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Abstract 

In view of the potential importance of the siderophore analogue DOTRMAHA as an iron carrier in biological systems, we have decided m 
study the mechanism and kinetics of iron release from the ferric DOTRMAHA complex to EDTA. The kinetics of the iron(m) exchange was 
monitored by UV-Vis absorption spectroscopy at the wavelength maximum of the iron(IH) trihydroxamate complex. The decay of the 
complex absorbance with time is described as a sum of two exponentials plus a constant term. The mechanism of the exclmige reaction is 
examined under conditions of varying concentrations of the competing ligand and the hydrogen ion. The kinetics reveal pseudo-first ot~'r 
depende nee 0 f rate constant ( s ) on the EDTA concentration. Furthermore, p H dependence studies show that the exchange reaction is a c c e ~  
with increasing acidity of the medium. The results are mechanistically interpreted by a kinetic scheme involving two parallel l~tthways fro- 
the iron exchange: one is a bimolecular process involving the direct attack of the EDTA on the ferric sidemphore analogue complex; the other 
involves initially the protonation of the complex followed by a rapid attack of the competing ligand. The set of kinetic data presented here is 
further rationalized in terms of known coordination and structural features of the DOTRMAHA ligand as well as the cmrespondil~ ferric 
complex, and compared with available data of some naturally occurring sidemphores and synthetic analogues. 
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1, Introduction 

Iron is an essential element in all organisms, owing to its 
varied functions in biological processes. In aerobic systems 
microorganisms circumvent the problem of high ferric ion 
insolubility at neutral pH by producing low-molecular- 
weight chelating agents, the siderophores, that are able to 
form very stable iron (lII) complexes, allowing the solubili- 
zation and transport of that element into their cells [ 1 ]. 

Many of the siderophores are known to contain hydrox- 
amate functional groups which can chelate iron(Ill) in a 
bidentate process. Although some of these microbial ligands 
have only two hydroxamate groups, the major part of them 
have three hydroxamate binding sites, making them hexao 
dentate ligands suitable for l : l  complexation with iron(III) 
such as the naturally occurring siderophores ferrichrome and 
ferrioxamine B (Fig. 1 ). 

Siderophore analogues have been the object of extensive 
studies [ 2-5 ] because of their potential important role in iron 
bioavailability and chelation therapy in several disease states, 
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most notably for medical use in iron removal from transfusion 
induced iron-overload patients [6]. To obtain an understand- 
ing of these siderophore functions, it is of  great interest to 
study not only the coordination chemistry of the sidemphon~ 
(or their analogues), but also the kinetics and mechanisms 
of iron release. Although must of the work has focused on 
the thermodynamics rather than on the kinetics of  iron trans- 
fer, a number of studies have been centred on the kinetics and 
mechanism of iron released from s ~ o r e s  or theirmodels 
[3,7,8]. 

Previous work in our laboratory has dealt with the ther- 
modynamics and kinetics of dihydroxamate siderophore ana- 
lognes [9,10]. The fact that trihydroxamate siderophom 
analogues are advantageous in seqnestering iron (llI) encoter- 
aged us to develop a new siderophore analogue, 1,5,9-tri- 
azacyclododecane-N,N',/~'-tris(N-methylacetohy&'oxamic 
acid) (DOTRMAHA) [11] (Fig. l ) ,  This trihydroxamate 
ligand possesses a triazacyclododecane ring ( [ 12]aneN3) as 
an anchor for three pending side chains with hydroxamate 
moieties that are available to bind the ferric ion in an octa- 
hedral cavity. In this ligend the aliphatic nitrogen atmns were 
incorporated in the cyclic framework not only to provide the 
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Fig. I. Structural formulae for desferriferrichrome ( I ) ,  desferriferrioxamine B (2) and the synthetic ligand, DOTRMAHA (3);  low energy conformation 
calculated for the Fe( I l l ) -DOTRMAHA complex (4) [ I 11. 

chain branching needed for the attachment of the hydro- 
xamate donor groups but also to confer good water solubility 
to both the ligand and its iron (III) complex. Molecular mod- 
elling shows that this ligand has the hydroxamate groups 
predisposed for iron complexation (see Fig. 1 ). 

Structurally, DOTRMAHA shares with desferriferri- 
chrome the fact of being a macrocyclie ligand with three 
donor hydroxamate groups which are exocyclic to the macro- 
cyclic ring. On the other hand its Fe(HI) compivx also shares 
with ferrioxamine B the existence of amine groups noncoor- 
dinated to the iron whose role seems to be important in trans- 
versing the microbial membranes by binding to the respective 
receptors [ 12,13 ]. This novel ligand is a 'retro' analogue of 
the naturally occurring siderophores with regard to the direc- 
tionality of the hydroxamate groups relative to their attach- 
ment point to the framework structure. However, previous 
studies had shown that retro-ferrichrome and ferrichrome 
have the same activity as iron(III) carriers [ 14]. 

Some studies on the physieocbemieal and biological prop- 
erties of DOTRMAHA and its iron chelate were already car- 
ried out [ 11]. These studies included the coordination 
chemistry of this ligand, where it was proven that a very 
stable 1:1 coordination complex with iron(III) is formed with 
a stability constant of about 1024. Because oftbe vital impor- 
tance of redox properties in most mechanisms of microbial 
iron transport [ 15], electrochemical studies were also pre- 
viously carried out. The binding of DOTRMAHA to Fe 2+ in 

relation to Fe 3 + was then evaluated, as well as the reduction 
potential which proved to be similar to (and even slightly 
less negative than) that of ferrichrome. DOTRMAHA has 
also been biologically tested and it was proven that it can act 
as a fairly good siderophore in various bacteria, such as the 
gram-positive Arthrobacter flavescens, the gram-negative 
Escherichia coli and several Proteus strains [ 16]. 

Siderophore-mediated iron uptake by most microbial 
sources is believed to involve first the recognition of the 
siderophore by an outer membrane receptor. Since the 
hydroxamate-siderophores have high affinity for the 'hard' 
cation Fe 3+ and much lower affinity for the 'soft' Fe 2+, the 
release of iron from this type of siderophore usually involves 
a ferri-siderophore reductase system. Reduction can take 
place at the cytoplasmic membrane itself, without penetration 
of the iron complex or free ligand into the cell as has been 
found for E. coli with ferri-rhodotorulate [ 17], or within the 
cytoplasm as has been found in Ustilago sphaerogena with 
ferrichrome [ 18]. 

In view of the potential importance of DOTRMAHA as an 
iron(HI) carrier, related either to the bioavailability of iron 
for the microorganisms or to therapeutic functions as an iron 
removal agent from iron-overloaded patients, it is of great 
interest to extend our knowledge on the process of iron uptake 
with this iigand. In this paper we concentrate our attention 
on the kinetics and mechanism of iron release from this sid- 
erophore analogue complex by a competing ligand, ethyl- 
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enediaminetetraacetic acid (EDTA), to simulate biological 
ligands. Therefore the rate and mechanism of Fe 3+ exchange 
between the ferric DOTRMAHA complex and EDTA is 
examined at physiological pH under conditions of varying 
concentration of the competing ligand. The effect of pH is 
also studied. 

This system is expected to simulate the microbial iron 
transport mediated by this siderophore analogue and thus, in 
addition to other known physicochemical properties of che- 
lates, to contribute to a better understanding of the mechanism 
involved in the in vivo transfer of iron. 

2. Experimental 

All solvents and chemicals used were ofanalyticalreagent- 
grade quality. 

The ligand DOTRMAHA was prepared according to the 
synthetic procedure previously described [ 11 ].The synthesis 
essentially involves the following steps: (i) synthesis of the 
triazacyclododecane ring, [ 12 ] aneN3, by the method of Rich- 
man and Atkins [19]; (ii) preparation of the side chain 
hydroxamate derivative, N-methyl,O-benzyl-a-bromo-ace- 
tohydroxamic acid; (iii) N-coupling of the triaminomacro- 
cycle with three hydroxamate chains, followed by their 
O-deprotection. 

UV-Vis studies were carried out on a Hitachi (U-2000) 
spectrophotometer, in 1 cm quartz cells, thermostated at 
25.0 + 0.1 °C by a circulating water bath fitted in a cell holder. 

The kinetics of iron(HI) removal from the ferric 
DOTRMAHA complex by EDTA was monitored by absorp- 
tion spectroscopy at the wavelength corresponding to the 
absorption maximum of the ferric tribydroxamate complex 
(A--425nm). At this wavelength the free ligand 
DOTRMAHA does not absorb and the absorption of the 
reaction product (Fe-EDTA) is negligible. 

The ionic strength was maintained constant (1= 
0.1 mol dm -3, KNO3), with the aim of minimizing some 
eventual salt effects on the kinetics of iron release, as found 
previously in the reaction with transferrin [20]. Although it 
has been referred in the literature [3] that the Cl- ion can 
have a catalytic effect in some iron(HI) release reactions, in 
this calculations it was assumed that the added CI- ion for 
the pH adjustments did not affect our kinetic results. Stock 
solutions of iron(HI) (0.02 mol dm -3) were freshly pre- 
pared from iron(Hi) nitrate in nitric acid solution 
( 0.1 mol din- 3 ). Stock solutions of EDTA were prepared by 
dissolving the appropriate amount of the disodium salt of 
EDTA (Na2H2EDTA) in about 45cm 3 of the buffer 
[1=0.1 mol dm-3: acetate, pH 5.0-5.5; phosphate, pH 6.0- 
7.5; tris-(hydroxymethyl)aminomethane (tris),  pH 7.0], 
adjusting the pH with concentrated HCI or NaOH solutions 
and making up to 50 cm 3 with further amount of buffer. The 
stock solution of the ligand DOTRMAHA (0.02 mol dm -3) 
was also prepared with the same ionic strength 
(I=0.1 mol dm -3, KNO3) at about pH 7.0. 

Reaction mixtures, containing a tenfold excess of ligand 
to ensure complete ferric ion complexation, were typically 
prepared by the following process: 0.1 tool dm -3 s u p ~ n g  
electrolyte solution (3.0cm 3) and 0.02moldm -3 ligand 
solution (200 Itl) were added to the cell, followed by acidi- 
fication of the solution (pH=3) with 3N HCI; 
0.02 tool dln -3 iron(HI) solution (20 ILl) were then added 
to the solution, the final pH being adjusted with concentrated 
KOH or HC! solutions, and then 0.1 mol din-3 buffer solu- 
tion (50 Ixl) was added. Finally known amounts of the buf- 
fered EDTA solution were added, according to the expected 
ratio of EDTA to ligand DOTRMAHA concentration, 
Ce~r^ICL, (0.25-10.00), upon a previous addition of a cer- 
tain amount of buffer solution in order to make constant the 
total volume and buffer concentration of the reactional sole- 
tion. Studies of the pH effect were condttcted at constant 
ratio of the ligand concentrations (CFr~r^/CL=0.5). The 
final concentrations were Cr~-~ 1.03 × 10 -4 mol dm -s, 
CL = 1.15 X 10 -3 tool dln-3; CED.rA ='-5.75 X 10-4 m o| dill -3, 
for studies at variable pH, while it ranged from 2.87 × 10 -4 
to 1.15 × 10- 2 mol din- 3 for studies at pH 7.~, the concen- 
tration of the buffer was keep constant, C ~ = 7 X  
10 -3 mol dm -3. 

Absorbance readings were started about 10 s after the 
EDTA addition and were stopped when its value was Wac- 
tically constant and usually lower than 20% of the initial 
absorbance. The pH of the solutions was measured with a 
420A Orion pH meter equipped with a glass calomel elec- 
trode ( INGOLD, U402-Mt-S7/100). 

The rate constants were obtained by standard noa-linex 
fitting methods [21,22], using a DEQ-Alpha-AXP-2000-3C0 
workstation. 

~ R ~ d i s o n s s i o n  

Coordination of this macrocyclic tripodal iigand 
(DOTRMAHA) with iron(m) is favoured by both the high 
tendency of the three hydroxamategroups tocbelateiron(m) 
and their spacial pre-disposal as pendent arms. The fact that 
the absorption spectrum of the solution containing the ferric 
complex does not change with pH in the range 5.3-9 [ 11 ] 
together with the value obtained for the a b ~  coefficient 
(e,25 =3000 M - I  cln -1)  at the maximum a b s o ~  wave- 
length for the ferric complex ( A ~  =425 ran) suppo~ the 
existence of a predominant 1:1 complex species, in this pH 
range, involving the coordination of Fe(HI) with the tluee 
hydroxamate moietie~ [23]. On the other hand, since this 
ligand has a very high first protonation constant (log Ks > 12) 
[ 11 ], it remains in the monoprotonated form, even in basic 
conditions and so, in this paper, L is assigned to the N- 
monoprotonated species of the ligand. This ferric complex 
(FeL) isquit¢ stable (log/$=24.2) [ll],althoughlessthan 
the ferrichrome (1og/3=29.1) m" the monolmaem~ fer- 
rio×amine B (log/3=30.5) [24]. The differences are 
ably due to some steric strain, as a result of having shorter 
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Fig. 2. Absorbance spectra of Fe:L (CL/CF~=IO; Ct=IAS× 
10 -3 reel dm-3; pH 7.0, iris buffer) before. (top curve) and after (below 
curves ) the addition of EDTA (CeoT^/C L = 12 ) at different times. 

alkyl hydroxamate chains than ferrichrome, and also to elec- 
trostatic effects due to the closer proximity of  two positive 
centres (Fe 3+ and the N-proton) as compared with ferriox- 
amine B. 

In this paper we emphasize the kinetics and mechanism of  
the iron release reaction from this siderophore analogue in 
EDTA solution, to simulate the biological ligands. Addition 
of  EDTA to the ferric complex solutions produces a decrease 
in the absorbance with time. Fig. 2 shows the spectral changes 
that occur upon addition of  a buffered solution o f  EDTA (pH 
7) to the solution of  the FeL complex. 

The spectrum at the top o f  Fig. 2 corresponds to the 
unreacted FeL complex, while the subsequent spectra are 
recorded at several t imes after the EDTA addition. The evo- 
lution of  the spectra with time shows the decrease of  the FeL 
band at 425 nm with a concomitant increase of  a new band 
in the UV region probably due to the FeEDTA complex [25 ]. 
The isosbestic point at A = 354 nm suggests that only two 
absorbing species (FeL and Fe EDTA) in solution are of  
major importance along the reaction process as equilibrium 
is approached. 

Fig. 3 shows a typical absorbance decay curve recorded at 
A=425  nm for a ratio CEO~^ICL = 10 and pH 7. Similar 
decays were recently observed on studies of  iron exchange 
mechanism between three bacterial siderophores and EDTA 
[26].  

This decay can only be fitted with a sum of  two exponen- 
tials plus a constant term, as follows: 

A = a® + a l exp( - Air) + a2 exp( - A2 t) ( 1 ) 

Table I 
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Fig. 3. Decay of the absorbance of a solution of Fe:L (CL/CF©=10; 
CL = 1.15 × 10- 3 mol din-3; I = 0.1 tool dm-3 KNO3; pH 7.0, tris buffer) 
after addition of EDTA (CeDT  ̂= 1.38 X 10-2 mol dm-3. ( ) Fit of 
the absorbance decay by Eq. ( I ). 

Several distinct kinetic models can lead to this absorbance 
decay law, and thus our ability to distinguish between differ- 
ent mechanisms of  iron removal is limited. On the other hand 
the mechanism can be too complex (for instance involving 
intermediates) to allow the determination of  the rate con- 
stants o f  the elementary process. Therefore, we first analysed 
the initial part o f  the decays that in general could be fitted 
with a single exponential. Then the rate equation for the initial 
times is 

d [ F e L ]  = - k i ~ [ F e L ]  (2)  

Table 1 summarizes the values of  the initial rate constant, kim, 
obtained for CFJ~T^/CL ratios between 0.25 and 10 with con- 
stant ligand concentration, CL = 1.15 X 0 -  3 mol d m -  3. The 
values of  kim increase with that ratio which means t h a t / ~  
depends on the EDTA concentration. 

Comparison of  initial rate constants, obtained for this 
iron(III) release process with the ones obtained previously 
for the iron(HI) release from ferdoxamine B by the same 

Initial rate constants, kl,~. for the iron exchange reaction of the FeL complex ( CL = 1.15 × 10- 3 reel dm- 3; CJCr~ = 10) by EDTA at pH = 7 (iris). obt~dned 
from the initial times of the decay curves 

CeDT^/CL 0.25 0.5 0.'7 0.9 1.5 2 2.5 5 I0 
k~, ( 10-4 s -  t) 1.52 1.97 2.27 2.1 3.22 3.53 3.98 5.55 7.92 
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competing ligand, suggests that our iron exchange process is 
faster by about three orders of magnitude relative to that of 
ferrioxamine B (excluding minor differences associated 
either with the presence of small amount of anionic species 
or the support electrolyte concentrations) [20]. The initial 
rate constant obtained ~.n this work for CEVr^IcL = 10 and 
pH 7 is 7.9 × 10 - 4 s -  i while the corresponding value for the 
ratio of EDTA to fe~loxamine B around 20:1 at pH 7.4 is 
around 4 × ! 0 -  7 s -  t [ 27 ]. Those rate constant differences 
are also in good agreement with the corresponding differ- 
ences between the times elapsed along each exchange reac- 
tions (ca. 2 and 7 h respectively). 

The plot of ki,u versus the EDTA concentration presented 
in Fig. 4 shows that kin~ has a linear dependence on the EDTA 
concentration with a positive intercept, for concentrations 
lower than 2.9 × 10- 3 tool rim- 3. For higher EDTA concen- 
trations negative deviations from the linear dependence were 
observed. 

Therefore, the initial rate constant can be described by Eq. 
(3), as long as the concentration of EDTA is maintained 
below 2.9× 10 -3 tool dm -3. 

/~,~ =ka+kb[EDTA] (3) 

From the slope, the rate constant k b :  9.52× 
10 -2 m o l - '  dm 3 s - I  is obtained while the intercept gives 
/~ = 1.35 × 10 -4 s -  i. This value is associated with a second 
path reaction process, probably involving the protonation of 
the FeL complex as a first step. Similar behaviour was found 
for some iron exchange reactions of ferfioxamine with EDTA 
[26-28] or siderophore analogues with CDTA [84 as well 
as on the hydrolysis of ferrioxamine B and the formation of 
diferrioxamine B in acid perchlorate solutions [ 29]. 

These observations can be interpreted by the kinetic 
scheme shown in Scheme 1. For the sake of simplicity in this 
scheme no charges were put on the free ligands or complexed 
species. L means the N-amine monoprotonated ligand 
DOTRAMAHA, as it has been cited above; the EDTA des- 
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,o,o~" 

"b ,"" 
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Fig. 4. Vad. t .  ~ :~ of  the observed initial rate constant as a function of EDTA 
concentration (CL/Cr~: 10; C L :  1.15X 10 -3 tool din-3; Iffi0.1 tool 
dm-J, KNO3; pH 7.0, tris buffer). 

ti 
FeL+EDTA+ f f ~  Y ~ r A  + LI~ 

N N 
FeLl-I* + EDTA 
SCl~mC I. 

ignation is used without further detailed descripdon of the 
actual species involved in this reaction because these are pH 
dependent ( H2EDTA2 - is the major species in the used acidic 
range while the predominant species at pH 7 is HEDTA3-).  

At early times the backward reactions can be disregarded 
and the experimentally observed absorbance decays can be 
fitted by a single exponential with rate constant ~ given by 
Eq. (3), with ka--k_3'[H + ] andkb--kl' .Tbedeviations for 
high EDTA concentrations (Fig. 4) are probably caused by 
the influence of back reactions even at early times. 

In order to obtain more information from the experimental 
results, the fall decay curves were analysed using Eq. (1). 
From the fit analysis four independent parameters were 
obtained (two decay constants, A, and A2, and two ratios of 
the pre-exponential factors, a t /a~ and a2/a~), which allow 
the evaluation of four rate constants. The matrix formulation 
of the rate equations predicted by Scheme 1, allows the deter- 
mination of the decay constants as the eigenvalues of  the 
matrix of the rate constants 

b 2 -I- ~22  - 4b, 
A,.2: 2 (5) 

with 

b2--k! +k2+k3 +k_ I "l'k-2"~" k-3 (6) 

bl = k2(kl +k3 +k-3)  +k-2(kl  + k - i  +k-3)  

-I- k_ I (k3-I-k_ 3) (7) 

and the expressions for the ratio of the pre-exponential factors 
al/a® and a2/a®, by standard ~ methods [21]. These 
equations, written in terms of  the pseudo first-order rate con- 
stants, k# ( s - l), have very complicated analytical expressions 
on the kinetic rate constants and are not easily handled to 
allow its matrix inversion in order to obtain the rate ~ t s  
as a function of the experimentally available decay parame- 
ters. Therefore, we wrote a program where a comse grid 
mapping of the rate constant space was initially done in order 
to locate the main minima and identify the desired range of  
rate constant values over which the search was refined [22]. 
The pseudo first-order rate constants, k, : k , ' [ E D T A ]  and 
k_3 :k_3 ' [EDTA] ,  were set equal to the values recovered 
from the initial rates and the probable range for each of the 
other rate constants k~ U :  - 2, - 1, 2, 3) was divided in a 
number nj of equal increments so that the rate constant space 
was divided in n _ 2 X n _ , X n 2 X n 3 hypercubes. The X 2 was 
evaluated at the vertices of these hypercubes and interactively 
minimized to obtain the best rate constants from the decay 
parameters. 
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Table 2 
Pseudo-first order rate constants for the iron(Ill) exchange reaction from the FeL complex (CL = 1.15 X 10 -3 mol dm -3, CLIcFo= 10) by EDTA at pH 7 
(tris), obtained according to Scheme 1. The values of k~ and k-3 were calculated from the values recovered from the initial rate constants. The rate constant 
k 2 WaS set cquai to zero 

C~rAICL ka ( 10 -5 S- ~) k_ I ( 10-5 s- f) k-2 ( 10 -~ s- =) k3 ( 10 -4 s-z) k-3 (10 -5 s- ~) 

0.5 6.3 1.8 7.2 5.0 14 
0.7 8.5 2.0 8.8 6.2 14 
0.9 10.7 2.5 12 7.0 14 
2.0 25 2.8 18 8.3 13 
2.5 35 1.7 25 12 13 

Table 3 
Rate constants obtained from the respective pseudo-first order rate constants in the conditions given in Table 2 (pH = 7, iris buffer) and from the variation of 
the initial rate ,:onstants with pH (pH = 6.0-7.5, phosphate buffer) 

pH kl' (10-2M-J s -t  ) k- t '  (10-2M-t s -I ) k-2' (10-2 M-I s -I ) k3' (10-4s -I ) k_3° (102 M-t s - t  ) 

7 ! 1 + 1 1.8:1:0.5 78-4-7 8+4 144-1 
6.0-7.5 67 6.5 ::L 1.0 100 + 20 6 + 3 9 

When  we performed the analysis,  the value o f  k2 was 
always more  than ten orders o f  magni tude smaller  than the 
other rate constants,  and so it was set equal to zero. This  
justifies the assumpt ion made  that the concentration o f  
FeHL + is negligible over the reaction t ime and consequently 

the absorption at 425 nm is due to the FeL complex.  We  could 
only obtain a good fit o f  the experimental  results for CeDTAI 
CL ratios up to 2.5, which suggests  that for CEDTA/C L greater 
than 2.5 the kinetic model  is not suitable. The rate c~-s tants  
were refined us ing a second procedure that allowed them to 
vary within 10% o f  the initial values. Table 2 and Fig. 5 show 
the variation o f  the pseudo-first order rate constants with 
EDTA concentration, obtained for CeDr^/CL ratios between 
0.5 and 2.5, maintaining constant  the concentration o f  ligand, 
CL = 1.15 × 10 -3  reel d m -z .  

From these values o f  pseudo-first order rate constants,  kj, 
the intrinsic rate constants,  kj', were determined (Table 3).  

To lend support  to the analysis presented above, namely 
with respect to the anticipation o f  the hydrogen ion depend- 

E 

10o 

0 -- -- -- -- -- 
, i , ! ! 

1 2 3 

[EOTA]I10-3nlol dm "3 

Fig. 5. Variation of the pseudo-first order rate constants [ k_ i (O), k _ z( • ). 
k3(&) with EDTA concentration (Ct/CFe=IO; CL= 1.15X 
10-3 tool din- 3; ! = 0.l tool den-3 KNO3; pH 7.0, trL buffer). 

ence, the iron release reaction was undertaken at different pH 
conditions. For that purpose different buffer  solutions were 
used: pH 5.0 and 5.5, acetate; 6 . 0 < p H  <7 .5 ,  phosphate.  
Fig. 6 shows the initial rate constants obtained for the ratio 
CL/CEDTA = 0 . 5  over the pH range 5.0-7.5.  

These  results show that the initial rate constants  increase 
linearly with the hydrogen ion concentration for the same 
buffer  (phosphate) .  However  a gap was observed in that pH 
dependence, occurring jus t  upon the change  o f  the buffers. 
That  was ascribed to anionic effects, as previously suggested 
by others [30] ,  and lead us  to consider that the analysis  o f  
the decay curves should be restricted to those experiments  
performed in phosphate buffer. This  initial rate constant  
dependence on the hydrogen ion concentration is consistent 
with the proposed kinetic mechanism,  described by Eq. (2 ) ,  
which allowed the determination o fk l '  = 0.67 m o l -  z dm 3 s -  t 
and k-3 '  = 9.00 × 102 m o l -  t d m  3 s -  t rate constants.  These  

1/ 
O ' 

0 ,0  oI=' o'.,' o'~' ols ,io 
[H+yI0 "s M 

Fig. 6. Variation of the observed initial rate constant with proton concentra- 
tion, for the ratio CjCmyrA=0.5, in phosphate (O) and acetate (m) 
buffers. (CL/C~=IO; CL=l.15×10-~moldm'3; I=0.! moldm -3, 
KNO3). 



M~A. Santos et al. I Inorganica Chimica Acta 258 (1997) 39-46 45 

values are comparable with the ones obtained from the initial 
rate constant dependence on the EDTA concentration, per- 
formed at pH 7.0 with tris buffer, the small differences being 
attributed to the buffer change. The persistency of those dif- 
ferences, when using different buffers but for the same pH, 
gives support to the interpretation proposed above for the gap 
accompanying certain pH changes, thus excluding explana- 
tions based on the acid-base equilibria of the reactants. 

Performing the complete analysis of the data, on a similar 
way as described before, the remaining rate constants were 
obtained for different pH values. The full set of intrinsic rate 
constants are presented on Table 3. 

The calculated rate constants give support to the proposed 
kinetic scheme and shows that the pro*~on-assisted iron release 
is a competitive process to the direct pathway. However, such 
an effect was anticipated to some extent taking into account 
that the ferric complex should be monoprotonated even at 
basic conditions [ 11 ] and so, due to electrostatic effects, the 
second protonation process should involve one hydroxamate 
moiety, instead of a second amine group, with the concomi- 
tant opening of the coordination sphere about the iron centre 
for the subsequent attack by the competing ligand, EDTA. 

Comparison of our results with others on siderophore ana- 
logues can only be done so far at the level of the initial rate 
constants, since other results calculated from the analysis of 
the whole decay curves are not available in the literature. The 
rate constant for the protonation of the complex (k_ 3') is, as 
expected, the fastest process being about four orders of mag- 
nitude faster than the rate constant obtained for the reaction 
with EDTA (kt'). Nevertheless, the direct exchange process 
cannot be disregarded as shown from the variation of k~ with 
the EDTA concentration (Fig. 4). In a similar kinetic study 
performed recently by Albrecht-Gary et al. [26], the slow 
path ( direct exchange reaction) was not considered while the 
fast path (FeL protonation followed by the exchange reac- 
tion) is similar to that in Scheme 1, the difference being due 
to the introduction of a new equilibrium step involving a 
ternary intermediate species. This species was not spectro- 
scopically identified, but if it exists, it would he accommo- 
dated by kinetic scheme in k _ 2 once a steady-state assumption 
can be made for the concentration of the ternary intermediate 
species. Our results suggest that probably one of the hydro- 
xamate moieties is being protonated, thus making easier the 
EDTA attack and consequently k-2' > kt'. The calculated 
value fork_ 3' (1.4× 10 3 M =t s- t, tr/sbuffer) iscomparable 
with the acidic dissociation rate constant obtained for the 
ferrioxamine B (kH=3.8× 103M -! s =I) [29], involving 
the removal of one hydroxamate moiety from the coordina- 
tion sphere. It is also close to the corresponding value for the 
ferric tris(N-methylacetohydroxamate) (kH: 8.6 X 103 M- t 
s - t) [ 31 ], the small difference being ascribed to the hydro- 
phobic environment in both FeL complex and the ferriox- 
amine, thus preventing easy access of the hydrated proton. In 
addition, both of these complexes are amino-protonated 
which certainly contributes to further diminishing the acces- 
sibility of the hydrated proton due to electrostatic effects. 

However, the last feature should not be the most relevant 
since the distance between the ferric centre and the protonated 
amine is smaller in the FeL than in the ferrioxamine complex. 

The protonation equilibrium constant of this ferric com- 
plex, calculated from the rate constants (k_3'/k3'= 
K3=[FeHL2+]/[FeL+][H+]; IogK3~6.2), is in 
agreement with that obtained by spectral data analysis 
(log Kn= 3.3; K u = I ~ L 2 + I [ ~ , ~ + )  [11]. The attempt to 
fit the decay curves with the equilibrium value Kx failed. This 
gives an indication that the Wotonation step occurs via inter* 
mediate species and consequently the equilibrium (KH) and 
the kinetic (K3) values are not comparable. Nevertheless, the 
value of KH is higher than the reported value for the protow 
ation of the first hydroxamate group chelated to Fe(m) in 
the ferrioxamine B, measured kinetically (logK=0.72) 
[32] or at the equilibrium (log K=0.94) [24,33]. That dif- 
ference might be a reflection of the lower stability constant 
for the Fe(III)-DOTRMAHA complex relative to ferriox- 
amine which should be due to increased steric strain in the 
DOTRMAHA system on chelation to r~(m)  or even to 
electrostatic effect due to increased proximity of the Fe(m) 
binding centre to the macrocyclic ring proton in the mono- 
protonated DOTRMAHA [ I I ]. 

4. Conclusions 

The kinetics of iron release from the ( 1:1) ferric complex 
with the trihydroxamate sideruphore analogue DOTRMAHA 
by the competing ligand EDTA, to simulate the biological 
ligands, is well described by a mechanism with two parallel 
pathways: one is based on the direct attack of the competing 
ligand and it has an EDTA dependence while the other, show- 
ing a proton-dependence, is competitive to the direct path- 
way. The rate constants, calculated at coeditions of varying 
concentrations of the competing ligand or proton, give sup- 
port to the proposed mechanism for the iron release. 

The results presented here show that the iron release is a 
relatively fast process, in comparison to that found for for- 
rioxamine B by the sa~e competing ligend. Although these 
iron release processes are interpreted by different mecha- 
nisms, both the kinetics are consistent with a H + assisted 
breakage of the hydroxamate residue in the ferric complexes. 

The faster kinetics of iron release for this f e r r i - s i d ~  
analogue suggests that the uptake of iron by microorgm~ms 
(as inE.col i )  can occur even at the level of the cytuplesmafic 
membrane, contrarily to the internalization commonly 
observed for ferric complex with trihydroxamatz sidero- 
phores. 

Although the aqueous mediom and the competing ligand 
used in this work are different from those found at physio- 
logical conditions, we hope these kinetic results may give 
some contribution to the understanding of the mechanism 
involved in this sidarophore analogue-mediated microbial 
iron transport, namely for comparison with redox processes 
which have already been studied. Biological assays with this 
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]igand, to study its capability either as an iron-carrier in 
mic roorgan isms  or  as a therapeutic chelator, are still in 

progress.  
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