1a,5 which allowed for accurate calculation of
product ratios. The LC-MS studies showed the presence of four siderophore products:
macrolactone 5b, methyl ester 5c, dimethyl amide 5d, and dimer 5e. Increasing the reaction
temperature to 50 °C enhanced the reaction rate, but did not increase conversion to the
desired macrolactone (Table 1, Entry 2). Increasing the amount of Yamaguchi reagent
(2,4,6-trichlorobenzoyl chloride) and Hunig’s base noticeably increased conversion to the
desired macrolactone 5b and suppressed formation of byproducts 5d and 5e (Table 1, Entry
3). Increasing the reaction temperature in combination with excess Yamaguchi reagent and
Hunig’s base enhanced the reaction rate, but did not increase conversion to the macrolactone
(Table 1, Entry 4). The presence of methyl ester (formed during the MeOH quench) after 72
hours indicated that the activated ester is long-lived under the reaction conditions.
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To evaluate the scope of the optimized Fe(III)-templated Yamaguchi macrolactonization
additional siderophore substrates, 6a–8a, with carboxyl termini of variable chain length (n =
1–4; ring sizes = 32–35) were screened using the same HPLC assay described previously.
All of the siderophore substrates, 6a–8a, successfully gave the macrolactone (Table 1,
Entries 5–8). Surprisingly, the percent conversion to macrolactone followed the trend 8b
(96%, n = 4) > 7b (89%, n = 3) > 6b (77%, n = 1) > 5b (47%, n = 2). The reason for this
trend is unknown, but we hypothesize that the carboxylic acid terminus could interact with
the Lewis acidic Fe(III) center and participate in chelation which might hinder formation of
the Yamaguchi activated ester (Figure 2).

To probe for this Lewis acid effect we studied the relative rates of hydrolysis of purified
siderophore-Fe(III) complex methyl esters 5c–8c (Table 2). Reaction half-lives were
calculated using first order rate plots generated by integrating siderophore methyl ester and
carboxylic acid HPLC peak areas at 427 nm. At pH 10, all the methyl ester siderophore-
Fe(III) complexes were stable, as indicated by UV/Vis analysis of the reaction mixtures, and
gave clean hydrolysis reactions. The half-lives of ester hydrolysis followed the order 6c (1.6
h, n = 1) > 5c (8.1 h, n = 2) > 7c (13.0 h, n = 3) > 8c (19.9 h, n = 4), showing a clear trend
that increasing the distance of the ester from the Fe(III) center increased the ester’s half-
life.13 Since all the esters have similar steric hindrance, the observed trend is consistent with
the Fe(III) coordination center acting as a Lewis acid to polarize the ester carbonyl. This
supports the possibility of the terminal carboxylate chelating the siderophore’s Fe(III) metal
center, as discussed previously (Figure 2).

With reliable macrolactonization conditions in hand, the reaction was scaled up using
danoxamine, 5a (Scheme 2). The scaled up reaction (75 mg of 5a) gave the macrolactone 5b
in 53% yield (39 mg) after purification by Prep-HPLC. A single crystal of macrolactone
siderophore-Fe(III) complex 5b was obtained from wet MeOH/Et2O and the crystal
structure was determined by X-ray diffraction (Figure 3). This is one of only four
ferrioxamine siderophore structures that has been determined.14 Further structural
characterization of the macrolactone was obtained by removing the Fe(III) using excess
EDTA (Scheme 2) which allowed for NMR analysis of desferridanoxamine macrolactone 4.

The Fe(III)-templated Yamaguchi macrolactonizations of siderophore-Fe(III) complex
hydroxy acids 5a–8a were fast and efficient. The use of an Fe(III) template brought the
terminal alcohol and carboxylates of the siderophore substrates in closer proximity which
enhanced the reaction rate and percent conversion to the desired macrolactones 5b–8b. Iron
also conveniently served as a chromophore (λmax = 427 nm) for monitoring reaction
progress and a protecting group for the nucleophilic hydroxamates. The Fe(III) was removed
using EDTA providing access to desferrisiderophore macrolactones which are necessary for
treating iron-overload diseases.

Other metal-templated macrolactonizations are cited in the literature that use oxophilic
ionophores complexed to Na,15a K,15b Sn,15c and Cu.15d To the best of our knowledge, this
is the first example using an Fe(III)-template for macrolactonization of a siderophore. We
are currently exploring the use of catalytic metals (Fe(III), Ga(III), Al(II), etc.) in the
macrolactonization reactions and evaluating the bioactivity and Fe(III)-affinity constants of
the macrocyclic siderophores
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structures of linear and macrocyclic trihydroxamate siderophores from the ferrioxamine
family.
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Figure 2.
Design for Fe(III)-templation to bring the hydroxyl and carboxyl groups into closer
proximity.
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Figure 3.
X-ray structure of the danoxamine macrolactone-Fe(III) complex, 5b, displayed with 50%
probability ellipsoids.
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Scheme 2.
Scaled up macrolactonization of danoxamine, 5a, and deferration to give
desferridanoxamine macrolactone 4.
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