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Aqueous Solution Speciation of Fe(lll) Complexes with Dihydroxamate Siderophores
Alcaligin and Rhodotorulic Acid and Synthetic Analogues Using Electrospray lonization
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Agueous solutions of F& complexes of cyclic (alcaligin) and linear (rhodotorulic acid) dihydroxamate siderophores
and synthetic linear eight-carbon-chain and two-carbon-chain dihydroxamic acidsN{OH)C=0)]2(CH.)y;

H.L", n = 2 and 8) were investigated by electrospray ionization mass spectrometry (ESI-MS). Information was
obtained relevant to the structure and the speciation of various Fefiliydroxamate complexes present in aqueous
solution by (1) comparing different ionization techniques (ESI and FAB), (2) altering the experimental parameters
(Fe¥t/ligand ratio, pH, cone voltage), (3) using high-stability hexacoordinated Fe(lll) siderophore complex mixtures
(ferrioxamine B/ferrioxamine E) as a calibrant to quantify intrinsically neutrdl ¢histered or protonated) and
intrinsically charged complexes, and (4) using mixed-metal complexes containihg&&", and AF™. These
results illustrate that for all dihydroxamic acid ligands investigated multiple tris- and bis-chelated mono- and
di-Fe(lll) species are present in relative concentrations that depend on the pH and Fe/L ratio.

Introduction * developing our understanding of siderophore-mediated Fe
bioavailability, as well as understanding of the coordination
chemistry and self-assembly processes associated with mono-
and multicentered Fe(lll) complexes. The tetradentate dihy-
droxamic acids (Figure 1) are unable to satisfy the preferred
octahedral coordination geometry of Fe(lll) by forming simple
1:1 complexes, as in the case of the hexadentate trihydroxamate
ligands (e.g., desferrioxamine B and desferrioxamine E). Instead,
a dihydroxamate siderophore must form bimetallic complexes
_ with a stoichiometry such as He; (LH» represents the
*To whom correspondence should be addressed. E-mail: alc@ dihydroxamate ligand,which is the minimal stoichiometry
chem.duke.edu. Fax: 919-660-1605. ded for th | dinati fth li Rhod
" Duke University. needed for the complete coordination of the metal ion. Rhodo-
*Duke University Medical Center. torulic acid, a linear natural dihydroxamate siderophore (Figure
(1) Nomenclature and abbreviations: “mén@presents a dicoordinated 1), was reported to form a triply bridged complex with Fe based
metal complex with one bound hydroxamate group. "bis” represents 3 cp gpectra and potentiometric titratidifsAn X-ray crystal
a tetracoordinated metal complex with two bound hydroxamate groups, . ’ . .
and “tris” represents a hexacoordinated metal complex with three Structure has_ _been obtained for an analogous t“F_)'y bridged
bound hydroxamate groups, not all of which are necessarily from the dihydroxypyridinone complex of Fe(ll§.Recent studies of a
same ligand molecule.H" represents the linear synthetic dihydrox- lic natural dihvdroxamate siderophor Icaligin (Figure 1
amic acid, [CHN(OH)C=0)]2(CH,)n, where HL2 corresponds to a cyclic natural dihydroxamate siderophore, alcaligin (Figure 1),

two-carbon chainr{ = 2) and HL®8 corresponds to an eight-carbon
chain g = 8) linking the hydroxamate moieties (Figure 1). (WL

and (L")~ represent the singly and doubly deprotonated dihydroxamic
acid ligand, respectively. #iR* and HLA® correspond to the

Siderophores are microbially synthesized molecules that
solubilize environmental Fe(lll) by chelation. These sidero-
phores are of varied structure, with differing numbers of
hydroxamate, catecholate, andéehydroxycarboxylate Fe(lIl)
binding groups in different architecturé&s® Knowledge of the
structure, stability, and reactivity of these Fe(lll) complexes with
siderophore ligands of differing denticity is of importance in
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dihydroxamic acid siderophores rhodotorulic acid and alcaligin,
respectively (Figure 1). Structural representations are as follows.
Fe(L"H)3 is a tris-chelated complex with three bound hydroxamate

groups from each of three monodeprotonated dihydroxamate ligands.

(L™ units placed between two Fe atoms represent bridging ligands
bound to both Fe atoms. For examp(elL ")Fe(L").Fe(L"H) repre-
sents two tris-chelated Fe(lll) centers held together by two bridging
dihydroxamate ligands. Coordinated®is omitted for clarity so that
Fe(L8) " represents Fe(lll) tetracoordinated by a single dihydroxamate
ligand with two coordinated 0 molecules not shown. For ease of

reading, structural formulas are shown in bold type, and when a neutral
species is observed as a result of protonation in the ESI process, the

cluster H is not shown in bold. For examplél.")Fe(L"H)(H™)
represents the uncharged tris compleR)Fe(L"H), which has been
protonated in the ESI experiment to givetda charge on the species,
while Fe(L"H)2" represents the bis complex which carrieslacharge.
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Figure 1. Dihydroxamic acid ligands investigated.

include the first crystallographically characterized structure of
an Fel; complex containing a natural siderophé?é’! This
study revealed a preorganized ligand structure for the formation
of an Fe(l#®)* complex and aingly bridged structure for the
fully coordinated 2:3 Fe/L complex (I°)Fe(LA%)Fe(LAC).t

Synthetic dihydroxamate ligands of different carbon chain
lengths ([CHN(OH)C=0)]2(CHy)n; HoL™! have been prepared
in our laboratory as mimics for the dihydroxamate siderophores.
Their Fe(Ill) complexes at 1:1 Fe/L ratio have been characterized
by electrospray ionization mass spectrometry (ESI-MS) as
Fe(L"™ and Fe(l"),Fe*", depending on the chain length
between the hydroxamate grou3d? and by their pH jump
ligand dissociation kinetics analyzed at #:&nd lowet® Fe/L
ratios. The pH jump ligand dissociation kinetics were also
investigated for Fe(lll) complexes of rhodotorulic acid and
alcaligin1® The mechanism of tris-complex ligand dissociation
shows a high level of complexity, with numerous stable
intermediates present in solution and multiple pathways to
complete ligand dissociation.

In this study, we present a systematic investigation of the
species formed between¥gyand the synthetic dihydroxamic
acids BL" (n = 2, 8), and the natural siderophores rhodotorulic
acid and alcaligin (Figure 1) using electrospray ionization mass
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spectrometry. The purpose of this investigation is to characterize
the speciation and structure of the complexes formed at different
Fel/L ratios and pH values and to explore the use of mixed-
metal complexes containing &I, Fe", and G&" to further
characterize the coordination chemistry of the dihydroxamate
ligands. This work is also intended to explore the scope and
limits of ESI-MS as a “gentle” ionization technique to probe
metal-ligand complex equilibria in aqueous solution. The use
of ESI-MS to study metal complexes in solution has been
recently reviewed?18

Experimental Section

The dihydroxamic acid ligands gH?> and HL8)! were prepared
according to the method described in the literadi#®and were
recrystallized and characterized as described elsevihBieodotorulic
acid (HLRA) (Aldrich), alcaligin (HLA®) (gift from S. K. Armstrong
and T. J. Brickman, University of Minnesota), desferrioxamine B, and
desferrioxamine E (gift from |. Fridovich, Duke University) were
characterized as described elsewttére.

Solutions for ESI-MS analysis (1 mM unless otherwise stated) were
prepared by mixing appropriate amounts of the ligand with the desired
equivalent of 0.1 M M(CIQ)s (M = Fe*t, G&*, Al®*t) in 0.1 M HCIO..

The pH was adjusted to the desired acidity by addition of 0.1 MO

or 0.1 M HCIQ;; a semiconductor (FET) pH electrode was used in
order to avoid solution contamination from the background electrolyte
in conventional reference electrodes. All dihydroxamdate(lll) solu-
tions were checked by UWvis spectroscopy and their spectra compared
to known complexes in the literatufé!>* At pH 2 the Fe(lll)-
containing complexes exhibited a strong absorbance band characteristic
of a bis-Fe(lll)-hydroxamate complexfax= 470 nm), while at neutral

pH the Fe(lll)-containing complexes prepared under the conditions Fe/L
< 2:3 showed absorbance spectra characteristic of a tris-Fe(lll)
hydroxamate complextfax = 425-430 nm).

ESI-MS measurements were made using a Micromass VG BIO-Q
triple quadrupole mass spectrometer equipped with a pneumatically
assisted electrospray ion source operating at atmospheric pressure. All
experiments were performed in positive ion mode and at 40 V cone
voltage unless otherwise stated. The mobile phasepwaswater and
a sample flow rate of @L/min was provided by a syringe pump. The
instrument was operated at unit mass resolution, and the mass scale
was calibrated using poly(ethylene glycol). Fast-atom-bombardment
(FAB) measurements were made using a JEOL JMS SX 102A mass
spectrometer in<) ion mode and with glycerol as a sample matrix.

Results

General Solution Behavior and Preliminary Consider-
ations. Fe(lll) forms mono, bis, and tris complexes with the
bidentate hydroxamate moiety-C(=0)—N(O~)—), each with
a characteristic UV visible spectrum. The fully coordinated tris-
iron(lll) —hydroxamate complexes are stable at neutral pH and
are characterized by an absorption maximum at ca. 430 nm.
Increasing the solution acidity to pH 2 results in a conversion
of the tris complex to a bis species with an absorption maximum
at ca. 470 nm. Further acidification to pH 1 shifts the absorbance
maximum to 500 nm because of monohydroxamate complex
formation?-811 The 3+ oxidation state for Fe is stabilized
through hydroxamate coordination, as illustrated by redox
potentials forN-alkyl hydroxamic acid complexes in the range
—500 to—350 mV (vs NHE)?! Because of the large negative

(17) Colton, R.; D’'Agostino, A.; Traeger, J. ®lass Spectrom. Re1995
14, 79.

(18) Gatlin, C. L.; Turecek, F. InElectrospray Mass Spectrometry;
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Fe(lll) Complexes

100- 285.4
1 (A)
%_
] 286.4
0T 2ha 26 288 250 20
100- 3143
(B)
%_.
3153
Q== —T7 r = m/z
310 312 314 316 318 320
100 327.4
320.4 ©
%
3323
G* — T M/Z
324 | 326 328 330 332 334

Figure 2. ESI-MS peaks of (A) Al(II)-(H2L8), (B) Fe(ll)—(HoL?),
and (C) Ga(lll}-(HzL8) complexes for M/L8 = 2:3 (M3" = Al3H,
Feit, and G&"), pH 2.3.

redox potentials, the Fe(lhjhydroxamate complexes are stable
and those of Fe(ll) are likely to be oxidized or undergo
decomposition. However, the possible presence of iroA(ll)
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Figure 3. Simulated ESI-MS spectra of Ga(lll) complex withplH:
(A) Ga(L®),Ga*, molecular formula G#Ci:H2,0sN,)?", and (B)
Ga(L8", molecular formula Ga(GH220sN5) ™.

isotopes*Fe ancP’Fe, respectively. Observing the peak related
to the>*Fe isotope two units lower than the main peak is a strong
argument for assigning these peaks to the monometallic complex
Fe(L®)™ rather than to the bimetallic complex because
Fe(L8),Fe?t is expected to display a peak at one unit below
the main peak atm/z = 313, representing the complex
54Fe(L8),%Fe?t. This result is confirmed by examining the
Ga(lll) complex (Figure 2C) where the two isotogé&a and
7IGa are both of high abundance and the difference in the
isotopic pattern between the monometallic and the bimetallic
complexes is much more easily assigned, as shown in Figure
3.

In contrast to the positively charged monocomplexes, most
of the fully coordinated Fe(lll) complexes investigated are
neutral species, and in an ESI-MS experiment their detection
is dependent on ion-clustering. Preliminary spectra of solutions
with various electrolytes contained a large number of peaks
originating from N&, K*, and CI clusters of the parent
molecules. By limiting the electrolyte in the solution to
NH4+ClO4~, we were able to obtain very simple (adduct-peak-
free) spectra with high intensities d@ftrinsically uncharged
species. Specifically, Nit acts as a good proton donor for
proton-clustering, which makes neutral molecules detectable and

hydroxamate complexes was considered by investigating thetheir spectra easier to interpret (only one unit higheninvalue

corresponding Al(lll) and Ga(lll) complexes. Al(lll) and Ga(lll)

than the molecular ion peak), while CiOis a noncoordinating

have similar coordination chemistry characteristics to Fe(lll) anion that does not readily produce adducts with the species of
but do not undergo redox reactions because of the inaccessibilityinterest. On the other hand, the detection of intrinsically charged

of the +2 oxidation state in aqueous solution. Furthermore,

species is not dependent on proton-clustering, which makes them

Ga(lll) has the advantage of two high natural abundance isotopesmore easily detected than intrinsically neutral species. To
that are of particular utility in establishing differences in complex investigate the difference in detection limits of intrinsically
structure, thereby permitting a clear distinction to be made charged vs intrinsically uncharged complexes, we used a mixture

between mono- and bimetallic structures.

Development of Internal Calibrants. The concept of Fe(lll)
metal replacement by Al(lll) or Ga(lll) to take advantage of
similar charge and metaligand affinity, but different isotope
distribution, was used to help establish Fe(Hhlydroxamate
complex structure and stoichiometry. WhertFand a dihy-
droxamic acid are mixed in a 1:1 ratio, both monometallic
(Fe(L)") and bimetallic (Fe(LoFe?+) complexes can be readily
formed that are indistinguishable by their BVisible spectra

of tris-chelated Fe(lll) complexes of trihydroxamic acids with
+1 (ferrioxamine B) and 0 (ferrioxamine § charge as internal
standards. Both complexes are very stable and of similar
structure, yet one is intrinsically charged (ferrioxaming Bnd

the other is not (ferrioxamine%?

Figure 4A shows the ESI-MS spectra for an iron¢Hl)
hydroxamate complex prepared at FeA 2:3, pH 7. The
complex was prepared by the addition of 0.5 equiv ef o
the Fe/l8 = 1:1 pH 2 solution followed by neutralization to pH

because both structures possess tetracoordinated iron(lIl). Ther by the addition of 0.1 M NEOH. A mixture offerrioxamine

ESI-MS spectra of Fe(lll), Al(lll), and Ga(lll) complexes of
H,L8 prepared in 1:1 M:L ratio at pH 2.3 are shown in Figure
2. The spectrum of the Al(lll) complex (Figure 2A) shows a
major peak ahvz = 285, which can be due to eithai(L &)*

or Al(L 8),Al%*. However, the spectrum of the corresponding
Fe(lll) complex (Figure 2B) shows a major peaknalz = 314,
with satellite peaks atvz = 312 and 315 corresponding to the

EC (intrinsically neutral at pH 7) anfirrioxamine B (intrinsi-

cally +1 charged at pH 7) was added to this solution in a 9:1
(E%B*) molar ratio as an internal standard. The ESI-MS
spectrum for this solution displays a ferrioxaming geak at

m/z = 654 and ferrioxamine Bpeak at/z = 614, with a signal
intensity ratio of~6/1, respectively (Figure 4A, Table 2). This
somewhat surprising result suggests that under these conditions
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Figure 4. ESI-MS spectrum of Fe(IlF-(H.L8) system at (A) Fe/t=
2:3, pH 7 and (B) Fe/t.= 2:3, pH 2. Conditions are as in Table 2t B
and E represent ferrioxamine B and ferrioxamine E, respectively.

intrinsically charged species will appear with (only!) ca. 50%
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3. However, ferrioxamine B and ferrioxamine E are much more

stable and their dissociation to a bis complex occurs at a much
lower pH (pH <2). These data demonstrate that the pair of

complexes ferrioxamine B/ferrioxamine E can be used as an
internal standard to quantify intrinsically charged and intrinsi-

cally neutral iron(lll}-hydroxamate complexes.

Data describing the ESI-MS investigation of iron(Ill) com-
plexes with the synthetic ligandskf (Table 1) and K8 (Table
2), and the natural siderophores rhodotorulic acid (Table 3) and
alcaligin (Table 4), will be presented individually in the
following sections.

Complexes with the Short-Chain Dihydroxamic Acid
[CH3N(OH)C(0)]2(CHy), (H2L2).1 The short-chain dihydrox-
amic acid-Fe(lll) system was investigated as a function of pH
and Fe/E ratio. At pH 2 and Fe/k= 1:1, the tetracoordinate
Fe(lll)—dihydroxamate complex is a stable spedfe@n the
basis of the isotope pattern of the ESI-MS spectra, it was found
previously® and in this work that in an aqueous solution the
complex exists as a di-Fe, doubly bridged, doubly charged, bis
bis speciesfe(L?),Fe?", atm/z 230 [100%]. The existence of
this species was confirmed recently by X-ray crystallograjshy.
These results are presented in Table 1. The results of subsequent
experiments at decreasing Féfatios and increasing pH are
also presented in Table 1 and are based on mass spectra such
as those presented in Supporting Information (Figure S1).
Descriptions of these results at variable PedAnd pH are
presented in the following paragraphs.

Subsequent introduction of an additional equivalent of the
ligand (Fe/l?2 = 2:3) and neutralization of the solution to pH 7
results in the formation of a di-Fe trigris complexFe(L?)3Fe°,
which in the ESI-MS spectrum appearsfa{L?)sFe(HT) (m/z
635 [32%)]) andFe(L?)sFe(2HT) (m/z 318 [100%)]) (Table 1).
The complex is tentatively assigned a triply bridged structure
based on two facts: (1) molecular mechanics calculafeow
that steric strain in the two-carbon chain linking the two
hydroxamate groups prevents bis coordination to a singlé Fe
center and (2) identification of a doubly bridged structure for
Fe(L?),Fe&#" was made by X-ray crystallograpR§which is a

higher intensity than if they were uncharged (with one clustered precursor to the formation of FedlsF€’. The peaks atz 635

H™). The data also show that ferrioxamine B and ferrioxamine

and 318 may also originate from bitris intermediates

E are detected as fully coordinated iron(lll) complexes, since (HL?Fe(L?).Fe* and(HL )Fe(L?)Fe*(H"), respectively, which
in the case of partial protonation of the ligand the peak of the in solution may be in a fast bi®-tris equilibrium with

doubly charged ferrioxamine B complex would appear in the
spectrum at/z = 307.5; however, this is not the case.

At pH 7 and an Fe/Bratio of 2:3 we expect tris-hydroxamate
coordination of Fe(lll). The ESI spectra of this solution shown
in Figure 4A have an intense peak for the Fg{Lcomplex, in
addition to that for a tris complex Eg8)s. This observation
indicates a pH drop resulting from solvent evaporation and
ionization, resulting in F& 3 complex dissociation. On the basis
of extensive kinetic investigations of the pH-induced dissociation
kinetics of ferrioxamine B27 and synthetic linear dihydrox-
amates15we know that the synthetic iron(IHhydroxamate
complexes undergo decomposition to the bis complex atpH

(22) Boukhalfa, H.; White, P.; Crumbliss, A. L. Manuscript in preparation.

Fe(L)sFe(H™) andFe(L)sFe(2HT).14 A peak atm/z 406 [30%)]

is cautiously ascribed to a di-Fe doubly bridged-ttiss Fel 4
complex (HL 9)Fe(L?),Fe(L2H)(2H"), since it could also be
Fe(L?H),". The former complex is more likely to occur under
our conditions (neutral pH and Fel/l= 2:3), although its one-
proton counterpart clustefHL 2)Fe(L?),Fe(L2H)(H™), is miss-

ing atm/z 811 (but appears when excess ligand is added; see
below). The isotopic pattern far/z 406 could not be satisfac-
torily resolved because of an overlapping unassigned peak at
m/z 407. A strong peak atn/z 547 [36%] is unambiguously
assigned to a bistris—tris—bis complex Fe(L?),Fe(L?)Fe-
(L?),Fe?t (Fels?h) because it is likely a product of the two
available species in solution; i.&e(L?)Fe*™ (m/z 230 [79%))
andH,L 2 (added at this stage).

(23) Adventitious potassium adducts are often observed when the mass Subsequent addition of another equivalent of ligand (Fe/L
spectrometer has been previously used to analyze potassium-containing= 2:4, pH 7) diminishesre(L?),Fe?" (mVz 230) to 22% and

samples, owing to the ubiquitous nature of this element.

(24) Chem 3D software package by Cambridge Soft Corp. (N. L. Allinger's
MM2 force field with new terms by J. W. Ponder).

(25) Caudle, M. T.; Caldwell, C. D.; Crumbliss, A. lnorg. Chim. Acta
1995 240, 519.

(26) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod 982 104, 4921.

(27) Biru§ M.; Bradic Z.; KujundZ¢, N.; Pribani¢c M.; Wilkins, R. G.
Inorg. Chem 1985 24, 3980.

Fe(L?).Fe(L?)Fe(L?)Fe?™ (m/iz 547) to 25%. Atm/z 318
[100%], Fe(L?)sFe(2H") still dominates the spectrum with its
one-proton counterpafe(L?)sFe(H) atmVz 635 [12%]. A new
peak atm/z 811 [10%] is just beginning to appear (see below),
and the peak atw/z 406 is still present with 28% relative
intensity. An additional unassigned peaknalz 407 occurs in
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Table 1. ESI-MS Data for Fe(lll) Complexes with Short-Chain Dihydroxamic Acid ESKOH)C=0)]»(CH,). (H2L?)?2

Fe/l?, pH
1:1,pH2 2:3,pH 7 2:4,pH7 2:8,pH 7 2:20,pH 7
nm'z m'z m'z nm'z m'z nm'z
species structube (calcd) (obsd) %  (obsd) %  (obsd) %  (obsd) %  (obsd) %
Fey(L?)2+ Fe(L?)Fe?* 230.0 230.2 100 230.1 79 231.0 22 2313 25
Fey(L?)s?" Fe(L?).Fe(L?)Fe(L?)Fet 547.1 547.3 36 547.1 25 5472 12
Fey(L?)3° Fe(L?)sFe(HT) 635.2 635.1 32 635.0 12 6349 33 635 25
Fey(L?){ Fe(L?)sFe(2HT) 318.1 3183 100 3183 100 3183 100 3183 28
Fey(L2)y(L2H)L  (HL2)Fe(L2)Fe(L2H)(H) 811.3 8111 10 8111 68 8111 72
Fey(L?)a(L?H)®  (HL?)Fe(L?)Fe(L?H)(2HT)  406.2 406.2 30 406.2 28  406.2 30 406.2 28
Fe(L?H)s° Fe(L2H)3(Ht) 582.4 582.0 4 5820 4 5820 35 582.0 100
(L2H 2), (HaL2)(L2H2)(HY) 353.4 353.2 25 3532 88

aConditions: [Fe} = 1 mM; [H.L? = 1-10 mM; [NH;T] = 3 mM at pH 2, 14 mM at pH 7; [CI@'] = 14 mM; cone voltage= 40 V. All
percentages given are relative to the peak of highest (100%) intensity among Fe-containing species in a particular column (ESI-MS spectrum). See
Figure S1 of Supporting Information for mass spectra corresponding to data in Talfed ref 1.

Table 2. ESI-MS Data for Fe(lll) Complexes with Long-Chain Dihydroxamic Acid [$BHIOH)C=0)]»(CH,)s (H.L8 and Ferrioxamines B
and B

Fe/L8, pH
11, pH2 2:3,pH?P 2:3,pH Z 2:4,pHP 2:20,pH 2
m'z m'z mz % mz % mz m'z % mz  %® m'z

species structufle (calcd) (obsd) 9% (obsd) ESI (obsd) FAB (obsd) 9 (obsd) ESI (obsd) FAB (obsd) 9%
L8H, HL8H(H™) 261.3 261.3 26 261.3 102 261.#/100 261.2 100 261.2>100
Fe(L8™ (L8Fe" 3142 3144 100 3144 17 3145 19®14.4 6 3144 4
Fey(L8)s° Fe(L8)sFe(H™) 887.7 8875 15 887.3 12 887.4 8 8371 6

(L®)Fe(L)Fe(L8)(H™)

Fe(L8),H° (LB)Fe(L8H)(H™) 574.5 574.6 74 5742 100 5746 6 5746 97 5742 100 5742 100
(LBH2)2 (HaL8)(LBHo)(H) 521.6 521.6 10
ferrioxamine E ~ FedfE® 654.3 654.3 100 654.3 100 654.3 100
ferrioxamine B* FeHdfB™ 614.3 614.3 17 6143 14 6143 15

aConditions: [Fe}i = 1 mM; [HoL8 = 1—-10 mM; [NH;7] = 3 mM at pH 2, 14 mM at pH 7; [CIF] = 14 mM; cone voltage= 40 V. See
Figure S2 of Supporting Information for mass spectra corresponding to data in TRJE’R= 0.45 mM; [B] = 0.05 mM; [Fe},t = 0.5 mM;
[HoL8 = 0.75 and 1 mM; [NH'] = 14 mM,; [CIOs] = 14 mM.¢[E? = 0.225 mM; [B"] = 0.025 mM; [Fel: = 0.25 mM; [HL®] = 0.375;
[NH4T] = 14 mM; [CIO,] = 14 mM. ¢ See ref 12 All percentages given are relative to the peak of highest (100%) intensity among Fe-containing
species in a particular column (ESI-MS spectruhercentage relative to the intensity of ferrioxamine E peak.

this spectrum and subsequent spectra along with the peak astrong tendency to form a metal-free dimeric species. This
m/z 811. species is interesting because it can be viewed as being
Further addition of ligand (FeA.= 2:8, pH 7) causes the  “preorganized” for the formation of the doubly bridged bis
peak atm/z 811 to become the second largest peak in the bis Fe(l?),Fe" complex.
spectrum with a relative intensity of 68% (Table 1). The species At high ligand concentration, i.e., F&/l= 2:20 and pH 7,
that corresponds to this/z value is a doubly bridged tristris the peak that is due t&e(L?H)3(H™) reaches its maximum
complex(HL 2)Fe(L?),Fe(L2H)(H™), which is expected to exist  intensity fn/z 582, 100%). Another large peak belongs to the
at higher ligand concentrations. The two-proton cluster coun- ligand dimer, i.e.(L2H)>(HT) (m/z 353, 88%). The species at
terpart(HL 2)Fe(L?),Fe(L2H)(2H") at mVz 406 also appears in  myz 635 originating from either triply bridged trigris Fe(L?)sFe
the spectra. This observation is in accordance with the expecta-or tris—bis (HL 2)Fe(L2),Fe" complex is still present with 25%
tion that the efficiency of the clustering of protons to a metal relative abundance, suggesting a very high stability for such
complex should not depend on ligand concentration and provesspecies even under conditions of high excess ligand.
that the peaks belong to the same molecule with one or more Complexes with the Long-Chain Dihydroxamic Acid
protons clustered. Another species, -igs (HL 2),Fe(L?)Fe- [CH3N(OH)C(0)]2(CH2)g (H2L8).X The long-chain dihydrox-
(L2H)*, could be a candidate for tma/z 811 [68%)] peak, since  amic acid-Fe(lll) system was investigated as a function of pH
its structure is a likely precursor for the observee(L?H)s- and Fe/i ratio. At pH 2 and Fe/f. = 1:1, the tetracoordinate
(H™) complex atm/z 582 [35%]. The largest increase in the (bis) Fe(lll)-dihydroxamate complex is a stable spedfe®n
Fe(L2H)3(H') species 1fVz 582) in solution comes from  the basis of isotope patterns observed in ESI-MS spectra, it was
changing the FeA_ratio from 2:8 to 2:20 (35100%), ac- established previouslyand confirmed in this work that in an
companied by a drop ifre(L?)sFe(2HT) (m/z 318) intensity aqueous solution the 1:1 complex exists as a mono-Fe, singly
from 100% to 28%. However, at the same time the 811 charged bis specige(L8)* at m/z 314 [100%)]. These results
peak remains unaffected by such an increase in ligand concen-are presented in Table 2. The results of subsequent experiments
tration. The absence @fL 2),Fe(L9)Fe(L2H)(2HT) atnm/z581 at decreasing Feflratios and increasing pH are also presented
as an anticipated product ¢fL 2),Fe(L?)Fe(L?H)," and excess in Table 2 and are based on mass spectra such as are presented
ligandL 2H, further supports the assignment of thiz 811 peak in Supporting Information (Figure S2). A description of these
to the doubly bridged tristris complex (HL2)Fe(L?),Fe- results at variable Fefland pH is presented in the following
(L2H)(H™). A ligand dimer(L2H,),(H*) appears atvz 353 with paragraphs.
25% relative intensity. Obviously, despite high solubility in At pH 7 and Fe/B = 2:3 the relative intensity of the bis
water, a solution containing2 mM H,L? ligand has a rather  Fe(L®)" (m/z = 314) is reduced to 17% (relative to a DFE
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standard and not corrected for the 1:5 relative sensitivity factor
for charged and uncharged ions as described above; see Table

2). The most abundant species in this solution(li§)Fe-
(LEH)(H™) at mVz 574 [74%]. Supporting evidence for this
assignment is as follows. The sam#@z value (574) would
appear for a mono-Fe bis Fe(Fk" species, a di-Fe singly
bridged tris-bis (HL8),Fe(L8)Fe(L8H)"(H™) species, and a di-
Fe doubly bridged trigris (HL8)Fe(L8),Fe(L8H)(2H™) species.
However, the isotopic pattern of ti'z 574 peak corresponds

to a calculated isotopic pattern for a singly charged and mono-

Fe species. Furthermore, no peakrét 1148 corresponding to
the di-Fe, singly charged species ®4Fe(L®)Fe(LHE)"™ or
(HL®Fe(L8),Fe(LBH)(HT) was found. Also, the mono-Fe bis
species Fe@H), is not likely to exist at neutral pH and a ligand
concentration sufficient for complete Fe coordination, i.e., Fe/
L8 = 2:3, pH 7. Addition of ligand (Fe£= 2:4 and 2:20; Table

2) would diminish am/z 574 peak if due toFe(L8H)," to
produce aFe(L®H)s; complex (Wz = 837). This was not
observed. Final proof for the presence (&ff)Fe(L®H) was

obtained from measurements of mixed-metal solutions (see

below). The tris-tris FeL3® complex (L&Fe(L8)Fe(L8)(H™)
or Fe(L8)sFe(H™)), which was expected to be the major species
at pH 7, Fe/B = 2:3, was found atvz 887 with an unexpectedly
low relative intensity of 15%. The two-proton counterpart at
m/z 444 was detected in only a trace amount.

A pH 2 and Fe/B = 2:3 solution was prepared by mixing an
Fe/L® = 2:3, pH 7 solution in a 1:1 ratio with 0.02 M HCIO
Five minutes after mixing, the solution was injected into the

mass spectrometer and the resulting ESI-MS spectrum is shown

in Figure 4B. This drop in pH at Fefl= 2:3 results in almost
complete disappearance of tmz 574 peak and the appearance
of major peaks atrv/z 314 and 261 (Table 2). This is consistent
with a H"-driven ligand dissociation fror(L 8)Fe(L8H) (m/z =
574 for (L8)Fe(L8H)(H™) to produceFe(L8)™ (mVz= 314) and
L8H, (m/z = 261 for LBHy(H™). This tris-to-bis complex
dissociation by protonation to produce a stabé€l 8) " species

Spasojeviet al.
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Figure 5. Signal intensity (%) for Fe®)(L8H), FexL®; and Fe(l)*
plotted as a function of cone voltage at pH 7 and (A) Ee#2:3 and

is the same as observed in a parallel stopped-flow pH jump () Fe/L8 = 2:4. Conditions are as in Table 2 except the Bg(kignal

kinetics study monitored by U¥vis spectral changé$.The
intensities observed in the ESI-MS spectrum are in full
accordance with our U¥vis kinetic data and confirm the above
result that an intrinsically charged species (eFg(L8)", m/z
314 expected to be present-a&00% of Fe(lll)o = 0.5 mM)

will appear in an ESI-MS spectrum with no more than twice
the intensity of an intrinsically neutral species (efgrriox-
amine E°(H'), m/z 654, present at 0.45 mM). The signal at
14% intensity (expected 20% relative to the ferrioxamirfe E
peak)m/z 614 related to the intrinsically chargéetrioxamine

BT present in solution at 0.05 mM further demonstrates the
validity of the above assumption. This result is also important
because it demonstrates the high reliability of a ferrioxamine
E%B™ mixture as an internal standard. The ferrioxamiféBE
mixture can provide a reasonably accurate quantification of
intrinsically charged species relative to intrinsically neutral
species in an aqueous solution of iremydroxamate complexes
probed by ESI-MS.

A pH 7, Fe/l® = 2:4 solution was produced by adding 1
equiv of L8 to the Fe/l® = 2:3, pH 7 solution. The dominant
complex signal is at/z 574 [100%] and is assigned to the tris
complex (L8Fe(L8H)(HT). Minor signals associated with
Fe(L®™ (m/z 314) andFe(L8)sFeH™) (m/z 887) are present
along with an intense signal for the free ligandLBF{H*) at
m/z 261 (see Table 2).

A large excess of ligand, i.e., Mflz 2:20, pH 7, results in
an ESI-MS spectrum that has onlymdz 574 [100%] peak for

intensity was corrected (divided) by a factor of 1.5 as described in the
text. For reasons of clarity the Fefit intensity at 80 V is out of scale;
for the actual values please refer to Table 2.

(L8Fe(L8H)(H™), a high-intensity peak for the free ligand
L8H(H) atm/z 261 >100%)], and a peak for the ligand dimer
(L8H,)2(HT) at 521 [10%] (Table 2). It is noteworthy that the
H,L8 ligand is obviously much less prone to dimerization than
its short-chain analogue;H2. Also, contrary to the case for
the HL2 ligand, the Fe(EH)3; complex was not observed, even
at very high ligand concentrations (Tables 1 and 2; Fe2:20).

No trace of (B)Fe(L8)Fe(L8)(H™) atm/z 887.7 or of Fe(E)™ at
m/z 314.2 was found under these conditions.

Fe—Ga and Fe-Al Mixed-Metal Complexes of HyL8. 1.
Complexes at Low pH The ESI-MS spectra of a solution with
stoichiometry Fe/Al/B = 0.5:0.5:1 at pH 2.3 contain strong
peaks atw'z = 285, 314, 698, and 727 (40%, 100%, 5%, and
10% respectively) (Figure S4 of Supporting Information).
Adduct peaks atm/z 427 (16%) and 398 (8%) were also
observed and attributed to the parent peaks at 285 and 314,
respectively. The spectra of a solution containing Fe/&a/L
0.5:0.51 at pH 2.3 show strong peaksratz = 314, 327, 727,
and 740 (100%, 42%, 10%, and 5%, respectively) (Figure S5
of Supporting Information). Interpretation of the isotopic pattern
for the peak atr/z 314 in the two spectra is consistent with the
peak being attributed to the mono-Fe compfe(L8)™*. The
weak satellite peak atvz 312 in Figures S4 and S5 corresponds
to the>¥Fe isotope (natural abundance 2.2%) fornfitige(L8)".
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Table 3. ESI-MS Data for Fe(lll) Complexes with Rhodotorulic Acid AERA)2

Fe/LRA, pH
1:1,pH 2 1:1,pH7 2:3,pH 7 2:4,pH 7 2:20,pH 7
m'z m'z m'z m'z m'z m'z
species structube (calcd) (obsd) %  (obsd) %  (obsd) %  (obsd) % (obsd) %
H,LRA HLRAH(HT) 345.4 0 345.6 35 345.6 >100 345.8 >100
Fe(LRA)* (LRAYFet 398.2 398.4 100 3983 100 398.2 100 3985 80 398.3 40
FexLRA)®  Fe(LRA)sFe(2HY) 570.4 570.2 10 570.3 10
(LRAYFe(LRA)Fe(LRA)(2HN)

Fe(LRA),HO  (LRAYFe(LRAH)(H™) 742.6 7423 10 7424 25 7426 100 742.6 100

aConditions: [Fe}i = 1 mM; [H.LRA] = 1-10 mM; [NH,*] = 3 mM at pH 2, 14 mM at pH 7; [CI@] = 14 mM; cone voltage= 40 V. All
percentages given are relative to the peak of highest (100%) intensity among Fe-containing species in a particular column (ESI-MS spectrum). See
Figure S3 of Supporting Information for mass spectra corresponding to data in TaSe8.ref 1.

Table 4. ESI-MS Data for Fe(lll) Complexes with Alcaligin @HA®)2

Fe/LAC, pH
11,pH2  1L1,pH7 2:3,pH7 2:4,pH7 2:8,pH7 2:8,pH 9.5
m/z m'z m'z mz m/z m'z m'z
species structube (calcd) (obsd) % (obsd) % (obsd) % (obsd) % (obsd) % (obsd) %

HoLAG HLACH(H™) 405.4 0 4055 80 405.4>100 405.5 >100 405.5 >100
Fe(LAC)* (LAC)Fe* 458.3 458.3 100 458.4 100 458.4 100 458.4 73
Fe(LA%)®  Fe(LA®)sFe(HY) 1319.9 1320.7 10

(LAC)Fe(LAC)Fe(LAC)(HT)
Fey(LAC)®  Fe(LA®)sFe(2HT) 660.5 660.6 40 660.3 53 660.3 10 660.3 4

(LAC)Fe(LAC)Fe(LAC)(2HT)
Fe(LA®),H? (LA®)Fe(LACH)(H™) 862.7 862.4 5 8626 10 862.1 100 862.2 100 862.2 100

aConditions: [Fel = 1 mM; [HoLAC] = 1—4 mM; [NH,T] = 3 mM at pH 2, 14 mM at pH 7; [CIQ'] = 14 mM; cone voltage= 40 V. All
percentages given are relative to the peak of highest (100%) intensity among Fe-containing species in a particular column (ESI-MS §sectrum).
ref 1. ¢ Cone voltage= 70 V.

The doubly charged complex FéfjbFe?t is also expected to  Information). Other peaks at 427 (45%), 442 (18%), 900 (5%),
display a peak am/z = 314. However, the double charge on and 938 (5%) are also observed. However, peaks at 427 and
the molecule would “compress” the isotopic pattern, and the 442 are adducts of the parent peaksrét 314 and 327 (131
peak corresponding téfFe(L8),%%Fe?" would in such a case  mass unit cluster), and the peaks at 612 and 625 are the result
appear at only onevz unit lower (Wz 313) than the peak of  of potassium clustering to the parent peaks at 574 anc?’587.
the parentFe(L%),°Fe*" molecule Wz 314)1213 Thus, the  The peak atn/z 574 represents a monometallic Fe species and
presence of a satellite peak mfz 312 is in agreement with  can be attributed either t.8)Fe(L8H)(H)* or to Fe(L&H),+.
assignment of the peak Bz 314 to the monometallic complex  The corresponding Ga-containing spec{e$)Ga(L8H)(H)* or
*%Fe(L%)". The spectra of the Ga-containing complexes, where Ga(L8H),*, appears at/z 587. Examination of the isotopic
the ®Ga isotope is naturally abundant at 60.2% d#8a at  pattern cannot distinguish between these two species. However,
39.8%, show a greater isotopic pattern difference between mono-he presence of the adducts at 612 and 625 due to clustering of
and bimetallic complexes than the corresponding Fe complexesine potassium to the parent peak at 574 and 587 is in good
(*%Fe, >Fe, and_57Fe natural abundances are 91.52, 5.90, and agreement with the assignment of the parent peaks to the
2.25%, respectively). This makes the assignment of peaks morey iginally neutral complexe€L8Fe(LeH)(H) and (L&)Ga-
unambiguous as |IIustra_ted in Flg_ure 3._The peakvat= 327,  (LBH)(H™) rather than tde(L8H) " andGa(L8H).*, where the
when compared_ to the S|mulateéjJ|rsotop|c peak pattern, CO_”f"mSpositive charge on the compld#(L 8H),* should prevent the
the monometallic strupturea(L )* for the_ obse_rved species. potassium from forming a doubly charged speiigs 8H) ;*(K ™).
The pegk amz 285. n Fhe F?AI solution (Figure S4 of The absence of peaks atz 306 and 312 representing the
Supporting Information) is attributed to thd(L 8)* complex | SLIN (10t SLIN (e i I,
by analogy with the Fe and Ga complexes. The peakwat ~ CUSters Fe(L?H)z7(K™) and Ga(L™H);"(K) is additional

y gy W P ; pea support for assigning the parent peakglt®Fe(L8H)(H™) and
727 and 740 in the spectra of the-F8a solution are attributed (L®)Ga(L®H)(H*) rather than to Fe@H)," and Ga(iBH),"
to Fe(L8),Fe(ClO4)* and Fe(L8),Ga(ClO,)™*, respectively, by . 2 2

. ; : respectively.

comparison between the experimental and simulated spectra. o 0
The specrecbtaned o e FAl suion dply P T e S s coore o e

z 727 an nd ar ri m 2
(LS)ZFe(CiiC)4)+6:,18d Ige(L;)izil (?;}04)[{}_61—;80,\;(58)2& (g%?f ESI-MS experiment (and not initially present in solution), an
complexes adopt a bimetallic doubly bridged structure. These E;(pefzifgenwgf(yliﬂg theé):)euoge;:gep\ﬁva; Zoniust?g_ usings 5)9/
results clearly demonstrate that the bis Fe complex kb =25,p igure and Fef= 24, p igure
present in agueous solution as a mixture of mgno-f:]d di-Fe solutions containing ferrioxaminé’B™ as an internal standard.
species rather than only mono-Fe species, as was interpreted he plots in Figure 5 clearly demonstrategthat fc;r a Wife range
from our previous work3 of cone voltages (20660 V), the ratio of(L®)Fe(L®H)(H™) to

2. Complexes at Neutral pH The ESI-MS spectra of  Fe(L®sFe(H") remains unchanged. It is only at a very high

solutions with a stoichiometry Ga/Fé/= 1:1:3 at pH 7 show  cone voltage (80 V) that the $Fe(L8H)° complex is colli-
peaks atnwz 314, 327, 574, 587, 887, and 900 (100%, 37%, sionally dissociated to give a large amount of intrinsically
32%, 15%, 10%, and 7% respectively) (Figure S6 of Supporting charged Fe(f)* species.
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Figure 6. ESI-MS spectra of Fe(llF-alcaligin (HLAC) system at different FefiC ratios and solution acidities. Conditions and data are as in Table
4.

Fast-Atom-Bombardment (FAB) Mass Spectrometry FAB- backbone apparently does not significantly influence the flex-
MS was used to confirm our results using ESI-MS because of ibility of the otherwise long carbon chain between hydroxamate
its different ionization mechanism. Table 2 shows the intensities moieties, since it forms a mono-iron H®e(LRA)* species
of Fe(lll)—(L8) species of interest taken from the FAB spectra instead of a doubly bridged Fett),Fe*" structure. The Fe
of Fe/L® = 2:3 and Fe/E = 2:4 solutions at pH 7. The results  nuclearity was confirmed here and previod3lyy the isotopic
are in full agreement with the conclusions drawn from ESI-MS pattern assigned to the F&Y)™ peak atm/z 398. ESI-MS
spectra. Thus, on the basis of identical results obtained usingspectra (Table 3 and Figure S3 of Supporting Information) for
two different ionization techniques, we conclude that although Fe/LRA = 1:1 and Fe/RA = 2:3 pH 7 solutions show large
the tris-Fe(L8)3° species may be a major species in aqueous amounts ofFe(LRA)™ species presumably because of being
solution, it is very labile and in a tris-to-bis proton hydrolysis easily detectable (intrinsically charged) or being a fragment of
reaction will lead to the more stable intermediate tri§)fe- Fe(LR4)(OH). This peak, however, gradually diminishes with
(LBH)°. At the other extreme, the results suggest that in an further addition of ligand in solution (Table 3 and Figure S3 of
equilibrated solution of Fe(l15-(L8), even at Fe/t = 2:3 and Supporting Information). The peak atz 742 corresponding

pH 7, much of the tris complex is in the §IFe(L8H)° form to the (LRA)Fe(LRAH)(H™) species is present as a major peak
and only a fraction exists as the Je?):0 species. for tris-Fe species at all Fe?t ratios at pH 7. The uncharged
Rhodotorulic Acid (H,LR”).2 Rhodotorulic acid (HLRA) is di-Fe species R€LR"):? appears only as a two-proton clustered

a linear dihydroxamic acid siderophore (Figure 1). ESI-MS ion (either the singly bridgedL **)Fe(LR*)Fe(LR*)(2H) or
spectra, acquired using F&L= 1:1, pH 2 solutions prepared triply bridgedFe(L?*)sFe(2H") species ain/z570) and reaches

in the same manner as in the case of the synthetic ligands, veryits maximum abundance (40% abundance relative to the
closely resemble the data collected for the long-chain ¥e/L (LRA)Fe(LRAH)(H™) peak atm/z 742; 10% abundance relative
system (Table 3). The six-atom ring in the rhodotorulic acid to theFe(LRA)* peak atn/z 398; Table 3) at Fef* = 2:3 and
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Figure 7. Speciation of Fe(lll}-dihydroxamate complexes present in aqueous solution at variable Fe/L ratios and pH as determined by ESI-MS.
Certain structures are eliminated from consideration as follows: ASgfEe’" because there is no ESI-MS evidence for this species;"Fefte is
eliminated on the basis of the crystal structure fos(E&°)s, which shows a single ligand bridge structure?{)Fe(LA®)Fe(LA€);1° Fe(LRA)Fe*+

is eliminated because there is no ESI-MS evidence for this species?)Féfleliminated because there is no ESI-MS evidence for this species,
consistent with molecular mechanics calculations that demonstrate that?3Re ligand cannot act as a tetradentate ligand to a single Fe(lll)
center!?® (L2)Fe(L2)Fe(L?) is eliminated on the basis of molecular mechanics calculations that demonstrate tha®)hdigand cannot act as a
tetradentate ligand to a single Fe(lll) centeFe(L?)(L2H) is eliminated because there is no ESI-MS evidence for this species, consistent with
molecular mechanics calculations that demonstrate that )& (ligand cannot act as a tetradentate ligand to a single Fe(lll) cEnter.

pH 7. The further addition of rhodotorulic acid (FEt= 2:4, tris-iron species. This result is in accordance with our prediction
pH 7) decreases the intensity of thex(LR*)3(2H") peak, and that the singly bridged @®°)Fe(LA®)Fe(LAC) species will
finally it disappears at very high ligand concentration, i.e., Fe/ undergo reaction with excessIHC in solution and form the

LRA = 2:20, pH 7 (Table 3). simpler and entropically preferredA€)Fe(LA®H) complex. This
Alcaligin (HLA%).1 Alcaligin (HoLA®) is a cyclic dihydrox- is also consistent with our kinetic investigati&h.

amic acid siderophore (Figure 1). ESI-MS spectra acquired using Our results in Table 4 illustrate the change in(E€®):%

an Fe/lA¢ = 1:1, pH 2 solution show a simple peakraiz 458 Fe(LA®)(LACH)O ratio as the alcaligin concentration increases.

with an isotopic pattern consistent with the tetracoordinated In a cone voltage variation experiment {300 V), no significant
Fe(LAG)* (Table 4; Figure 6). This is consistent with the stable change in the F£LA®)3%/Fe(LA®)(LACH)? ratio was observed.
preorganized alcaligin structure previously repofet.At Fe/ Only a change in ratio between one- and two-proton clustered
LAG = 2:3, pH 7 the complex (#)Fe(LA®)Fe(LA®) previously ~ forms of FelL: was observed (i.e(L.A®)Fe(LA®)Fe(LAC)(H™)
identified crystallographicalf appears in both one- and two- and(LA®)Fe(LA®)Fe(LA®)(2H"); data not shown), which means
proton-clustered forms{LA®)Fe(LA®)Fe(LAC)(HT) atm/z 1320 that under these conditions only proton loss occurs without
[10%] and (LAC)Fe(LAC)Fe(LAC)(2HT) at m/z 660 [40%] as decomposition or rearrangement of the—fedcaligin com-

the major trisFe species in solution. However, an additional plexes.

equivalent of ligand, i.e., Fefi® = 2:4, pH 7, causes the peak It should be noted that neither hydroxo- neoxo-bridged

for (LAG)Fe(LAGH)(H™) at mVz 862 [100%] to prevail among  species were observed under these experimental conditions,
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despite their observation in a study utilizing potentiometric and solution (presumably as FeL(OPRd,etc.). The short-chain

spectrophotometric techniqu¥s. dihydroxamic acid, K2, differs from the other ligands in its
) ) resistance to changing the structure of itsllzecomplex upon
Discussion the addition of excess ligand. Also, the short-chagh Higand

We have demonstrated that electrospray ionization massiS unique in its tendency to form an Fét); complex, which
spectrometry (ESI-MS) may be successfully utilized to probe Was not found in the case of other ligands, although kinetic
the speciation of both neutral and charged Fefitlihydrox- data support the transient existence of Pefl.'>
amate siderophore complexes in aqueous solution. By utilizing The fast dissociation of the tris-chelated iron(lll) complexes
NH;" as a proton donor and CJO as a noncoordinating is probably the reason for observing an appreciable amount of

counteranion, we have obtained very simple (adduct peak free)the bis complex when analyzing the complex prepared under
and interpretable spectra for intrinsically neutral FefHl) conditions where the tris complex is more stable (low Fe/L ratio

dihydroxamate complexes. and high pH). The bis-chelated complex structures are more
By utilizing different ionization techniques (ESI, FAB), easily characterized relative to the tris-chelated complexes
altering the experimental parameters (Fe/L ratio, pH, cone because of their lower labilit}#~*® A pH drop resulting from
voltage) and using mixed-metal #e Al3T, Ga**) complexes, solvent evaporation in the ESI-MS experiment may result in a
we were able to obtain important information on #teucture partial dissociation of the tris and bis complexes. We have
and the speciation of metal-dihydroxamate complexes in demonstrated from our kinetic investigation that the tris and
aqueous solution. We have also shown that by using an bis complexes dissociate via multiple paths involving structurally

appropriate internal standard (ferrioxamirfé@&rioxamine B), different specie$>*®which is in good agreement with multiple
reasonably accurate quantitative data for solution speciation mayspecies observed in the ESI-MS spectra.
be obtained. Our ESI-MS results demonstrate the presence of multiple

Figure 7 summarizes the mono- and dinuclear Fe(lll) mono- and dinuclear Fe(lll) species with dihydroxamic acid
complexes identified at various Fe/L ratios and solution pH siderophores and model siderophores that are in dynamic
values for the synthetic (#1") and for rhodotorulic acid (bLR*) equilibrium. The multiplicity of interconvertible species is a
and alcaligin (HLA®) siderophore dihydroxamic acids. When feature that distinguishes Fe(H}lihydroxamate solutions from
exposed to an excess of alcaligin, rhodotorulic acid, gct"™H their hexadentate trihydroxamate siderophore counterparts. This
ligand, in all cases we observe a tendency to form Fe complexescharacteristic may play a role in the use of tetradentate
of Fe/L stoichiometry ratio lower than Fek 2:3 (e.g., 1:2 or siderophores by organisms for Fe acquisition in that the
1:3; Figure 7). For example, in neutral aqueous solutions with multiplicity of species may provide for multiple paths for Fe
a M/L ratio of 1:2, the short-chain ligand .2, forms a di-Fe, acquisition and release through ligand dissociation/ternary
doubly bridged tris-(HB)Fe(L?),Fe(L2H) complex, while the complex formation, molecular recognition, etc.
other three ligands under the same conditions form the mono-
Fe, tris (X)Fe(LXH) (X = 8, RA, AG) complex.

Our ESI-MS data also suggest that the di-Fe complefre
is a very labile species for all ligands examined. However,
despite numerous approaches employed (variation in cone
voltage, ligand concentration and pH, use of an internal standard, Supporting Information Available: Three figures containing
and complementary ESI/FAB experiments), there is still some experimental spectra corresponding to the data in Tabtsahd one
ambiguity as to whether (1) the f&)s complex is present in figure containing experimental spectra obtained using mixed Fe(lll),
an equilibrated neutral solution but too labile to “survive” the Ga(lll), and Al(lll) metals with the long-chain dihydroxamic acid
ESI-MS experiment or (2) this species is really unstable and HzL‘.?. This material is available free of charge via the Internet at
readily forms the simpler (L)Fe(LH) species, even at the expense hitp://pubs.acs.org.
of leaving some of the Fe(lll) coordinatively unsaturated in 1C991390X
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