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The solution spectra of Fe(III) complexes with aspartic acid (ASX) and glutamic acid (GLX) monohydrox-
amates were analyzed in the UV–Vis region for different complex species using STAR-94 programs in
the pH range � 1.0–4.0, at ionic strength (I) of 0.15M NaCl and T¼ 25�C. Several monomeric complex
species were obtained including some mixed hydroxo species. The reaction kinetics of the Fe(III)-(ASX or
GLX) systems were carried out at I¼ 0.15M NaCl and T¼ 25�C in the time range of the stopped–flow
method. The pseudofirst–order rate constants were pH as well as TL (analytic concentration of ASX or
GLX) dependent, i.e.

kobs,i¼AiþBi TL (at a given pHi)

where Ai and Bi are pH-dependent parameters.

Keywords: Hydroxamates; Fe(III); Formation constants; Rate constants

INTRODUCTION

The essentiality of Fe(III) to living systems has been known for a long time [1]. A vari-
ety of means for acquisition, uptake, and storage of the element have been developed by
living cells to ensure a supply of this essential element [2]. Since Fe(III) is usually found
in polymeric form in solutions of pH’s>1, solubilization of insoluble iron polymers is
the first step in iron assimilation. The two methods most commonly utilized by living
cells for solubilization of iron are reduction and chelation. Siderophores [3,4] are
among many chelators which facilitate the acquisition of Fe(III) from the cell environ-
ment. They vary greatly in structure, but have some common features such as catechol
or hydroxamate groups as Fe(III) binding sites. The cellular acquisition or release of
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Fe(III) depends to an extent on the thermodynamic and kinetic properties of the
complex formation with the siderophores. As a model of hydroxamate siderophores
of the multidentate nature, aspartic-�-hydroxamate and glutamic-�-hydroxamate
have been selected to study their reaction kinetics and equilibria with Fe(III).

EXPERIMENTAL

Stock solutions of monohydroxamates (99% Sigma) were prepared in acidic media of
equal concentration (0.01M). Stock solutions of known concentration of ferric chloride
(E-Merck) (0.10M) were also prepared in acidic media of equal HCl concentration or
more. The concentration of Fe(III) was checked complexometrically by standard
EDTA titration using salicylate as indicator in acidic media [5]. Potentiometric titra-
tions of the ligands were done by using a Metrohm automatic titrator model 716
DMS Titrino with 727 titrator stand provided by Metrohm glass and Ag/AgCl refer-
ence electrodes. The titrator was calibrated by three standard buffers (4.00, 7.00,
10.00) as well as by titrating standard HCl solution (0.10M) against standard carbonate
free NaOH (0.097M) at I¼ 0.15M NaCl and T¼ (25� 0.01)�C. The calculated pH
values were different by only � 0.016 pH unit from the measured values. The titration
experiments were run under humidified pure nitrogen (99.999%) in the pH range
� 2–11, I¼ 0.15M NaCl, and at T¼ (25� 0.01)�C using always freshly prepared
solutions of the ligands, especially for GLX. The titrant was carbonate free NaOH in
0.15M NaCl. The equilibration period did not exceed 5 s after the addition of
0.04mL increments of the titrant. However, readings were taken 40 s after addition
of the titrant increments.

The absorption spectra were taken using a Cary 500 spectrophotometer in the wave-
length range 250–650 nm at different values of pH and various initial concentrations of
Fe(III) (TFe) and ligands (TL) such that TL was at least ten times TFe. The TFe did not
exceed 4� 10�4M.

Kinetic measurements were done using an Applied Photophysics stopped-flow
sequential spectrometer model DX-17mV provided with a 15–109 spectrakinetic mono-
chromator. The concentrations of the ligands were in the range of (1–6)� 10�3M and
that of Fe(III) was kept constant at 1� 10�4M. There was no indication of precipita-
tion in the pH ranges up to pH� 4.0. The temperature was kept constant at
(25� 0.1)�C and the ionic strength (I) was adjusted to 0.15M NaCl. Pseudo first-
order conditions were maintained in the kinetic study as previously described [6].

The protonation constants of the ligands were calculated by the program
SUPERQUAD as previously reported [7]. The obtained values are listed in Table I.
The formation constants as well as the stoichiometries of Fe(III)-ASX or Fe(III)-
GLX systems were calculated by STAR-94 programs [8].

RESULTS AND DISCUSSION

Fe(III) reacts with the ligands ASX or GLX in acidic media producing strong red col-
oration. The absorption spectra in the 250–650 nm wavelength range and in the pH
range � 1.0–� 4.0, are shown in Fig. 1(a,b). As the pH increased, there is a gradual
decrease in absorbance at � 325 nm, where free Fe(III) absorbs. At the same time,
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a new broad band at �� 500 nm appeared associated with appreciable increase in
absorbance and slight blue shift of the wavelength maxima as pH was increased.
These findings were appropriate to determine the number of the absorbing species
and their formation constants using STAR-94 programs.

Table I, lists the protonation constants of the hydroxamates. Small differences in
the protonation constants of ASX and GLX were observed. The structure of both
hydroxamates differ only by an extra CH2-group attached to the stereogenic carbon
in the case of glutamate-�-hydroxamate. The calculated formation constants of the
Fe(III)-ASX and Fe(III)-GLX complexes and their stoichiometries are also reported
in Table I. The pH range used was � 1.0–3.0 and the wavelength range was
355–600 nm. The molar absorptivity of free aquated Fe(III) species, mainly Fe3þ, in
the wavelength range used was taken into consideration in the calculation of the forma-
tion constants of the complex species. In addition, the protonation constants of the
ligands were kept constant while refining the formation constants of the complex
species. On the other hand the hydrolysis constants of Fe(III) were also kept constant
in the refinement based on the fact that the TL � TFe, avoiding the formation of appre-
ciable concentration of Fe(III) hydrolyzed species.

TABLE I Summary of the overall formation constants encountered in the
Fe(III)-ASX and GLX systems, where p, q, and r are the stoichiometric
coefficients for the species (ASX or GLX)p Feq Hr

System Stoichiometric
coefficients

Log �pqr

(��)
pH range

used
Reported
valuese

p q r

ASX-Ha 1 0 1 9.14� 0.01 � 2.0–10.5 9.37
1 0 2 16.51� 0.01 17.52
1 0 3 19.83� 0.01 19.70

GLX-Ha 1 0 1 9.73� 0.02 9.50
1 0 2 18.28� 0.02 18.03
1 0 3 20.55� 0.02 20.26

Fe-OHf 0 1 � 1 � 3.05
0 1 � 2 � 6.31
0 2 � 2 � 2.79
0 0 � 1 13.76

Fe(III)-ASXb 1 1 0 21.06� 0.16c � 1.0–3.0 –
2 1 0 37.93� 0.03 24.25a

1 1 1 22.42� 0.18 18.82
2 1 2 42.03� 0.04 36.35
2 1 � 1 34.88� 0.05 15.32
3 1 � 2 45.36� 0.05 –
2 1 1 – 31.63

Fe(III)-GLXb 1 1 0 21.91� 0.02d –
1 1 1 23.06� 0.03 18.92a

2 1 1 41.02� 0.06 31.70
1 1 � 2 17.78� 0.08 –
2 1 � 2 31.39� 0.07 –
3 1 � 2 45.07� 0.03 –
2 1 � 1 – 14.70
2 1 0 – 24.10
2 1 2 – 36.65

aPot.: potentiometric; bSpec.: spectrophotometric; cResidual mean of absorbance
values¼ 0.0003; Chi-squared test¼ 36.6; Hamilton R-factor¼ 1.26; dResidual mean of
absorbance values¼ 0.0004; Chi-squared test¼ 83.3; Hamilton R-factor¼ 1.24; eRef. 9;
fRef. 12.
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FIGURE 1 (a) Representative spectra of Fe(III)-ASX system; (b) Representative spectra of Fe(III)-GLX
system.
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Equilibrium Studies

Several models were used to simulate the equilibria using the STAR-94 program. The
model which was selected complies with the lowest values of the statistical parameters
provided with the program. The selection was also based on the chemical nature of the
metal and the ligands and on the reliability of the complex species. In addition, the
calculated spectra were found to be compatible with the experimental spectra.

The discrepancies between the values reported in this work and the literature values
[9] may be attributed to the experimental method used. The literature values were from
potentiometric methods where Fe(III) hydrolysis is prominent; there was no mention of
the effect of Fe(III) hydrolysis on the results in this report. In spectrophotometric
methods of analysis excess ligand concentration to that of the metal is not a hindering
factor as in the potentiometric methods. In addition, it has been reported [10] that
hydroxamates are susceptible to deterioration in acidic solution by time. There is no
mention in the literature report about the effect of time on hydroxamates in solution.
In the current work freshly prepared solutions were always used.

Figure 2(a,b) shows the species distribution curves of the complex species in both
systems as a function of pH. The ASX system is not completely comparable with the
GLX system in the composition of the complex species which may indicate different
ligating properties of ASX and GLX. Both ligands have the same ligating sites, the oxy-
gens of the carboxylate group, the nitrogen of the amino group, and both nitrogen and
oxygen atoms of the hydroxamate group. Being a hard metal ion, Fe(III) is ligated
through the oxygen sites of these ligands forming different possibilities in which the
ligands may act as bidentate (using the two oxygen sites of the hydroxamate group)
or tridentate ligands utilizing, in addition, the oxygen sites of the hydroxamate group
and carboxylate group. However, ASX exhibits more steric hinderance than GLX,
when behaving as a tridentate ligand.

The ratios {ASX or GLX :Fe(III) : Hþ} of (1 : 1 :� 2), (2 : 1 :� 2), (2 : 1 :� 1), and
(3 : 1 :� 2) complex species which are found to exist at pH values >1.5 in both systems
may be explained as either due to the formation of hydroxo species of the complex or
due to the deprotonation of NH proton of the hydroxamate group which is usually
undissociable in acidic media (i.e. pK probably >13.00). The formation of the hydroxo
species can be predicted on the basis that Fe(III) can be hydrolyzed in acidic media
specially at pH values >1.0. However, this argument is against the aforementioned
experimental condition where excess ligand was used. The other suggestion is feasible,
due to the high polarizing effect of Fe(III), the ionization of NH proton of the hydro-
xamate group in acidic medium is possible. This, of course, will lead to a greater
thermodynamic stability. Both systems show the formation of (3 : 1 :� 2) complex
species which is peculiar to the octahedral structure of Fe(III) if the tridentate nature
of the ligands is assumed. However, to keep the octahedral properties of Fe(III)
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complexes, one may visualize that the ligands are mainly bidentate in nature with
further loss of a proton from the NH moiety of the hydroxamate group.

KINETIC STUDY

Kinetic of Fe(III)-ASX System

The interaction of Fe(III) with ASX under pseudo first-order reaction conditions
ðTASX � TFeÞ showed one rate step in the millisecond range at 450 nm. The rate step

FIGURE 2 (a) STAR-94 distribution diagram of the species in the Fe(III)-ASX system; (b) STAR-94
distribution diagram of the species in the Fe(III)-GLX system.
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was attributed to the formation of Fe(III) complexes with ASX. In this study the con-
centration of Fe(III) was kept at 1.0� 10�4M. Figure 3(a,b) shows the dependence of
the observed rate constants kobs, on both pH and TASX. They were first decreased as pH
increased from � 1.0 up to � 1.4 (depending on the value of TASX) and then increased
as the pH increased from � 1.4–� 2.3. At a given pH the observed rate constant is
linear function of TASX, Fig. 4(a,b). The two sets of curves have significant slopes
and intercepts in the pH range � 1.0–� 2.3, Table II. Both sets of curves could be repre-
sented empirically by the following equation:

kobs, i ¼ Ai þ BiTASX ðat pHiÞ ð1Þ

Where Ai and Bi are the intercepts and slopes of the linear plots shown in Fig. 4(a,b).
Since the main species of Fe(III) are the aquated species of Fe3þ, FeOH 2þ, and
Fe(OH)2

þ, and those of ASX are H3ASXþ and H2ASX in the pH range used,
one can derive the mechanism of the reactions of Fe(III) with ASX described in
Scheme 1 where the contribution of Fe(OH)2

þ reaction to the mechanism is ignored
since the reactions started at pH values <1.0.

Scheme 1

(a) Fe3þþH3ASXþ�! �FeHASX2þ
þ 2Hþ k1, k�1

(b) FeOH2þ
þH3ASXþ�! �FeHASX2þ

þH2OþHþ k2, k�2

 
�
�
! þOH�1

 
�
�
!K1h

(c) Fe3þþH2ASX�! �FeHASX2þ
þHþ k3, k�3

(d) FeOH2þ
þH2ASX�! �FeHASX2þ

þH2O k4, k�4

 
�
�
!KHC

(e) Fe3þþH2ASX�! �FeASXþþ 2Hþ k5, k�5

 
�
�
!K1OH

(f) FeOH2þ
þH2ASX�! �FeASXþþH2OþHþ k6, k�6

Where ki and k�i are the forward and backward rate constants.
At a given pH, the rate equation can be expressed as follows (refer to the appendix

for more details) where some of the charges are omitted for simplicity:

dððFeASXÞ=dtÞ ¼ TASXðTFeQ4=Q3Q2Þ � ðFeASX ÞððTASXQ2Q4=Q3ÞQ5Þ þQ2Þ ð2Þ

where:

TASX 

X

i¼0�3

½ASXHi�,

TFe ¼
X

i¼0,1, j¼0,1, ,k¼0,1

½FeðOHÞiðASXÞjðH
þÞk�,

Q1 ¼ ðH
þÞ

3
þK1hðH

þ
Þ
2
þK1hK2hðH

þÞ

þK1hK2hK3h 
 ðH
þÞ

3
þK1hðH

þÞ
2
fin the pH range usedg

((where K1h, K2h and K3h are the deprotonation constants of (H3ASX) species (pK1¼

3.32, pK2¼ 7.37 and pK3¼ 9.14)), Q2¼ (1þKHC(H
þ)) (where KHC is the protonation
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FIGURE 3 (a) The variation of kobs as function of pH at a fixed wavelength (¼ 450nm), constant I (0.15M
NaCl) and constant T(¼ 25�C) at pH values <1.5 and different TASX for Fe(III)-ASX system; (b) The
variation of kobs as function of pH at a fixed wavelength (¼ 450 nm), constant I(0.15M NaCl) and constant
T(¼ 25�C) at pH values >1.5 and different TASX for Fe(III)-ASX system.

940 N.M. SHUAIB et al.

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
0
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 4 (a) The variation of the observed rate constants (kobs) as function of TASX at interpolated pH
values <1.5; (b) The variation of the observed rate constants (kobs) as function of TASX at interpolated pH
values >1.5.
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constant of (FeASX) {¼ (FeHASX)/(FeASX)(Hþ)}, Q3¼ (1þK1OH/(H
þ)) (where

K1OH¼ (FeOH)(Hþ)/(Fe3þ)) is the hydrolysis constant of Fe3þ), Q4¼ k1�0þ
k2K1OH�0/(H

þ)þ k3�1þ k4K1OH�1/(H
þ)þ k5�1þ k6K1OH�1/(H

þ) (where �0¼ (Hþ)3/
Q1 and �1¼K1h(H

þ)2/Q1 and �0/�1¼ (Hþ)/K1h) and Q5¼ k�1KHC(H
þ)3þ

k�2KHC(H
þ)2þ k�3KHC(H

þ)2þ k�4KHCþ k�5(H
þ)2þ k�6(H

þ)
The integrated form of Eq. (2) is:

ln ððFeASXÞ1=ððFeASXÞ1 � ðFeASXÞtÞÞ ¼ kt ð3Þ

where (FeASX)1 and (FeASX)t are the concentration of the complex species at infinite
time and time t (both are directly proportional to the absorbance at a given wavelength)
and k is expressed as follows:

k ¼ ðQ5=Q2Þ þ TASXðQ4=Q3Þ ð4Þ

Equation (1) can be correlated with Eq. (4) such that:

A ¼ Q5=Q2 ð5Þ

and

B ¼ Q4=Q3 ð6Þ

Rearrangement of Eq. (5) such that, AQ2¼Q5 and plotting AiQ2 versus (H)i yielded
a linear relationship with a significant slope (¼ 83), which corresponds to k�6, and
a negative intercept. This situation indicates that at pH values � 2.0 the backward
rate reactions are practically nonexistent; these rates are much less dependent on pH.
The aforementioned explanation, however, ignored the experimental errors encoun-
tered in evaluating the intercept values since they accumulated all the errors of the
experimental data of the observed rate constants at various hydrogen ion concentra-
tions. In addition, there is a possibility that the reaction mechanism described
in Scheme 1, could include the formation of Fe(ASX)2(H)2 shown in the distribution

TABLE II The values of A and B as a function of [Hþ] for Fe(III)-ASX system

pHa [Hþ]� 102M Ai

(s�1)
[Hþ]�1

(M�1)
Bi� 10�3

(s�1M�1)
BQ3� 10�3 Q2 Ai�Q2 (BQ3((H)þK1h)/

(H)�1)10�2

1.10 7.94 1.70 12.6 0.94 0.95 3.63 6.170 9.56
1.15 7.08 1.58 14.1 1.00 1.01 3.34 5.280 10.17
1.20 6.31 1.50 15.8 1.03 1.04 3.09 4.640 10.48
1.30 5.01 1.33 20.0 1.10 1.12 2.65 3.520 11.31
1.40 3.98 1.19 25.1 1.16 1.19 2.32 2.760 12.04
1.50 3.16 1.03 31.6 1.29 1.33 2.05 2.110 13.50
1.60 2.51 0.84 39.8 1.64 1.70 1.83 1.540 17.32
1.70 2.00 0.70 50.1 2.10 2.19 1.66 1.160 22.42
1.80 1.58 0.50 63.1 2.75 2.90 1.52 0.760 29.88
1.90 1.26 0.25 79.4 3.63 3.92 1.42 0.360 40.69
2.00 1.00 0.10 100.0 4.46 4.86 1.33 0.133 50.92
2.10 0.79 0.09 125.9 5.30 5.89 1.26 0.113 62.46
2.20 0.63 0.08 158.5 6.22 7.10 1.21 0.097 76.39
2.30 0.50 0.07 200.0 7.26 8.55 1.17 0.082 93.68

aInterpolated values of pH from Fig. 4(a,b).
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diagram of Fe(III) complex species at pH values greater than 1.5, Fig. 3a, although, the
observed rate constants are not quadratically dependent on TASX. Another possibility is
the formation of intermediate mixed ligand complex species such as Fe(OH)(ASXH2)
which was not accounted for in Scheme 1. On the other hand, upon the
rearrangement of Eq. (6) the following equation is obtained:

BQ3ððHÞ þK1hÞ=ðHÞ ¼ k1 þ ðk2K1OH þ k3K1h þ k5K1hÞ ðHÞ
�1

þ ðk4K1OHK1h þ k6K1OHK1hÞðHÞ
�2

ð7Þ

If the left side of Eq. (7) is plotted against (H)�1 a straight line is obtained with a
slope equal to (47� 1) and an intercept equal to (2� 1)� 102. This conclusion indicates
that reactions a, b, c, and e are significant in the formation of the final product of
Fe(III)-ASX system. The rate constants of these reactions can be calculated i.e.,
k1¼ 2� 102 l (mol.s)�1, and k2, k3, and k5 may be predicted if one assumes that one
of the terms k2K1OH, k3K1h, or k5K1h is much greater than the other two terms
such that k2¼ 5� 104 l (mol.s)�1, k3¼ k5¼ 9.5� 104 l (mol.s)�1. It may be concluded
that these four reactions are the main reaction steps leading to the formation of the
final product of ASX-Fe(III) system.

Kinetics of the Fe(III)-GLX System

One rate step was also observed in the kinetic study of Fe(III) reaction with GLX in the
pH range � 1.3–2.4. Figure 5(a) shows the variation of kobs as function of pH at various
TGLX while Fig. 5(b) shows kobs as function of TGLX at interpolated values of pH. The
data obtained can be expressed as follows:

kobs, i ¼ A0i þ B0iTGLX ð8Þ

Where A0 and B0 are the intercepts and slopes of the linear curves shown in Fig. 5(b).
A0 is almost a constant value (� 0.5), whereas B0 values are pH dependent;
their values are listed in Table III. The predominant species in the solution of
glutamate-�-hydroxamate are H3GLXþ and H2GLX, while Fe(III) is aquated Fe3þ,
Fe(OH)2þ, and Fe(OH)2

þ species.
Scheme 2 illustrates the mechanism of reaction between Fe(III) and GLX:

Scheme 2

(g) Fe3þþH3GLXþ �! � FeGLXþþ 3Hþ k7, k�7
(h) FeOH2þ

þH3GLXþ �! � FeGLXþþ 2HþþH2O k8, k�8
(i) Fe(OH)2

þ
þH3GLXþ �! � FeGLXþþHþþ 2H2O k9, k�9

 
�
�
!Hþ, K1h

(j) Fe3þþH2GLX �! � FeGLXþþ 2Hþ k10, k�10
(k) FeOH2þ

þH2GLX �! � FeGLXþþHþþH2O k11, k�11
(l) Fe(OH)2

þ
þH2GLX �! � FeGLXþþ 2H2O k12, k�12

The rate equation describing the mechanism in Scheme 2 can be expressed similarly
to Fe(III)-ASX system as follows where some of the charges are omitted for simplicity:

dðFeGLX Þ=dt ¼ TFe � ðFeGLX Þ=Q6 � ðFeGLX ÞððTGLXQ7Þ=Q6 þQ8Þ ð9Þ
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FIGURE 5 (a) The variation of kobs as function of pH at a fixed wavelength (¼ 450nm), constant I (0.15M
NaCl) and constant T(¼ 25�C) at different TGLX for Fe(III)-GLX system; (b) The variation of the observed
rate constants (kobs) as function of TGLX at interpolated pH values.
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where

TGLX ¼
X

i¼0�3

½GLXHi�,

TFe ¼
X

i¼0,1, j¼0,1, k¼0,1

½FeðOHÞiðGLXÞjðHÞk�,

Q6 ¼ ð1þK1OH=ðHÞ þK1OHK2OH=ðHÞ
2
Þ

Q7 ¼ �0fk7 þ ðk8K1OH þ k10K1hÞðH
þÞ
�1
þ ðk9K1OHK2OH þ k11K1hK1OHÞðH

þÞ
�2

þ k12K1hK1OHK2OHðH
þÞ
�3
g

Q8 ¼ fk�7ðH
þÞ

3
þ k�8ðH

þÞ
2
þ k�9ðH

þÞ þ k�10ðH
þÞ

2
þ k�11ðH

þÞ þ k�12g

The integration of Eq. (9) has the general form of Eq. (3) obtained for Fe(III)-ASX
system where kobs, in this case, can be expressed as follows:

kobs ¼ Q8 þ TGLXQ7=Q6 ðat pHiÞ ð10Þ

If Eq. (10) is correlated with Eq. (8); the following are obtained:

A0 ¼ Q8, ð11Þ

and

B0 ¼Q7=Q6 ð12Þ

A0 was found to be more or less constant within experimental errors at various
pH values and is equal to (� 0.5) which indicates that the only backward rate con-
stant of appreciable magnitude is k�12. On the other hand, if B0 is multiplied by Q6

such that

B0Q6 ¼ Q7 ð13Þ

TABLE III The values of B0 as a function of [Hþ] for Fe(III)-GLX

pH H� 102 (H)�1 B0 � 10�2 Q6 B0Q6� 10�2 �0 (B0Q6/�0)10�2

1.3 5.00 20.00 1.5 1.02 1.53 0.903 1.694
1.4 3.98 25.12 1.6 1.02 1.63 0.881 1.850
1.5 3.16 31.65 1.8 1.03 1.85 0.855 2.164
1.6 2.51 39.84 2.0 1.04 2.08 0.824 2.524
1.7 2.00 50.00 2.3 1.045 2.41 0.788 3.058
1.8 1.58 63.29 3.0 1.057 3.17 0.746 4.249
1.9 1.26 79.37 3.7 1.071 3.96 0.701 5.649
2.0 1.00 100.00 4.7 1.090 5.12 0.651 7.865
2.1 0.79 126.58 6.15 1.114 6.85 0.595 11.513
2.2 0.63 158.73 8.00 1.143 9.14 0.540 16.926
2.3 0.50 200.00 10.6 1.180 12.50 0.482 25.934
2.4 0.40 250.00 12.2 1.225 14.94 0.427 34.988

*Interpolated values of pH obtained from Figs. 5(a and b).
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and if B0Q6/�0 is plotted against (Hþ)�1 a quadratic equation is obtained where the
coefficients were found to have the following values:

k7 ¼ 44� 48

ðk8K1OH þ k10K1hÞ ¼ 4� 1

ðk9K1OHK2OH þ k11K1hK1OHÞ ¼ ð4� 0:4Þ � 10�2

The values of k8, k9, k10, and k11 can be estimated if one term is ignored with respect
to the other in the coefficients of the quadratic equation i.e., k8K1OH� k10K1h and
k9K1OHK2OH� k11K1hK1OH and vice versa such that k8, k9, k10, and k11 are equal to
4� 103, 9� 104, 8� 102, and 1� 104 (l (mol.s)�1), respectively. This conclusion has
shown that reactions (h), (i), (j) and (k) contribute significantly to the complex forma-
tion in the Fe(III)-GLX system.

Table IV summarizes the values of the rate constants obtained in this work with other
pertinent system constants. It seems that Fe(III)-ASX system is kinetically more
reactive than that of Fe(III)-GLX as evidenced by the higher magnitudes of their
rate constants.

CONCLUSIONS

The values of the rate constants obtained in this work are in the range of the values of
the usual substitution reactions for water exchange by the ligand in the octahedrally
solvated Fe(III) species (i.e. 102� 104) [11]. The labilizing effect of coordinated
(OH)� in the species {Fe(H2O)5(OH)}þ2 and {Fe(H2O)4(OH)2}

þ over the hexaaqua
ions, Fe(H2O)6

3þ, enhance substitution of the water by the ligand. Although the reac-
tivity of the {Fe(H2O)5(OH)}þ2 species is well documented, that of {Fe(H2O)4(OH)2}

þ

is not. The reaction mechanism for the system Fe(III)-GLX clearly shows the depen-
dence on the presence of {Fe(H2O)5(OH)}þ2 as well as on {Fe(H2O)4(OH)2}

þ. The
presence of an electron-donating group in the inner coordination shell usually labilizes

TABLE IV Summary of the rate constants and their magnitudes obtained in this work and other pertinent
systems

System Species Fe Species Rate Constants Magnitude(l/mol.s) Reference

Fe-ASX-H Fe3þ k1, k�1 � 2� 102, � 0 This work
k3, k�3 � 1� 105, � 0

FeOH2þ k2, k�2 � 5� 104, � 0
Fe-ASX Fe3þ k5, k�5 �1� 105, � 0 This work

FeOH2þ k6, k�6 –, � 83
Fe-GLX Fe3þ k10, k�10 8� 102, � 0 This work

FeOH2þ k8 or k11 4� 103 or 1� 104

k�8 or k�11 � 0, or � 0
Fe(OH)2

þ k9 or k12 9� 104 or � 0
k�9 or k�12 � 0, 0.5

Fe-GX-H Fe3þ k1, k�1 2� 102, � 105 [12]
GX¼ glycinehydroxamate FeOH2þ k2, k�2 3� 104, � 1

Fe (OH)2
þ k3, k�3 1� 104, � 3� 1010

Fe-GX Fe3þ k4, k�4 1� 103, 6� 104 [12]
FeOH2þ k5, k�5 3� 104,2� 103

Fe (OH)2
þ k6, k�6 1� 104, � 3
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coordinated water to perform water exchange with the ligand [6]. The subsequent loss
of OH� is further enhanced by the protonated ligands. One should expect that sub-
sequent ring closure steps are more rapid (kinetically cannot be detected by stopped
flow techniques) due to the labilizing effect of the hydroxamate in the inner shell in
much the same way that OH� enhances coordinated water lability in
{Fe(H2O)5(OH)}þ2 and {Fe(H2O)4(OH)2}

þ. Of course, these steps depend on the den-
ticity of the ligand and its architecture. Further ligand coordination (Table I) and sub-
sequent ring closures are rapid relative to the initial chelate ring formation and often
not kinetically detectable by stopped-flow techniques.

The rate constants for the formation of the first complex in the Fe(III)-ASX system
are � 10 to � 100 times more than for Fe(III)-GLX which may imply that tridentate
coordination of the ligands is more effective in the GLX system than in the ASX
system where bidentate character is more favorable (less crowding). The result may
be correlated with Fe(III)-GX system [12] where there is only bidentate chelation.

The labilizing effect of the Cl�1 in the chloro complexes of Fe(III) was ignored due to
its very low stability.

Although the coordinating requirements of Fe(III) are best satisfied by siderophores
containing six ligating sites, e.g. desferrioxamine, giving octahedral coordination ASX
and GLX do not satisfy this requirement. They both have six coordinating sites avail-
able for binding with metal ions. Due to the hard character of Fe(III), three or four sites
are available for ligation, mainly the oxygen atoms of the hydroxamate and the car-
boxylic groups. These ligands may act as tridentate ligands at pH values less than
� 4. If one assumes that the equilibrium species obtained in this work, Table I, could
exist at higher pH values (>4) complexes of these stoichiometries 3 : 1 :� 2 (ASX or
GLX: Fe(III): �H ), Figs. 2(a,b), predominate where the ligands are bidentate. The cal-
culated pFe3þ (� log [Fe3þ]) at pH of 7.4 is � 45 (if TFe¼ 10�6M and TL¼ 10�5M)
indicating the low dissociation of these complexes in a biological environment.

ASX and GLX have the advantage over siderophores of higher molecular mass in
being efficiently absorbed when dosed orally by virtue of their lower molecular mass
where selective accumulation of the ligand in target tissues is required. Exposure of
non-target sites however, can give rise to unwanted toxicity. A serious potential prob-
lem associated with the amino hydroxamate siderophores is that, unlike the bidentate
ligands, there is a chance of forming polymeric species which does not favor complex
transport through cell membranes. This was proved not to be the case in the GLX
and ASX-Fe(III) complexes in the pH range used, Table I. However, this does not
mean that the complexes are not able to interact with other metal ions such as
Cu(II) ions in the biological environment where the amino group is ready for ligation.

Although GLX and ASX are hydrophilic at the biological pH of 7.4 (log PCALC are
� 1.9 and � 2.4; respectively, where PCALC is the calculated partition coefficient
obtained from the hydrophilic–lipophilic fragment constants) one should expect that
lipophilicity will increase by complex formation with Fe(III) as a result of the suppres-
sion of the overall charges on the ligand. This conclusion cannot be warranted for
negatively charged complex species.

It is well known that low kinetic lability is essential for limiting possible metal redis-
tribution in vivo if these metal complexes are to be used in clinical treatment. The
dissociation of a monomeric metal complex is generally dependent on [L], [L]2, [L]3,
and [L]6 (where [L] is the free ligand concentration) for hexadentate, tridentate, biden-
tate, and monodentate ligands; respectively. Hence, the dilution sensitivity to chelate
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dissociation follows the order hexadentate<tridentate<bidentate<monodentate. The
estimated values for the backward rate constants obtained in this work for the
interaction of GLX or ASX with Fe(III) vary according to the reaction products.
Table IV, shows that most of them are of small values and are much less than the
other bidentate hydroxamate ligands e.g. glycinehydroxamate confirming the con-
clusion that GLX and ASX are mostly acting as tridentate ligands and the rate of
dissociation is minimized.
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APPENDIX

The derivation of Eq. (2) can be done as follows:

dððFeASXÞ þ ðFeHASXÞÞ=dtÞ ¼ k1ðFe
3þÞ þ k2ðFeðOHÞÞðASXH3Þ þ ðk3ðFe3þÞ

þ k4ðFeðOHÞ þ k5ðFe
3þÞ þ k6ðFeðOHÞþ2ÞÞðASXH2Þ � ðFeHASXÞfk�1ðH

þÞ
2

þ k�2ðH
þÞ þ k�3ðH

þÞg � ðFeASXÞfk�4 þ k�5ðH
þÞ

2
þ k�6ðH

þÞg

ðA1Þ

Equation (A1) can be modified to Equation (2) if the following equations are taken in
consideration:

TASX 

X

i¼0�3

½ASXHi� ðsince TASX � TFeÞ

TFe ¼
X

i¼0,1 ,j¼0,1, ,k¼0,1

½FeðOHÞiðASXÞjðHÞk� 
 ðFe
3þÞ þK1OHðFe

3þÞ=ðHþÞ

þ ðFeASX Þ þ ðFeHASXÞ ðwhere K1OH ¼ ðFeðOHÞþ2ÞðHþÞ=ðFe3þÞÞ

�0 ¼ ðH
þÞ

3=Q1 and �1 ¼ K1hðH
þÞ

2=Q1 and �0=�1 ¼ ðH
þÞ=K1hÞ
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where Q1 ¼ ðH
þÞ

3
þ K1hðH

þÞ
2
þ K1hK2hðH

þÞ þ K1hK2hK3h 
 ðH
þÞ

3
þ K1hðH

þÞ
2 (in

the pH range used) and K1h, K2h, K3h are the deprotonation constants of ðASXH3Þ
þ.

Q2 dððFeASX Þ=dtÞ ¼ TASXQ4ððTFe �Q2ðFeASXÞ=Q3 � ðFeASXÞQ5 ðA2Þ

or (at a given pH)

dððFeASX Þ=dtÞ ¼ TASXQ4TFe=Q2Q3 � ðFeASXÞðTASXQ2Q4=Q3 þQ5Þ=Q2

where

Q2 ¼ ð1þKHCðH
þÞÞ ðwhere KHC is the protonation constant of (FeASX)

f ¼ ðFeHASXÞ=ðFeASXÞðHþÞg,

Q3 ¼ ð1þK1OH=ðH
þÞÞ, and

Q4 ¼ k1�0 þ k2K1OH�0=ðH
þÞ þ k3�1 þ k4K1OH�1=ðH

þ
Þþk5�1Þ þ k6K1OH�1=ðH

þÞ

(where �0¼ (Hþ)3/Q1 and �1¼K1h(H
þ)2/Q1 and �0/�1¼ (Hþ)/K1h).

At infinite time

dððFeASX Þ=dtÞ ¼ 0, and

TASXQ4TFe=Q2Q3 ¼ ðFeASXÞ1 ðTASXQ2Q4=Q3 þQ5Þ=Q2

ðA3Þ

where (FeASX)1 is the concentration of the complex species at infinite time and

Q5 ¼ k�1KHCðH
þÞ

3
þ k�2KHCðH

þÞ
2
þ k�3KHCðH

þÞ
2
þ k�4KHC þ k�5ðH

þÞ
2
þ k�6ðH

þÞ

On substituting Eq. (A3) in Eq. (A2) one can obtain the following equation:

dððFeASXÞ=dtÞ ¼ ðFeASX Þ1ððTASXQ4Q2=Q3 þQ5Þ=Q2Þ

� ðFeASXÞtððTASXQ4Q2=Q3 þQ5Þ=Q2Þ
ðA4Þ

where (FeASX)t is the concentration of the complex species at time t.
The integrated form of Eq. (A4) is as follows:

ln ððFeASX Þ1=ððFeASXÞ1 � ðFeASXÞtÞÞ ¼ kt ðA5Þ

where (FeASX)t and (FeASX)1 are directly proportional to the absorbance at time t
and infinite time t1, respectively, and k¼ (Q5/Q2)þTASX(Q4/Q3) which is comparable
to the observed rate constants.

The same treatment can be followed for the other Fe(III)-GLX system.
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