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The oxidation of Fe!l(L) complexes by molecular oxygen is significantly enhanced by the presence of a chelating ligand L. The
kinetics of this reaction was studied for L = ethylenediaminetetraacetate, N-(hydroxyethyl)ethylenediaminetriacetate, and di-
ethylenetriaminepentaacetate as a function of [Fell(L)], {O,], pH, temperature, and pressure. All the observed kinetic relationships
can be accounted for in terms of a mechanism in which O, rapidly reacts with Fel¥(L) to produce Fe'(L)O,, followed by three
parallel reaction steps. These include spontaneous and acid-catalyzed electron transfer, as well as a reaction with Fel'(L) to produce
(L)Fe!"-0,2—Fe(L). The results are discussed in reference to the available literature data for these and related oxidation

processes.

Introduction

The substitution and redox reactions of edta (ethylenedi-
aminetetraacetate) and related polyamino carboxylate complexes
of Fe(II) and Fe(III) have increasingly received attention from
researchers in a variety of areas in recent years. Our own interest
lies in the kinetic and mechanistic behavior of such complexes,
especially in terms of their possible catalytic role in the simul-
taneous removal of SO, and NO, (i.e. NO and its oxidation
products) from flue gases of coal-fired power plants.!® The
oxidation of polyamino carboxylate complexes of Fe(II) by O,
is a complication in the catalytic cycle of such processes, since
it produces nonreactive Fe(III) complexes.

The autoxidation of Fe(II) to Fe(IIl) is, in general, significantly
enhanced by the presence of edta and related chelating ligands.
The kinetic behavior of this process is also of fundamental im-
portance in biochemical reactions. In this respect, it is appropriate
to note that Dervan et al.>!! have accomplished sequence-specific
recognition as well as cleavage of DNA with modified edta
complexes of Fe(II), viz. bis(Fe!'-edta—distamycin)fumaramide
and methidiumpropyl-edta-Fe!}, respectively. It was found that
the latter complex cleaves DNA in the presence of O,, presumably
via the formation of hydroxy radicals. In addition, a number of
mechanistic studies have been reported on the Fell/(edta)/
H,0,/HO, system and for related polyamino carboxylate com-
plexes.'>!8  These studies describe the catalytic effect of these
complexes on the decomposition of H,O, and dismutation of
superoxide, some of them in view of model systems for non-
heme-iron-containing oxygenases.!'4

The enhanced autoxidation of such Fe(II) complexes can be
ascribed to a thermodynamic driving force as reflected by a more
favorable redox potential and/or a kinetic labilization of one or
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more coordination sites on the metal center. In this respect it is
important to note that the exact nature of the coordination ge-
ometry of, for instance, Fe!/l(edta) in aqueous solution remains
uncertain, notwithstanding a good number of indirect observa-
tions."1>1%22 Tt is generally assumed that the coordination sphere
includes at least one labile water molecule independent of whether
the edta ligand occupies five or six coordination sites.!315:20.23.24
In this way, it is possible to account for the very rapid binding
of NO to Fe!l(edta) to produce Fe'l(edta)NO.M* It is especially
this kinetic labilization effect that has interested us in recent years
and encouraged us to perform a parallel investigation of the
substitution reactions of the corresponding Ru(II/IIT) complex-
€s.2°2  Qur earlier studies have, in general, demonstrated the
usefulness of systematically varying the nature of the chelate ligand
in order to influence the coordination geometry and the kinetic
labilization of the coordinated water molecule(s).

We have now completed a detailed kinetic study of the oxidation
of Fe'l(L) by molecular oxygen for a series of polyamino car-
boxylate ligands, viz. L = edta, hedtra (N-(hydroxyethyl)-
ethylenediaminetriacetate), and dtpa (diethylenetriaminepenta-
acetate). These selected ligands enable a systematic variation of
the coordination geometry around the Fe(II) center. The results
of our study are presented in this report and discussed in reference
to earlier work performed on the autoxidation of Fell(edta)?®-*!
and related Fe(II) complexes.32-%

Experimental Section

Materials. Chemicals of analytical reagent grade and deionized water
(Millipore) were used throughout this study. The various Fe(II) com-
plexes were prepared in solution from FeSO, and Na,(H,edta), Na,-
(edta), Nay(hedtra), and Hdtpa. NaOH, H,SO,, acetic acid/sodium
acetate, and Tris buffers’” were used to control the pH of the test solu-

(19) Ogino, H.; Shimura, M. Adv. Inorg. Bioinorg. Mech. 1986, 4, 107.

(20) Anderegg, G. In Comprehensive Coordination Chemistry; Wilkinson,
G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: New York,
1987; Vol. 2, p 777.

(21) Oakes, J.; Smith, E. G. J. Chem. Soc., Faraday Trans. | 1983, 79, 543.

(22) Marton, A,; Siikdsd-Rozlosnik, N.; Vértes, A.; Nagy-Czakd, 1.; Burger,
K. Inorg. Chim. Acta 1987, 137, 173.

(23) Bajaj, H. C.; Dellert, M.; Braun, P.; van Eldik, R. Unpublished ob-
servations.

(24) Clark, N. H.; Martell, A. E. Inorg. Chem. 1988, 27, 1297.

(25) Littlejohn, D.; Chang, S. G. J. Phys. Chem. 1982, 86, 537.

(26) Bajaj, H. C.; van Eldik, R. Inorg. Chem. 1988, 27, 4052.

(27) Bajaj, H. C.; van Eldik, R. Inorg. Chem. 1989, 28, 1980.

(28) Bajaj, H. C,; van Eldik, R. Inorg. Chem., in press.

(29) Kurimura, Y.; Ochiai, R.; Matsuura, N. Bull. Chem. Soc. Jpn. 1968,
41, 2234.

(30) Purmal, A. P.; Skurlatov, Y. L; Travin, S. O. Bull. Acad. Sci. USSR,
Div. Chem. Sci. (Engl. Transl.) 1980, 29, 315.

(31) Travin, S. O; Skurlatov, Y. 1. Russ. J. Phys. Chem. (Engl. Transl.)
1981, 55, 815.

(32) George, P. J. Chem. Soc. 1954, 4349.

(33) Kurimura, Y.; Kuriyama, H. Bull. Chem. Soc. Jpn. 1969, 42, 2238.

(34) Vu, D. T.; Stanbury, D. M. Inorg. Chem. 1987, 26, 1732.

(35) Woggon, W. D. Nachr. Chem., Tech. Lab. 1988, 36, 890.

(36) Sawyer, D. T. Comments Inorg. Chem. 1987, 6, 103.

0020-1669/90/1329-1705802.50/0 © 1990 American Chemical Society



1706 [norganic Chemistry, Vol. 29, No. 9, 1990

tions. The ionic strength of the medium was adjusted with the aid of
NaClO,.

Preparation of Solutions. All the Fe(Il) complexes investigated in this
study are extremely oxygen-sensitive and are rapidly oxidized to the
corresponding Fe(I11) complexes. The Fe(II) complexes were therefore
prepared under the exclusion of oxygen in the following way: a stock
solution of the ligand at the appropriate acidity and ionic strength was
degassed on a vacuum line and washed a few times with O,-free argon,
before a degassed solution of the Fe(II) salt was added. Such complex
solutions remained stable for up to 6 h before a noticeable color change
(monitored spectrophotometrically) indicated the partial formation of the
corresponding Fe(IIT) complex. O,-saturated solutions were prepared by
bubbling O, or air through a thermostated (25 °C) solution for at least
1S min. This solution was diluted to the required O, concentration level,
after which the actual concentration was measured with a WTW OXI
91 O, detector. All solutions were prepared freshly before the mea-
surements. The ionic strength was adjusted to 0.5 M, and buffers were
employed for pH > 3. Test measurements demonstrated that neither the
acetate nor the Tris buffer had any significant effect on the observed
kinetics. Test solutions were transferred with the aid of gastight syringes
to the stopped-flow unit or spectrophotometer cells.

A slightly different procedure was adopted in the experiments where
the O, concentration was varied in the case of significantly lower complex
concentrations. Here both the Fe(I]) and ligand solutions were saturated
with O, or air by bubbling for 30 min at 25 °C. When the solutions were
mixed in the stopped-flow instrument, complex formation occurred sig-
nificantly faster than the subsequent oxidation reaction. In these cases
the O, concentration was calculated from the Ostwald coefficients, tem-
perature, and pressure.

Kinetic Measurements. The fast oxidation reactions were studied on
a Durrum D 110 stopped-flow spectrophotometer connected to a Tek-
tronix 5111A oscilloscope and an Apple II data acquisition and analysis
system.® The pH of the reaction mixture was measured directly behind
the stop-syringe with the aid of a Metrohm 632 pH meter equipped with
a Sigma glass electrode. Kinetic measurement at pressures up to 100
MPa were performed on a homemade high-pressure stopped-flow unit.*

UV-vis spectra and slow kinetic measurements were performed in
gastight cuvettes in the thermostated (£0.1 °C) cell compartment of a
Shimadzu UV 250 spectrophotometer. Rapid-scan spectra were recorded
with the aid of a Durrum D110 stopped-flow unit coupled to an OSMA
(Spectroscopy Instruments GmbH, Gilsching, FRG) detector. This
system can simultaneously record a signal and reference intensity scan
from 250 to S50 nm in 16-ms intervals. These data can be directly
converted into absorbance/wavelength and absorbance/time plots.

Results and Discussion

Preliminary Observations. A number of preliminary experi-
ments were performed in order to check the feasibility of the
kinetic procedures. All three investigated systems exhibit a
maximum absorbance at 260 nm for Fe''(L) as well as for Fe(L).
The molar extinction coefficients of the Fel'!(L) complexes are
substantially higher than those of the corresponding Fe(II) com-
plexes.?® Tt follows that the oxidation of Fe')(L) to Fel'l(L) is
accompanied by a significant increase in absorbance in the range
260-420 nm, depending on the Fe!'(L) concentration employed.
Spectra recorded immediately after mixing in the stopped-flow
instrument (using the described rapid-scan technique) exhibited
no evidence for the formation of a possible intermediate or adduct
species; i.e. the spectra observed immediately after mixing Fe'{(L)
and O, are similar to those of Fel'(L). Under pseudo-first-order
conditions, i.e. at least a 10-fold excess of one of the components,
the kinetic traces resulted in linear first-order plots over at least
3 half-lives of the reaction. The oxidation reactions are accom-
panied by a decrease in [H*], such that buffers had to be employed
for kinetic measurements at pH > 3.0. These had no significant
effect on the observed kinetics and showed no meaningful in-
terference with the system.

Kinetic Measurements. The autoxidation reactions were first
studied in the presence of an excess of Fell(L) to ensure pseu-
do-first-order conditions. The reactions exhibit very characteristic
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Figure 1. pH dependence of k for the autoxidation of Fe'l(L) in the
presence of excess Fell(L), [Fell(L)] = 2.5 X 107 M; [0,] = 1.25 X 10
M; ionic strength = 0.5 M; temperature = 25 °C; [acetic acid/acetate
buffer] = 0.05 M for 3 < pH < 6; [Tris buffer} = 0.05 M for pH = 7.
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Figure 2. pH dependence of k., for the autoxidation of Fell(edta) as a
function of excess edta concentration: (Q) [Fe(1l)]:[edta] = 1:1; (m)
[Fe(II)]:[edta] = 1:20. [Fe(ID] = 2.5 X 107 M; [0,] = 1.25 X 10~
M; [edta] = 2.5 X 107 and 5 X 1072 M; ionic strength = 0.5 M; tem-
perature = 25 °C; [acetic acid/acetate buffer] = 0.05 M for 3 < pH <
6; [Tris buffer] = 0.05 M for pH = 7.

pH dependences, as indicated for the three investigated systems
in Figure 1. Both the edta and dtpa complexes exhibit a max-
imum rate constant at pH < 3, although the observed acceleration
is significantly enhanced in the case of the edta complex. In
contrast, the hedtra complex exhibits no maximum and kg de-
creases with increasing [H*] at pH < 4.5. In all three cases a
pH-independent region is reached at pH = 5, where the reactivity
order is Fe(hedtra) > Fe(edta) > Fe(dtpa). This order changes
to Fe(edta) > Fe(hedtra) > Fe(dtpa) at pH =~ 3. The observed
acceleration is even markedly stronger in the presence of an excess



Autoxidation of Iron(1II) through Chelation

0.6 T ‘ T

0.5}

- 0.4+

a
[ ]
PN R S

0.3} .

! " .

0.2- .

o1} * o
|

\
O‘O2

Kobs: S

N I S T

of

pH
Figure 3. pH dependence of kg, for the oxidation of Fel'(edta) in the
presence of excess O, [Fe(II)] = 2.5 X 107* M; [edta] = 5§ X 1075 M;
[0;] = 2.5 X 10™* M; ionic strength = 0.5 M; temperature = 25 °C;
{acetic acid/acetate buffer] = 1 X 10™* M for 4.5 < pH < 5.8; [Tris
buffer] = 1 X 10™ M for pH = 7.
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Figure 4. kg, as a function of [O,] for the oxidation of Fel'(L). [Fe(II)]

= 2.5 X 1073 M; [edta] = 5 X 10~ M; ionic strength = 0.5 M; tem-

perature = 25 °C; [acetic acid/acetate buffer] = 1 X 10 M for pH =

5; [Tris buffer] = 1 X 104 M for pH = 7.

Table I. Rate Data for the Autoxidation of Fe!!(L) in Aqueous
Solution

Fe(L)? pH kg, M1 g7 k,, s7!
Fe(hedtra)¢ 5 1127 0.024 £ 0.006
Fe(edta)” 5 3028 0.058 £ 0.007
Fe(edta)? 7 231 £ 4 0.045 £ 0.011
Fe(L)® pH ko, M7t s kg, M2 471

Fe(hedtra)®  5-7 (9.77 £ 0.06) x 10*

Fe(edta)® 5 187 + 3 (1.87 £ 0.03) x 10
Fe(edta)y 7 - (1.51 £ 0.04) x 10
Fe(dtpa)* 5.5 8.6+04  (1.55% 0.09) X 10°

2Conditions: [Fe*(L)] = 2.5 X 1075 M; ionic strength = 0.5 M; T =
25 °C; variation of the oxygen concentration. ®Conditions: [Q,] =
1.25 X 10™ M; ionic strength = 0.5 M; T = 25 °C; variation of the
comptex concentration. ©[Acetic acid/acetate buffer] = 1 X 10™* M.
4[Tris buffer] = 1 X 10~ M. ¢[Acetic acid/acetate buffer] = 0.05 M.
f[Tris buffer] = 0.05 M.

of free L. This is demonstrated in Figure 2 for L = edta, where
the maximum rate constant increases from S to 17 s™ on going
from a 1:1 to a 1:20 [Fe(11)]:[edta] mixture. A series of bell-
shaped curves were obtained by gradually increasing the [edta],
and only the extreme cases are reported in Figure 2. All the
available experimental data are summarized in Table A of the
supplementary material. Noteworthy is the fact that the same
limiting rate constant is reached at pH 2 5 independent of the
[edta]. Similar pH dependences were reported by other inves-
tigators for the edta complex.!3#-3! [n addition, a very similar
dependence is found for the Fe'(edta) system in the presence of
an excess of 0,2 Our results under such conditions are sum-
marized in Figure 3, from which it follows that the oxidation
process is independent of pH at pH = 3.

Concentration dependence studies were performed in the pH-
independent range. The observed rate constant increases linearly

Inorganic Chemistry, Vol. 29, No. 9, 1990 1707
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with increasing [O,] (see Figure 4), which can be described by
eq 1. The values of k, and k, are summarized in Table I. The

kobs = ka + kb[OZ] (1)

[Fe''(L)] dependence of ky, is more complicated, as can be seen
from the plots in Figure 5. K, increases linearly with increasing
[Fe™(L)] at low [Fe!Y(L)] but increases exponentially at higher
[Fe(L)]. All the kinetic data (Table B of the supplementary
material) can be fitted by a quadratic function, eq 2, as demon-

koo = k [Fe"(L)] + ky4[Fe'(L)]?
= k [Fe''(L)] at low [Fe'{(L)] )



1708 [Inorganic Chemistry, Vol. 29, No. 9, 1990

Table II. Rate Data and Activation Parameters for the Autoxidation of Fe'l(L)?

Zang and van Eldik

[Fe(L)]. T, P, AH, AS*, J av,
M °C MPa heopsas? 57! kJ mol™ K™ mol™ cm?® mol™!
edta 0.0025 13.5 0.1 0.225 = 0.005
17.0 0.292 % 0.006
22.0 0.428 £ 0.008
31.0 0.78 £ 0.01
38.0 1.17 £ 0.04
44.0 1.66 £ 0.05
49.0 237+ 0.04 47.6 £ 0.6 -91x2
25.0 5 0.550 £ 0.006
20 0.646 £ 0.007
25 0.668 = 0.004
50 0.803 £ 0.011
75 0.96 £ 0.02
100 1.05 £ 0.02 -169 £ 1.2
0.02 15.8 0.1 4.09 + 0.05
20.0 5.39 £ 0.09
24.5 7.2+05
320 9.4+ 0.2
40.0 14.0 £0.2
46.0 176 £ 0.5 339x 14 ~-115£4
25.0 5 6.76 £ 0.16
25 7.59 £ 0.33
50 8.15x0.18
75 9.57 £0.14
95 10.9 £ 0.5 -12.7 £ 09
hedtra 0.0025 16.0 0.1 0.59 £ 0.02
21.5 0.69 £ 0.01
29.0 1.13 £ 0.02
33.0 1.27 £ 0.02
39.0 1.66 £ 0.03
43.0 2.09 £ 0.04
50.0 2.61 £0.04 331 x1.3 ~135 x4
25.0 5 0.86 £ 0.01
25 0.95 £ 0.03
50 1.05 £ 0.01
75 1.18 £ 0.02
95 1.32 £ 0.05 -11.6 £ 1.2
dtpa 0.02 21.0 0.1 0.45 £ 0.01
25.0 0.62 = 0.01
29.0 0.73 £ 0.01
375 1.22 £ 0.01
48.0 1.93 £ 0.05 39418 -117x 6
25.0 5 0.62 = 0.005
25 0.67 £ 0.01
50 0.72 £ 0.01
75 0.76 £ 0.01
100 0.82 £ 0.01 -7.1 204
@Conditions: [O;] = 1.25 X 10* M; ionic strength = 0.5 M; pH = 5, acetic acid/acetate buffer. ®Mean value of at least five kinetic runs.

strated in Figure 6. The values of k. and k4 are also included
in Table I.

Temperature- and pressure-dependence studies were also
performed in the pH-independent range, in the presence of an
excess of Fel'(L). The latter concentration was selected such that
either the linear or the quadratic [Fe!'(L)] dependence of kg, was
valid. The observed rate constants and corresponding activation
paramaters are summarized in Table II. These parameters enable
us to gain insight into the intimate nature of the autoxidation
process, as will be seen in the following section.

Suggested Mechanism. No direct structural information is
available for the studied Fe!'(L) complexes. Most of the indirect
information has been reported for the edta complex. A pH ti-
tration of Fe'l(edta) in the range 3-11"? reveals no evidence for
any acid-base equilibrium. Thus, if Fe'l(edta) binds a water
molecule, this does not hydrolyze in the mentioned pH range.
Some evidence does exist for the partial protonation of the edta
ligand at pH < 3, presumably in terms of a ring-opened species,
and the following pK values have been reported: 3,0,20 2.8,2
~2.5,222.06.2* 1t is generally assumed that Fell(edta) binds a
single rapidly exchanging H,O molecule over the pH range
3-11."13 This means that edta can occupy either five or six
coordination sites for a coordination number of 6 or 7, respectively.
It is quite possible that Fell(edta) has a structure similar to that
of Felll(edta), which has a coordination number of 7 in the

crystalline state,*? one site being occupied by a water molecule.
Recent NMR studies on aqueous solutions of Felll(edta) indicate
that the structure in solution is the same as that in the crystalline
state.21414> n the case of the Fell(hedtra) complex, the ligand
is pentadentate and at least one water molecule will be present
in the coordination sphere. The dtpa ligand is octadentate, such
that the Fel/(dtpa) complex is not expected to have a coordinated
water molecule on the basis of the available structural data for
Fenl(dtpa)'zo,n

The pH dependences reported in Figures 1-3 can be interpreted
in terms of a protonation of the ligand accompanied by dechelation
and an acid-catalyzed oxidation process. The significant decrease
in kg, with increase [H*] in the lower pH range observed in all
cases can be assigned to ligand protonation and dechelation,0:
resulting in a less reactive metal center. The significant increase
in kg with increasing [H*] observed for the edta and dtpa
complexes in the higher pH range can only be interpreted in terms
of an acid-catalyzed autoxidation process. Our earlier work on
the oxidation of Fell(edta) by HONO/NO, revealed a very

(40) Lind, M. D.; Hamor, M. J.; Hamor, T. A.; Hoard, J. L. Inorg. Chem.
1964, 3, 34.
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similar effect.! Other investigators'32%-3! also observed the sig-
nificant increase in oxidation rate constant with increasing [H*]
for the Fe'l(edta) complex. This catalytic effect is most probably
not due to the protonation of the edta or hedtra ligands, since it
occurs in a too high pH range and, in addition, protonation of
a ring-opened edta ligand results in a drastic decrease in sub-
stitution lability, as demonstrated for the corresponding Ru(11I)
complexes.?62 We therefore suggest that the oxidant binds
directly to Fe!l(L), probably more rapidly for L = edta and hedtra,
since both these complexes are expected to bind a labile water
molecule.!3303144  This step is then followed by a spontaneous
and/or an acid-catalyzed oxidation reaction as indicated in (3).30

k
Fell(L) + O, ._—k—" Fe''(L)O,
-1

k
Fe!'(L)O, —» Fell(L) + O,

k
Fe'l(L)O, + H* —» Fe'l(L) + HO, 3)

The spontaneous reaction must account for the limiting rate
constants reached at pH = 5. The formation of Fe''(L)O, is
expected to be fast when compared to the reaction with NO,?
and k, could be as high as 10’ M™! s for L = edta. Purmal et
al.% reported values of k; = 2.3 X 10 M~ s and k_; = 10657,
such that K; (=k;/k_;) =2 X 107 M} for L = edta. This means
that a relatively small fraction of the Fell(L) complex exists as
the dioxygen complex. They™ report a value of 10! M~ 5! for
ky, such that Kk, has a value of 2 X 10" M2s7!. Rate constants
reported in the literature for the uncatalyzed path, i.e. K k,, are
6 X 10%2and 2.7 X 102 M s7! for L = edta,!>?® 1 X 102 M!s™!
for L = hedtra,?® and 7 M~ 57! for L = dtpa.?®

The rate law for the reaction sequence in (3), under conditions
where [0,] » [Fell(L)], is given in (4). This equation reduces
to (5) in the absence of the acid-catalyzed reaction path, i.e. at

kovs = tka + k3[H*]IK; (O] 4
kobs = kZKl [02] (5)

higher pH. Comparison with (1) reveals that k, = k,K, from
which it follows that our values (Table I) are in good agreement
with the literature values mentioned above.!*? The sequence of
ky (and k; see later) clearly reflects the influence of the coor-
dination geometry on the ability to bind O,, the lowest reactivity
therefore being observed for the dtpa complex. The k, term in
(1) does not appear in either (4) or (5), and we will return to this
aspect later. A plot of k. versus [H*] at constant [O,] for the
data in Figure 3 over the range 3 < pH < § results in an intercept
of 0.16 & 0.02 s™! and a slope of 628 £ 94 M1 571, With the aid
of the data in Table I, we can predict an intercept of 0.13 s for
[0,] = 2.5 X 10™* M, which is in good agreement with the quoted
value as well as the limiting rate constant observed in Figure 3
at high pH. The slope can be used to calculate k,K; according
to (4), which has a value of (2.5 £ 0.4) X 10 M2},

The corresponding rate laws under conditions where [Fe!l(L)]
> [0,] are given in (6) and (7) for the presence and absence of

kow = thy + ky[H*]IK, [Fe'(L)] (6)
kovs = koK, [Fe''(L)] (M

an acid-catalyzed reaction path, respectively. Plots of k., versus
[Fe'l(L)] are linear for L = edta and dtpa over a limited con-
centration range, and &, in Table I represents the value of k,K.
The value obtained for the edta complex is in fair agreement with
those reported above, whereas the value for the dtpa complex is
in excellent agreement with the literature value.?® Plots of kg,
versus [H*] for L = edta and dtpa at constant [Fell(L)] are linear
(Figure 7) over the range 3 < pH < S. From the slope and
intercept it follows that k,K; = 216 = 22 M 57, k3K = (2.4

(44) Woodruff, W. H.; Margerum, D. W. Inorg. Chem. 1974, 13, 2578.
(45) Chuklanova, E. B.; Polynova, T. N.; Posnyak, A. L.; Dikareva, L. M ;
Porai-Koshits, M. A. Koord. Khim. 1981, 7, 1729.
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Figure 7. k. as function of [H*] for the autoxidation of Fe'l(edta) in
the pH range 4.6-3.1.
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Figure 8. k., as function of [H*] for the autoxidation of Fe'l(edta) in
the presence of excess edta in the pH range 4.6-2.1.

+0.1) X 108 M2s7! (L = edta), k,K; = 8.4 £ 0.3 M s}, and
kK, = (3.6 £0.7) X 10* M257! (L = dtpa). These values are
in good agreement with k., (=k,K;) in Table I and also with the
value of k,K, determined in the presence of an excess of O, for
L = edta.

The significantly higher oxidation rates observed in the presence
of uncoordinated edta (Figure 2) could be due to a general-acid
catalysis by a protonated species of the edta ligand. Such gen-
eral-acid-catalyzed reactions have been reported for Fell(edta)
complexes involving protonated buffer species.!> However, plots
similar to those in Figure 6 for the kinetic data at higher [edta]
show that this effect cannot account for the very significant in-
crease in kg with increasing [edta] reported in Figure 2, since
k,K, merely increases to (2.7 £ 0.1) X 108 M25™! for L = edta.
Alternatively, the excess edta can stabilize the Fe/(edta) species
at lower pH by preventing protonation of the complex, which is
accompanied by dechelation and a decrease in reactivity. This
will also result in a shift in the bell-shaped curve to lower pH in
the presence of a large excess of edta, as seen in Figure 2. The
very significant increase in k., is then due to a more effective
contribution from the acid-catalyzed reaction path (see (3)) under
such conditions, made possible through the stabilization of the
Fell(edta) complex by the excess edta in acidic medium. A plot
of kg versus [H*] for the data at pH > 2 under such conditions
(Figure 8) clearly demonstrates the linear [H*] dependence ob-
served at lower [H*] before (Figure 7), as well as a limiting rate
at higher [H*]. The latter could partly be due to the interference
of the protonation/dechelation process mentioned above or could
indicate the operation of a protonation equilibrium prior to the
rate-determining electron-transfer step. Under such circumstances
the acid-catalyzed electron-transfer reaction in (3) should be
written as in (8), and (6) should be modified to (9). Atlow [H*],

K. k
Fe!l(L)O, + H* == Fell(L)O,H* — Felll(L) + HO, (8)

ky + ksK,[H*]
1 + K,[H*]

obs =

}Kl[Fe"(L)] ®)
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(9) simplifies to (6), with k3K, = ksK,K; = 2.7 X 105 M2 57! from
the data in Figure 8. At high [H*], i.c. where 1 + K,[H*] =
K,[H*], (9) simplifies to kq,s = ksK,[Fell(L)], which is inde-
pendent of [H*] and can account for the limiting rate constant
in Figure 8. It follows that k5K, = 6.8 X 10° M! 57! and, com-
bined with the quoted value for kKK, results in K, = 4.0 X 10?
M-!. This in turn corresponds to a pK, value of 2.6 for the
protonated Fel'(L)O,H™ species, which is quite realistic, taking
into account that the pK, value for HO, is 4.7.46 Furthermore,
this suggestion also accounts for the fact that increased [edta]
does not affect the observed kinetics at pH > 4, resulting in a
common intercept for kq, versus [H*], viz. k,K|.

For the reactions with O, in excess, the reaction scheme in (3)
can fully account for the observed kinetics. However, in the
presence of an excess of Fe!'(L), the additional reactions in (10)

k
Fe(L)O, + Fell(L) = (L)Fe'l-0,>—Felll(L)

st

(L)Fe-0,2—Fell(L) + H* —= 2Fell(L) + H,0,  (10)

must be included to account for the square dependence on
[Fel'(L)].393" To complete the oxidation process, the O,-, HO,,
and H,0, produced in reactions 3, 8, and 10 undergo subsequent
reduction according to the reactions in (11). Values reported

k
Fell(L) + O, — Fell(L)0,>
Felll(L)0,> + H* — Fell(L) + H,0,

JFel(L) + H,0, — 2Fel(L) + 2H,0  (11)

in the literature for k; (L = edta) range between 2 X 10 and 1
X 107 M! 57! at 25 °C.131547  Rate constants for the reaction
of Fe'(L) with H,0, are 2 X 10* M' s! (L = edta),'** and 1.37
X 103 M~' 571 (L = dtpa).'? Although it was originally thought
that this reaction proceeds via the formation of OH* radicals,
recent work indicates that this reaction probably involves a
two-electron reduction step and an Fe(IV) intermediate.!218

The suggested formation of a u-peroxo complex in (5) and a
peroxo complex in (6) is based on work performed on related
Co(II) and Fe(II) complexes.’*-52  Such species are only stable
in basic medium and undergo acid-catalyzed aquation.!>'*"!7 The
formation of the u-peroxo complex is, according to the results in
Figure 5, of most significance for the hedtra complex, as reflected
by almost only a square dependence on [Fell(hedtra)]. This may
be correlated with the ease of bridging this complex, which contains
at least one coordinated water molecule. The absence of such a
water molecule or the more crowded packing of the coordination
sphere may account for the less importance of this reaction route
in the case of the dtpa complex.

It follows that in the presence of an excess of Fell(L), reactions
3 and 10 can account for the observed kinetics and the overall
rate expression is given in (12), which in the absence of acid
catalysis (high pH) reduces to (13). Equation 13 is in agreement

kows =ty + ks[H*] + ks[Fel(D)IIK, [Fe'(L)]  (12)
kovs =ty + ke[Fe''(L)]}K, [Fe'(L)] (13)

with eq 2, from which it follows that kK| = k4 (see Table I for
the values of k4). The most effective reaction is observed for L
= hedtra, in line with the expected trends outlined above. On
the other hand, the edta and dtpa complexes exhibit the similar

(46) Bielski, B. H. J. Photochem. Photobiol. 1978, 28, 645.

(47) llan, Y.; Czapski, G. Biochim. Biophys. Acta 1977, 498, 386.

(48) Borggaard, O. K.; Farver, O.; Andersen, V. S. Acta Chem. Scand. 1971,
45, 3541.

(49) Burgess, J.; Hague, D. H.; Kemmitt, R. D.; McAuley, A. In Inorganic
Reaction Mechanisms; Chemical Society: London, 1971; Vol. 1, p 90.

(50) McAuley, A. In Inorganic Reaction Mechanisms, Burgess, J., Ed.;
Chemical Society: London, 1974; Vol. 3, p 98.

(51) Eaton, D. R.; O'Reilly, A. Inorg. Chem. 1987, 26, 4185.

(52) Sykes, A. G. Adv. Inorg. Bioinorg. Mech. 1982, 121.

Zang and van Eldik

Scheme I
Fe'(L) + 0,”
E
Ky Kg
Fe'l(Ly + 0, —— re'(L)o, CHT T2 rel(L)OLH”
ko
| i WH* lks
1 H0,/ ‘05 [ K3
H Ky <Fo'tLy |k,
Fe''(L) + HO,
Fe'M(L) » H,0 Fe'''(L)0,2" (LFe™-02"-Fe™M(L)
H* H*|fast
Fe(L) + H,0, 2Fel(L) - H,0,

acid-catalyzed oxidation route and similar redox potentials, viz.
0.117 and 0.169 V, respectively.'3

The reactions outlined in (3), (8), (10), and 11), suggested to
account for the observed kinetic trends, are all forward processes
and cannot account for the intercepts observed in the plots in
Figure 4. The intercepts can be due to a reverse reaction of the
product species Fe''(L) and O, /H,0, as outlined in (14).

k
Fe'(L) + O, — Fel(L) + O,

k
Fe'(L) + H,0, — Fell(L) + O, + 2H*  (14)

Typical values for the rate constants for L = edta are kg = 2 X
108 Mt 571,13 and k¢ = 250, 350, 500 M1 §71.131553  These
reactions are only of significance when an excess of O, is used,
since then all Fell(L) is oxidized by reactions 3 and 8 to Felli(L).
In the presence of an excess of Fe''(L), the reverse reactions in
(14) do not contribute to the overall observed kinetics because
the secondary reactions outlined in (11) are preferred under such
conditions, since they are significantly faster than the reactions
in (14).

The activation parameters reported in Table II are for kK|
and kK, depending on the selected {Fe'}(L)]. In the case of L
= edta, the activation parameters are reported for k,K; and k(K|
at the low and high concentrations, respectively. AH* is signif-
icantly lower for k4 than for k, (L = edta), indicating that the
p-peroxo complex formation is the favored reaction path under
such conditions. For the interpretation of AS* and AV?*, it should
be noted that these are composite functions, viz. AV? = AV*(k,)
+ AV(K,), where the latter term is the reaction volume for the
formation of the dioxygen complex. It is reasonable to expect that
AV(K,) will have a significantly negative value. On the basis of
available data for addition and oxidative addition reactions,* along
with a recently determined reaction volume for the formation of
oxymyoglobin,** we predict that AV(K;) =~ -20 cm? mol™!. This
would mean that both AV?(k,) and AV*(k¢) have positive values,
with AV*(k¢) > AV*(k,), which can be interpreted in terms of
intrinsic and solvational volume changes during the electron-
transfer process.’® For instance, in the case of L = edta, electron
transfer (k, in (3)) results in charge dilution, since the dioxygen
complex carries an overall 2- charge. Such charge dilution will
result in a decrease in electrostriction and a significant increase
in volume (A¥V*(k,)). During the redox process in (10), bond
formation is followed by electron transfer, and the overall effect
is a volume increase that depends on the nature of L. The largest
AV*(kg) is observed for L = dtpa, i.e. where two Fe(dtpa)* species
are oxidized to Fe(dtpa)?, which will be accompanied by a sig-
nificant decrease in electrostriction and an increase in volume.
Although the reactions are too complex to draw detailed con-
clusions regarding other effects that may contribute to the overall
negative AV* and AS* values reported in Table II, the data
underline the importance of bond formation between Fel!(L) and

(53) Orhanovic, M.; Wilkins, R. G. Croat. Chem. Acta 1967, 39, 149,

(54) van Eldik, R. In Inorganic High Pressure Chemistry: Kinetics and
Mechanisms, van Eldik, R., Ed.; Elsevier: Amsterdam, 1986; Chapter
3.

(55) Projahn, D.; Dreher, C.; van Eldik, R. J. Am. Chem. Soc. 1990, ]2,
17

(56) Su"addlc, T. W. Reference 54, Chapter 5.
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O, during the overall redox process.

Concluding Remarks

The overall reaction scheme including all primary and secondary
redox reactions can be summarized as shown in Scheme I.  The
rate constants of the secondary redox processes, i.e. the reactions
with O;” and H,0,, are significantly larger than those of the
primary reactions, such that the latter steps are rate-determining.
There seems to be a fine balance between the forward reactions
in Scheme I and the reverse reactions in (14). The produced O,~
can either react with Fe''(L), as shown in (11), or react with
Fell(L), as shown in (14), depending on the concentration ratios
employed. The literature values of k; and kg for L = edta are
such that reaction 11 is preferred over reaction 14. A similar trend
exists for the corresponding reactions with H,O,. In this way the
secondary redox reactions lead to the formation of Fel'l(L) such
that the reverse reactions in (14) contribute little to the overall
observed kinetics. This balance may depend on the pH of the
medium, i.e. the possible protonation of O, to HO,, for which
the pK, value is 4.7.% In this respect it is interesting to note that
recent studies on the redox behavior of HO, and O, have reported
a greater reactivity for HO, than for 0,53 It was suggested
that HO, participates in an outer-sphere electron-transfer process,
whereas O, reacts via a hydrogen atom transfer process involving
the amine ligand.

This investigation has revealed a very significant acid-catalyzed
reaction path for the autoxidation reaction of Fell(L) complexes,
especially for L = edta. The role of this path can be enhanced
by stabilizing the complex with excess edta at low pH. In this
way, protonation of such complexes, accompanied by dechelation
and a decrease in reactivity, is prevented in favor of acid-catalyzed
autoxidation reactions. Such effects will be ligand specific and
controlled by the intimate nature of the Fell(L)O, complex.
Interestingly enough, a similar acid-catalyzed electron-transfer
reaction was reported for the Fe!l(edta)/HONO/NO," system.!
Although the nature of the protonated Fe'l(L)O,H* species is
unknown, it is logical to assume that its catalytic redox behavior

(57) Bernhard, P.; Sargeson, A. M.; Anson, F. C. Inorg. Chem. 1988, 27,
2754,
(58) Bernhard, P.; Anson, F. C. Inorg. Chem. 1988, 27, 4574.
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is related to the formation of HO,, i.e. protonated O,~"*% The
fine balance between acid-catalyzed dechelation and autoxidation
as found for the Fell(edta) complex is most probably related to
a number of dynamic equilibria involving ring opening of the
multidentate ligand and solvent-exchange processes. In this re-
spect, a seven-coordinate structure, as found for Fel/(edta), in
which six coordination sites are occupied by the edta ligand and
the seventh is occupied by a solvent molecule, could account for
all the observed kinetic results. From a comparison of the different
investigated complexes, it follows that O, (and presumably also
0O;") can interact with the d orbitals of transition metals, even in
cases where the complexes are coordinatively saturated.”’

The results of this study demonstrate that the oxygen sensitivity
of Fell(edta) and Fe!l(hedtra) can be ascribed to the presence of
a labile water molecule in the coordination sphere of these com-
plexes. On the contrary, the Fell(dtpa) complex is significantly
less oxygen sensitive and is not expected to have a coordinated
water molecule. A labile solvent molecule enables rapid coor-
dination of O, to produce Fe'(L)O,, which is followed by three
parallel reaction steps outlined above (see Scheme I). The in-
termediate Fe''(L)O, species can act as oxidation agents for species
like sulfur(IV) oxides (viz. the catalytic role of such complexes
in the simultaneous removal of SO, and NO,'®) or in the cleavage
of DNA.S-!!

Finally, the formation of p-peroxo complexes is suggested to
account for the square dependence on the [Fe'!(L)] observed at
higher [Fel(L)]. A similar result was reported*® for iron(II)
porphyrin and heme complexes,*® where Fe''(P)O, and Fe!!(P)
react to produce (P)Fell(0,2")Felli(P).
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