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ABSTRACT: The equilibria and the kinetics of the binding of Iron(III) to salicylhydroxamic (SHA)

and benzohydroxamic (BHA) acids have been investigated in aqueous solution (I = 1 M (HCIO,/

NaClO,), T =298 K) using spectrophotometric and stopped-flow methods. Whereas Iron(III) forms a 0

1:1 complex (ML) with BHA, it forms both ML and M,L complexes with SHA. The presence of M,L

in aqueous medium is corroborated by FTIR measurements. The reactive form of Iron(Ill) is the Fe
hydrolyzed species FeOH>*, which binds to the O,0 site in ML and to the O,0 and Op,N (P =
phenolate) sites in M,L, inducing full deprotonation of the latter. The reaction pathway is discussed in
terms of a multistep mechanistic scheme in which the metal—ligand interaction is coupled to
hydrolysis and self-aggregation steps of Iron(III). The observation and characterization of M,L as a
stable species is important because it contains the —Fe-O-N-Fe— sequence, which constitutes the Fe
repetitive motif of the SHA-based metallacrown ring and provides the rationale for 12-MC-4

metallacrowns. In the framework of this study, the kinetics of the Iron(IIl) dimerization and trimerization have also been
investigated using the stopped-flow method to perform dilution jumps. The reaction scheme put forward involves two parallel steps
(FeOH™ + FeOH™" and Fe** + FeOH™") that lead to formation of the Fe,(OH),*" dimer and a slower step (FeOH"" + Fe,(OH),*")
to form the trimer species. The kinetics of the last step have been investigated here for the first time, and the results deduced indicate
that, of the two possible trimer structures reported in the literature, Fe;(OH);%" and Fe3(OH)4*, the latter prevails by far.

B INTRODUCTION Scheme 1

Hydroxamic acids constitute an important family of bioli- OH
gands. One of the first physiological roles of hydroxamic acids \ &/ \ & /
was associated to their use as siderophores (iron carriers).' These (,::N\ R (,::N\
compounds, whether naturally occurring or synthetic, actually &O/ oH s Y

are able to coordinate Iron(II) with very high affinity;” the
ability to act as metal chelators constitutes the basis for their use z E
as flotation agents in extractive metallurgy™* and for their employ-

ment in a range of biological applications.” These applications
are not limited to solely metal binding, but rather hydroxamic
acids also play an important role in enzyme inhibition®” and have
been employed as hypotensive,® antimalarial,”'* and anticancer
agents.H_]7

Primary hydroxamic acids bear two potentially acidic protons
bound to the N and the O sites of the hydroxamate group
(Scheme 1). However, they behave as monoprotic acids inas-
much as double deprotonation has never been observed, even at
the highest OH ™~ concentration investigated.'® Hydroxamic acids
present two stereoisomers, Z and E, represented in Scheme 1.

The queries about which conformation, Z or E, is prevailing
and whether hydroxamic acids may undergo N or O deprotona-
tion have generated intense debate and numerous papers on
these subjects' (and references therein). Whichever the pre-
ferred structure and the deprotonation process be, it is out of
question that, to form a mononuclear complex, hydroxamic acids
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adopt the Z-conformation and the chelation process should
involve O-deprotonation.*’

The presence of secondary coordinating residues at adjacent
binding sites opens new perspectives in the coordination chem-
istry of hydroxamic acids. Salicylhydroxamate and a- and 3-amino
hydroxamates, combined with appropriate metal ions, give rise to
important families of supramolecular compounds, the metalla-

21-24 . :
crowns. These species have been found to present interest-
ing recognition properties,25 not only toward cations (for instance
through substitution of the core metals)®® but also in the case of

. . 27
anions (for instance carboxylates).”” More recently, metallacrowns
have been found to function as single molecule magnets.zg’29

Salicylhydroxamic acid contains both hydroxymate and pheno-
late donor atoms and is well suited to synthesize metallacrowns,

Received:  May 25, 2011
Published: September 21, 2011

10152 dx.doi.org/10.1021/ic201112j | Inorg. Chem. 2011, 50, 10152-10162



Inorganic Chemistry

3+

Figure 1. Structure assumed for the dinuclear complex of SHA that can
represent the repetitive unit of a SHA-based metallacrown.

particularly in conjunction with highly charged metal ions
(for instance, Iron(IIT)). SHA can in principle bind two Fe**
ions, giving rise to a dinuclear, fully deprotonated complex
(Figure 1), which constitutes the repetitive unit of an SHA-based
metallacrown.”® The structure of such a precursor complex was
hypothesized by Pecoraro et al,,”>*° but not found experimen-
tally as an isolated entity. Actually, the experimental evidence on
M>*/SHA systems so far available denies full SHA deprotonation
and formation of dinuclear SHA complexes. To this aim, it is
worth mentioning that in a Previous study on the mechanism of
the Ni(II) binding to SHA,*' we reported that divalent metal ions
form only mononuclear complexes with SHA, whereas the N—H
proton remains bound to the nitrogen atom irrespective of the
strong polarization effect induced by the Ni** ion bound at the
hydroxamate O,0 site.

A wide range of metallacrowns that differ according to size and
structure have been synthesized and characterized,”>*° but their
solution behavior needs further investigation. Recently, intensive
thermodynamic studies concerning metal/aminohydroxamic
acid systems have been carried out in aqueous solution that have
enabled the acidity range, in which metallacrowns form and are
stable, to be determined.*' Moreover, studies on metal exchange
at the metallacrown cavity have also been performed.*® By con-
trast, information on the mechanism of the crown formation is
rather scarce.

In this work, we have carried out a kinetic, thermodynamic,
and IR spectroscopic investigation of the binding of Iron (III)
to SHA and, for control purposes, to benzohydroxamic acid
(BHA). The results show that a complex as that depicted
in Figure 1 forms, and the thermodynamic and kinetic fea-
tures of the process that lead to formation of this complex are
worked out. Prior to the study of the binding of Iron(III) to
the above hydroxamic acids, the kinetic behavior of solutions
of Fe(ClO,); has been investigated at different HCIO,4 con-
centrations to better understand the mechanism of the metal—
ligand binding reaction, whose elucidation is rather complicated
because of coupling with metal hydrolysis and self-aggregation
steps.

B EXPERIMENTAL SECTION

Chemicals. All chemicals were analytical grade (Aldrich). SHA and
BHA solutions were prepared by weighing the appropriate amount of
solid reagent (purity 99%) and dissolving it in doubly distilled water. Iron
perchlorate, Fe(ClO,) - 6H,0, was dissolved in perchloric acid 0.34 M to
prevent the Iron(IIl) hydroxide from precipitation. The Iron(III) con-
centration was measured by titration with EDTA. Perchloric acid and
sodium perchlorate were used to attain the desired medium acidity and
ionic strength, respectively.

Scheme 2
Kir
F + B0 =—= FeOH” + H O]
2FeOH?* * Fe,(OH),* @
Kp
Kb )
FeOH?" +F&" + H,0 Fe,(OH),™ +H" @
Kp
Fey(OH),*" + FeOH? + H,O Fey(OH) " + H 3)
T

Methods. The hydrogen ion concentrations of the aqueous solu-
tions were determined by pH measurements performed by a Metrohm
713 instrument. A combined glass electrode was used, after the usual
KCl bridge was replaced by 3 M NaCl to avoid precipitation of KClO,.
The electrode was calibrated with HCIO, solutions of known concen-
tration. This procedure enables the conversion of the pH-meter output
into —log[H"] values.

Absorption titrations were performed on a Perkin-Elmer Lambda
35S double beam spectrophotometer. Experiments were performed at
298 K and at [H"] = 1.0 to 0.01 M. Increasing amounts of the metal
solution were added by a microsyringe to a ligand solution (SHA or BHA)
already thermostatted in the measuring cell.

The kinetic experiments were performed on a MOS-300 Biologic
stopped-flow mixing unit coupled to a spectrophotometric line by two
optical guides. The UV radiation from a Xe lamp was passed through a
Bausch and Lomb 338875 high intensity monochromator and then
split into two beams. The reference beam was sent directly to a 1P28
photomultiplier. The output from the two photomultipliers was ba-
lanced before each shot. The acquisition system keeps a record of a
number of data points ranging from 10 to 8000 with a sampling interval
in the 50 us to 10 s time scale. The kinetic curves were evaluated with the
fitting package from AISN software (Jandel). Each shot was repeated
at least 10 times, and the resulting kinetic curves were averaged via an
accumulation procedure.

The complexes obtained from reactions of Iron(III) with BHA and
SHA were also analyzed by attenuated total reflectance FTIR (FTIR-
ATR) in solution using a Nexus 470 FTIR spectrophotometer from
Nicolet Instrument Corporation. FTIR-ATR exploits the attenuation
of the light reflected internally in a germanium nonabsorbing prism,
because of energy absorption of an analyte in contact with the reflecting
surface. To further enhance the attenuation, and consequently the absorp-
tion spectra, the prism has an oblong and trapezoidal shape to allow
multiple internal reflections. The penetration depth of the absorption is
of the order of a few micrometers and is a function of the wavelength, the
angle of the incident beam, and the refractive index of both the sample
and ATR prism. IR spectra of the two free ligands and of metal—ligand
mixtures were recorded in different stoichiometric ratios. Contribu-
tions from water, reagents, and background were subtracted from the
raw spectra.

B RESULTS

Iron(lll) Hydrolysis and Self-Aggregation. Equilibria. The
process of Iron(IIT) hydrolysis and self-aggregation in aqueous
solution has been investigated by UV/vis spectrophotometry at
I=1M (NaClO,) in the 0.01 to 1.0 M (HCIO,) acidity range.
Lower acid concentrations can induce precipitation of Fe(OH);
and were avoided. The spectral behavior of Fe(ClO,); in 1.0 M
HCIO, (Supporting Information, Figures S1 and S2) clearly
indicates that the only species present at [H'] = 1 M is
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Table 1. Reaction Parameters for Hydrolysis and Self-Aggregation Reactions of Iron(II1); I = 1 M (HCIO,/NaClO,), T = 298 K

Ky (x10°M) Kp(x10°M™) Kr (M) kp(x10°M ‘s )

1.9 23 39 b1s
13

kp (s)

b0.56 43 1.1 65 0.030

krM s kr () kUM YsTH k(s

“ Rate parameters for reaction (2'). ” From kinetics at [H*] = 0.1 M. “ From kinetics at [H] = 0.01 M.

Fe(H,0)¢™". In 0.01 M HCIO, a remarkable red shift of the
metal absorption band is observed (Supporting Information,
Figure S3) and the Beer—Lambert law is no longer obeyed
(Supporting Information, Figure S4), both findings revealing the
presence of more than a single metal species. The analysis of the
equilibrium and kinetic data suggests that, under the explored
range of acid concentration (0.01 M < [H"] < 0.2 M), the main
reactive processes are those reported in Scheme 2.

The absorbance of Fe(ClO,); solutions was measured at
different metal and acid concentration, and the data have been
subject to a multivariate nonlinear least-squares treatment as des-
cribed in the Supporting Information. The values of the equilib-
rium constants of Scheme 2 reactions (1), (2), and (3), respec-
tively Ky, Kp, and Kr, obtained by such an analysis are reported
in Table 1. Here and in the following the subscripts D and T refer
to the dimer and trimer respectively.

Kinetics. The kinetic behavior of the system (1)—(3) has been
investigated using the stopped-flow method. The experiments
have been performed in the concentration-jump mode by mixing
a given volume of a Fe(ClO,); solution with an equal volume of
water, both at the same desired pH and ionic strength value.
Reaction (1) of Scheme 2 involves proton dissociation/associa-
tion from a water molecule coordinated to Iron(III). This step
reaches the equilibrium so rapidly that it cannot be monitored by
the stopped-flow technique; the observed kinetic effects should
then be related to self-aggregation steps. The experiments at
[H"] = 1.0 M showed no kinetic effect. Actually, thermodynamic
K values in Table 1 regarding the equilibria reveal that at [H"] =
1.0 M the Fe®" ion species prevails by far. At [H"] = 0.1 M the
kinetic curves are monoexponential (Figure 2A). This observa-
tion, along with the linear dependence of the reciprocal relaxa-
tion time versus the [FeOH2+:|/ ([H] + Ky) ratio (Figure 2A,
inset), allowed to rationalize the dynamic behavior of the system
at [H"] = 0.04 M on the basis of steps (1), (2), and (2"). Under
these circumstances, step (3) can actually be disregarded, because
the equilibrium data show that the trimer concentration becomes
negligible at these relatively high acidity levels. Because reaction
(1) is much faster than reactions (2) and (2’), the concentration
dependence of the reciprocal relaxation time, 1/73 is given by
eq 4 (see Section S of the Supporting Information).

1/t = 4(kp + kp[H']/Ku)(Ku/(H] + Kn))
[FeOH**] + (k_p + K ,[H']) (4)

where [FeOH?*] has been evaluated as described in Section 1 of
the Supporting Information. The rate constants kp, k_p, k'p and
k' (Table 1) have been evaluated by applying to eq 4 a
nonlinear least-squares treatment using the values derived from
the equilibria analyses.

The results obtained from the experiments at [H"] = 0.01 M
are rather more complex. The exchange rate, evaluated using
the data of Table 1, show that, under these circumstances, the
extent of dimer formation through step (2') is only 0.5%; hence,
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Figure 2. Stopped-flow experiments showing the kinetic behavior of
Fe(ClO,); solutions upon dilution jumps at I = 1 M (HCIO,/NaClO,)
and T =298 K: (A) Cyy = 0.11 M, [H'] = 0.1 M; (B) Cy; = 0.036 M,
[H"]=0.01 M. Note that, whereas the curve (A) is perfectly monoexpo-
nential, curve (B) deviates from the monoexponential behavior shown
by the continuous line. Inset: plot of the kinetic data according to eq 4.

at [H'] = 0.01 M, this step can be neglected. Nevertheless, the
kinetic curves become biexponential (Figure 2B). The change of
behavior should be ascribed to involvement of step (3) which, for
[H'] < 0.04 M, gives a noticeable contribution to the observed
kinetics. The usual data treatment, where the fast relaxation is
analyzed as a fast equilibrium not affected by the slow effect,
could not be applied here because the two effects (1/7¢and 1/7;)
are only poorly separated on the time scale (Table 2). Hence, a
whole kinetic analysis of the coupled reactions was applied to
Scheme 2. The Castellan’s method>> was employed, which makes
use of the exchange rates to obtain the concentration depen-
dence of the fast (1/7;) and slow (1/7,) relaxation times (see
Supporting Information). However, instead of analyzing the two
expressions separately to obtain the rate constants of steps (2)
and (3), these were evaluated by a combination of relaxation
times (eqs S and 6), according to a procedure developed in our
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Table 2. Dependence of the Relaxation Times, 1/7;and 1/7;
for the Self-Aggregation Reaction of Iron(III) on the Hydro-
gen Ion Concentration; Cyy = 0.1 M, I=1M (HCIO,/
NaClO,), T =298 K

(H'] (M) Vre(s™) 17, (s7)
0.01 13 22
0.02 43 17
0.03 2.3 LS
0.04 14
0.0 13
0.06 L1
0.08 0.83
0.10 0.77
0.13 0.78
0.16 0.85
0.20 L1

laboratory,®® which has been adapted to the present system
(see Section 2 of the Supporting Information):

1t + 1/75 = (4%p + xr)Cm + ((p + 2%_1) (5)

1/t + 1/7, = 6XDXTCM2 + 4pX-1Cm + X _pX_T
(6)

where ¥p, %, XD, and X _r are apparent rate parameters linked
to the rate constants of the individual steps (2) and (3) as shown
below. A plot according to eq 5 is shown in Figure 3A. The slope
and intercept of the straight line interpolating the data points
provide (4xp + xr) = (139 £2) M ' s " and (y_p + y_1) =
(1.7 £ 0.2) s, respectively. On the other hand, the parabolic
function represented in Figure 3B, which corresponds to eq 6, has
enabled us to obtain the parameters 6ypyr = (1.4 & 0.1) x 10°
M s 2 4ypy_r=(14%£2) x 10°M 's Zandy_py_r=(1=+
0.7) s~ % Combination of these parameters yields the apparent rate
constants. The latter are linked to the individual rate constant of
Scheme 2 by the relationships kp = ¥pKy*/(Ky + [H'])? kr =
y1Ku/(Ky + [H]), k_p = y_p and k_r = %_1 /[H"]. The rate
constants evaluated at [H] = 0.01 M are reported in Table 1.
Special attention has been paid to investigate the dependence
on [H'] of the reverse step of reaction (3). For this purpose, a set
of experiments was devised in which a solution containing the
preformed trimer was mixed with given amounts of HCIO, and
the time constant of the trimer decomposition, 1/7 4, has been
measured for each [H'] value. Figure 4 shows that 1/7g, is
directly proportional to [H"]. This result will be discussed later in
connection with the structure of the trimer.

Besides the above-described kinetic processes, a very slow
reaction was detected on the time scale of hours (Supporting
Information, Figure SS). This reaction, monitored by classical
spectrophotometry, was ascribed to formation of more complex
Iron(III) aggregates, and was not further investigated.

Reactivity of Iron(lll) with BHA and SHA. Equilibria. The
equilibria of the interaction of Iron(IIT) with BHA and SHA have
been investigated by spectrophotometric titrations at I = 1 M
(NaClO,) in the 0.01 M < [HCIO,] < 1 M acidity range. All
titrations were performed under conditions of metal excess to
exclude the formation of complexes such as ML, or MLs.

Iron(lll)/BHA System. Titration of BHA with Iron(III) under
Cwm/Cr = 10 conditions do provide monophasic binding isotherms
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Figure 3. Dependence of 1/7¢ + 1/7, (A) and 1/7¢ X 1/7, (B) versus
Cypat [H'] =0.01 M, I =1 M (HCIO,/NaClO,) and T = 298 K.
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Figure 4. Dependence of the rate constant of trimer decomposition on the
hydrogen ion concentration; I = 1 M (HCIO,/NaClO,4) and T = 298 K.

(Figure SA), which represent the formation of 1:1 complexes
(denoted in total as MLr) from reaction between the free iron
(My) ([Mg] = [Fe**] + [FeOH>*] + 2[D] + 3[T]) and the free
ligand (L¢) where [L¢] = [H,L], according to the apparent
reaction 7

Kiapp

M; + Ly = MLy (7)
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Figure S. Binding isotherms for the interaction of Iron(IIl) with
hydroxamic acids with related insets showing the spectral change
induced by complex formation; I = 1 M (HCIO4/NaClO,) and T =
298 K: (A) [BHA] =2.5 x 10 *M, [H'] = 0.1 M, inset: (a) Cpy =0 M,
(b) Cpr= 1.7 x 107" M; (B) [SHA] =2.5 x 107 * M, [H"] =0.022 M,
inset: (a) Cpy=0M, (b) Cyy=1.7 x 107" M.

The binding isotherms have been analyzed according to eq 8
AA/CL = Agl(lappCM/(l =+ I<lappCM) (8)

where AA = (A — Ap), Ae = (eyn, —&1 — &m), and Ky, is the
equilibrium constant of reaction 7. The dependence of K, on
[H"] displays the rather unusual behavior shown in Figure 6.
Such a dependence can be rationalized on the basis of a
mechanism that involves the coupling between complex forma-
tion and hydrolysis/aggregation of Iron(III). At [H"] values less
than 0.025 M, both the dimer and the trimer formation subtract
metal to complexation, so K, decreases as [H"] tends to zero.
At the highest [H'] values, the complex formation is also
hindered because the concentration of the reactive species,
FeOH?**, is reduced. Moreover, for [H*] = 1 M BHA tends to
form the BHAH" species,** which is reluctant to metal binding.
The outcome is that the dependence of K, on [H"] displays a
maximum. The [H"] dependence of Ky, is given by eq 9.

Kiapp = apeonKnw )

where Og.op = [FeOH]/[Mg] and Ky, is the equilibrium constant
of reaction 10 (see Section 4 of the Supporting Information).

K
FeOH>" + H,L = FeHL*' 4+ H,O (10)

084 e 0.8
. g 06 . .
o~ 064 . N
= v 04
= ¥ g
Qo
g 044 ° T o2
X
.
Yo ° L4 00 .
- 02 0 1 2 3 4 5 6
W [ ]
1020(FeOH
[ ]
[ ]
00 T T T T T T T
00 05 10 15 20 25 30 35
10 [H'] (M)

Figure 6. Dependence of the apparent binding constant, Ky, for the
Iron(III)/BHA system on [H"] at I = 1 M (HCIO4/NaClO,) and T =
298 K; inset: dependence of Kj,p, on Ggeop, the molar fraction of
FeOH*" ion.

A plot of Ky, Versus Gpeon according to eq 9 yields a straight
line (inset of Figure 6) whose slope provides the Ky, value
reported in Table 3.

Iron(lll)/SHA System. The thermodynamic study of the Iron-
(111) /SHA system reveals two different sorts of behavior depend-
ing on the medium acidity. For high [H"] values the binding
isotherms are monophasic, as those obtained for the Iron(III)/
BHA system (Supporting Information, Figure S6), whereas they
become biphasic for lower [H"] values, indicating that a further
binding step becomes operative under such conditions (Figure SB).
This step is compatible with the formation of a dinuclear complex.
The titration curves have been analyzed using eq 11,*> where
Aey = (enir — e — mp)y A&y = (EnoLr — €16 — Enp), and Kaapp
is the equilibrium constant for formation of M, Ly from reaction
of ML with Mg, that is, Kyqpp = [M,L1]/[MLr][Mg¢]. Note that,
in the case of monophasic behavior, eq 11 is reduced to eq 8.

AA/CL = (AglKlappCM + AEZKlappKZappCMZ)/
(1 + KlappCM + KlappKZappCMz) (11)

The values of both K, and Ky, depend on [H'], as shown
in Figure 7A and 7B, respectively. The trend of K, is similar to
that observed for the Iron(IIT) /BHA system and has been analyzed
using eq 11, now being [L¢] = [H3L] and Ky = [FeH,L*"]/
([FeOH?*][H,L]), while the trend of Kqpp has been analyzed
using eq 12 which has been derived according to reaction 13.

Kaapp = Knorreon/[H] (12)
2+ 24 Ko 3+ +
FeH,L*" + FeOH*" = Fe,L°" + H;0 (13)

Aplot of [H'] x Koqapp Versus Opeop is linear (Figure 7B inset),
and its slope yields the value of Kyy,;, the equilibrium constant of
reaction 13. The stoichiometry of reaction 13 is also confirmed
by the kinetic results which show (Figure 11) that the decompo-
sition of one ].:"ezL3+ ion requires one proton. The values of Ky,
and Ky, are reported in Table 3.

Kinetics. The kinetics of the Iron(III) binding to BHA and
SHA have been investigated under pseudo-first order conditions
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Table 3. Reaction Parameters for Complex Formation Reactions of Iron(III) with Benzohydroxamic Acid (BHA) and
Salicylhydroxamic Acid (SHA); I = 1 M (HCIO,/NaClO,), T = 298 K

Ko (X1I0°M ™) Kypop (X12M™Y) ki (x10°M 's™h) ko (s7')  Kpky (X107s7Y)  KpKoks/Kam (s k_sKeg (M 's™h)
BHA 1.1 1.8 0.12
SHA 1.3 3.6 14 70.004
’L6 1.1 95 1.6
“From data at [H'] = 1 M. * From data at [H*] = 0.1 M.
(A 10
08 7 081 . 12 i 84
» A -
° o o6 10] £
é o 44
< 06 @ g . 8 -
s xﬁ‘ 0.4 Fa - 2
VQ L4 <o A 0
=2 ® ~ 02l _— N 1 K 3 4 5 a
« 041 - £ 10°[FeOH?"] (M)
~ - 4
o 00 . S 4
- o R
02]® 107 oo ) 1
[ . —.
0.0 . , . , 0 l T .
0.0 0.8 1.6 2.4 3.2 0.0 0.4 0.8 12
10 [H'] (M) 10 C,, (M)
084 (B 054 Figure 8. Dependence of 1/7 versus Cy; at different [H"] values for the
° . Iron(II)/BHA system at I = 1 M (HClO,/NaClO,) and T = 298 K;
° 0.4 [BHA]=2.5x 10 *M,[H']=1 MM, 0.1 M @,0.01 M A. The inset
~ 061 < o represents the dependence of 1/7 on [FeOH>'], calculated at all
s T 039 . acidities by the relationship [FeOH*"] = ttreon Cum-
~ N °
a = 02
8 0.4 ¢ = Cpat [H'] = 0.01M. Here, a downward deviation from linearity
Nx 0.1 can be observed in the 1/7 versus Cy; plot (Figure 8). Such a
= 00 e deviation depends on the behavior of ¢tg.op, which, at [H'] =
0.2 ° o 0 1 2 3 4 5 & 7 0.01M, decreases as the metal ion content is raised, owing to the
N 10%Gry0 contribution of the self-aggregation steps which subtract the
LI FeOH?" reactive species to the binding process. It can then be
0.0 . : ] ; . . . , S assumed that the prevailing binding step for BHA is represented
0.0 02 0.4 0.6 0.8 1.0 by reaction 10. Bearing in mind that reaction 10 is coupled to the
10 [H'] (M) hydrolysis and self-aggregation steps through the common

Figure 7. Dependence of the apparent binding constants, K, and
Kyopps for the Iron(II)/SHA system on [H'] at I = 1 M (HCIO,/
NaClO4) and T = 298 K; (A) plot of Ky, versus [H'], inset:
dependence of Ky, on dgeon. (B) Plot of Ky, versus [H'], inset:
dependence of [H'] X Ky, 0N Opeom

(Cm/Cy = 10) using the stopped-flow method. For both systems
the complex formation process is coupled with the Iron(III)
hydrolysis and self-aggregation processes.

Iron(lll)/BHA System. The kinetic traces obtained for the
binding of Iron(III) to BHA are monoexponential in the [H"] =
0.1 to 1.0 M range (Supporting Information, Figure S7). The
dependence of 1/7 on Cy; is linear at [H"] = 1.0 and 0.1 M
(Figure 8). Note that the rate of reaction largely increases upon
reducin§ [H*] from 1.0 to 0.1 M, in parallel with the increase of
[FeOH""] induced by the [H'] reduction. This observation
indicates that FeOH?" is the reactive species, while the hexa-
aquoion Fe*, although present in large excess at both acidity
levels, reacts with BHA to a negligible extent. That the reacting
species is FeOH>" is also confirmed by the rate dependence on
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species FeOH>" and that [M] &~ Cy, it follows that the concen-
tration dependence of the relaxation time of the complex forma-
tion reaction is given by the relationship 14

1/t = k[FeOH*"] + k_, (14)

where k; and k_, are respectively the forward and reverse rate
constants of reaction 10. The inset of Figure 8 shows the 1/7
versus [FeOH*"] = dp.on Cy plot. Now all the data points lie on
a single straight line according to eq 14, which provides the k; and
k_, values collected in Table 3.

Iron(lll)/SHA System. This system exhibits a more complex
kinetic behavior. At [H"] = 1.0 M, the kinetics are monoexpo-
nential (Figure 9A) provided that Cy; < 0.04 M. The metal
concentration dependence of the relaxation time is linear
(Figure 10A). The kinetic behavior is similar to that displayed
by the Iron(III)/BHA system under similar conditions and is
ascribed to formation of a mononuclear complex between Iron-
(III) and SHA.

The behavior becomes more complex at [H'] = 0.1 M and
even more at [H'] = 0.01 M (Figure 9B). Actually, the system
displays now two kinetic effects, in contrast with the behavior of
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the Fe/BHA system where, under similar conditions, simple
kinetics are observed. The metal concentration dependence of
the fastest of the two effects is parabolic (Figure 10B), revealing
the occurrence of a second-order binding step with respect to the
metal ion. On the other hand, the rate constant of the slow kinetic
effect displays a linear dependence on Cy (Figure 10C).

The kinetic features of the Iron(III)/SHA system can be
rationalized on the basis of the reaction Scheme 3, where HsL
denotes the uncharged triprotonated SHA species.

Since the two effects are widely separated on the time scale,
the fast effect has been analyzed separately from the slow one,
whereas in the analysis of the slow effect, reactions (15) and (16)
are regarded as pre-equilibrium steps. The expressions of the
relaxation times for the two kinetic effects (eqs 18 and 19) have
been derived as described in the Supporting Information. The
values of the parameters obtained by this analysis are reported in

Table 3.

1/The = ki [FeOH?'| + Kpk,[FeOH>']*
+ (k_; + Kck_,[FeOH*'])/(1 + Kc[FeOH>'])
where K¢ = [Fe,OHH,L*"]/[FeH,L*"][FeOH*"]

(18)

1/Tgow = KpKaks[FeOH*'*/(1 + K,[FeOH?"|
+ K, Kp[FeOH?"*) +k_3Kcu[H'] /(14 Keu[HT])
where Kcy = [Fe;HL*"]/[Fe,L*][HT] (19)

The fast effect has been analyzed according to eq 18. Since
the intercept of the parabolic function expressing 1/7g,g versus
[FeOH'] is close to zero (Figure 10B), the third term of the
right-hand side in eq 18 has been neglected.

Concerning the slow effect, the linear dependence 1/7y,,,
versus [FeOH>"] (Figure 10C) indicates that the inequality
K,[FeOH**] > 1 + K,Kpp[FeOH>*]? holds in the denominator
of the first term of eq 19. This conclusion is confirmed by the
values of the equilibrium data, which show that the above
inequality is satisfied over the full [FeOH”*] range investigated.
Moreover, the intercept of the plot of Figure 10C is very small;
hence, the contribution of the reverse step of reaction (17)
cannot be evaluated using eq 19. Therefore, the slow reaction has
been investigated in the reverse direction by mixing the pre-
formed 2:1 complex in the stopped flow apparatus with known
amounts of HCIO,, (Supporting Information, Figure S8). The
dependence of the time constant on the acidity level is shown in
Figure 11. The linear behavior observed is in good agreement
with reaction (17) and indicates that the inequality Kcpy[H'] << 1
holds in eq 19 and so the slope of the straight line of Figure 11
yields k_3Kcy.

FTIR Experiments. Infrared spectra of aqueous solutions of
BHA and SHA have been recorded at pH = 1.66 and I = 1 M.
Moreover, the spectra of the ligand and Iron(III) mixtures in the
stoichiometric ratios Cy;/Cy, = 1 and 2 have been recorded also at
pH = 1.66 ([H'] = 0.022 M), where the extent of complex
formation is highest. Concerning the Iron(III)/BHA system,
Figure 12A shows that the band corres7ponding to the N—H
vibrational frequency (3300 cm™")***” does not display any
remarkable change on going from BHA alone to mixtures of
BHA and Fe(ClO,);. In particular, the spectra of solutions in
which both the metal and the ligand are mixed in the ratios Cyy/
Cp=1and Cy;/Cy =2 are very similar. Comparison of the spectra
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Figure 9. Stopped-flow traces recorded at A = 532 nm upon mixing
SHA 2.5 x 10 * M and Fe(ClO,); 9.0 x 107> Mat I = 1 M (HCIO,/
NaClO,) and T =298 K; (A) [H'] = 1.0 M (monoexponential trace),
(B) [H*] =0.01 M (biexponential trace). The inset shows the slowest of
the two effects on a magnified scale.

indicates that Iron(IlI) is chelated by BHA through the O,0
oxygen atoms, and that only the 1:1 complex is formed.

Concerning the Iron(III)/SHA system, comparison of the
spectrum of SHA alone with those of the Cy;/Cp = 1 and Cyy/Cp =2
mixtures (Figure 12B) shows that, like in the case of the
Iron(III)/BHA control system, Iron(I1I) binds to SHA through
the O,0 sites. Moreover, comparison of the spectral behavior of
the Cy/Cy, = 1 and Cy;/Cy, = 2 mixtures reveals that the bands
corresponding to the phenol Op—H (3463 cm™ ') and N—H
stretching (3300 cm 1Y) ,337 which for Cyy/Cy, = 1 mixtures are
well evident (although overlapped) between 3000 and 3400 cm ™',
become reduced to alarge extent for the Cy;/Cy, = 2 mixture. This
outcome indicates that the second Iron(III) ion in the binuclear
complex is bound to SHA through the Op,N site.

W DISCUSSION

Iron(lll) Hydrolysis and Self-Aggregation. The value of the
equilibrium constant for the dimer formation, kp/k_p = 2.7 X
10° M, obtained in this study from kinetics compares satisfacto-
rily with that from the spectrophotometric titration (Table 1),
and both values compare pretty well with the literature data.”®
Actually, our equilibrium constant for dimerization, Kp, can be
converted to the value quoted by Baes and Mesmer®® (Kp"™ =
23 x 10 > M at I = 1 M and 25 °C) using the relationship
Kp™ = [Fe,O"][H]/[Fe**]* = Kp X Ky’ By application of
such an equation we obtain K" = 2.7 x 107> M.
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Figure 10. Dependence of the relaxation time on [FeOH?*] for the
Iron(II)/SHA system under different acidity conditions at I = 1 M
(HCIO,4/NaClO,) and T =298 K; (A) [H"] = 1.0 M (single effect); (B)
[H'] = 0.1 M (fast effect); (C) [H"] = 0.1 M (slow effect).

Application of the Davies equation® with B = 0.1 to a
bimolecular reaction in which the charge product of the
reactant is +4 shows that the rate constant ratio, kj—3on/
ki—1.onm = 0.5, is in good agreement with the 0.46 ratio obtained
by dividing the kp, value published by Sommer and Margerum
(6.4 x 10°Ms ', I=3.0M, T =298 K)*° by our value. On the
other hand, the same procedure shows that our rate constant
kp (Table 1) is somewhat higher than the 8.1 X 10°M s
value derived by conversion at I = 1 M of the Wendt datum*'
(4.5x10°M "s~ ', 1=0.6 M, T =298 K) using the Giintelberg
equation.*” Concerning the reverse step, our value of k_p,
should be considered in agreement with the value of 0.42 s !

Scheme 3

Fast effect:
Ky

FeOH? + HL =—= Fel,l?* + HO (15)
Ky

Kp|| FeOH* Ke|| FeORP*
ks

Fe,(OH)* + ML === Fe,OHILL* + HO (16)
ko

Slow effect:

1/Ken

k
Fe,OlI L+ === FeHI* + HO Fel? + HO' (17

ks

reported by Po and Sutin,” who investigated the dimer
dissociation, but somewhat higher than that obtained by
Sommer and Margerum.40

Concerning the process of formation/dissociation of the
trimer, Table 1 shows the excellent agreement between the value
of K obtained from static titrations and that obtained from
kinetics as kt/k_r. Two possible structures have been assumed
for the trimer species,*” namely, Fe;(OH),*" and Fe;(OH);**
(Scheme 4).

The linear dependence of the trimer dissociation rate on [H"]
(Figure 4) shows that the prevailing form of the trimer is
Fe;(OH),™, since the decomposition of Fe;(OH);*" would
had been acidity independent. However, the direct encounter of
Fe,(OH),"" with FeOH*" (which are involved in reaction (3))
would give rise to Fe;(OH);%", whereas the formation of Fe;-
(OH),>" would require the improbable encounter of Fe,(OH),"
with the doubly hydrolyzed monomer Fe(OH)," present in
extremely low amounts. Alternatively, Fe;(OH),>" could be
formed by the evolution of Fe;(OH);%". If this were the case,
eq (3) should be rewritten in the more detailed form correspond-
ing to the reaction sequence eq 20.

Fe,(OH),*" 4 FeOH*" + H,0 == Fe3(OH),*"

ﬁ S5+ +
+ H,0=Fe;(OH),”" + H (20)

According to sequence 20, the rate constant for the process of
trimer dissociation, 1/7 4, would be expressed by eq 21, where

Ky is the acid dissociation constant of the Fe;(OH);®" ion:
1/Tgs = ke[H']/(Kp + [H]) (21)

The linear dependence of 1/7, versus [H"] (Figure 4) indi-
cates that Ky > [H"] and that [Fe;(OH), "] > [Fe;(OH);%*].
Finally, concerning the very slow step observed (Supporting
Information, Figure SS5), it can be ascribed to formation of more
extended aggregates, whose structures we are unable to predict.
We only could guess that they could form by addition of the
FeOH>" ion to an already formed aggregate, since the linkage
of two identical aggregates is disfavored by the electrostatics of
the system. For instance, the linkage of two dimers to give a tetramer
(charge product = +16) would experience a repulsion effect
larger than that corresponding to the union of a trimer with
FeOH>" (charge product = +10). Actually, simple calculations
based on the electrostatic theory of electrolytes** show that the
increased repulsion results in a free energy penalty of 3.3 kcal mol '
when the charge product rises from +10 to +16.
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Figure 11. Dependence of the rate dissociation, 1/74;, on the hydro-
gen ion concentration for the Iron(II1) /SHA system at I = 1 M (HCIO,/
NaClO,) and T = 298 K.

Complex Formation of Iron(lll) with BHA and SHA. /ron-
(11)/BHA. It has been found that the Ky;;, value reported in Table 3
for the 1:1 Iron(III)/BHA complex compares excellently with
Ky, = Q¢/Kyy = 1.0 x 10° M~ derived from Q ¢= [FeHL][H]/
[Fe][H,L] = 1.7 x 10% measured by Monzyk and Crumbliss at
25 °C and I = 1.1 M (HCIO,/NaClO,).*® The kinetic study
demonstrates that in the formation of the 1:1 complexes the
reactive Iron(III) form is FeOH>*. Although a small Fe(H,0)s"
contribution could be expected,”® and eyfperirnentally found for
instance for Iron(III)/salicylate systems,™ this was found to be
negligible over the concentration range explored in the present
investigation. The k; value for Fe/BHA reported in Table 3
compares fairly well with the 4.3 x 10° M~ "'s~ ' value by Monzyk
and Crumbliss at I = 2 M.*° According to the conclusions accepted*
about complex formation reactions at Fe(H,0)sOH>", the forma-
tion of the 1:1 chelate, represented as a single reaction for the
sake of simplicity (reaction 10 or reaction (15) for Iron(III)/
SHA), is in effect composed by the sequence shown in Scheme S.
where step (1) represents the formation of the (OH)Fe(H,0)s,
H,L outer-sphere complex, which converts to the inner-sphere
monodentate complex (OH)Fe(H,0),H,L in the rate-deter-
mining step (2), according to the dissociative Iy mechanism first
proposed by Eigen and Tamm.*” Therefore, internal proton transfer,
removal of a second water molecule and ring closure rapidly
occur in step (3), which leads to formation of the stable chelate
Fe(H,0),HL.

Iron(1ll)/SHA. Still more important for the focus of the present
work are the results concerned with the binding of the second
Iron(III) ion to SHA. According to the reaction Scheme 3, the
species [Fe,OHH,L]*" can form by direct attack of H,L to the
dimer Fe,(OH),*" or/and by reaction of the FeOH>* monomer
with the FeH,L monochelate. The equilibrium constant of the
latter reaction is K¢ = KpK,/K; = 5.2 M~ ', This finding indicates
that the formation of Fe,OHH,L*" from FeH;L*" and FeOH**
is largely disfavored with respect to step (16), which involves the
direct interaction of the dimer with H;L. It should be mentioned
here that direct attack of Fe,(OH),*" to ligands were observed in
the case of Tiron,* tropolone,* and 5-nitro tropolone.*® The
first act of the binding process appears to occur with the same
mode of activation, since the values of the rate constants for this
step are similar: 5.1 X 10°M ™ 's™ ' for Tiron, 2.1 x 10°M 's~*
for Tropolone,® 3 x 10* M~ " s~ ! for S-nitrotropolone,*® and
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Figure 12. FTIR spectra of the investigated systems; [H"] = 0.022 M,
I=1M (HCIO,/NaClO,), T = 298 K. [BHA] or [SHA] = 5 x 10 *M
(A) the Iron(III)/BHA system: (a) BHA, (b) Iron(III):BHA = 1:1, (c)
Iron(IlI):BHA = 2:1; (B) the Iron(III)/SHA system: (a) SHA, (b)
Iron(III):SHA = 1:1, (c) Iron(III):SHA = 2:1.

Scheme 4
5+ 6+
H H Fe
Q Q
NN, Ho” Non
€, e
\O/ \O/ F|e l|:e
H =1 \o/
H
Fey(OH),~>" Fey(OH),"

1.5 x 10*M ' s~ for SHA (this work). A dimeric intermediate,
structured as in Scheme 6, has been proposed to explain the
kinetic behavior of the Iron(III)/Tiron system:*® where the two
Iron(II) units are linked through a #-OH and a #-OC bridge. A
similar structure can be proposed for the species Fe,OHH,L*"
formed in reaction (16). The two dimeric forms are unstable** "
but, whereas the Iron(III)/Tiron structure decomposes to give

FeL+FeOH™, in the Iron(III)/SHA system the Fe,OHH,L*"
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ion evolves toward the more stable Fe,L*" structure by the slow
reaction (17), as supported by the titration, kinetic, and IR
experiments. Our titrations show that the affinities of Iron(III)
for the O,0 and Op,N sites are very different (Ky K,y ); since
the value of Ky for SHA and BHA are similar, we can con-
clude that Iron(III) manifests a preference for the O,0 site.
The stabilization of the second iron atom within a single ligand
molecule is provided by the Op,N site which, even though is not
able to directly bind divalent metal ions,>" displays an appreciable
affinity toward Iron(II). Note that in the case of BHA any attempt
to observe the presence of the 2:1 complex inexorably failed.

It is also useful to discuss here the ability of SHA to form a
dinuclear complex with Iron(III) in the context of its ability to
form metallacrowns. Actually, the hydroxamate and the pheno-
late residues present in SHA turn this molecule into a dinucleat-
ing agent. Moreover, the dinuclear complex, is stabilized owing
to the high charge density of the Fe>" ion, which facilitates the
removal of protons from the Op,N site. The ability of eq 12 to
represent the Ky, versus [H"] dependence, the linear increase
of the rate of decomposition of the dinuclear complex on rising
[H"], and the FTIR spectra, all lead to the important conclusion
that both Iron(III) ions are chelated by the two SHA reaction
sites, whereas the ligand is fully deprotonated, in agreement
with the structure shown in Figure 1. This structure displays
the sequence Fe(A)—N—O—Fe(B), which constitutes the net-
work linking the metals contained in metallacrown rings such as
12-MC-4.2>%

Once the basic unit depicted in Figure 1, M,L, has been
formed, the next step could be the linkage of a further ligand
molecule to M,L to %ive the M,L, dimer. Note that recent ITC
titrations of the Cu®"/(S)—a-aminohydroxamic acid system,
made in our laboratory, provided calorimetric curves displaying
a jump at the stoichiometric ratio M:L = 2:1, which suggests
formation of the M,L species. The rates of formation of ML,
M,L, and M,L, depend on the metal nature.*® These processes
can be extremely fast as, for instance, in the case of Cu”"ion. On
the other hand, the overall rate of metallacrown formation
appears to be a relatively slow process. This feature hints at the
possibility that the crown formation could involve the aggregation
of two dimer molecules to give a more complex species. An
alternative route to the formation of the crown would involve the
union of a Cu(H,0),>" ion to M,L,, but this process would be
very fast, and therefore a kinetically distinguishable process. In
this regard, the kinetic approach could in principle provide

important information not only on the mode of formation of the
basic unit but also on the mechanism of crown assembly and even
on the mechanism of metal binding to the central cavity and/or on
the metal exchange process.

Bl CONCLUSIONS

The kinetic study of the interaction of Iron(III) with BHA and
SHA required a rather complete knowledge of the hydrolysis and
self-aggregation processes of Iron(III). The values of reaction
parameters for these processes agree pretty well with literature
data. Moreover, through the elucidation of the mechanism of
formation/dissociation of the trimer, the ambiguity existing
about the structure of this species has been solved.

The main aim of this paper was to prove the existence of a
dinuclear complex (M,L) formed by the reaction of Iron(III)
with salicylhydroxamic acid (SHA). The formation of this
complex has been demonstrated by spectrophotometric titration,
stopped-flow kinetics and FTIR experiments. The binding of the
second Iron(III) atom involves the deprotonation of the SHA
N—H site, and the formation of M,L provides the rationale for
the building of complex structures as metallacrowns. The results
obtained in the kinetic study of formation/decomposition of
M,L enabled us to describe for the first time the microscopic
processes which are at the basis of the formation of the building
blocks of the metallacrowns. Not only do the data here presented
provide a valuable basis for further kinetic studies on Iron(III)
base metallacrowns, but they also suggest what microscopic
interactions can be taken into account to describe the routes to
bigger metallacrowns.
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