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Synthetic Approaches for Iron Type Chelators
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Abstract: Synthetic iron chelators (siderophores mimics) are of paramount interest as clinical iron removal agents (iron overload is one
of the most common poisoning) and water-soluble iron complexes can be used to alleviate iron deficiency in plants. Moreover, some ad-
ditional properties may be needed for a precise function (as examples, probes for studying metal transport, diagnostic tools, agent suited
for vectorisation...). We describe in this review the organic syntheses of selected typical examples from our own works. (i) Amphiphilic
chelators based on catechol groups. (ii) Mixed ligands based on catechol and quinoline groups. (iii) Quinolobactin, a natural siderophore.
(iv) Oxinobactin, a biomimetic synthetic analog of enterobactin involving 8-hydroxyquinoline chelating subunits.
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INTRODUCTION

Iron fulfills a vital role in virtually all living organisms [1] (the
only organisms which do not require iron are the well-studied genus
Lactobacillus and some strains of Bacillus and Borellia). Among
the significant roles of iron in biology are the transport, storage and
activation of molecular oxygen, reduction of ribonucleotides and
dinitrogen, activation and decomposition of peroxides and electron
transport via a wide variety of electron carriers. By far, the most
common mechanism of iron acquisition by microorganisms in-
volves the chelation of ferric iron by siderophores which are low
molecular weight, ferric ion specific, chelating agents elaborated by
bacteria and fungi growing under low iron stress [2]. Interest in
synthetic siderophores includes their potential application as clini-
cal iron removal agents (iron overload is one of the most common
poisoning) and water-soluble iron complexes can be used to allevi-
ate iron deficiency in plants, preventing and even reversing iron
chlorosis. Some additional properties may be needed for a precise
function (as examples, probes for studying metal transport, diagnos-
tic tools, agent suited for vectorisation...). These properties concern
the second coordination sphere i.e. the groups that are not directly
involved in the chelation but which are necessary to lead to more
sophisticated chelating agents. The design of such ligands needs a
rational approach for the understanding of the metal ion complexing
abilities. One of the most important criteria is the efficiency of the
complexing agent evidenced by the pFe"' values [3], calculated for
[Fe(IlD}ot =1 mM and [L]: = 10mM at pH =7.4, which provides a
direct comparison of the efficiencies of the ligands for Fe**. The
octahedral arrangement of donor atoms is the most favorable ge-
ometry, permitting the maximum possible distance between their
formal or partial negative charges. It is generally assumed that
hexadentate ligands, usually of the tris bidentate type allowing
preorganization of the coordination sphere, are well-suited to obtain
high pFe values (the problem of ligand denticity i.e. bidentate vs.
tridentate vs. hexadentate ligands has already been discussed by
Hider [4]). Hexadentate ligands are not easily obtained because
polyamines which constitute the backbone of the ligand are well
known for the difficulty and the lack of generality of the synthetic
pathways. Beside the structure of the ligand, the nature of the donor
atom is also an important factor. The ferric ion is a hard acid and
consequently is bound more strongly by hard bases like oxygen, or
nitrogen atoms in a lesser extends. So, natural siderophores and
most of their synthetic models contain three catecholate or hydrox-
amate groups, giving stable Fe(lll) octahedral complexes. Never-
theless, efficient chelators have been developed, involving other
chelating subunits [5]. Those groups present specific reactivity to
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be taken in account during the synthesis. Several reviews have de-
scribed synthetic chelators and one or the over of the biological
and/or medicinal applications [6-14]. In this mini-review we briefly
described only organic syntheses of recent and representative ex-
amples of new iron chelators that can find other applications with
many other metals.

1. SYNTHESIS OF AMPHIPHILIC IRON CHELATORS
BASED ON CATECHOL GROUPS

The synthesis of amphiphilic chelators illustrates the derivatiza-
tion of the “second sphere of coordination”. The starting compound
is 2,3-dimethoxybenzoic acid in which the carboxylic acid could be
easily derivatized to amide. Here, amphiphilic properties are intro-
duced by the presence of a long alkyl chain linked via the amide
bond. Amphiphilic property is important because among the
mechanisms proposed for iron solubilization and transport into the
cells [15], the self-assembling of amphiphilic siderophores from
marine bacteria described by A. Butler et al. [16] exemplify a
noteworthy process. These siderophores (marinobactins and
aquachelins) involving hydrophilic polar peptidic head-groups and
hydrophobic fatty acid tails are surface-active amphiphiles that
form self-assembled structures. The bioinspired use of this strategy
might resolve the crucial problem of the hydrophilic/lipophilic bal-
ance encountered with abiotic siderophores designed for iron nutri-
tion. Amphiphilic iron chelators could also offer a new approach in
iron chelation therapy. To this end, three synthetic amphiphilic
catechol-based chelators (see Fig. (1)) have been synthesized: (4a =
L% and (4b = LP) are bidentate Ii19ands with different chain length
(C12 and Cyg respectively) and (L") is a tris-bidentate ligand with a
Cy6 length chain [17].

The two monopodal ligands (L?) and (L") were synthesized in
high yield from reaction of 2,3-dimethoxybenzoy! chloride (2) with
dodecylamine (R = Me-(CHy)1;-) and octylamine (R = Me-(CHy)g-)
respectively, followed by a deprotection step of the catechol using
BBr; in CH,Cl, (see Scheme 1).

The tripodal ligand (16) = (L") was obtained similarly but start-
ing from the original scaffold 2,2,2-tris-[3-aminopropyl]-ethanol
(11) previously described [18]. We have selected the architecture of
the scaffold (7) because it perfectly mimics the preorganization of
the usual tripodal commercial spacer triethylenetetramine (Tren)
but offer the great advantage to allow functionalisation at the C or
O npivotal atom (Fig. (2)). It must be noticed that C-
functionalisation involving SN reactions implies neopentilic reac-
tivity with harsh conditions and rearrangement products, so we
have preferred oxidation reactions which could be realized in
milder conditions without rearrangement by-products.

Recently, Madder et al. have also shown that despite the flexi-
bility of the scaffold, the arms are organized in a parallel way pro-
viding a very good preorganization [19]. The synthesis is depicted
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Fig. (2). @) Tren and b) our tripodal scaffold (11).

in Scheme 2. Starting from ethanal (5), it is necessary to convert the
aldehyde group into imine (6) because the latter via its enamine
tautomeric form, is more nucleophilic for the 1,4 addition reaction
of acrylonitrile than the enolic form of aldehyde. The trinitrile
imine (7) was then back converted to aldehyde which was then
reduced in alcohol (8) because the -CHO group will not be com-
patible with the primary amine (vide infra). Furthermore the alcohol
function of the intermediate (9) was derivatized with a tertbutyldi-
methylsilyl group in order to obtain a less hydrophilic trisamine
(11) more convenient to extract and to purify. The reduction of
nitrile (10) to amine (11) with hydrides proved to be a very difficult
task: LiAlH, (alone or with AICI3) [20], BH3/THF [21], BH3/SMe,
[22] or NaBH, following the conditions of Osby et al. [23], produce
a mixture of uncompleted reduced compounds which couldn’t be
purified. Catalytic reduction with H, under pressure other Raney-Ni
was tried in the presence of ammonia in order to repress the deami-
nation side reaction which could occur at the imine intermediate
stage. In contrary to the previous conditions, the reduction of nitrile
(10) was total but the triamine (11) was obtained in low yield (30 to
40%). Finally, the reduction was best performed at atmospheric
pressure with diimide generated in situ by hydrazine in excess,
other Raney-Ni and with KOH (those conditions avoid deamination

b) compound (11)

byproducts): a very satisfactory yield of 95% of nearly pure (11)
was obtained (it is necessary to reload periodically with N,H, sev-
eral time to ensure a complete reduction of the trinitrile (since the
decomposition of hydrazine on Raney-Ni is faster than the complete
reduction of the nitrile).

Then, the tripodal ligand (16) = (L") was achieved as depicted
in Scheme 3. The key reactions are the oxidation steps 3) and 4)
resulting in the formation of the carboxylic acid (14) suitable for
further coupling after activation with CDI.

It was not a surprise to notice that the primary amine functions
are not compatible with the aldehyde in (19): cyclisation readily
occurred to produce the very stable bicyclic aminal (20) in 70%
yield (Scheme 4a), but it was quite unexpected to notice that the
nitrogen atom of amides (21) were also still enough nucleophilic to
react similarly with the -CHO group (see Fig. (4b)).

Recently we have improved the yield and the simplicity of the
synthesis of the similar sulfonated ligand (26 = L) by substituting
the benzoyl chloride by its methyl ester counterpart which is more
stable and less prone to hydrolysis (Scheme 5) [24]. This strategy
allows the use of 2,3-dihydroxybenzoic acid (23) and so avoids the
final and often troublesome deprotection step of the catechol group



Synthetic Approaches for Iron Type Chelators Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No.2 127

CN N
1) ) A
Me - CHO 4> N _3H0,
48% THO
(5) NH Me —7 2 steps 92%
CN
(6) (7) CN CN
HO TBDMSO
TBDMSO
4) NaBH,4 5)TBDMS-CI 6) NoH,
MeOH CN  DMAP, CH,CI, Ni Raney
92% CN CN 82% CN o504 NH,
CN CN
H,N
© (10) (1) 2 NH;
Scheme 2. Synthesis of the key tripodal scaffold (11).
TBDMSO
cocl
TBDMSO OMe
1) 0 o)
OMe NH HN
NH,
CH,Cl,, Et;N
11 MeO
HoN N, a1 58% OMe
MeO 0]
OMe MeO
MeO
(12)
HO o 2) TBAF, THF
89%
o o]
NH HN 0
3) DMSO, (COCl), HN
OMe an o MeO 4) NaOCI, H,NSO5H 74%
MeQ ° MeO MeO
OMe (e}
MeO MeO
14 MeO
5) CDI, THF (13)
60%
HN
o
6) BBr3
o] o]
o CH2<:|2 HN
NH HN 80%
HO
OMe HN MeO
MeO O (0]
OMe MeO HO
MeO HO
(15) (16=L")

Scheme 3. Synthesis of the tripodal ligand (16 = L).



128 Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No. 2

4a: Formation of bicyclic aminal (20)

d’Hardemare et al.

(o] H MeO OMe MeO OMe
1) (MeO)3CH, MeOH 2) NoHy
B ————
N Dowex 5W-XB, 95 % N Niganey
® (17 (18)
HoN NH,
3) HCI/H,0
H /O
H H H @ /®H H H
N N N N OH
AN /_\ -
NH
2 NHZ
NH, H,oN NH,
NH, NH, NH,
(20) not isolated not isolated (19) not isolated
4b: formation of bicyclic amidal (22)
57 y
(6]
N
0 © _HCOH o
>. NH HN -( HN _{ Ep—
Ar Ar
o o
(6] Ar
(21) not isolated Ar (22)
Scheme 4. Cyclization of the scaffolds (18) and (21).
CO,H CO,Me
BF3/MeOH H,N-(CH,)g-Me
—_—
OH (23) OH (24
0 0
. (CHy)gMe HO;S CHy)gMe
N Oleum 20% 3 N - (o
H - 5 H
OH 0°C; 60% OH
OH (25) OH (26 = LS10)

Scheme 5. Synthesis of the hydrophilic ligand (26 = L) without protection of the catechol [24].

by BBr;. But due to the lower reactivity of the ester, it is necessary
to heat sufficiently in order to obtain significant reaction with the
amine.

The sulfonation allows solubility in water and these ligands
with a long alkyl chain and their iron(I111) complexes have exhibited
interesting tensioactive properties and formation of vesicles which
mimic the Marinobacter’s siderophores [24].

2. SYNTHESIS OF MIXED LIGANDS BASED ON
CATECHOL AND QUINOLINE GROUPS

The synthesis of mixed tripodal ligands based on (i) two hy-
droxypiridinonate and one catechol moieties, and (ii) two hy-

droxypiridinonate and one 2-hydroxyisophtalamide groups has been
published elsewhere [25]. In another hand, it has been shown that
the triscatechol ligand (27 = TRENCAMS, Fig. (3)) is a stronger
ferric chelator than the trishydroxyquinoline analogue (28 = O-
TRENSOX, Fig. (3)) at p[H] > 7 and that the opposite sequence is
observed at p[H] < 7 [26,27].

In order to obtain an efficient chelator of iron(lll) in a large
range of p[H], we have synthesized mixed tripodal siderophores
with both catechol and 8-hydroxyquinoline moieties [28] TREN-
SOXCAMS2 (32) = L' and TRENSOX2CAMS (36) = L? (Fig.
(4)). These molecules belong to a family of tripodes with a tris(2-
aminoethyl)amine group anchoring arms which bear bidentate
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chelating subunits (namely either 5-sulfo-8-hydroxyquinoline-7-
carbamoyl group or 5-sulfo-2,3-dihydroxybenzoyl unit).

The synthesis of the mixed hexadentate ligands is presented in
Scheme 6. A direct route was designed for the synthesis of (L%).
The two catechol subunits of ligand (L*) were connected to the
tripodal scaffold TREN (28) by direct condensation of two equiva-
lents of 2,3-dimethoxybenzoic chloride with one equivalent of (28)
(step 1, Scheme (6)), then the 8-hydroxyquinoline subunit was
grafted onto the free primary amine group of by coupling with acti-
vated (CDI) 7-carboxy-8-hydroxyquinoline in a satisfactory yield of
75% (step 2, Scheme (6)). For the synthesis of (L?) the protection of
one arm of TREN (28) with a trityl group is required because pre-
liminary results showed that without the trityl group the di-8-
hydroxyquinoline grafted TREN was very difficult to purify and
produced low yield. The tritylation procedure involved was very
easy to perform: when trityl chloride was added to an aqueous solu-
tion of TREN, the monoprotected TREN product (33) precipitated
preventing a second tritylation. If the phenol groups were protected
with benzyl groups for quinoline and methyl groups for the
catechol, both deprotection of (31) and (35) were performed with
BBr; in CH,ClI, (steps 3 and 5°, Scheme (6)). Finally, regiospecific
sulfonation in position 5 of both 8-hydroxyquinoline and catechol
subunits afforded the hydrosoluble ligands (L*) and (L?). The sul-
fonated ligands were obtained as their sulfonic acids instead of the

more usual sodium salts; this allowed a more accurate purification
(sodium sulfonate salts are often contaminated with Na,SOy,).

3. SYNTHESIS OF A NATURAL SIDEROPHORE, QUI-
NOLOBACTIN [29]

Recently, a true and unique 8-hydroxyquinoline siderophore has
been identified from transposon mutant strain 3G6 of Pseudomonas
fluorescens ATCC 17400 which was deficient in pyoverdine pro-
duction [30]. This iron-chelating molecule was identified as 8-
hydroxy-4-methoxy-quinaldic acid and designated quinolobactin
(41). Since quinolobactin was first obtained in minute amount from
a strain of Pseudomonas fluorescens, such a low quantity precludes
the determination of properties like pKa or pFe. Neuenhaus et al.
proposed a synthesis of this siderophore but no experimental detail
was provided [31]. We have synthesized quinolobactin according to
a straightforward synthesis described in Scheme 7.

In this synthesis, the quinolobactin methyl ester (40) could be
obtained in one-pot three steps starting from xanthurenic acid (37)
which is also the starting product in the biosynthesis pathway. For
the preparation of (38), thionyl chloride in excess proved to be
more advantageous than POCI; the usual chlorurating agent used
for such transformation. It is more conveniently distilled off than
POCI; and gives better yield with better purity. When reacting (38)
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Scheme 6. Syntheses of TRENSOXCAMS2 (32 = L) and TRENSOX2CAMS (36 = L?).

with dry methanol and then with sodium methylate, esterification
(product (39), not isolated) and chloro displacement by SNar oc-
curred very readily, producing the methyl ester of quinolobactin
(40) in a satisfactory yield of 64% for 3 steps. Interestingly, if the
carboxylic acid was not esterified, no SNar occurred since the first
reaction observed was the formation of carboxylate anion with a
delocalized charge on the aromatic nucleus which impeded further
anionic attack like sodium methylate (Scheme 8).

Quinolobactin (41) was finally obtained in excellent yield after
saponification of the ester moiety and protonation. With gram
amount of quinolobactin we were able to isolate the ferri-
Quinolobactin [Fe(Quinolobactin),]” and the X-ray structure was
established.

4. OXINOBACTIN, A BIOMIMETIC SYNTHETIC ANALOG
OF ENTEROBACTIN INVOLVING 8-HYDROXYQUINO-
LINE CHELATING SUBUNITS

The recognition pattern of the ferri-siderophores is often sensi-
tive to the chirality of the metal center which is also induced by the
chirality of the ligand derived from naturally amino-acids [32]. This
is the case with enterobactin (Fig. (5a)), the most efficient sidero-
phore produced by Escherichia coli and Salmonella typhimurium. It
derives from the naturally L-serine, forming a macrocyclic trilac-
tone scaffold (45) (Fig. (5b)) tailoring an exceptional preorganiza-
tion in terms of size of the cavity and orientation of the arms, favor-
able for the selective complexation of iron(lll) ion. It has been
shown that chelators based on 8-hydroxyquinoline complexing
subunits could exhibit iron complexing abilities of the same order
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as the catechol-based homolog’s in neutral medium and proved
largely higher complexing abilities in acidic medium [12]. So, it
seemed interesting to design a chelator possessing the best natural
siderophore molecular framework of enterobactin conferring the
« chiral recognition area» but coupled to the 8-hydroxyquinoline
chelating subunits (oxinobactin (52), Fig. (5¢)) with the aim to ob-
tain a chelating agent as strong as enterobactin (which could be
recognized by the protein receptor) but with improved efficiency in
acidic medium (a necessity if gastrointestinal absorption of the drug
is planed).

Oxinobactin has been synthesized for this purpose [33]. The
formation of the triserine lactone nucleus (45) (Fig. (5b)) consti-
tutes the key intermediate. Previous methods were laborious and
gave low yields. Corey [34] and Rastetter [35] obtained the macro-
cyclic lactone in 1% yield. Shanzer improved the preparation using
a tin template, but the overall yield was still low (6%) in relation to
the low-yield formation (26%) of a serine beta-lactone precursor
(Fig. (6a)) [36]. Following this tin template approach, Gutierrez et

al. presented a very efficient and experimentally facile synthesis of
the trilactone scaffold (85%) starting from methyl N-trityl-L-
serinate using 2,3-dibutyl-1,3,2-dioxastannolane (Fig. (6b)) as a
template for the cyclo-oligomerization [37].

NHTrt I\ Bu
o_ 0O gy SN~ ENGFaN o
o) Sn 5 \ _Bu
0 Bu Bu ~ o~ sn
a) b) ©) Bu

Fig. (6). a) N-trityl serine beta-lactone, b) 2,3-dibutyl-1,3,2-dioxastannolane
and c) 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclodecane.

The 1,1,6,6-tetra-n-butyl-1,6-distanna-2,5,7,10-tetraoxacyclo-
decane (Fig. (6¢)) used as a tin template seems to be less efficient
since only 56% yield of trilactone was obtained by Raymond and
col [38]. Indeed, in our hand the organotin-mediated trimerization
of methyl-N-trityl-serinate (43) proved to be more efficient with the
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dibutylstannolane (Scheme 9). The cyclo-oligomerization could be
equally realized in refluxing xylene or toluene in the same concen-
trations resulting in similar yield but with longer reaction times
(24h and 48h respectively).

Removal of the N-trityl protecting group of (44) under acidic
conditions in ethanol gave the trilactone framework as triamine
trinydrochloride (45) in excellent yield. It should be noticed that no
transesterification reaction could be observed during this step, un-
derlying the exceptional acidic stability of the scaffold. The biden-
tate subunits were prepared starting from the commercially avail-
able 8-hydroxyquinoline (46) (Scheme 10).

Carboxylation of (46) under Kolbe-Schmitd conditions and pro-
tection of the phenol group as a benzylic ether afforded the acid
(49) which was then activated via the acid fluoride (50). The acid
fluoride was chosen in place of the more usual acid chloride be-
cause it is more stable toward hydrolysis, it could be purified by
CPL and characterized by *F NMR spectroscopy and hence it is
more selective for the amide step formation. For this transforma-

HzlPd
16%
H,N sl NH:
(45)

Oxinobactin (52)

tion, di-iso-propyl-ethylamine (DIPEA) was necessary as a proton
scavenger, Oxinobactin (52) was then obtained by reductive hydro-
genation of (51) in which the competitive hydrogenation of the
pyridine nucleus explains the low yield obtained (Scheme 11).

Removal of the benzylic protective group could be achieved
without reduction of the pyridine nucleus using poisoned catalyst
Pd/BaSO, or in the presence of quinoline.

This is the first example of synthetic analog of enterobactin that
retain the trilactone ring with 8-hydroxyquinoline binding subunits,
constituting a Ilpophlllc ligand for iron chelation or for other metal
cations as Ga®*

CONCLUSION

In this minireview, we have selected few examples of iron
chelator syntheses. We have chosen these examples in different
field of interest: (i) amphiphilic chelators, (ii) mixed ligands, (iii) a
natural siderophore, (iv) an artificial siderophore possessing the
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properties of recognition of a natural homolog. While not exhaus-
tive, these examples underline the various areas in which synthetic
iron chelators are of interest and illustrate the great variety of chem-
istry encountered in the field of bioorganic and bioinorganic chem-
istry. It can be concluded by enouncing « the five commandments »
to the organician chemist for the syntheses or iron chelators:

- The design of ligands needs a rational approach for the under-
standing of iron(l11) complexing abilities.

- The octahedral arrangement of donor atoms is the most favor-
able geometry. Hexadentate ligands (usually tris bidentate) allow a
preorganization of the coordination sphere, well-suited for high
pFe.

- Natural siderophores and most of their synthetic models con-
tain three catecholate or hydroxamate groups. Nevertheless, effi-
cient chelators have been developed, involving other chelating
subunits such as 8-hydroxyquinoline.

- The water solubility and the hydrophilic/lipophilic balance are
an important characteristics related to the assimilation of the chela-
tor by living systems.

- Some additional properties may be needed for a precise func-
tion: probes, diagnostic tools, and vectorisation.

REFERENCES

[1] Crichton, R.R. Inorganic Biochemistry of Iron Metabolism. John Wiley &
Sons: Chichester, 2001.

[2] Neilands, J.B. Siderophores: structure and function of microbial iron trans-
port compounds. J. Biol. Chem., 1995, 270, 26723-26726.

[3] Telford, J.R.; Raymond, K.N. Siderophores. Comprehens. Supramol. Chem.,
1996, 1, 245-266.

[4] Tilbrook, G.S.; Hider, R.C. Iron Chelators for Clinical Use, In Metal lons in

Biological Systems, Iron Transport and Storage in Microorganisms, Plants
and Animals, Sigel, A.; Sigel, H. Eds., M. Dekker: New-York, 1998, Vol. 35,
pp. 691-730.

[5] Albrecht-Gary, A.-M.; Crumbliss, A.L. Coordination Chemistry of Sidero-
phores: Thermodynamics and Kinetics of Iron Chelation and Release, In
Metal lons in Biological Systems; Iron Transport and Storage in Microor-
ganisms, Plants and Animals, Sigel, A.; Sigel, H. Eds. M. Dekker: New-
York, 1998, Vol. 35, pp. 239-327.

[6] Bergeron, R.J.; Mc Manis, J.S. Synthesis of Catecholamide and Hydrox-
amates siderophores, Winkelman G. Ed. In Handbook of Microbial Iron
Chelates, CRC Press: Boca Raton, 1991, pp. 271-307.

71 Shanzer, A.; Libman, J. Biomimetic Siderophores. In Handbook of Microbial
Iron Chelates, Winkelman, G. Ed., CRC Press: Boca Raton, 1991, pp. 309-
338.

[8] Richardson, D.R.; Ponka, P. Pyridoxal isonicotinoyl hydrazone and its ana-

logs: potential orally effective iron-chelating agents for the treatment of iron
overload disease. J. Lab. Clin. Med., 1998, 131, 306-315.

[9] Roosenberg, J.M.; Lin, Y.M.; Lu, Y.; Miller, M.J. Studies and syntheses of
siderophores, microbial iron chelators, and analogs as potential drug delivery
agents. Curr. Med. Chem., 2000, 7, 159-197.

[10] Liu, Z.D.; Hider, R.C. Design of iron chelators with therapeutic application.
Coord. Chem. Rev., 2002, 232, 151-171.

[11] Yunta, F.; Garcia-Marco, S.; Lucena, J.J.; Gomez-Gallego, M.; Alcazar, R.;
Sierra, M.A. Chelating agents related to ethylenediamine bis(2-
hydroxyphenyl)acetic acid (EDDHA): Synthesis, characterization, and equi-
librium studies of the free ligands and their Mg?, Ca*, Cu®, and Fe®**
chelates. Inorg. Chem., 2003, 42, 5412-5421 and references cited herein.

[12] Pierre, J.-L.; Baret, P.; Serratrice, G. Hydroxyquinolines as iron chelators.
Curr. Med. Chem., 2003, 10, 1077-1083.

[13] du Moulinet d’Hardemare, A.; Torelli, S.; Serratrice, G.; Pierre, J.-L. The
design of iron chelators: synthesis and iron(lIl) complexing abililities of tri-
podal tris-bidentate ligands. Biometals, 2006, 19, 349-366.

[14] Pierre, J.-L.; du Moulinet d’Hardemare, A.; Serratrice, G.; Torelli, S. Abiotic
chelators and iron acquisition in living organisms: from molecular iron(lIl)

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Mini-Reviews in Organic Chemistry, 2010, Vol. 7, No.2 133

chelators to self-assembled nanostructures. Compt. R. Chim., 2007, 10, 613-
621.

Stinzi, A.; Barnes, C.; Xu, J.; Raymond, K.N. Microbial iron transport via a
siderophore shuttle: a membrane ion transport paradigm. Proc. Natl. Acad.
Sci. USA, 2000, 97, 10691-10696.

Martinez, J.S.; Zhang, G.P.; Holt, P.D.; Jung, H.T.; Carrano, C.J.; Hayg-
wood, M.G.; Butler, A. Self-assembling amphiphilic siderophores from ma-
rine bacteria. Science, 2000, 287, 1245-1247.

Apostol, M.; Baret, P.; Serratrice, G.; Desbrieres, J.; Putaux, J.-L.; Stébé, M.-
J.; Expert, D.; Pierre, J.-L. Self-assembly of an amphiphilic iron(l11) chelator:
mimicking iron acquisition in marine bacteria. Angew. Chem. Int. Ed., 2005,
44, 2580-2582.

Imbert, D.; Thomas, F.; Baret, P.; Serratrice, G.; Gaude, D.; Pierre, J.-L.;
Laulhére, J-P. Synthesis and iron(l11) complexing ability of CacCAM, a new
analog of enterobactin possessing a free carboxylic anchor arm. Comparative
studies with TRENCAM. New J. Chem., 2000, 24, 281-288.

Van der Plas, S.E.; Gea, A.; Figaroli, S.; De Clercq, P.J.; Madder A. Synthe-
sis of tripodal scaffold for solid phase synthesis of artificial receptors. Eur. J.
Org. Chem., 2008, 1582-1588.

Nystrom R.F. Reduction of organic compounds by mixed hydrides. I. Ni-
triles. J. Am. Chem. Soc., 1955, 77, 2544-2545.

Nagarajan, S.; Ganem, B. Chemistry of naturally occurring polyamines. 10.
Nonmetabolizable derivatives of spermine and spermidine. J. Org. Chem.,
1986, 51, 4856-4861.

Brown, H.C.; Choi, Y.M.; Narasimhan, S. Selective reductions. 29. A simple
technique to achieve an enhanced rate of reduction of representative organic
compounds by borane-dimethyl sulfide. J. Org. Chem., 1982, 47, 3153-3163.
Oshy, J.0.; Heizman, S.W.; Ganem, B. Studies on the mechanism of transi-
tion-metal-assisted sodium borohydride and lithium aluminum hydride re-
ductions. J. Am. Chem. Soc., 1986, 108, 67-72.

Bednarova, L.; Brandel, J.; du Moulinet d’Hardemare, A.; Bednar, J.; Ser-
ratrice, G.; Pierre, J.-L. Vesicles to concentrate iron in low-iron media: an at-
tempt to mimic marine siderophores. Chem. Eur. J., 2008, 14, 3680-3686.
Cohen, S.M.; O’Sullivan, B.; Raymond, K.N. Mixed hydroxypyridinonate
ligands as iron chelators. Inorg. Chem., 2000, 39, 4339-4346.

Serratrice, G.; Boukhalfa, H.; Béguin, C.; Baret, P.; Caris, C.; Pierre, J.-L. O-
TRENSOX, a new tripodal iron chelator based on 8-hydroxyquinoline
subunits: thermodynamic and kinetic studies. Inorg. Chem., 1997, 36, 3898-
3910.

Thomas, F.; Béguin, C.; Pierre, J.-L.; Serratrice, G. Thermodynamic and
kinetic studies of the sulfonated derivative of the iron chelator TRENCAM,
an analog of enterobactin. Inorg. Chim. Acta, 1999, 291, 148-157.
Albrecht-Gary, A.-M.; Blanc, S.; Biaso, F.; Thomas, F.; Serratrice, G.; Baret,
P.; Gellon, G.; Pierre, J.-L. Iron(lI1l) chelation: tuning of the pH dependence
by mixed ligands. Eur. J. Inorg. Chem., 2003, 2596-2605.

du Moulinet d’Hardemare, A.; Serratrice, G.; Pierre, J.-L. Synthesis and iron-
binding properties of quinolobactin, a siderophore from a pyoverdine-
deficient Pseudomonas fluorescens. BioMetals, 2004, 17, 691-697.
Mossialos, D.; Meyer, J. M.; Budzikiewicz, H.; Wolff, U.; Koedam, N.;
Baysse, C.; Anjaiah, V.; Cornelis, P. Quinolobactin, a new siderophore of
Pseudomonas fluorescens ATCC 17400, the production of which is repressed
by the cognate pyoverdine. Appl. Environ. Microbiol., 2000, 66, 487-492.
Neuenhaus, W.; Budzikiewicz, H.; Korth, H.; Pulverer, G. Bacterial compo-
nents. Part IX. 8-Hydroxy-4-methoxymonothioquinaldic acid - a further
thioacid from Pseudomonas. Z. Naturforsch. Sect. B, 1980, 35, 1569-1571.
Raymond, K.N.; Dertz, E.A.; Kim, S.S. Enterobactin: an archetype for mi-
crobial iron transport. Proc. Natl. Acad. Sci. USA, 2003, 100, 3584-3588.

du Moulinet d’Hardemare, A.; Alnaga, N.; Serratrice, G.; Pierre, J.-L. Oxi-
nobactin, a siderophore analogue to enterobactin involving 8-
hydroxyquinoline subunits: synthesis and iron binding ability. Bioorg. Med.
Chem. Lett., 2008, 18, 6476-6478.

Corey, E.J.; Bhattacharyya, S. Total synthesis of enterobactin, a macrocyclic
iron transporting agent of bacteria. Tetrahedron Lett., 1977, 45, 3919-3922.
Rastetter, W.H., Erickson, T.J.; Venuti, M.C. Synthesis of iron chelators.
Enterobactin, enantioenterobactin, and a chiral analog. J. Org. Chem., 1981,
46, 3579-3590.

Shanzer, A.; Libman, J. Total synthesis of enterobactin via an organotin
template. J. Chem. Soc., Chem. Commun., 1983, 15, 846-847.

Ramirez, RJ.A.; Karamanukyan, L.; Oritz, S.; Gutierrez, C.G. A much
improved synthesis of the siderophore enterobactin. Tetrahedron Lett., 1997,
38, 749-752.

Meyer, M., Telford, J.R., Cohen S.M., White, D.J., Xu, J., Raymond, K.N.
High-yield synthesis of the enterobactin trilactone and evaluation of deriva-
tive siderophore analogs. J. Am. Chem. Soc., 1997, 119, 10093-10103.

Received: December 24, 2008

Revised: April 29, 2009

Accepted: December 18, 2009



