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Introduction

Although iron comprises about 5% of the Earth�s crust, its
availability to living organisms is limited as a result of its ex-
tremely low solubility under physiological conditions. Con-
sequently, bacteria have evolved aggressive iron acquisition
processes. Powerful and selective low-molecular-weight iron

chelators (siderophores) are specifically produced and se-
creted in response to iron deficiency.[1] In contrast to the
abundance of iron in terrestrial environments, iron concen-
trations in oceanic surface waters are low enough to limit
the growth of photosynthetic marine microorganisms. It has
been claimed in the iron hypothesis that an influx of iron
into the oceans could promote the growth of phytoplankton
and reduce atmospheric carbon dioxide levels. Butler et al.
have evidenced a process in marine bacteria that promotes
high local iron concentrations by using amphiphilic sidero-
phores, which have polar peptidic head groups and hydro-
phobic fatty acid tails.[2] The amphiphilic surface-active
nature of these siderophores leads to the formation of self-
assembled structures.
We felt that a bioinspired study of this strategy might help

in understanding the mechanism of iron uptake by organ-
isms living in media with low iron concentrations, allow
tuning of the hydrophilic/lipophilic balance of abiotic sidero-
phores designed for iron nutrition,[3] and also provide a new
strategy for the intricate problem of iron chelator delivery
for the treatment of iron overload and related diseases[4] by
reproducing the membrane affinity of the amphiphilic mari-
nobactin siderophores.[5]

In a previous report we described the self-assembling
properties and results of bacterial iron nutrition for simple
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monodentate and tris(bidentate) synthetic catecholate FeIII

chelators.[6] We have also shown that the denticity of the
ligand did not significantly influence the aggregation pro-
cesses. These chelators and their FeIII complexes have ten-
sioactive properties, with a critical micelle concentration
(CMC) of <10�5m at pH 7.4. The iron complexes self-as-
semble in solution at physiological pH values to form spher-
ical particles (100–130 nm in diameter), whereas the free li-
gands are limited to micellar assembly. These ligands are
good models for the physicochemical properties of sidero-
phores from marine bacteria. Moreover, they have been
shown to be effective in the iron nutrition of Erwinia. chrys-
anthemi. The poor water solubility of the free ligands and
the formation of filled aggregates instead of the expected
true vesicles led us to investigate sulfonated derivatives of
the ligands previously studied. Sulfonation, which is often
used by chemists to improve the water solubility of organic
compounds (and particularly abiotic iron chelators), was not
considered to be a biomimetic process until the recent dis-
covery of a sulfonated metabolite of the catecholic sidero-
phore petrobactin that was extracted from the oil-degrading
marine bacterium Marinobacter hydrocarbonoclasticus.[7]

Herein we present the self-assembling properties of the iron
complex of sulfonated monocatechol derivative LS10 as op-
posed to unsulfonated ligand La previously studied.[6]

Results and discussion

Synthesis : Amphiphilic ligand LS10 was prepared by using a
straightforward synthesis (Scheme 1). This method affords
some advantages over the synthetic pathway previously de-
scribed[6] because it avoids protection of the catechol moiety
and the use of hydrolysable acyl chloride during the amidifi-
cation step.

First, 2,3-dihydroxybenzoic acid (1) was esterified with
BF3/MeOH, then ester 2 and decylamine were heated in the
absence of a solvent to give amide 3. Finally, sulfonation in
20% oleum gave LS10 in a satisfactory overall yield of 39%.
The products were characterized by mass spectrometry and
1H and 13C NMR spectroscopies.

Ligand pKa determination : The sulfonate group is a moder-
ately strong acid (pKa<2) and was considered to be depro-
tonated under our conditions. The deprotonation constants
of the hydroxyl groups were determined by spectrophoto-
metric titration according to the observed spectral changes
between pH 3.5 and 10 (Figure 1; lmax shifts from 302 to

330 nm and 224 to 234 nm) and pH 10 and 12.5 (Figure 1,
inset; lmax shift from 330–339 nm). Analysis of the spectro-
scopic data by using the Specfit program[12] gave pKa values
of pKa2= (6.45�0.11) and pKa1= (11.9�0.2), as defined by
Equations (1) and (2):

LHn Ð LHn�1þHþ ð1Þ

Kan ¼
½LHn�1	½Hþ	
½LHn	

ð2Þ

The value of pKa2 is assigned to the ortho-hydroxyl
proton, owing to the electron-withdrawing effect of the
amide group. These pKa values agree with those of 2,3-dihy-
droxy-5-sulfo-N,N-dimethylbenzamide (dmbs) and 2,3-dihy-
droxyterephtalamides derivatives.[8] The pKa2 value of the
ortho-hydroxyl proton is significantly lower than the value
of the unsulfonated analogue (pKa=9.07), as a result of the
electron-withdrawing effect of the sulfonate group.

FeIII complex formation : The equilibria of the metal com-
plexation process were studied by means of spectrophoto-
metric titration. The spectra obtained from spectrophoto-
metric titrations of the ferric complexes of LS10 are shown inScheme 1. The synthesis of LS10.

Figure 1. UV-visible absorption spectra of LS10 (1L10�4m) recorded in
water at pH 3.5 to 10 (main graph) and pH 10 to 12.5 (inset). Conditions:
ionic strength I =0.10m (NaClO4); T = (25.0�0.2) 8C.
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Figure 2. The absorbance data were refined with the Specfit
program[12] and provided values for the global stability con-
stants (bmlh) of these ferric complexes. bmlh is defined by
Equations (3) and (4):

mFeIIIþlL3�þhHþ Ð FemLlHh ð3Þ

bmlh ¼
½FemLlHh	

½FeIII	m½L3�	l½Hþ	h ð4Þ

in which m, l, and h are values in the general complex for-
mula [FemACHTUNGTRENNUNG(L

S10)lHh] for these species.

By increasing the pH value from 1 to 9, a continuous in-
crease in the absorbance was observed, and was accompa-
nied by successive shifts in the value of lmax (from lmax=

608 nm at pH 1–2.4 to 525, 550, 525, and 490 nm at pH
ranges of 2.4–3.9, 3.9–5.4, 5.4–6.4, and 6.4–9.0, respectively).
For the spectral shift from 608-490 nm an isosbestic point
was observed at l=514 nm. In an analysis of the spectro-
scopic data, considering the formation of [FeLS10H]+ , [Fe-
ACHTUNGTRENNUNG(LS10)2H2]

� , [Fe ACHTUNGTRENNUNG(LS10)3H3]
3�, [Fe ACHTUNGTRENNUNG(LS10)3H]5� and [Fe ACHTUNGTRENNUNG(LS10)3]

6�

species gave the best fit. The values of logbmlh are presented
in Table 1 and the calculated spectra and species distribution
diagram are shown in Figure 3. The protonated species are
related to a salicylate mode of coordination that involves
the oxygen atoms of the carboxyl and ortho-hydroxyl
groups. The spectral characteristics of the [FeACHTUNGTRENNUNG(LS10)3H3]

3�,

[Fe ACHTUNGTRENNUNG(LS10)3H]5� and [Fe ACHTUNGTRENNUNG(LS10)3]
6� species indicate a change

from a tris(salicylate) to a tris(catecholate) coordination.
However, note that the value of lmax=510 nm for [Fe-
ACHTUNGTRENNUNG(LS10)2H2]

� is very low and should be higher than the value
for [Fe ACHTUNGTRENNUNG(LS10)3H3]

3�.
The stoichiometry of the ferric complex at pH 7.4 was

also studied by monitoring the charge-transfer absorption
band at l=490 nm in aqueous solution (Figure 4). The titra-
tion curve of absorbance versus [Fe]/[L] (Figure 4) exhibits
a plateau for [Fe]/[L]>0.3, which clearly confirms the for-
mation of a complex that contains three ligand molecules
and one ferric cation. In comparison, the unsulfonated ana-
logue forms a bis ACHTUNGTRENNUNG(chelate) complex at pH 7.4 and a tris-
ACHTUNGTRENNUNG(chelate) at a pH of around 9.[6] This can be attributed to
the high pKa value of the ortho hydroxyl, which does not
allow the coordination of a third bidentate unit at neutral
pH.
The value of pFe3+ =�log ACHTUNGTRENNUNG[Fe3+] for [Fe3+]tot=10�6m and

[L]tot=10�5m has been calculated to be 18.1 at a physiologi-
cal pH value of 7.4. This value is comparable to the pFe3+

value of 19.2 calculated for the dmbs ligand.[8a]

Figure 2. UV-visible absorption spectra of Fe3+–LS10 ([LS10]tot=3.0L
10�4m, [Fe3+]=0.92L10�4m) in water as a function of pH. Conditions:
I=0.10m (NaClO4), T= (25.0�0.2) 8C.

Table 1. Equilibrium constants (logbmlh) and UV-visible spectral charac-
teristics of complexes with the general formula [Fem ACHTUNGTRENNUNG(L

S10)lHh].
[a]

logbmlh e [m�1 cm�1] l [nm]

ACHTUNGTRENNUNG[FeLS10H]+ 20.3�0.1 2700 630
[Fe ACHTUNGTRENNUNG(LS10)2H2]

� 39.6�0.2 3500 510
[Fe ACHTUNGTRENNUNG(LS10)3H3]

3� 58.3�0.2 3900 560
[Fe ACHTUNGTRENNUNG(LS10)3H1]

5� 48.3�0.1 4000 550
[Fe ACHTUNGTRENNUNG(LS10)3]

6� 40.6�0.2 4400 490

[a] Solvent: water, I =0.10m (NaClO4), T=25.0 8C

Figure 3. a) Species distribution diagram of [Fem ACHTUNGTRENNUNG(L
S10)lHh] as a function of

pH. b) Calculated absorption spectra for all [Fem ACHTUNGTRENNUNG(L
S10)lHh] species present

in solution ([LS10]tot=3.36L10�4m, [Fe3+]=1.12L10�4m). The three-digit
labels on each graph give values for m, l, and h.

www.chemeurj.org G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 3680 – 36863682

G. Serratrice, J.-L. Pierre et al.

www.chemeurj.org


CMC determination and dynamic light scattering (DLS)
studies : The CMC values of LS10 and its ferric complex were
determined from surface tension measurements at pH 7.4
(Figure 5).
The CMC value of the free ligand (1.2 mm) is in agree-

ment with those of similar molecules.[9] The CMC of the
ferric complex was found to be 0.45 mm, which is lower than
the CMC of the free ligand. This could be owing to the
higher hydrophobicity of the complex, which contains three
ligand molecules, and therefore, three hydrocarbon tails.
Note that this CMC is significantly higher than that of the
siderophores produced by marine bacteria (e.g., marinobac-
tins), which have CMC values of 50–75 mm.[2a]

The DLS experiments allowed us to estimate the micellar
size of LS10 and its FeIII complex under our experimental
conditions. The results for the free ligand at pH 7.4 show
that the molecules spontaneously self-organize into particles
with one size distribution of around 5(1) nm and another
that ranges from 30 to 70 nm (polydispersity index=

0.56(3)), which suggests that these micelles tend to form
large aggregates. The results from measurements of solu-
tions of the FeIII complex revealed two distributions of parti-
cles sizes, which were centered around 4.0(5) and 50(5) nm
(polydispersity index=0.52(4)). The first size distribution at
around 4 nm can be ascribed to the self-organization of the
Fe3+–LS10 molecules into micelles. Interestingly, this average
distribution suggests that the FeIII complexes form smaller
micelles than the free ligand. This confirms that our model
behaves in an analogous way to the natural siderophore
Marinobacter E,[2] and can be explained by the fact that co-
ordination of iron makes the headgroup bigger, which re-
sults in a larger headgroup/tail volume ratio and leads to the
formation of smaller micelles. The second size distribution
at around 50 nm could be ascribed to the presence of vesi-
cles and/or aggregated micelles. The high polydispersity of
all of our samples reveals many different structures, which
include micelles, micellar aggregates of different shapes and
sizes, and vesicles. These micellar aggregates might inter-

mediates in the formation of vesicles. This assumption was
confirmed by analysis of the same solution in the presence
of octanol (1% (v/v)). A unique, monodisperse distribution
at 60(10) nm (polydispersity index=0.23(1)) was observed.
These results are in good agreement with the different struc-
tures observed in the cryogenic transmission electron micro-
scopy (cryo-TEM) images (Figure 6).

Cryo-TEM studies : We used cryo-TEM to visualize the as-
semblies of the Fe3+–LS10 complex at pH 7.4. The ratio of
the ligand and Fe3+ concentrations ([LS10]/ACHTUNGTRENNUNG[Fe3+]) was 3:1.
The microscopy was performed 8 h and 8 d after preparation
of the complex (Figure 6).
Figure 6a shows micelles with an average diameter of

4.2 nm, which is in good agreement with the estimated size
of the ferric complex (
2 nm). The sharp increase in con-
trast on the periphery of the micelles indicates that the hy-
drophilic heads, which contain the complexed FeIII cations,
are located on the outside of the micelles as expected. How-
ever, a time-dependent reorganization occurs and the mi-
celles tend to aggregate into clusterlike structures. Cryo-
TEM images recorded 8 d after specimen preparation
showed a variety of structures that included a few isolated

Figure 4. The absorbance at l =490 nm as a function of the molar ratio
[Fe3+]/[L] ([LS10]tot=1L10�4m). Conditions: 3-(N-morpholino)propane-
sulfonic acid (MOPS) buffer (0.05m), pH 7.4, T = (25.0�0.2) 8C.

Figure 5. a) Dependence of the surface tension on [LS10]tot (1L10
�6–3L

10�3m). b) Dependence of the surface tension on the concentration of the
Fe3+–LS10 complex ([Fe3+]tot=1L10�6–3L10�3m ; [LS10]tot/ ACHTUNGTRENNUNG[Fe

3+]=3:1).
Conditions: MOPS buffer (0.05m), pH 7.4, T = (25.0�0.2) 8C.
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micelles identical to those observed after 8 h, some clusters
with rather random or spherical shapes, and many unilamel-
lar vesicles that apparently originate from the fusion of mi-
celles (Figure 6b). The thickness of the bilayer was identical
to the micelle diameter, which suggests that the vesicles are
formed from a bilayer of ferric complex molecules that arise
from micelle fusion. Upon the addition of octanol (1% v/v,
6.10�3m), vesicle formation was observed only 8 h after
preparation of the sample. The morphology of these vesicles,
and particularly their layer thickness, was identical to those
previously observed for Fe3+–LS10 only (Figure 7). Few mi-
celles with an average diameter of 4.2 nm were observed
after 8 h (Figure 7, inset), in contrast to the results for Fe3+–
LS10 only after the same time interval.
It is interesting to compare these new results to those pre-

viously published for the unsulfonated analogue La.[6] The
results for La were obtained in the presence of methanol
(5% v/v) owing to the very low solubility of the ferric com-
plex. Neither micelles nor vesicles were observed, but spher-
ical aggregates around 100 to 300 nm in size were formed,
an example of which is depicted in Figure 8a. The image of

the particle reveals some bilayer structures near the surface,
but insufficient contrast does not allow the space between
the bilayers to be clearly resolved. Power analysis of the
image was performed by fast Fourier transform, and indicat-
ed a periodic structure with a repeat distance of 
4 nm
(Figure 8b). This strongly suggests that the spherical aggre-
gates are bilayered multilamellar vesicles around 4 nm in bi-
layer diameter, which is in agreement with the length of the

Figure 6. Cryo-TEM micrographs of Fe3+–LS10 ([LS10]tot=2.5 mm, [Fe3+

]tot=0.83 mm), recorded 8 h (a) and 8 d (b) after sample preparation.
Conditions: MOPS buffer (0.05m), pH 7.4. The arrows indicate micelles
and the arrowheads indicate clusterlike structures. Unless otherwise indi-
cated all images were recorded on the 20 mm scale.

Figure 7. Cryo-TEM micrographs of Fe3+–LS10 ([LS10]tot=2.5 mm, [Fe3+

]tot=0.83 mm) in the presence of octanol, taken 8 h after sample prepara-
tion. Conditions: MOPS buffer (0.05m), pH 7.4, octanol (1% v/v; added
to the ferric complex immediately after preparation). Inset: a micelle
with average diameter of 4.2 nm.

Figure 8. a) Cryo-TEM micrographs of Fe3+–La ([La]tot/ ACHTUNGTRENNUNG[Fe
3+]=2:1). Con-

ditions: MOPS buffer (0.05m), pH 7.4, methanol (5% v/v), octanol (1%
v/v). b) A power spectrum obtained by fast Fourier transformation of the
original image (left) and its profile. The arrow indicates the repeat dis-
tance of 
4 nm.
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complex molecule and very close to the size of the micelles
observed with LS10.
The iron complex of La forms the species [FeACHTUNGTRENNUNG(LaH)2]

+ at
pH 7.4, which differs significantly from the ferric complex of
LS10 in charge and stoichiometry. For the La complex, the
polar head group is weakly positively charged and the hy-
drophobic part contains only two carbon chains. As a conse-
quence, the repulsive force between the polar heads of the
unilamellar bilayers is weak and the formation of multila-
mellar vesicles is favored. In contrast, ligand LS10 forms a
mixture of highly charged [FeACHTUNGTRENNUNG(LS10)3]

6� and [Fe ACHTUNGTRENNUNG(LS10)3H]5�

species at pH 7.4. At first, they assemble into spherical mi-
celles as expected, then transform into unilamellar vesicles
as shown in Figure 6. The cone-shaped aggregation mode re-
sponsible for micelle formation with free LS10 at pH 7.4
(polar head [LS10]3� and one hydrophobic carbon chain)
changes to a truncated cone-shape aggregation mode after
iron complex formation. In this case, the hydrophilic head is
large and strongly charged and the hydrophobic tail of the
complex is formed by three carbon chains, which favors a
vesicular rearrangement. The micelle-to-vesicle transition
was relatively slow, which could be a result of the spatial re-
arrangement of the hydrophobic carbon chains in the octa-
hedral coordination geometry of the ferric complex. In the
presence of octanol (1% v/v), the micelle-to-vesicle transi-
tion was significantly faster (Figure 7). It is assumed that the
octanol molecules penetrate into the surface of the micelle
and reduce the electrostatic repulsion between the negative-
ly charged head groups. This favors a low-curvature vesicle
structure and thus accelerates the formation of vesicles.

Conclusion

The ferric complex of the amphiphilic catechol bidentate
ligand LS10 allowed us to illustrate the transformation from
micelles to vesicles upon FeIII coordination, as described for
marine siderophores by Butler et al.[2] Like marinobactins,
free LS10 self-assembles into micelles. After formation of the
iron complex, micelles are observed first, followed by a slow
transition into vesicles. Nevertheless, there are some differ-
ences between marine siderophores and LS10. The formation
of ferric complexes of the tripodal (tris(bidentate)) marine
siderophores is connected to the folding of the siderophore,
that is, the shift in the apo-form structure of the siderophore
towards the creation of an “iron pocket”. Moreover, the
charge of the apo-marinobactin does not change upon FeIII

complexation.[2d] In contrast, FeIII complexation by the mo-
nopodal catechol ligand LS10 implies the formation of a 3:1
[L]/ ACHTUNGTRENNUNG[Fe3+] species and a change in charge upon complex for-
mation. These differences should strongly influence the ki-
netics of micelle formation and the micelle-to-vesicle transi-
tion. Furthermore, it should be emphasized that vesicle for-
mation with marine siderophores is observed in the presence
of an excess of iron with respect to the ligand, in contrast to
the monopodal catecholate LS10. The micelle-to-vesicle tran-
sition is dependent not only on the amphiphilic properties

of the molecules studied and their changes after iron com-
plexation, but also on the type and flexibility of the hydro-
philic, chelating part of the molecule. Our study reveals that
simple ligands, such as LS10 and La, may serve as models to
mimic the strategy of phytoplankton to concentrate FeIII

into vesicles.
To estimate the influence of these vesicles in digestive

processes, the metabolic processes of the bacterium E.
chrysanthemi (see Ref. [6]) are currently being studied. The
syntheses of ligands that contain a fluorescent group to help
visualize the iron chelation process and the transport of iron
across membranes are in progress, as is a study of the mem-
brane affinity of LS10.

Experimental Section

Reagents : Stock solutions of FeIII for titrations were prepared by dissolv-
ing appropriate amounts of ferric perchlorate hydrate (Aldrich) in stand-
ardized solutions of HClO4 (Argos) or NaClO4 (Prolabo Puriss) in water.
The solutions were standardized for Fe3+ ions spectrophotometrically by
using a molar extinction coefficient of 4160m

�1 cm�1 at 240 nm in an
aqueous solution of HClO4 (0.1m).[10] A fresh stock solution of ferric per-
chlorate hydrate (2.5L10�2m) was prepared for each experiment.

Synthesis of LS10

Methyl-2,3-dihydroxybenzoate (2): A solution of BF3 in methanol
(15 mL) was added to a solution of 1 (5.07 g, 32.8 mmol) in anhydrous
methanol (100 mL) and the mixture was heated at reflux for 4 h. The vol-
atile compounds were removed under vacuum and cold water (200 mL)
was added. The mixture was then adjusted to pH 6 with 4m aqueous
sodium hydroxide and extracted with CH2Cl2 (3L25 mL). The resulting
organic phase was dried over Na2SO4 and concentrated under vacuum to
give 2 as a pink solid that was sufficiently pure for the next step (5.11 g,
92%). M.p.=79 8C; 1H NMR (200 MHz, CDCl3, 18 8C): d=3.93 (s, 3H;
OCH3), 5.88 (s, 16H; OH, intramolecularly bonded), 6.77 (t, 3J ACHTUNGTRENNUNG(H,H)=

7.8 Hz, 1H), 7.10 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=1 Hz, 1H), 7.33 (dd, 3J-
ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=1 Hz, 1H), 10.90 ppm (s, 1H; OH).

N-decyl-2,3-dihydroxybenzamide (3): A mixture of 2 (2.20 g, 13 mmol)
and decylamine (2.06 g, 13 mmol) was heated under argon at 110 8C for
24 h. The residue was then dissolved in Et2O (100 mL) and the organic
phase was washed with water (2L15 mL) and brine (2L15 mL), dried
over Na2SO4, and concentrated under vacuum. The resulting dark oil was
purified by flash chromatography (silica gel) with hexane/dichloro-
ACHTUNGTRENNUNGmethane (gradient 60:40 to 10:90) as the eluent to give 3 as a pink waxy
solid (2.74 g, 71%). 1H NMR (300 MHz, CDCl3, 18 8C): d=0.88 (t, 3J-
ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H; CH3), 1.18–1.56 (m, 14H; CH2), 1.61 (q, 3J ACHTUNGTRENNUNG(H,H)=

6.6 Hz, 2H), 3.44 (t, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 2H; CH2N), 5.85 (s, 1H; OH, in-
tramolecularly bonded), 6.35 (s, 1H; NH), 6.73 (t, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz, 1H),
6.7 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 4J ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H), 7.33 (dd, 3J ACHTUNGTRENNUNG(H,H)=7.8, 4J-
ACHTUNGTRENNUNG(H,H)=1.4 Hz, 1H), 12.78 ppm (s, 1H; OH); 13C NMR (75 MHz, CDCl3,
18 8C): d=14.1 (CH3), 22.6, 26.9, 29.2, 29.4 and 29.5 (CH2), 31.8
(CH2CH2N), 39.8 (CH2N), 114.1 (Cq arom), 115.8, 117.9 and 118.5 (CHarom),
146.0 and 149.1 (Cq arom), 169.9 ppm (C=O); MS (DCI, NH3/iC4H10): m/z
(%): 294 (100) [M+H]+ ; elemental analysis calcd (%) for C17H27NO3: C
69.59, H 9.28, N 4.77; found: C 69.68, H 9.29, N 4.72.

3-decylcarbamoyl-4,5-dihydroxybenzene-sulfonic acid (LS10): Compound 3
(1.3 g, 4.4 mmol) was added portionwise to oleum (20%, 20 mL) at 0 8C.
The mixture was kept at room temperature for 12h before ice (10 g) was
carefully added. The residue was diluted with methanol (100 mL) and the
volatile compounds were removed under vacuum. The oil obtained was
carefully triturated in CH2Cl2 (3L20 mL) and Et2O (2L10 mL) and the
solvents were discarded. The residual solvents were evaporated in vacuo
to give LS10 as a highly hygroscopic semisolid (0.99 g, 60%). 1H NMR
(300 MHz, CD3OD, 18 8C): d=0.87 (t, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 3H; CH3), 1.23–
1.45 (m, 14H; CH2), 1.61 (q, 3J ACHTUNGTRENNUNG(H,H)=6.5 Hz, 2H), 3.38 (t, 3J ACHTUNGTRENNUNG(H,H)=

Chem. Eur. J. 2008, 14, 3680 – 3686 G 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 3685

FULL PAPERMimicking Marine Siderophores

www.chemeurj.org


7 Hz, 2H; CH2N), 7.36 (d, 4J ACHTUNGTRENNUNG(H,H)=2 Hz, 1H), 7.68 ppm (d, 4J ACHTUNGTRENNUNG(H,H)=

2 Hz, 1H); 13C NMR (75 MHz, CD3OD, 18 8C): d=15.2 (CH3), 24.5, 28.8,
31.0, 31.2 and 31.4 (CH2), 33.8 (CH2CH2N), 41.7 (CH2N), 117.0 (Cq arom),
117.7 and 117.9 (CHarom), 137.1, 148.1 and 152.6 (Cq arom), 171.5 ppm (C=

O); MS (DCI, NH3/iC4H10): m/z (%): 374 (100) [M+H]+ ; elemental anal-
ysis calcd (%) for C17H27NO6S·H2O: C 52.16, H 7.47, N 3.58; found: C
52.08, H 7.51, N 3.52.

Spectrophotometric studies : The solutions were prepared with boiled de-
ionised water, which was deoxygenated and flushed continuously with
argon (purified by a Sigma Oxiclear cartridge) to exclude CO2 and O2.
An ionic strength of 0.1m was maintained with NaClO4 (Prolabo, Puriss
or Merck, p.a.) and all measurements were carried out at (25.0�0.2) 8C.
The free hydrogen concentrations were measured with a glass-Ag/AgCl
combined electrode (Metrohm or Tacussel High Alkalinity, filled with
0.1m aqueous NaCl and saturated with AgCl). The electrode was cali-
brated to measure [H] by the classical method of titrating HClO4 (0.01m)
with NaOH (0.02m).[11] Spectrophotometric measurements were carried
out by using a Varian Cary 50 UV/Vis spectrophotometer equipped with
a Peltier thermostatting accessory and a PC for data collection and evalu-
ation. The spectrophotometric titrations were recorded in aqueous solu-
tions with an ionic strength of 0.1 m (adjusted with 0.1 m aqueous NaClO4

for LS10 or NaClO4+HClO4 for the complex) at 25 8C between pH 3.5
and 12.6 for LS10 (1.0L10�4m) and between pH 1 and 10 for the ferric
complex (ligand=3.36L10�4m, Fe3+ =1.0L10�4m). The pH was adjusted
with NaOH. The stoichiometry of the FeIII complex at pH 7.4 was also
monitored by titrating a solution of ligand with a solution of FeIII in a
buffer solution (MOPS=0.05m, NaClO4=0.05m).

The spectrophotometric data were processed with the SPECFIT/32
Global Analysis system (Spectrum Software Associates).[12] This program
performs a global analysis of system equilibria, and by using a nonlinear
regression model given by the Levenberg–Marquardt method we can cal-
culate the thermodynamic constants and spectra of absorbing species.
Calculating the protonation constants of the ligand was achieved by using
two spectral sets. For pKa2, readings were taken between pH 2 and 8 in
the 200 to 400 nm spectral region with a 1 nm step, and for pKa1, readings
were taken between pH 8 and 12.6 in the 300 to 400 nm spectral region
with a 1 nm step. Calculating the complexation stability constant was ach-
ieved by using the spectral set of the iron complex between pH 1 and 10
in the 400 to 800 nm spectral region with a 1 nm step.

Surface tension studies : The surface tension was measured at 25 8C by
using an automatic drop tensiometer (Tracker, I.C. Concept, Longessange
France) in rising drop mode. The surface tension was calculated by a
mathematical analysis of the axial symmetric shape of the drop (Lapla-
cian profile). The CMC was estimated from the change in surface tension
due to the concentrations of the ligand (1L10�6–3L10�3m) and complex
(3L10�7m–1L10�3m ; [Fe3+]tot/ ACHTUNGTRENNUNG[L

S10]tot=1:3). All experiments were per-
formed at 25 8C in a buffer solution (MOPS, 0.05m, pH 7.4).

DLS studies : DLS measurements were performed by using a Zetasizer
Nano Series ZS (Malvern Instruments) instrument equipped with a
633 nm laser. The non-invasive back-scatter detection method was used
in which the incident beam does not have to pass through the sample,
but instead the light scattered 1738 from the incident beam was mea-
sured. Data were fitted by using Dispersion Technology Software v5.00
(DTS; Malvern Instruments). The DTS software uses algorithms to ex-
tract the decay rates of the correlation function for a range of particle
sizes. This information is then used to produce a size distribution of the
hydrodynamic diameter. The basic intensity distribution is obtained from
the DLS measurements, from which all other distributions are generated
by using Mie theory. The results are presented as an estimate of the size
distribution of the most numerous particles. Experiments were performed
in buffer solution (MOPS, 0.05m, pH 7.4) for the ligand (2L10�3m) and
the ferric complex (1L10�3m) at 25 8C. The solutions were passed
through a filter (Pall, Acrodisc CR 13 mm Syringe Filter with a 0.45 mm
PTFE Membrane) prior to analysis to exclude dust particles.
Cryo-TEM studies : Experiments were performed with the ferric com-
plexes of La and LS10. Samples of the ferric complex of LS10 ([LS10]tot=5L
10�4m, [Fe3+]tot=0.83L10�3m) were prepared in buffer solution (MOPS,
0.05m, pH 7.4) in the absence and presence of octanol (1% v/v, 6L

10�3m). Samples of the ferric complex of La ([La]tot=5L10�4m, [Fe3+]tot=
2.5L10�4m) were prepared in buffer solution (MOPS, 0.05m, pH 7.4)
with methanol (5% v/v) and also with octanol (1% v/v, 6L10�3m). The
samples were prepared 8 h before the first experiment and the second ex-
periment was performed on the samples 8 d later. The samples for cryo-
TEM were prepared by the following procedure:[13] a 3 mL drop of the
sample solution was applied to a grid covered with a holey carbon/Pt-
carbon film, the excess liquid was blotted with Whatman 40 filter paper,
and the remaining film was vitrified in liquid ethane held just above
freezing point. The grid was then mounted in a Gatan 626 cryoholder
(Gatan, Pleasanton CA) and observed at �180 8C with a Philips CM200
electron microscope operating at 80 kV. Micrographs were recorded in
low-dose mode on Kodak SO-163 film (Eastman Kodak, Rochester NY)
at a direct magnification of 50000L and 
1 mm defocus, and developed
in full-strength D19 developer (Kodak) for 12 min. Contrast enhance-
ments and intensity gradient removal of the images were performed with
Scion Image software.
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