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The kinetics and mechanism of siderophore ligand dissociation from their fully chelated Fe(lll) complexes is
described for the highly preorganized cyclic tetradentate alcaligin and random linear tetradentate rhodotorulic
acid in aqueous solution at 2& (Fels + 6Ht = 2 Fé,4+ 3 H,L). At siderophore:Fe(lll) ratios where Fe(lll)

is hexacoordinated, kinetic data for the4driven ligand dissociation from the He species is consistent with

a singly ligand bridged structure for both the alcaligin and rhodotorulic acid complexes. Proton-driven ligand
dissociation is found to proceed via parallel reaction paths for rhodotorulic acid, in contrast with the single path
previously observed for the linear trihydroxamate siderophore ferrioxamine B. Parallel paths are also available
for ligand dissociation from Réalcaligin), although the efficiency of one path is greatly diminished and dissociation

of the bis coordinated complex Fe(alcaligin)(@#t is extremely slowk = 10~ M~ s71) due to the high degree

of preorganization in the alcaligin siderophore. Mechanistic interpretations were further confirmed by investigating
the kinetics of ligand dissociation from the ternary complexes Fe(alcaligin)(L) in aqueous acid where L
N-methylacetohydroxamic acid and glycine hydroxamic acid. The existence of multiple ligand dissociation paths
is discussed in the context of siderophore mediated microbial iron transport.

Introduction (H,LA%)11-14 produced by the heterotrophic bacteridicali-
Siderophores are a class of microbially synthesized com-

pounds for the purpose of solubilizing environmental iron and o N . N-G-CH OQN\OH OH

making this essential element bioavailable to the cell. The H3C—C—N\/\HI m(,) 7 CHa NHH |

hydroxamate moiety is the most common Fe(lll) specific N N ° HO QN o

binding unit found in siderophores produced by fungi, molds,
and yeast > Siderophores are most commonly hexadentate Rhodotorulic acid (H,L™) Alcaligin (H,L*%)
ligands in order to completely sequester Fe(lll) and bring it to
the cell without hydrolysis or ligand dissociation occurtg.  genes denitrificansN3-J andAlcaligenes xylosoxidansnd
However, tetradentate dihydroxamic acid bacterial siderophorethe human respiratory pathogem@ordetella pertussisand
structures are known, such as the linear rhodotorulic acid Bordetella bronchisepticaSince in these cases a single sidero-
(H2LR®10from Rhodotorula pilimanaand the cyclic alcaligin - phore molecule cannot satisfy the six coordination sites for Fe-
(111), the dihydroxamate siderophores form bimetallic complexes
* Address correspondence to this author: alc@chem.duke.edu. Fax: of stoichiometry Fe 5 in order to coordinatively saturate the
(gﬁggffg'jgic\’lse}sit iron 8-91516Thermodynamic investigations of Fe(lll) complexes
* University of M)i/ﬁnesota. of rhodotorulic aci@” and alcaligid® characterized the equi-
(1) Raymond, K. N.; Telford, J. R. ImBioinorganic Chemistry: An librium involved in the formation of fully coordinated iron

Inoganic Perspectie of Life Kessissoglou, D. P., Ed.; NATO ASI i i i
Series C: Mathematical and physical Science, Vol. 459; Kluwer complexes as illustrated in eqs 1 and 2 (coordinated water

Academic Publishers: Dordrecht, The Netherlands, 1995; p 25. omitted for clarity). The X-ray crystal structure of the diiron
(2) Albrecht-Gary, A.-M.; Crumbliss, A. L. liron Transport and Storage
in Microoganisms, Plants and Animal¥ol. 35 of Metal lons in Fet + HL = Fe(L)+ + 2H" 1)

Biological SystemsSigel, A., Sigel, H., Eds.; M. Dekker, Inc.: New

York, 1998; p 239. + . +

(3) Albrecht-Gary, A.-M.; Crumbliss, A. L. li$cientific bridges for 2000 ZFe(L) + H2L - Fez(l-)s +2H (2)
and Beyond[nstitut de France, Acddeie des Science, Editions TEC
& DOC, Paris: 1999; p 73. complex of alcaligin shows a bimetallic singly-ligand-bridged

(4) Winkelmann, G., Carrano, C. J., Edsansition Metals in Microbial
Metabolism Harwood Academic Publishers: U.K., 1997.
(5) Telford, J. R.; Raymond, K. N. INolecular Recognition: Receptors

structure where the two metal centers are separated through a

for Cationic Guests,Vol. 1 of Comprehensie Supramolecular (9) Mdller, G.; Barclay, S. J.; Raymond, K. N. Biol. Chem 1985 260,
Chemistry Lehn, J.-M., Exec. Ed.; Gokel, G. W., Vol. Ed.; Pergamon 13916.
Press: London, 1996; p 245. (10) Atkin, C. L.; Neilands, J. BBiochemistryl968 7, 3734.
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rigid carbon chain in which the two metal centers are nonin-
teracting® Comparison of the Fe(lll)-complex crystal structure
with that of metal-free alcaligh? demonstrates that the termi-

nally bound alcaligin ligand exhibits a high degree of preorga-
nization. This observation was confirmed by solution thermo-

Boukhalfa et al.

we report here the kinetics and mechanism of Fe(lll) release
from its alcaligin and rhodotorulic acid complexes. Of particular
interest is the elucidation of additional reactive pathways
afforded by the tetradentate dihydroxamate structure relative
to the hexadentate siderophore complexes, as was illustrated in

dynamic studies that showed an enhanced stability constant forour recent report on the kinetics of Fe(lll) release from synthetic

reaction 115-17

dihydroxamic acid complexéd.Since the biological function

Structural investigations of the solution equilibria associated of a siderophore includes the critical event of releasing the Fe

with alcaligin and rhodotorulic acid chelation of Fe(lll) by

at the cell, the kinetics and mechanism of Fe(lll) release from

electrospray ionization mass spectrometry (ESI-MS) have alsoalcaligin and rhodotorulic acid complexes are of additional

been reported® and two major tris hydroxamate coordinated
species were identified at neutral pH. In addition to the
bimetallic species RE_~%)3, a mono-Fe complex of the structure
Fe(LA®)(HLA®) was also observed. The structure of the

rhodotorulic acid complex RLE_.RA3; has been interpreted as a

di-Fe triply bridged complex. This assignment is supported by

significance.

Experimental Section

Materials. Complex and acid solutions were prepared in deionized
water, and the pH measurements were made using a Corning 250 pH/
ion meter equipped with an Orion ROSS pH electrode filled with 3.0

the X-ray crystal structure of a synthetic analogue which exhibits \ Nacl solution. pH adjustment was made by dropwise addition of

a triply bridged coordination modé@.From our recent ESI-MS
investigation at an Fe4RA ratio of 2:3, the major hexacoor-

0.1 M NaOH or 0.1 M HCIQ to obtain the desired acidity. Stock
solutions of 2.0 M NaCl@were prepared from solid sodium perchlorate

dinated tris complex in aqueous solution is a mono-Fe specieshydrate (Aldrich 99-%) and standardized by passing through a Dowex

of stoichiometry Fe(B4)(HLRA).18

50 W-X8 strong acid cation-exchange column if férm. The 2.0 M

The dissociation kinetics and reaction mechanism of the HCIO;4 stock solution was prepared from concentrated perchloric acid
hexadentate trihydroxamate siderophore ferrioxamine B have (Fisher 70%) and standardized by titration with standard NaOH solution

been investigate?f.?1 The results of these studies demonstrate
an extreme kinetic and thermodynamic stability for the iron
complex afforded by complete coordination of the Fe(lll) center.
The dihydroxamic acid siderophores alcaligin and rhodotorulic
acid form mono- and bimetallic multidentate complexes. A
comparative kinetic investigation of alcaligin and rhodotorulic
acid complexes of Fe(lll) is important for probing the relation-

to the phenolphthalein end point. Ferric perchlorate stock solution (0.1
M) was prepared from recrystallized ferric perchlorate hydrate and
standardized spectrophotometrically in strong Zaahd titrimetrically
by reduction with Sn(ll) and titrating with the primary standard
potassium dichromafé.

Ligand and Fe(lll) Complex Preparation. Rhodotorulic acid
(H.LRA was purchased from Aldrich. Alcaligin @gHA%) was prepared
and characterized as described elsewfidpeurity for both siderophores

ship between metal complex structure and ligand exchangewas established by mass spectrometry and-uigible spectra of the

mechanism relevant to biological iron transport. For example,

although both alcaligin and rhodotorulic acid produce Fe(lll)
complexes with the common stoichiometry,Eg there are

significant structural differences which make a comparative .

kinetics study particularly interesting. These include the singly
bridged and assumed triply bridged structures fo(IF¥); and
Fe(LRA)3, respectively, and a high degree of preorganization
for cyclic alcaligirt>1® and no preorganization for the linear
rhodotorulic acid.

As part of our ongoing investigations of Fe(lll) complexes
of dihydroxamate siderophores and siderophore mddéfs28

(14) Moore, C. H.; Foster, L. A.; Gerbig, D. G.; Dyer, D. W., Jr.; Gibson,
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Fe(lll) complex. N-Methylacetohydroxamic acid (NMAHA) was
synthesized as described in the literattfr€he tris(hydroxamato)iron-
(1) complexes of alcaligin F€LA®); and Fe(LR%)3 were prepared by
reacting Fe(ClG); with the dihydroxamate ligands HA® and HLRA

in a 2:3 Fe(lll)-to-ligand ratio, and the pH was adjusted to neutral (pH
6.5-7.5) by adding NaOH or HCI©Qand the ionic strength
maintained at = 2.0 by NaClQ. All tris complexes were characterized
by comparing their UV-visible spectra to literature resultd {x at

425 nm,e = 2600-2800 M~ cm™! per Fe)6-202125Ternary complexes

of alcaligin and N-methylacetohydroxamic acid (NMAHA) were
prepared by adding 1 equiv of the monohydroxamic acid ligand to a
solution of the alcaligir-Fe(Ill) complex, Fe(E%)*, formed by reacting
the alcaligin ligand in a 1:1 Fe:L ratio with an equivalent amount of
0.1 M Fe(ClQ)s. The tris(hydroxamato)iron(lll) complexes were
formed in neutral pH; the complex solution shows a strong absorbance
at Amax = 425 nm € = 2600-2800 Mt cm™* per Fe).

Kinetic Measurements.Kinetic measurements were performed by
rapid mixing of an aqueous solution of the Fe(lll) complex with an
aqueous solution at the desired proton concentration (E)@iSng an
Applied Photophysics stopped-flow instrument (SX.18 MV), equipped
with a diode array spectrophotometer with an approximate range of
200-750 nm. Both solutions were maintained at 2.0 M (NaCIQ/
HCIO,) and thermostated at 2&. The absorbance decay due to ligand
dissociation was followed at 425 nm at various proton concentrations
(0.0001-1.0 M). All measurements were performed under pseudo-first-
order conditions of excess acid at 26 and constant ionic strength
= 2.0 M (NaCIQ/HCIO,). The signals of the absorbance change were
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Figure 1. Absorbance decay at 425 nm recorded with time during the
H*-driven dissociation of rhodotorulic acidron(lll) and alcaligin-
iron(Ill) complexes prepared at neutral pHs= 2 M (HCIO4/NaClIQy),

T = 25°C. Panels A-C: [Fe'] = 0.15 mM, [HLR4 = 0.23 mM, 1

= 425 nm (optical path 1 cm), [ = 0.004 M (A), 0.1 M (B), 0.55

M (C). Panels D and E: [Fé&] = 0.1 mM, [H,LA®] = 0.15 mM,A =

425 nm (optical path 1 cm), [ = 0.004 M (D) and 0.55 M (E).

fitted according to the appropriate model using the Applied Photo-
physics kinetic software.
Results

General Observations Dihydroxamic acid siderophores form
Fe(lll) complexes of different stoichiometry depending on the
pH range and the metal-to-ligand rafié>1828The observed
Amax IS sensitive to the formation of bis hydroxamafg{x =
470 nm;e = 1500-1800 cnt! M~ per Fe) and tris hydrox-
amate fmax = 425-430 nm;e = 2500-2800 cnt* M1 per
Fe) coordination to Fe(lll), with an isosbestic point for inter-
conversion between the two coordination modes at 4781,
Tris hydroxamato Fe(lll) complexes are stable at neutral pH,
and, as the pH is lowered to more acidic media (2), the
tris complex dissociates to the bis complex.

The tris Fe(lll) complex of alcaligin is prepared by mixing
the appropriate amount of the ligand and?g solution in a
2:3 Fe:lAC ratio. The solution turns a red-orange color char-
acteristic of the tris complex after the pH is increased t6-6.5
7, and the UV-visible spectra exhibit an absorbance band at
Amax = 425 nm. The dissociation kinetics of the tris alcaligin
Fe(lll) complex were studied in the'ttoncentration range from
0.001 to 0.07 M. The spectral changes recorded duririg H
driven ligand dissociation exhibit isosbestic behavior charac-
teristic of tris to bis hydroxamato Fe(lll) complex conversion.
The Fe(lll) complex of rhodotorulic acid prepared in the same
way shows similar behavior with slight differences.

The absorbance decay at 425 nm recorded during the H
driven ligand dissociation show multistep behavior for both
siderophore complexes. For rhodotorulic acid, a fast drop of
the initial absorbance is followed by a double-exponential

Inorganic Chemistry, Vol. 39, No. 25, 2006593
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Figure 2. UV —visible spectra collected at different stages of the H
driven dissociation of rhodotorulic acidron(lll) and alcaligin-iron-
(1) complexes. A: [Fé7 = 0.13 mM, [HLR4 = 0.20 mM,| = 2.0

M (HCIO4/NaCIQy), T = 25 °C. (A) (1) Spectrum of the starting
complex at pH= 7.5; (A) (2) spectrum recorded within 5 ms after
mixing with 0.004 M HCIQ; (A) (3 and 4) spectra recorded 350 ms
and 2 s after mixing with 0.004 M HCIgOsolution; (A) (5) spectrum
collected after 2000 s at [H = 0.55 M. (B) [Fé'] = 0.2 mM, [H,LA%]
=0.3mM,l = 2.0 M (HCIG/NaCIQy), T = 25°C. (B) (1) spectrum
of the starting complex at pH 6.65; (B) (2) spectrum collected at the
end of the first absorbance decay atJH= 0.01 M; (B) (3) spectrum
collected at [H] = 0.4 M after 2500 s.

Ligand Dissociation Kinetics for the Rhodotorulic Acid—
[ron(lll) Complex. (A) Ligand Dissociation Kinetics of the
Tris Complex. The tris hydroxamateFe(lll) complex formed
with rhodotorulic acid was prepared in a 2:3 Fératio. Ligand
dissociation from the tris complex was monitored at 425 nm
by rapid mixing of the complex prepared at neutral pH (0.2
mM of the complex) with an equal volume of HCJ®f the
desired concentration ([ = 0.001-0.012 M, T = 25°C and
| = 2.0 M (NaCIQ/HCIQg)). The absorbance change recorded
under these conditions gave a rapid absorbance decrease within
a few milliseconds, followed by a double-exponential absor-
bance decay (Figure 1A), followed by a monoexponential decay
(Figure 1B). Time dependent spectra recorded during this H
driven ligand dissociation reaction are shown in Figure 2A. The
fast absorbance drop produces a significant shift in the absor-
bance maximum to longer wavelengthax= 460 nm (spectra
1 and 2); the second and third steps show isosbestic behavior
(spectra 2-4). The isosbestic point associated with the first set
of these spectra is situated at 495 nm, and the absorbance
maximum is at 470 nm. The second set of spectra has an
isosbestic point at 584 nm, and the absorbance maximum is
shifted above 470 nm (Figure 2A). In excess ligand*{He?”

absorbance decay, a relatively slow mono-exponential decay,ratio 2:4) the dissociation from tris to bis complex shows a
and finally a slow monoexponential decay is observed (Figure monoexponential absorbance decay. The corresponding time

1, plots A, B, and C). For alcaligin, a monoexponential

dependent spectra show an isosbestic point at 470 nm (data not

absorbance decay is followed by a double-exponential absor-shown).
bance change, as shown in Figure 1, plots D and E. Reaction The ligand dissociation process associated with the first very
schemes describing the dissociation kinetics of rhodotorulic acid fast step (reactions 4 and)4vas too fast to obtain accurate

and alcaligin complexes with Fe(lll) will be presented individu-
ally.

kinetic data. Evidence for the very fast step comes from
comparing the initial spectrumigax = 425 nm) to the spectra
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recorded after mixing with the acid solutioffax = 460 nm; N
Figure 2A, spectra 1 and 2). The apparent dissociation rate 4514
constants for the second and third steps were obtained by fitting —
the second absorbance decay as a double-exponential signal as “ 30
shown in eq 3. =
—kgt —K 1t 2 1
A—Ay=Be "+ Ce ™ 3) ng
0 -
The two apparent dissociation rate constants determined in this
way show linear behavior with [H (Figure 3A). The kinetic i ' '
data for the overall dissociation of the tris complex is interpreted 0.000 0.003 0.006 0.009 0.012
in terms of reactions 46 in Scheme 1. 8 )
Scheme 1 - 6
F@™YHL™) 4+ § == FeHL™),"” Kf‘ (4) e~ 4 - 4
FeLHHLY)  + H === Fe(l®HH,L™™ Ky S §
Fe(HL™)," === Fe(HL™)," ki Koto 0) % 2
Fe(LA)(H,LA*™* == Fe™ + gL K0, K10 (6) 0
Scheme 1 is composed of two parallel competitive pathways, 0.00 003 006 009 012
reactions 4 and 5, and 4nd 6, in which the tris complex Fe- [H+] M
(LRA(HLRA reacts with H at two different sites to form two
different bis complex species, Fe(Rf),* and Fe(RA*, as Figure 3. Plot of the observed dissociation rate constaffi k'%>
illustrated in Scheme 2. The complex FB{(HLRA) has three  andkS**for the dissociation of Fe@)(HLR4) as a function of [H].
coordinated hydroxamate units. A (v) KB and @) K¢ were obtained from analyzing the
absorbance decay signal on a 0.1 s time scale (Figure 1A) as a double-
Scheme 2 exponential decay (eq 3). B+j kK**“obtained by analyzing the third
absorbance decay (Figure 1B) as a monoexponential. Conditions:
H? 2.0 M (HCIO/NaClQy), [Fe**] = 0.15 mM, [HLRA = 0.23 mM, T =
N—%—CHS 25 °C. Solid lines represent fits of linear equations to the data: (A)

(v) KBs9= a[H*] + b; see eq 8aa = 3.84 x 1(° (76),b = 1.4(0.5).
(A) (®) k9= a[H*] + b; see eq 8ba = 678 (36),b = 0.7(0.2). (B)
(+) K&"?= a[H*] + b; see eq 10a = 69 (2),b = 0.3 (0.1).

are rapid pre-equilibria established before reactions 5 and 6
proceed. This assumption is supported by the very fast absor-
bance decrease that occurs in a few milliseconds after mixing.
The apparent dissociation rate constagts’and k' 55> at low
proton concentration are proportional to'fldhowever, at higher

H* they may become [H independent. In the [H range

Rd RA investigated (0.0010.07 M) the apparent dissociation constant
Fe(L™)(HL™) shows linear behavior with respect to'fisuggesting a simple
rate law as in egs 8a and 8b. The value&ok;o and K11k'1o

=]
@]

The first protonation can occur equally at each site (A, B, and

C in Scheme 2) leading to two different intermediates K259 = Ky oKy H™1 + kg0 (8a)
Fe(HL™);* and Fe(IRA)(HLRA ™+, which may exhibit slightly obed N
different spectra. The dissociation proceeds in two steps, a rapid Kio = KK'y[H]+K 49 (8b)

protonation pre-equilibrium, egs 4 any fbllowed by a proton ) ) ) )
independent reaction in egs 5 and 6. The fast absorbance decaglétermined by a linear fit of eqs 8a and 8b to the experimental
is attributed to the rapid pre-equilibrium (egs 4 a)j dnd the ~ data (Figure 3A) ar&yikio = 678 M s andK'11K'10 = 3839
double-exponential decay is attributed to the dissociation of the M~ts

two intermediates Fe(HY);* and Fe(IRA)(HLRA+** accord- The third absorbance decay is associated with the dissociation

ing to reactions 5 and 6. 2 of the intermediate Fe(H),* through reaction 9. The rate law
The rate law associated with the reaction in Scheme 1 is RA + L RA 2+ RA

expressed for the conditions where H> [Fe(LRA)(HLRA)] Fe(HL A)Z +HT = Fe(HL™)™ + H,L knk (9)

according to eqs 7a and 7b, by assuming that reactions 4'and 4associated with reaction 9 is expressed according to experimental

KK THT data by eq 10. The dissociation rate conskantas determined
bsd _ 10KaH ] (7a) from a linear fit of eq 10 to the experimental data (Figure 3B);
PR KyHT A KyHT bsd_ |, g+ R
K= I [H T + K_o[H,L™] (10)
sobsd __ k’lOKlll[H+] . .. .
Ko = +K_io (7b) k; = 69 M~1 s71. The value ofk; is in good agreement with

1+ Kyy[H]+ K'yy[H'] dissociation rate constants observed for synthetic dihydroxamate



Fe' Dissociation from Alcaligin and Rhodotorulic Acid

0.166

0.165
0.164
0.160
g
0.162
=2 0.155
&
T 0.160
9 0.150 -
§ 0.158 4
S 0.145 1
2 01561 L
< 0180 T
0.140
— 0.135 ‘ :
0.0 05 1.0 1.52.0 600 1200
Time s Time s

Figure 4. Absorbance decay a = 470 nm (optical path 1 cm)
recorded with time during the acid dissociation of F&jit prepared
in a 1:1 Fe:[*A ratio. Conditions: [F&] = 0.1 mM, [HLR4 = 0.1

mM, [HT] = 0.25 M,| = 2.0 M (HCIO/NaCIQy), T = 25 °C.
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Figure 5. Plot of the absorbance at a quasi equilibrium position as a
function of [H'] for the dissociation of the bis Fe(IHrhodotorulic

acid complex. Data collected at 470 nm after the fast absorbance drop Fe(HL)y**

() and at the end of the first absorbance decay obsempdiomplex
prepared in a 1:1 Fe:L ratio: [Fg = 0.2 mM, [H,LR4 = 0.2 mM,
pH = 2.0,1 = 2.0 M (HCIOJ/NaClQy), T = 25 °C. The solid lines
represent fits of eqs 1) and 16 ¢) to the data. The convergence
parameters are as follows®) ere( Ry~ = 1717 (46) ereiiyz = 1440
(17) Mt cm™, Ks = 1.31 (0.2). V) €reuifaz = 1394 (419), and
€reriRAZr = 1162 (275) Mt cm™2. The values foKs andege"a+ were
fixed atKs = 1.31 andkrery+ = 1717 Mt cm 2. Values in parentheses
represent the standard error.

complexes of the same structure (Fe(}t).22 The species Fe-
(HLRA,T is a transient intermediate produced during the H
driven dissociation of the tris complex and is not present in

solution as a stable species. The transient existence of this

species is consistent with our ESI-MS study in which we found
no evidence for Fe(Ht"),".18

(B) Ligand Dissociation Kinetics of the Bis Complex Fe-
(LRA*. The complex prepared in a 1:1 F8Aratio at pH 2

shows a strong absorbance at 470 nm, characteristic of a bis

hydroxamate Fe(lll) complex. Rapid mixing of the complex
solution with HCIQ, ([H*] = 0.1-1.0 M) results in a multistep
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Figure 6. Variation of the observed dissociation rate consk§fi as
a function of [HT] for Fe(LRA* prepared in a 1:1 Fe® ratio.
Conditions: [F&'] = 0.1 mM, [L’R4 = 0.1 mM,| = 2.0 M (HCIO/
NaClQy), T= 25°C, [H] = 0.1-1.0 M. The solid line represents the
fit of eq 17 to the experimental data with convergence param&gers
= 7.98 (0.65) 5%, Ks = 1.25 (0.28) M}, k¢ = 0.7 (0.2) s*. Values
in parentheses represent the standard error.

1.0

involved and to define the dissociation equilibrium constant
associated with this process. This very fast reaction is followed
by two successive absorbance decays monitored in the time
ranges 62 s and 1500 s (Figure 4). The ligand dissociation
process results in a shift df,ax to longer wavelength (Figure
2A; spectra 4 and 5). This result is interpreted in terms of
successive dissociation reactions, as illustrated in Scheme 3.

Scheme 3
Fe(LMy  + H === Fe(LM?®" K, an
Fe(HL™)*" == Fe(HL™* ke, ks, Ks (12)
FHLMY + H === F  + HLY ki kg K (13)
e
== Fe(OH),+ HL“ Kk Ky (14)

The shift of the absorbance maximum to longer wavelength
is consistent with a bis complex dissociation to a mono
complex?225The absorbance values at the end of the very fast
absorbance drop and at the end of the first absorbance decay
are related to reactions 11 and 12 through eqs 15 and 16 by
assuming that a quasi equilibrium position is achieved whereby
the next reaction does not proceed to a significant degree.

(EFe(LRA)+ t €pe(Hirazir Ks[H +])
1+ KgH™]

Abs;, = C; (15)

Abst, =
('EFe(LRA)+ + €Fe(HLRA2+* K5[H+] + eFe(HLRf\)2+K6K5[H+])
1+ K[H '] + KgKg[H]

Co

(16)

ligand dissociation process. The absorbance change recordeaf\bséq and Ab§q are the absorbance at the quasi equilibrium

during the H-driven ligand dissociation shows a very fast

position after reactions 11 and 12, respectivély;represents

absorbance drop, followed by a double-exponential absorbancethe total [Fe(IRA)*]; and ereRy*, ereri?y?, andepeHiRA?+ are
decay (Figure 4). The amplitude of the very fast absorbance the apparent molar extinction coefficients for the bis complex

drop is [H'] dependent. The reaction involved in the very fast

step is too fast to be monitored by stopped-flow spectropho-

Fe(LRA), the protonated intermediate Fe(®4t)2*, and the mono
hydroxamate iron(lll) complex Fe(HY)2*, respectively. The

tometry. However, the amplitude of the absorbance drop with equilibrium absorbance data are presented in Figure 5 as a

respect to [H] was used to define the number of protons

function of [H*]. The total H" stoichiometry for reactions 11
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6 104M-tstandk'; = 4.48 x 10* s~ were obtained. These
results are consistent with the data in the literature for mono-
hydroxamato Fe(lll) ligand dissociation kinetits2’

a2 Ligand Dissociation Kinetics for the Alcaligin—Iron(lIl)
Complex. (A) Ligand Dissociation Kinetics of the Tris
Complex. The tris complex of alcaligiriron(lll) (Fex(LA%)s,
Fe(LA®)(HLA®)) was prepared in a 2:3 FeiE ratio at neutral

pH and 2.0 M ionic strength (NaCWMHCIO,4). The ligand

3 dissociation reaction was monitored at 425 nm by rapid mixing

" of equal volumes of the complex with an acid solution of desired
concentration. The [H range was 0.0020.07 M at 25°C and
2 T T . . constant ionic strengtth= 2.0 M (NaCIQ/HCIO,4). Absorbance
00 02 04 06 08 10 decays recorded on the time scale 6f2D s, depending on the
[H+] M [H*], show monoexponential behavior (Figure 1D). Spectral

changes recorded during this step (Figure 2B, spectra 1 and 2)
Figure 7. Variation of the observed dissociation rate conskdfif'as show isosbestic behavior consistent with a tris to bis hydroxa-
a function of [H] for Fe(LRA)* prepared in a 1:1 Fe:L ratio. mato—iron(lll) conversion.

Conditions: [Fé&] = 0.1 mM, [L*] = 0.1 mM,| = 2.0 M (HCIO/ A mechanism for the tris complex ligand dissociation that

NaClQy), T = 25°C, [H"] = 0.1-1.0 M. The solid line represents a . ) " . .
fit of the nonlinear eq 18 to the experimental data with the convergence includes both a mono- and a diron complex is shown in

parameters = 4.48 x 10 (1.4 x 10°5), b = 5.7 x 10 (5.5 x reactions 19 and 20. In considering the kinetics of ligand
1075, c=19.2 x 107*(6 x 1075). Values in parentheses represent the
standard error. Fe(L")(HL"®) + H =

AG\+ AG r
and 12, and the equilibrium constant for reactionHd= 1.31 Fe(L™)" + Hal Ko K110 (19)

M~1), were determined from eqgs 15 and 16. Equation 16 is too A .

parameter intensive to be used to determine a value for the Fe(L G)3+ HY =

equilibrium constant for reaction 12. Fe(L"9" + Fe(L"®)(HL"®)  K'j, K'_1 K10 (20)

The two absorbance decays monitored were well separated,

and the apparent dissociation rate constants related to reactionslissociation from the tris complex as FEA(HLA®) and Fe-

12, 13, and 14 were determined from a nonlinear monoexpo- (LA®)3, yet involving a single process, it is significant that a

nential fit of the absorbance decay data over the time frame upvariation in the Fe:BC ratio up to 1:5 did not affect the

to 2 s, and up to 1400 s (Figure 4). The apparent dissociation monoexponential decay observed (Figure 1D). Also, our inde-

rate constant associated with reaction 12 shows a saturatiorpendent investigation by ESI-MS shows that the major tris

profile with increasing [H] (Figure 6) in agreement with the  complex present under conditions of excess ligand is the mono-

pre-equilibrium reaction 11 shown in Scheme 3. The apparent Fe species Fe(i®)(HLA).18 An interpretation of the ligand

dissociation rate constakf™is related to the parameters in  dissociation kinetic data is to consider that the mono- and diiron

reactions 11 and 12 by eq 17. Figure 6 contains the experimentalspecies dissociate at the same rate, as illustrated by eqs 19 and
20. This assumption is reasonable, since the two metal centers

bed k6K5[H+] in the complex FgLA%); are noninteractive and protonation on
ke '=————+ks (17) either side should not affect the protonation on the second Fe
1+ KgH'] center. The global reaction will be observed as a dissociation
reaction involving one proton. The'driven ligand dissociation
data and the computed fit according to eq 17. Valuek{or reaction 19-20 exhibits an absorbance decay at 425 nm (Figure

7.98s% kg = 0.7 s*andKs = 1.25 M™* were determined in  2p) which can be analyzed as a mono-exponential decay. Figure
this manner. The value &% determined from our kinetic results 8 shows a plot of the pseudo-first-order rate constant)(in

(Ks = 1.25 M™) is in good agreement with the corresponding  excess) obtained for reaction 490 plotted as a function of
value obtained from the absorbance change at the quasiH+ A linear fit of eq 21 to the data shown in Figure 8 gives

equilibrium positions Ks = 1.31 M™%; Figure 5). K1o= 158 Ml st andk_;o~ 0.
(C) Ligand Dissociation Kinetics of the Mono Complex.
The slow final absorbance decay is associated with ligand k'285d= K 10[H+] + K _;[H 2LAG] (21)

dissociation from Fe(Ht42" by parallel paths according to

reactions 13 and 14. The apparent dissociation rate constant (B) Ligand Dissociation Kinetics of the Bis Complex Fe-
related to this slow step shows inversé Hependence at low  (LAS)*. The dissociation of Fe@®)* was monitored at 470 nm
[H*], followed by linear H dependence at higher {fH(Figure in the [H'] range 0.2-1.0 M, | = 2.0 M, and 25°C. Ligand

7). This result is associated with parallel pathways involving dissociation from the bis complex is very slow; the absorbance
reversible H dependent and Hindependent reactions 13 and decay at 470 nm recorded on a time scale of 20 h (!) is shown
14. By assuming relaxation conditions, the rate law for reactions in Figure 1E. The spectral change observed during the acid

13 and 14 is described by eq 48, dissociation showed an absorbance decrease at all wavelengths
(Figure 2B, spectra 2 and 3). The absorbance decay follows a
kobsd=a+L+C[H+] (18) double-exponential behavior with poor reproducibility. The
! [|-|+] initial absorbance of the complex is not recovered when the
pH of the dissociated complex solution is increased to the range
wherea = K1, b = K _1Ky([Fe**]iot — [Fe(HLRA2 g, € = ka. where the complex Fe(lS)* is stable. These results suggest

The solid line in Figure 7 represents a fit of eq 18 to the that Fe(l*%)* dissociation under these acidic conditions proceeds
experimental data. The values of the rate constigrts 9.2 x with ligand decomposition. We were not able to achieve a
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400 tion of the dissociation d-methylacetohydroxamic acid from
Fe(LA®)(NMAHA) (Figure 9) is a good model to support our
300 - assignment of the tris alcaligin complex dissociation to the
T species Fe(tC)(HLAC).
- Ligand dissociation from the ternary complexes FP&j(L)
200 - was studied at the same fH concentrations as the tris
é alcaligin—Fe(lll) complex and monitored at 425 nm. Absor-
100 | bance decay data as a function of time recorded during ligand
dissociation from the ternary complexes PEI(NMAHA) and
Fe(LA%)(glyHA) are shown in Figure 10. The FEB)(NMAHA)
0 complex shows the same behavior as the alcaligin complex
0.00 0‘02+ 0.04 006 0.08 prepared in a 2:3 FefC ratio. The absorbance decay is
(H] inM monoexponential, and no absorbance variation is observed on
Figure 8. Plot of the observed dissociation rate constefff®as a a longer time scale (up to 200 s) at the” ldoncentration
function of [H*] for (®) Fe(LAS)(HLAS), (v) Fe(L"%)(NMAHA), and investigated ([H] = 0.001-0.07 M; Figure 10A). The apparent

(O) Fe(L"9)(glyHA). Values are presented on two different scales as ligand dissociation rate, determined by fitting the absorbance

shown by the arrows. The total complex concentrations were 0.2 MM gecay signal by a mono-exponential function, is first-order with

a;' f—”2.0_l\/l ('l-.'CIO“/Nan“)’T_ESdC'ﬁgs'ddﬂneE:epfs_em fits of respect to [H] (Figure 8). The corresponding dissociation

t21e ollowing linear equation to the datdc,,” = a[H"] + ¢ see eq reaction is described in eq 25, and the second-order dissociation
. (©) a = 5160 (176)b = 4.68(4); @) a = 158 (1.4),b = 0.036 e oo N _

(0.04); () a = 111 (1.8),b = —0.03 (0.006). Values in parentheses 'ate constantk(io = 111 M™* s™% k-10 ~ 0) was determined

represent the standard error. by a fit of eq 21 to the data (Figure 8).

complete analysis of the dissociation kinetics of the PE(L Fe(L"%)(NMAHA) + Ht =

complex. However, an average value for the apparent dissocia- AGh+ ,

tion rate constant obtained in moderate acid concentration (0.1 Fe(l G) + HNMARHA K10 K_10 (25)

0.3 M) was calculated by fitting the total absorbance decay

according to a double-exponential equation (eq 3) where only  The ligand dissociation behavior of the tris complex P&jE

the first constant is considered by assuming that the second(glyHA)* is more complex; multistep behavior is observed as
decay is a result of ligand decomposition. The average value shown in Figure 10B. Time dependent spectra recorded using

of the apparent dissociation constant in theéJkange of 0.+ a diode array spectrophotometer are shown in Figure 11A for
0.3Misk=1 x 10°>M~1 s The dissociation rate of Fe- a 1 s time scale and Figure 11B for a 20 s time scale. Spectra
(LAS)T (reactions 22-24, Scheme 4) in Figure 11A exhibit an isosbestic point at 470 nm. This
behavior is characteristic of tris hydroxamaicon(lll) conver-
Scheme 4 sion to a bis hydroxamatairon(lll) complex. Spectra in Figure

11B do not show displacement of the absorbance maximum

Fel'% + H === Fe(HL')™ Ks (22) over 470 nm and result in a global absorbance decay. In the
Fe(HLAOM + H' === Fe'',, + KL kK ko Ky (23) [H*] range used (0.0010.05 M), alcaligin ligand decomposition
u K, is not observed. At a fixed wavelength= 425 nm) the ligand

dissociation proceeds by a fast monoexponential absorbance

Fe(HL % == Fe(OH)"",,* H,L' k'k Ky 4 decrease, followed by a double-exponential absorbance decay

(Figure 10B). Scheme 5 is consistent with our kinetic results
based on this observation is ca?titnes slower than the values for ternary Comp|ex ||gand dissociation, where the g|ycine
observed for the synthetic linear chain dihydroxamic acid bis hydroxamic acid ligand completes the coordination of the bis
hydroxamate-iron(lll) complex dissociation ks = 16 M~! alcaligin complex using two distinct binding modes, | and I,
s1).22 This enhanced bis complex kinetic stability is attributed in Figure 9. Reaction 26 involves Fé®)(glyHA)* in coordina-

to the rigidity and preorganization of the alcaligin ligand. This tion mode | and reactions 27 and 28 in coordination mode II.
effect results in a small dissociation equilibrium const&at,

as a result of enhanced back reaction kinetics; i.e., alarge  Scheme 5

(C) Ligand Dissociation Kinetics of the Ternary Com-
plexes Fe(4®)(L). Ternary complexes may be readily prepared  rei Gygyray” + H
in situ by adding a stoichiometric amount of a synthetic
monohydroxamic acid (HLN-methylacetohydroxamic acid,
NMAHA, or glycine hydroxamic acid, glyHA) to an aqueous g 46yggigtian™ === %" + HgyHA" kpkinKe (28)
solution of Fe(X%)* to produce Fe(£9)(L). The two complexes
prepared in this way give spectra characteristic of a tris
hydroxamato iron(lll) complex witimax = 425 nm ande =
2800-2500 M1 cmL. The dissociation kinetics of the glycine
hydroxamic acie-alcaligin ternary complex is of interest for
the purpose of studying the effect of the positive charge on the
tris hydroxamato complex dissociation mechanism as a model
for the ferrioxamine B siderophore (Figure 9). The tris complex
with N-methylacetohydroxamic acid also provides a good model
for comparison with Fe(®®)(HLA®) (Figure 9). It is also of
interest to study the effect of alcaligin preorganizatfo®’ in Jobsd N ,
Fe(LA9)* for stabilizing the tris complexes. A kinetic investiga- Ko = KyH ]+ K_ HglyHA] (29)

Fe(l'D"  + HgiyHA® Kok Ky (26)

Fe(L'O)(glyHA' + H® === Fe(L*")(HglyHAy)" kinka- Ko @27)

The ternary tris hydroxamate complex | dissociates in one step
according to reaction 26. The apparent dissociation rate constant
related to the dissociation reaction is determined by fitting the
first absorbance decay by a monoexponential equation. First-
order dependence on f{is observed (Figure 8). The apparent
dissociation rate is related to the proton concentration through
eq 29; the rate constaktp = 5160 M! s™! was determined
from a linear fit of eq 29 to the experimental data in Figure 8.
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Figure 9. Proposed structures for the tris Fe(lll) complex of alcaligin, ternary alcaligin/glycine hydroxamic acid complexes with different bonding

Fe(L4%)HL*%)

modes | and Il, ternary alcaligiNfmethylacetohydroxamic acid complex, and ferrioxamine B.
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Figure 10. Absorbance decayl(= 425 nm; optical path 1 cm)
recorded during the Hdriven ligand dissociation of the alcaligin ternary
complexes with NMAHA (Fe(E®)(NMAHA)) (A) and glycine hy-
droxamic acid (Fe(t®)(glyHA)) (B). Reactions initiated by a [H jump
from 10%5to 0.02 M. Conditions: [H] 0.02 M, | = 2.0 M(HCIOy/
NaClQ,), T = 25°C. (A): [Fe*'] = 0.1 mM, [H,LA] = 0.1 mM,
[NMAHA] = 0.1 mM. (B): [Fét] = 0.05 mM, [HLAS] = 0.05 mM,
[glyHA] = 0.05 mM.
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Figure 11. Time dependent spectra recordedmael s (A) and 20 s
(B) time scale during the Hdriven ligand dissociation from the ternary
alcaligin—glycine hydroxamic acid complex FE{g)(glyHA). Condi-
tions: [H'] = 0.003 M, optical path 1 cm,= 2.0 M (HCIO/NaClQy),
[Fe**] = 0.1 mM, [H,LAC] = 0.1 mM, [glyHA] = 0.1 mM.

The second and third steps observed in the ligand dissociationA fit of eq 30 to the data yieldk;; = 32.9 M1 st andk_;; =

from Fe(LA%)(glyHA) ™ are attributed to the dissociation of the
tris complex Fe(£€)(glyHA;)* according to egs 27 and 28.

0.16 s1, and a fit of eq 31 yield&;, = 0.024 s, andK; =
186 M1 (Figure 12). The value oky; (186 M™1) from eq 31

The first step is attributed to protonation of the coordinated is in good agreement with the value computed@as-11 (205
amine nitrogen group followed by proton independent dissocia- M™1).

tion of the complex in the next step. The apparent dissociation Values for the microscopic rate and equilibrium constants
constants for reactions 27 and 28 were determined from for individual steps in the ligand dissociation reactions of the
numerical fitting of the absorbance decay by a double- Fe(lll) complexes of rhodotorulic acid and alcaligin, and ternary
exponential equation (eq 3). A plot &f; andk;, with respect complexes involvindN-methylacetohydroxamic acid and glycine
to H* shows first-order dependence kf; and a saturation  hydroxamic acid, are listed in Table 1.

profile for ko (Figure 12). The apparent dissociation rate
constantsk$®® and k25°¢ are associated with the microscopic

rate constants for reactions 27 and 28 through eqgs 30 and 31. Alcaligin Complexes.The recent X-ray crystal structure of
the alcaligin-iron(lll) complex isolated from a solution contain-

ing Fe:l*Cin a 2:3 ratio shows a singly bridged specie&{):

Discussion

KIP=kyy[HT] + k_ 30
1 ulH] 1 (30) Fe(LA9)Fe(LA9).16 Recent investigation of the alcaligiiron(l11)
k12K11[H+] complex system by ESI-MS at variable Fé9.ratios showed
k‘l’ng= + k_, [HglyHA] (32) the presence of the mono-Fe complex PEJHLAC) in addition

Bhch A
1+KyH'] to Fe(LA%);.18 From our current investigation, we did not
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Figure 12. Variation of the observed dissociation rate constants for
the second (eq 2% v) and third (eq 28} @) steps in the
dissociation of the ternary complex Féf)(glyHA) as a function of
[H]. Conditions: | = 2.0 M (HCIO/NaClQy), [F€*T] = 0.1 mM, [LA9]

= 0.1 mM, [glyHA] = 0.1 mM, T = 25 °C. Values are presented on
two different scales as shown by the arrows. Solid lines represent fits
of the linear eq 30¥) k*= a[H*] + b, a = 32.9 (1.5),b = 0.16
(0.2), and nonlinear eq 318) K= a[H*)/(1 + b[H']) + ¢, a =

5.53 (0.46)b = 186 (16.5),c = 0.006 (6x 10%), to the data. Values

in parentheses represent the standard error.

Table 1. Kinetic Parameters for Proton-Driven Dissociation
Reaction of Tris, Bis, and Mono Iron(lll) Complexes of
Rhodotorulic Acid and Alcaligin, and Ternary Complexes
Containing Alcaligin

ligand reaction
dissociation no. parameter valde
Rhodotorulic Acid Complexes
tris — bis 4and5 KpkioM-ts?t 678
4 and6 K'ikidM~ts?t 3839
bis— mono 9 ki/M~1st 69
11 Ks/M~1 1.3% (1.25F
12 Ke 11.4
12 ke/s™t 7.98
12 kg/s™t 0.7
mono— aquo 13 k/M~1st 9.2x 10
14 Ki/st 4.48x 104
Alcaligin Complexes
tris — bis 19/20 Ki/Mis? 158
bis— aquo 22-24  Ksky/M~ist 1x105
Ternary Alcaligin Complexes
tris — bis
NMAHA dissociation 25 Kig/M™1s?t 111
glyHA dissociation 26 Kig/M1st 5160
27 k]_l/Mil s1 329
27 kfllls‘l 0.16
27 Ki/M™1 186° (205)
28 kios™t 0.024

aUncertainties are defined in figure captioAs/alue obtained from
absorbance change at the quasi equilibrium position; Figut¥/alue
obtained from kinetic results according to eq 17 and Figure\@lue
calculated fromKgs = ke/k—¢. ©Value obtained from kinetic results.
fValue calculated from the ratiky/k—11.

observe any difference in the dissociation kinetics obtained at

Inorganic Chemistry, Vol. 39, No. 25, 2006599

tive and equivalent, and consequently the dissociation kinetics
are the same as for the mono-Fe species #(HLA®) (Figure
9).

A structural representation of the overall ligand dissociation
scheme for the alcalginFe(lll) system is shown in Scheme 6.
The dissociation of the tris complex of alcaligin proceeds in a
single path, and the only bis complex resulting from ligand
dissociation from Fe(®®)(HLA®) is Fe(LA®)™. This is undoubt-
edly due to the high level of preorganization of the alcaligin
ligand and the enhanced stability of the )™ species>-16
Due to the cyclic structure of the preorganized alcaligin ligand,
in the protonated species the protonated group remains close to
the metal center. As was previously discussed, the limiting step
in the iron(lll)—hydroxamate complex dissociation is governed
by the displacement of the carbonyl gralfBy maintaining
the dissociated site in close proximity to the metal as a result
of this structural rigidity, the recombination reaction is enhanced,
leading to an extremely stable complex. Under our conditions
the dissociation of the tris complex should proceed unambigu-
ously through the species Fé®)™, as illustrated in the proposed
mechanism (Scheme 6). The ligand dissociation rate constant
for the ternary complex Fe(C)(NMAHA) (Ko = 111 M?
s71) is in good agreement with this interpretation.

The dissociation kinetics of the ternary complex with glycine
hydroxamic acid, Fe(®®)(glyHA)™, were investigated in part
as a model for ferrioxamine B. The free side chain for bonding
mode | (Fe(I2%)(glyHA)™; Figure 9) has a positive charge and
represents a good mimic to examine whether or not a positive
charge has any effect on ligand dissociation from the complex.
The two distinct ligand dissociation reactions observed for the
glycine hydroxamic acid ternary complex are attributed to two
complexes of different glycine hydroxamic acid binding modes
(I and II: Figure 9). The tris hydroxamate binding mode (I)
dissociates in the presence of an increasing][id one step
leading to a first-order proton dependent reaction (eq 26) with
a rate constarit1o= 5161 M* s~%. The tris— bis dissociaton
kinetics are more rapid for FetB)(glyHA))* than for Fe(l2%)-
(NMAHA) due to the previously documented reduced dissocia-
tion lability for N—CHjs relative to N-H hydroxamate ligand®&:2”
However, comparison of Feff)(glyHA,)" dissociation kinetics
with other N—H hydroxamate ligand dissociation reactions
shows that the positive charge on the side chain has a negligible
effect on the dissociation rate. The kinetics of acetohydroxamic
acid (AHA) dissociation from a ternary complex is illustrated
in reaction 32, where Lis a synthetic dihydroxamate ligand

Fe(L®)(AHA) + HF =

Fe(l®)" + HAHA  K'y, K10 K10 (32)
with an eight-carbon chain between hydroxamate groups
({CH3N(O")C(O) 2(CHy)g; (L8)27) and AHA is the acetohy-
droxamate anion (C¥C(O)N(O)H). The rate constant for
reaction 32 ik'10= 4.5 x 10® M~1s 122 This is also consistent

a 2:3 Fe:lXC ratio and those obtained in the presence of excess jith primary (N—H) hydroxamic acid dissociation from other

ligand (up to Fe:B¢ = 1:5). We attribute the observed kinetics
to the dissociation of Fe@®)(HLA®) according to eq 19 with a
rate constanit'yo = 158 M1 s71. This assignment is supported
by the ligand dissociation kinetics of the ternary complex Fe-
(LA9)(NMAHA) according to eq 25 with a second-order rate
constantk';p = 111 M1 s71, as well as the dissociation of
NMAHA from Fe(L8)(NMAHA) (H L8 = HsCN(OH)CEO0)-
(CHy)g(C=0O)N(OH)CH;; k = 316 M1 s71).22 These kinetic

uncharged tris hydroxamatéron(lll) complexes?>33The sec-
ond reaction arising from the other glycine hydroxamic acid
coordination mode 1l (Figure 9) shows a saturation profile with
respect to [H] and is attributed to two successive reactions
(egs 27 and 28), where the first reaction is tependent arising
from protonation and ring opening, followed by a secontd H
independent step due to ligand dissociation from the complex.

results are also consistent with the presence of the tris complex(33) Birug M.; Bradic, Z.; Kijundzic, N.; Pribanic, M.; Wilkins, R. Gnorg.

(LAG)Fe(LAS)Fe(LAC) where the two Fe centers are noninterac-

Chem 1985 24, 3980.
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Scheme 6. Ligand Dissociation Mechanism for the Fe(lll) Alcaligin Complekes
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@ Numbers in parentheses correspond to reaction numbers in the text.
The bis complex of the alcaligiriron(lll) system, Fe(£%)T, (HLRA).28 For solutions prepared in a 1:1 F&4ratio, the main

is stable over a wide range of {iHas a result of ligand rigidity structure was the monometallic species F&(L18In the present
and preorganization, as was discussed in the previous sectionkinetic investigation of the rhodotorulic acid complex in a 1:1
Only partial dissociation of Fe(t©)* is observed, even at high  Fe:LRAratio, our results support the ESI-MS investigation and
[HT] where the ligand undergoes slow decomposition. The confirm the stoichiometry of the bis complex as P& (as
dissociation rate determined from considering the average valuesopposed to Fe®4),Fe"). Based on our previous kinetic
of the experiment carried out at moderate [Hyields a investigation of a number of Fe(lll) complexes with linear
dissociation rate constakt= Ksk'; =1 x 107> M~1s71, This synthetic dihydroxamic acid ligands{ GH3N(OH)C(O) ,-
value is out of the range observed for bis complex dissociation { CHz},, L"H, wheren = 2—8), the dissociation kinetics of a
and reflects the extreme stability of the F&F™ complex doubly ligand bridged species ((8).Fe(L"),Fe(H0)2") ex-
(Scheme 6). hibits second-order Hdependence with a strong rate depen-
Rhodotorulic Acid Complexes. Previous thermodynamic  dence on the FeFe distancé?26 The dissociation of the
investigation$ of the iron(lll)—rhodotorulic acid system were rhodotorulic acid-iron(lll) complex prepared in a 1:1 Fet

interpreted in terms of the formation of £ERA3, which was ratio shows overall first-order dependence orfJHonsistent
assumed to exhibit a triply bridged structure, based on an X-ray with a mono-Fe structure, FEt)™. This result is similar to
crystal structure of a model synthetic comp!éxn our ESI- the dissociation kinetics of the synthetic linear analogues

MS investigation of the structure of the rhodotorulic acid adopting a mono-Fe binding mode, F&(L2226 Under the
complexes, solutions prepared in a 2:3 Féitatio and in excess  conditions of a 2:3 Fe® ratio the dissociation kinetics are
ligand displayed mainly the monometallic species FE(L again inconsistent with a ligand-bridged structure, since no
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Scheme 7. Ligand Dissociation Mechanism for the Fe(lll) Rhodotorulic Acid Compléxes
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second-order dependence onf[ioncentration was observed,
as we would expect from comparison with the dissociation
kinetics of the linear analogues adopting a triply bridged di-Fe
structure?? Ligand dissociation kinetics results for the tris
complex of rhodotorulic acidiron(lll) are consistent with the
stoichiometry Fe(BA(HLRA), which is supported by our ESI-
MS results'®

A structural representation of the overall ligand dissociation
scheme for the rhodotorulic acidre(lll) system is shown in
Scheme 7. The complex FEW(HLRA (Scheme 2) adopts a
monometallic tris hydroxamate binding mode with three equiva-
lent hydroxamate units. As the pH is lowered to the condition
where the bis complex is more stable, the tris complex

to the bis complex, Fe{?)*. The dissociation rate is apparently
affected by the structure of the intermediate species, with ring
opening via reactions 4 and 5 proceeding at a slower rate than
ligand dissociation via reactionsdnd 6 (Table 1). In both cases
the overall reaction result is a tris to bis complex conversion.
The reason for the rate constant difference may be due to the
hydrophobic barrier afforded the entering It sites A and B
(Scheme 2) by the closed dihydroxamate ring. The same effect
is observed for “half-coordinated” synthetic linear dihydroxamic
acid complexes of Fe(lll), where complexes of the structure
Fe(HL"), (kyo = 65 M~1 s71) dissociate with much higher rates
compared to complexes adopting a closed-ring structure, Fe-
(L") (kic= 0.38 M1 s%) (H.L" represents the synthetic

dissociates to the bis complex. The first protonation can occur tetradentate dihydroxamate ligancsGN(OH)CEO)(CHy)p-

with equal probability on any of the three hydroxamate units
binding the Fe(lll) center, as illustrated in Scheme 2. Rapid
protonation of the complex on sites A or B lead to the same
intermediate, Fe(H®A),1*, that dissociates in a Hindependent
step to the bis complex, Fe(H™,. When protonation occurs
on site C, the tris complex undergoes 8*ligand dissociaton

C(=0)N(OH)CHs, n= 2—8).22This is observed in the extreme
case for the alcaligin system where protonation and dissociation
of the hydroxamate group from the tetracoordinated alcaligin
ring of the tris complex Fe(t®)(HLA®) is not even observed
(Scheme 6).

The ligand dissociation reaction from the bis complex of Fe-
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(1) —rhodotorulic acid (Fe(RB)* and Fe(HIRA,*) was inves-
tigated under two sets of conditions. In one, the bis complex
was prepared in a 1:1 Féf ratio and, according to our
independent ESI-MS analysi&has the mono-Fe structure Fe-
(LRA*. Kinetic data under 1:1 Fe*2 conditions support the
existence of Fe(®)* with no evidence for the species Fe-
(HLRA,*. Under the other set of conditions, starting from the
fully coordinated tris complex at a 2:3 Fé&4ratio, a dissocia-
tion step attributed to the species Fe(4)." is observed. These

Boukhalfa et al.

available ligand dissociation paths and intermediates, as well
as reactivities, for the Fe(lll) complexes of these two bacterial
Fe carriers. In contrast to the hexadentate siderophores, the
tetradentate siderophores as illustrated here by alcaligin and
rhodotorulic acid, and elsewhere by synthetic moéelsan
undergo ligand dissociation by multiple paths providing inter-
mediates of different structures, depending on environmental
conditions (pH, Fe:L ratio). The existence of these multiple paths
may facilitate cellular Fe release by catalytic processes (e.g.,

results support the dual path dissociation proposed for the tristernary complex formation) and may be justification for the
rhodotorulic acid complex (Scheme 7). The dissociation schemeposynthesis of tetradentate siderophores, although their relative

for the bis complex incorporates both structures (Fe{ihi
and Fe(IRY1); however, only the path associated with the Fe-
(LRA* species is operative when starting from the complex
prepared in a 1:1 Fef ratio.

The first protonation step at FE)™ is fast, leading to an

intermediate species that undergoes decomposition in two steps:

The second step in the dissociation of the complex E(L
(reaction 12) is a H independent reaction which dissociates
with a larger rate constanks = 7.9 s%, than for synthetic
analogued?26The corresponding reaction for ligand dissociation
from Fe(L") with synthetic linear dihydroxamate complexes of
similar structure yields the rate constakgs= 0.13 s (H,L®)
andks = 0.38 s (H,L7)?6 wheren is the carbon chain length

molar concentration must be higher than for hexadentate
siderophores in order to coordinatively saturate the Fe.

The tris Fe(lll) complexes of alcaligin and rhodotorulic acid
both behave as though theirJeg species adopt a monobridged
structure, (K)Fe(LX)Fe(LX) (X = RA, AG). This is consistent
with the crystal structure for the alcaligin compiéxbut in
contrast with the sometimes-inferred triply bridged helicate
structure for the rhodotorulic acid complex based on a X-ray
crystal structure of a synthetic dihydroxamate complex, Fe-
(L)sFel® We find no kinetic evidence for FeFe interaction in
these bimetallic siderophore complexes. This is consistent with
an examination of the literature related to siderophore chemistry

between the two hydroxamate units. The increase in the Which reveals that, among the wide variety of complexes

dissociation rate constak§ may be due to higher strain in the
chelation ring for Fe(BA* compared to the linear dihydrox-
amate ligand Fe@®)* and Fe(l)*.

The slow step observed in the fHrange of 0.1-1.0 M for
the rhodoturolic acid complex is a common dissociation step

studied, none of them display a bimetallic structure with

interacting metal centers. Interacting bimetallic centers may be
expected to exhibit significant reactivity, as is demonstrated by
the importance of diiron complexes in biological systems. Since
the role of siderophore complexes is restricted in nature to Fe

observed for monohydroxamate complexes. The process istransport and storage, the biosynthetic design of these natural

composed of parallel paths involving hexaaqua iron, Okt
and the monohydroxo species Fe(s(OH)2™, according to a
relaxation mechanism as discussed previotfsis.

Conclusions

The influence of a high level of ligand preorganization for
alcaligin, on one hand, and no level of preorganization for
rhodotorulic acid, on the other hand, clearly influences the

chelators is to prevent the formation of reactive diiron species.
This fact should be considered in the design of synthetic

siderophore mimics to prevent toxicity that can result from the

formation of reactive oxygen species catalyzed by diiron species,
for example.
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