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A detailed study of the effect of buffer, temperature, and pressure on the reaction of hydrogen peroxide with
[Fe"(edta)H,0]~ was performed using stopped-flow techniques. The reaction was found to consist of two steps
and resulted in the formation of the already characterized high-spin Fe(lll) side-on bound peroxo complex. The
second step of the reaction was found to be independent of the hydrogen peroxide concentration. Formation of the
purple peroxo complex is only observable above pH 7.5. Both reaction steps are affected by specific and general
acid-catalysis. Five different buffer systems were used to clarify the role of general acid-catalysis in these reactions.
Both reaction steps reveal an element of reversibility, which disappears on decreasing the acid concentration. The
positive volumes of activation for both the forward and reverse reactions of the first step suggest a dissociative
interchange substitution process for the reversible end-on binding of hydrogen peroxide to [Fe'(edta)H,O] . The
small negative volume of activation for the second reaction step suggests an associative interchange mechanism
for the formation of the side-on bound peroxo complex that is accompanied by dissociation of one of the four
carboxylates of edta. A detailed mechanism in agreement with all the reported kinetic data is presented.

Introduction be a hydroperoxo FeEOOH specied.Significant efforts have
Over the past two decades, the mechanism of oxygen peen undertaken tq develop functional models for non-heme
iron enzymes. Until now, no mononuclear Fe(lll) peroxo

activation by non-heme iron enzymes received much atten- . .
complex could be isolated, although several of these species

tion, and evidence was presented that iron peroxo specieﬁ1 b tedi \uti d ch terized b .
play a key role in these processd2eroxo intermediates have ave been generated In Solution and characterized by varous
pectroscopic techniqués.

been characterized spectroscopically for diiron enzymes such® ! )
One long known iron peroxo complex is the purple

as ribonucleotide reductase and methane monooxygénase. | ) . sl -
Iron peroxo species have also been postulated for mono-complex [Fé (edta)¢*O,)]*~, which is formed upon addition

nuclear iron enzymes such as Fe-based superoxide dismu®f Hz202 to Na[Fe!(edta)]. This complex, which was first
tase3* and on the basis of pulse radiolysis studies for studied in 1956, was shown to catalyze the oxidation of
superoxide reductasé Another example for a mononuclear ©r9anic Su_b_straté§,thelrl)(l)zlymerlzatlon of styrené and the

iron peroxo species is the activated form of the antitumor decomposition of B,.*** Furthermore, it acts as a mimic
drug bleomycin, which shows DNA-cleavage activity when for superoxide dismutasé.The binding mode of hydrogen

exposed to oxygen. This activated form has been shown toP€roxide in the high spifi Fe—edta-peroxo complex has
been identified ag?-side-on by resonance Raman spectros-

* To whom correspondence should be addressed. E-mail: vaneldik@ copy* This binding mode is sometimes referred to as the
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terized in more detail by the application of a variety of the experimental observations for the formation of the-Fe
techniques such as Msbauet® low-temperature absorption, edta—peroxo complex, [P&(edta)§>-0,)]%".

variable temperaturevariable magnetic field circular dichro-

ism (VTVH MCD), and electron paramagnetic resonance Experimental Section

(EPR) spectroscopy.In combination with theoretical stud- Solutions of [F&(edta)3O]~ were prepared from solid
ies!’ the side-on geometry of the complex was confirmed Na[Fd!(edta)] (Fluka). In all solutions, an equimolar quantity of
and the electronic structure was claimed to best match a six-Nay(H.edta) (Aldrich) was present to prevent precipitation of iron
coordinate model, i.e., a structure in which two of the four hydroxide at higher pH values. An up to 6-fold excess of
carboxylates of edta are dissociated from the metal center.Nax(H.edta) did not have a meaningful influence on the observed
This profound knowledge on the Fedta—peroxo complex kinetic behavior. NaCI@ (Aldrich) was used to adjust the ionic
stimulated our interest in the actual mechanism of hydrogen strength. The employed buffers, viz. 3-(cyclohexylamino)propan-
peroxide activation by [Fé&(edta)HO]~. Although kinetic sulfonic acid (CAPS), [tris(hydroxymethyl)methyl]Jaminopropan-

information and corresponding mechanistic considerations Sulfonic acid (TAPS), glycine, 2-aminoethansulfonic acid (taurine),
are availablé91318some mechanistic details still remained 2"dN-(1,1-dimethyl-2-hydroxyethyl)-3-amino-2-hydroxy-propan-
unclear and (,:alled for further clarification sulfonic acid (AMPSO) were purchased from Roth. NaOH (Acros

. ; L L Organics) was used to adjust the pH of the buffer solutions.
In t,h's study, a more detailed kinetic investigation of the - sojytions of HO, were prepared by dilution of a 35% stock solution
reaction between [HEedta)HO]~ and HO, was performed.

. of H,O, (Acros Organics). To verify the reproducible concentration
As reported beforé3 the reaction turned out to be catalyzed of the H,0, stock solution, kinetic measurements were performed
by general acids such that pH plays a major role in

regularly at a fixed HO, concentration throughout the study. No
controlling the overall reaction sequence as well as the changes in the values of the rate constants were observed, from
stability of intermediate and product species. Reported for which it could be concluded that the concentration gbgremained
the first time is a second reaction step following the initial constant throughout the measurements. All chemicals were of the
coordination of hydrogen peroxide that is independent of the highest quality commercially available and used without further
hydrogen peroxide concentration, and also showed genera,:)urification. All solutions were prepared with deionized water.
acid-catalysis. A series of different buffer systems were PH measurements were performed on a Metrohm 632 pH meter
employed to establish the nature of the general acid-catalysisequ'pped with a Mettler Toledo InLab 422 glass electrode, which
P L was filled with NaCl instead of KCI to prevent precipitation of
The effect of temperature and pressure on the kinetics of

the activation of hydrogen peroxide was investigated for both ,\,_is spectra were recorded on Shimadzu UV-2101PC, Varian

reactions, and the activation parametexsl{, AS’, andAV)

Cary 1G UV-vis, and Cary 5G UV-vis—NIR spectrophotometers.

are reported. The applied techniques provide further insight kinetic measurements were performed with a thermostate@ {
into the underlying reaction mechanism, and an overall °C) SX-18 MV (Applied Photophysics) stopped-flow spectrometer.
reaction scheme is postulated that is in agreement with all Absorbance changes were recorded at 361 and 505 nm.
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Stopped-flow experiments at pressures up to 170 MPa were
performed on a custom built instrument described befote.
Kinetic traces were recorded on an IBM-compatible computer and
analyzed with the OLIS KINFIT (Bogart, GA, 1989) set of
programs.

All kinetic measurements were performed under pseudo-first-
order conditions, i.e., at least a 10-fold excess of hydrogen peroxide
was employed. Reported rate constants are the mean values from
at least five kinetic runs.

Results and Discussion

Spectroscopic Studies. The UV—vis spectrum of
[Fe(edta)HO]~ measured in 0.35 M TAPS buffer at pH
9 exhibits an absorption maximum at 243 nen= 7500
M~1 cm™), in agreement with that reported in the litera-
ture?113The high buffer concentration was required in order
to control the pH under various experimental conditions.
Unless otherwise stated, the concentration of the buffer was
0.35 M throughout the measurements.

Fe(lll)—edta is hepta-coordinate in the crystalline state
with an approximate pentagonal-bipyramidal structdré.
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Reaction between F¢(edta) and Hydrogen Peroxide

As a result of the coordinated water molecule in the seven- 25+ Y1 N
coordinate [FH(edta)HO] 2426 this complex exhibits a 1 NS ——= 505
characteristic acigbase equilibrium in agueous solution. A :
pH titration between pH= 2.0 and 11.0 provided evidence

for a single deprotonation step, which can be assigned to
reaction 1. The K; value was determined to be 7.4 at 25

°C, which is in good agreement with results reported in the

literature?-27

absorbance

Kl _
[Fe(edta)(le)]":[Fe(edta)(OHﬁ +H" Q)

On the basis of earlier potentiometric studies of the

hydrolysis equilibrig”?8the formation of a dimer via reaction 05 -
2 was proposed. Each iron center of the oxo bridged dimer 300 350 400 450 500 550 600
both in the solid state and in aqueous solution is six-coor- wavelength, nm

dinate with a quinquedentate edta lig&Ad:he Fe-O—Fe Figure 1. Spectral changes for the reaction of [Redta)]” with H,0, at

i ihi i i i H 10.5 (CAPS). Experimental conditions: [Fe(ediay 0.001 M, [H:O.
D B D 20011 051~ 25-C. et ke aces for e feacton o
[Fe' (edta)]” with H20x.

7.0 indicates dimerization according to eq 2. The dimerization

is only evident at higher complex concentrations. When lecular rearrangement reaction of an intermediate complex
working in a millimolar concentration range, no shoulder at produced in the first reaction step. Due to the larger spectral
470 nm can be observed and only the monomeric hydroxo changes, the second reaction step was followed at 361 nm
species is formed above pH 7.0. in contrast to 505 nm being used for the observation of the

. first reaction step. The reaction sequence in eq 3 is
2[Fe(edta)(|jO)]27 == [(edtay-Fe—O—Fe(edta)j” + H,O formulated as a working hypothesis:

2
% [Fe(edta)OH]* + H,0. —_ H,0 + [Fe(edta)OOH]* & [(edta)F /T i v
. . e(edta) L0, 5 e(edta edta)Fe +
Upon addition of HO, to a buffered solution of [Fedta)] K k; o
at pH above 8.0, a band wifly,.x= 520 nm is formed, which o)

can be assigned to the formation of the purple-edta—

peroxo complex. The purple color is ascribed to an LMCT In this overall reaction, the first reaction step involves the
band of the side-on bound peroxo compték’Below a pH reversible end-on coordination of,8,, followed by the

of ca. 8, no overall reaction is observed (see further subsequent formation of side-on coordinated peroxide.

discussion). Kinetic Studies: Investigation of the First Reaction
Figure 1 shows the spectral changes observed during theStep. The kinetics of this reaction was studied by stopped-

reaction of hydrogen peroxide with [iéedta)]” at high pH, flow spectrometry. As known from earlier studi€sthe

which are in good agreement with earlier repd?fts. The reaction of hydrogen peroxide with [ftéedta)] is sensitive

intensity of the band at 520 nm at first increases rapidly and to general acid-catalysis. The effect of five different buffers
then in a second stage increases much more slowly. AonkiesWas investigated. Kinetic data were obtained under
comparison of kinetic traces recorded at two different pseudo-first-order conditions, p3,] > [Fe(edta)]. None
wavelengths shows this even more clearly (see inset in Figureof the employed buffers showed any interaction with the
1). The absorbance at 361 nm exhibits a rapid increasestarting materiat? Unless otherwise stated, the concentration
followed by a subsequent slow decrease. The latter step isof the buffer was 0.35 M throughout the measurements.
characterized by an isosbestic point at 420 nm. Kinetic traces recorded in the presence of an excess of
The observed rate constant for the second slow reactionH20. showed a two-step behavior that could be fitted by
turned out to be independent of the hydrogen peroxide two exponential functions. The time scale of the two steps
concentration. Presumably, it can be assigned to an intramo-was such that the reaction could be separated into two steps
by selecting different time scales and fitting each step to a

(22) ;707669,2;-7;-: Lind, M.; Silverton, J. 1. Am. Chem. Sod.961, 83, single-exponential function. Typical kinetic traces and the
(23) Lind, M. D.: Hoard, J. L.: Hamor, M. J.; Hamor, T. Aworg. Chem. corresponding fits for the two reaction steps are shown in
1964 3, 34—43. Figure S1 and S2 (see Supporting Information).

24) Whidby, J. F.; Leyden, D. EAnal. Chim. Actal97Q 51, 25-30. : :
§253 Oalies%lJ.; Smith,yE. @. Chem. Soc.,IFaragay Trgns]iBBS 543— Plots of kions versus the kD, concentration at different

552, buffer concentrations (a typical example is given in Figure

(26) Francis, K. C.; Cummins, D.; Oakes,JJ.Chem. Soc., Dalton Trans. i i ianifi
1085 493-501. 2 for TAPS) were found to be linear with a significant

(27) Gustafson, R. L.; Martell, A. E1. Phys. Cheml963 67, 576-582. intercept. The rate law for this reaction based on the first

(28) gﬁhugasr, Higvzs'é g;b%rdﬁA. T.; Anson, F. C.; Gray, H.JBAm. reaction step outlined in eq 3 is given in eq 4. The overall
em. S0C. , — (/. . . g . . .

(29) Kanamori, K. Dohniwa, H.: Ukita, N.: Kanesaka, |.: Kawai,Bll. spectral chang.es increased significantly with increasing

Chem. Soc. JpriL99Q 63, 1447-1454. hydrogen peroxide concentration, from which it followed that
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4 TAPS0.525M = Taurine pH 9.6
e TAPS035M e CAPSpH 10.25
400 4 o = TAPS0.175M 7000 - A TAPS pH9.0
1 P 6500 /" / v AMPSOpH9.5 s
3501 L 6000 ] / / > Glycine pH 10.25_~
P - ol J /'
3004 P e 5500 A / pd
. - e 5000 =/ / e
250 - A P | / - -
. 1 e 4500 Va - -
@ 200 e -, 4000 / e _—
g - o = 3s004 / g _
£ - = 1 / e —
1504 = - a000] /m e "
] — * w00l [/ Pl
1004 % 1/ 4 P
I 2000 - // v
50 1500 / A
1 1000 - P = -
04— . . . . . . . . . {1+ e
0,000 0005 0,010 0,015 0,020 0,025 0,030 0,035 0,040 0,045 0,060 500~ . _.._ e ——
H,0,1 M 000 005 010 015 020 025 030 035 040 045
Figure 2. Plots ofkiobsVversus [HO;] at pH= 9.0 (TAPS) as a function [BH'], M
of the buffer concentration. Experimental conditions: [Fe(edts) 0.001 ) .
M 1=05MT=25°C P [Fe(egi=) Figure 3. Plots of k; versus [BHT] for different selected buffers.

Experimental conditions: [Fe(edtd)= 0.001 M, [HO;] = 0.01-0.04 M,
o L . I =05M,T=25°C.
coordination of hydrogen peroxide is a reversible process.

Under conditions where the dead time of the stopped-flow Table 1. Summary of Rate Constants for the General Acid-Catalyzed
instrument (ca. 4 ms) does not interfere with the spectral Reaction Stegs

changes observed during the kinetic traces, i.e., for the data buffer ~ Ka  kign, M2s1 koggy, M71s1 koogy, M71s?
obtained at 0.175 M TAPS in Figure 2, an apparent taps 84 (2.8£0.1)x 10* (1.0£0.1)x 10°
thermodynamic equilibrium constant of 38 3 M~* was t:l'\ljlrliargéo 3-26 ((f-&& 8-%X ig Eé-iig-%x 1833 40+2

. . . . X B . X
calcu!ated frqm the spgctrgl c_hanges observed for t.he first lycine 9.9 (L2t 0.2)x 10 (0.3+03)x 1° 57406
step in reaction 3, which is in close agreement with the caps 104 (1.3:0.3)x 10® (0.3+0.1)x 10?

kinetic value forki/k_, of 29 + 3 M~ under these conditions

. agxperimental conditions: [Fe(edtd)= 0.001 M, [H:O,] = 0.01-0.04
(see Figure 2).

M, =05M,T=25°C.

Kyobs= K-1 1 kq[H,0,] 4 j:z- {/ . ;"A“;‘S"ZE"} o

Both the interceptk_;) and slope K;) are affected by 180 _,-"! _,-"' : Knisngpa'g.s
increasing buffer concentration. More information on the 160 /) ¢ Glycine pH 10.25
buffer dependence ¢k andk-; was obtained from similar 140 Iy
plots as shown in Figure 2 for the different buffers employed. 120] // _
In fact, it turned out that bottk; andk-; depend on the . 5] // _—
concentration of the acidic form of the buffer, which is % 4, ] 4" ’___/.--/""" -
abbreviated as BHin the remainder of the text. el ﬁ;f' s

Plots ofk; versus [BH] at a fixed pH are linear (see 0] _,.:j}' . _aEF
Figure 3) and exhibit intercepts that in turn show an acid- 20_'_,.;;’:!---—--__-_;‘.:;-"’" '
dependence as shown in Figure S3 (Supporting Information). 0] M . o o
The latter plot suggests that there is a meaningful intercept o o o2 e i s
that can be ascribed to the contribution of a spontaneous ' ' ' ' '
reaction path. The buffer concentration and pH dependence (BH1 M

Figure 4. Plots of k-; versus [BH] for different selected buffers.

of k; can therefore be described by eq 5, whiesg repre-
sents the non-acid-catalyzed, spontaneous reactionkpath,
the acid-catalyzed reaction path, aady the general acid-
catalyzed reaction path for the formation of [Fe(edta)OOH]

(5)

Experimental conditions: [Fe(edtd)= 0.001 M, [H,O;] = 0.01-0.04 M,
I =05M,T=25°C.

pKa values of the different buffers (see Figure S4, slepe
—0.64, Supporting Information), which in turn determines
the effectiveness of the general acid-catalysis contribution.
The lower the K, value, i.e., the stronger the acid, the higher
the corresponding value fdggy is (see Table 1).

Plots ofk_; versus [BH] show a linear behavior with
almost negligible intercepts (Figure 4), which can be
described by eq 6, where the slogegy represents the
general acid-catalyzed back reaction. A careful analysis of
the intercept of these plots as a function of pH and][H
revealed no specific trend as in the case of the valuels for

ki = kot KiulH T + kigBH ']

From Figure S3 it follows thaty,o = 170+ 190 M1 s1
andk;y = 6 + 3 M~2s™%. Compared to general acid-catalysis
with kigy = 1.3 x 10°to 2.8 x 10* M~2s71, proton catalysis
plays a minor role in this reaction step. The valu&gp is
in relatively good agreement with 350 Ms™* for the non-
acid-catalyzed reaction reported in the literattif€he slopes
of the lines in Figure 3kign (M~2 s71), correlate with the
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k_; =k_jpu[BHT] (6) 281 = 100MPa -
26 ® 500MPa P

Again, there is a good correlation between tlig palue 24 4 900MPa e -
of the buffers and_1gy, Viz. the smaller the Ig, value, the 21 v 1300MPa //" -
faster the general acid-catalyzed back reaction (Figure S5, 207 PR P i
slope—1.1, Supporting Information). In the case of CAPS 1:: /-/ /_,.-/"'j ,,~
and glycine as buffers, the back reaction becomes almosts,, ,, 1 _/_/'/ A_,--/"' —
insignificant. Presumably, CAPS with &pof 10.4 and 312 T T
glycine with a X, of 9.9 are not able to catalyze the back = 4] //' /.,/’:
reaction due to their very low acid strength. However, it is sl —
important to note that the back reactidn,f) is more sensitive g
to general acid-catalysis than the forward reactikn és -
seen from a comparison of the slopes in Figures S4 and S5, 2-:
viz. —0.64 and—1.1, respectively. This was also seen from 0

T T T T T T T T T T T T T T T T 1
. . 0,000 0005 0010 0,015 0,020 0,025 0,030 0035 0,040
absorbance changes recorded during the reaction as a func HO1 M
tion of pH, which clearly decreased on decreasing the pH, l z 2h
thus shifting the equilibrium back to the reactants on de- Ef’”erﬁnfén&“cbzﬁin[ﬁ%o;] [?:Se (a; éurar;cs_tlgnogfl R;e?;lge] at 3'318'8 émﬂPS)-
creasing the pH. The formation of the hydroperoxo inter- | :p0_5 MT=23°C. ’ G : '
mediate cannot be observed anymore atpi.5. It follows o
that the stability of [F@ (edta)OOH}* produced in the first Table_2. Summary of Activation Parameters for the Two-Step
. . . Reactio

reaction step is controlled by the pH of the solution (see
further discussbi.on).. L the Kinetic d dab parameter 9.0k, 9.0k, 105k,  10.5k, 8.5k

From a combination of all the kinetic data reported above, AT OmOlL 33724 T10112 14512 17912 +86:2

the observed rate constant for the first reaction step can beas jk-1molt —53+14 +13546 -42+5 -104+5 45646

pH pH pH pH pH

expressed as given in eq 7: AV cnPmol™t +6.8+0.8+18.4+0.6 +6.94+ 0.3 -2.3+0.1+5.1+ 0.2
a Experimental conditions: [Fe(edtd)= 0.001 M, [HO;] = 0.01—
+ +
Kiops= K_1pg[BH T + (K o + ky[H'] + 0.04 M,1 = 0.5 M.
leH[BH+])[H 20,1 (7) Table 3. Typical Values forkaops as a Function of pH and j,]2
pH H202, M k20bs s

In agreement with an earlier studit was found that both

forward and back reactions are affected by general acid- oy gﬁgg; 00 Lon002
catalysis. As reported before, the forward reaction can also 10.0 (CAPS) 0.010 0.69€ 0.004
proceed via a spontaneous, non-general acid-catalyzed  10.0 (CAPS) 0.040 0.69@ 0.005

pathway, which involves proton transfer from hydrogen  agxperimental conditions: [Fe(edtd)= 0.001 M, [FO;] = 0.01—

peroxide onto the [Fe(edta)OH] species. In addition, 0.04 M,I =0.5M,T = 25°C.

evidence for a third pathway for the forward reaction

involving catalysis by H was found in this study. solution at 2.3C over the pressure range-1030 MPa (see
The reaction was also studied as a function of temperatureFigure 5). From these data, the volumes of activatiorkfor

and pressure. Since plots ki,ps versus [HO,] exhibit no (slope) andk_; (intercept) were determined. All activation

intercept at pH> 10.0, the temperature and pressure parameters for the forward and back reactions at the selected

dependence was investigated at two different pH values, viz.PH values are summarized in Table 2.

at pH= 9.0 where a back reaction is evident and at pH 10.5 Investigation of the Second Reaction Steflhe kinetics

where the back reaction is insignificant. Typical results are of this reaction was studied by stopped-flow spectroscopy

shown in Figures 5 and S6 (Supporting Information). The for five different buffers. The buffer concentration was 0.35

temperature dependencelafys as a function of [HO,] at M unless otherwise stated. It follows from Table 3 that the
selected pH values was used to construct Eyring plotkifor  observed rate constant of this reactiégy is independent
andk_, from which the activation parametetst* andAS of the hydrogen peroxide concentration. Presumably, this
were determined (see for example Figure S6). The determi-reaction involves an intramolecular rearrangement to the well
nation of AS® involves a linear extrapolation to /= 0, characterized [F&(edta)(>-0,)]*~ complex!416.17

such that the values @S can be subjected to large errors. Again, the absorbance changes at19.0 in TAPS buffer
Consequently, this parameter does not always provide reliableare significantly larger than those at pH 8.5, indicating
mechanistic information. A more reliable parameter for that the reaction is suppressed by an increase in acidity. The
mechanistic discrimination is the volume of activatian/* same is true for glycine and CAPS as buffer. In the case of
= —RT(d In k/dP)7), whereAV¥ is determined from the slope  CAPS, this effect is very small, suggesting that the back
of a plot of Ink versus pressure and represents the volume reaction is almost insignificant in this buffer. These absor-
of activation for the reaction with rate constaniThe effect bance changes suggest tlkad,s consists of two opposing

of pressure on the reaction 0@, with [Fe(edta)HO]~ was reactions, for which the back reaction seems to be more af-
studied as a function of [}D;] in 0.35 M CAPS buffer fected by general acid-catalysis. It is concluded from mech-
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Table 4. Typical Values forkzons @s a Function of Buffer 104 e Taurine -
Concentratiof ] = Giycine p e
pH buffer buffer, [M] Kaobs [57Y] 8 //’
9.0 TAPS 0.175 1.9% 0.03 ] y/
0.35 1.97+ 0.02 s
8.9 taurine 0.175 7.20.1 6 /
0.35 9.7+ 0.1 o P
9.5 AMPSO 0.35 0.76 0.01 S y
0.525 0.75k 0.09 e yd
10.25 glycine 0.175 0.3% 0.01 I s
0.35 0.439+ 0.002 yd
10.25 CAPS 0.175 0.124 0.001 29 e .
0.35 0.105+ 0.001 ] B S s
e nm
a Experimental conditions: [Fe(edtd)= 0.001 M, [HO;] = 0.01— 04 wm —=—% "
0.04 M,I =0.5M, T =25°C.
T T T T T T T T T T T T
s TAPS 0,00 0,05 0,10 0,15 0,20 0,25 0,30
e Taurine [BH'], M
] 4 AMPSO _ . , .
14 - . v Glycine Figure 7. Plots ofkong vs [BH']. Experimental conditions: [Fe(edtd)
12_‘ + CAPS = 0.001 M, [HO;] = 0.01-0.04 M,I = 0.5 M, T =25°C.
104 acids, a plot okzonsversus [H] gives a nonlinear behavior,
. . . . .
1 indicating that there must be another factor that influences
" “"_ i koobs Plotting the difference between the proton-assisted
% 6 * _— catalysis and the curved [tftdependence for taurine and
. - - glycine, against the general acid concentration, as indicated
4 ° v — . . . .
] v a_—8 in Figure 7, produces two straight lines. The slopes of the
2 E :J_,.-/ lines represent the general acid-catalyzed back reaction, viz.
ol ‘v,b-'”” k_2gn. These lines show no intercept, which means that there
- is no spontaneous back reaction. As seen for the first reaction
0,00E:+0005,00E-0101,00E-0091,50E-0062,00E-0092,50E-0093,00E-0083, 50E-008 step, there is again a correlation between the valle gf
H1M and the [, of the buffer used, viz. the smaller th&pvalue,
Figure 6. Plot of kaopsvs [H']. Experimental conditions: [Fe(edtd)= the faster the reaction.
0.001 M, [HOz] = 0.01 M, =0.5M, T =25°C. At pH > 10.0, the back reaction is almost irrelevant in

o ) ) . _ _ CAPS and glycine buffers. This is confirmed by the absence
anistic considerations discussed in more detail below that ¢ differing absorption changes at pH 10.0 and 10.5. The
only the back reaction is affected by general acid-catalysis. [BH*] and [H] concentrations are too small to have any

For the second reaction step, a different dependence orcatalytic impact. No acid-catalyzed back reaction is observed,
the employed buffer concentration was observed as for theand only the forward reaction is relevant.
first reaction step. It turned out that the rearrangement reac- The influence of temperature and pressure on this reaction
tion is only affected by general acid-catalysis when taurine was studied, and typical results are shown in Figures S7 and
or glycine buffers were employed. For example, in 0.175 M sg, respectively (Supporting Information).
glycine buffer kaobsis 0.330+ 0.008 s*, increases to 0.440  Kinetic data for the pressure dependence were measured
+0.002 s*in 0.35 M glycine, and to 0.528 0.007 s*in ¢ pH 10.5 (CAPS) and 8.5 (TAPS), where only the forward
0.525 M glycine. Typical values fdgonsare summarized in - ang pack reactions contribute significantly, respectively. The
Table 4. Thus, general acid-catalysis also applies to theemperature dependencekafi,swas used to construct a linear
second reaction step, but only under certain conditions. Eyring plot from whichAH* andASt were obtained (Figure

As mentioned above, it follows from mechanistic consid- S7). The volume of activation was derived from the slope
erations that only the back reaction, i.e., protonation of the of the linear plot of Ink,os Versus pressure at 2& in the
Fe(edta)-peroxo complex, is affected by general acid- pressure range 3170 MPa (Figure S8). All activation
catalysis. Obviously, this peroxo complex is a sterically parameters for the rearrangement reaction are summarized
constrained species, and only sterically unhindered buffersin Table 2.
are capable of protonating it. Of the buffers used in this study, The reported volumes of activation can be used to con-
taurine and glycine both have a primary amine function and struct a volume profile (Figure 8) for the overall reaction in
thus are appropriate for general acid-catalysis. On the othereq 3 and detailed mechanism presented in Scheme 1. The
hand, TAPS, AMPSO, and CAPS have secondary amine positive activation volumeAV* = +6.8 + 0.4 cnf mol2,
functions and are sterically too constrained to function as a suggests an;imechanism for the ligand substitution reaction
proton donor. on [Fe(edta)OH] with hydrogen peroxide. The back reaction

In Figure 6 it can again be seen thatys versus [H] seems to have a stronger dissociative character on the basis
concentration gives a straight line for the three buffers with of the significantly positive values for both\V* (+18.4 cn?

a secondary amine function. In the case of the two amino mol™) and AS' (+1354 6 J K™* mol™). For the second
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OH
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O—H
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+68+04 +18.4+0.6
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-11.5+£0.5

\
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Y

H]1xA
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1
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~
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l(edta)Fe<| ] + H*
0

Figure 8. Volume profile for the overall reaction in eq 3.

reaction step, a slightly negative/* (—2.34 0.1 cn? mol™?) [Fe(edta)HO]~, which is more labile than [Fe(edta)OH]
for the intramolecular rearrangement (from end-on to side- and can react rapidly with 4D, followed by the deproto-
on bound peroxide) was found, which is in agreement with nation of coordinated D, to produce the hydroperoxy
an associative interchange type of peroxide chelation reac-product. As compared to the BHconcentration, the con-
tion. The reverse peroxide dechelation reaction of the centration of protons in solution is small. Thus, although
[Fe' (edta)(>-O2)]> peroxo complex is suggested to follow  specific acid-catalysis is evident (Figure S3), general acid-
a dissociative interchange type of reaction sind€ has a  catalysis by BH plays a more important role. Protonation
small positive value oft-5.1 + 0.2 cn¥ mol~*. During the of [Fe(edta)OHf~ to form [Fe(edta)HO] involves charge
peroxide chelation and dechelation reactions, we propose thaheutralization and may result in a positive contribution to
one of the four carboxylates on edta dissociates from and AV*, It is known from the literatur® that the water exchange
associates with the metal center, respectively, such that areaction on [Fe(edta)i®]~ follows a dissociative interchange
seven-coordinate geometry is maintained throughout the(|d) mechanism characterized by a small posith\ value
process (see further discussion). of +3.2+ 0.4 cn? molL. This is in close agreement with
In recent studie¥)' AS* andAH* values for the formation  the observed volume of activation f&y, viz. AVF = +6.9
of a [Fe'"Ls(OOH)F* complex in nonaqueous solution were  + 0.5 cn? mol~* at pH 10.5 when a positive contribution
reported. The negative values f&S' probably point to a  from charge neutralization due to general acid-catalysis is
mechanism with an associative character for the formation taken into account. Thus, complex-formation witfQ4 also

of the hydroperoxo species, although it is not advisable to follows an i mechanism as found for water exchange on

propose a mechanism only on the basisA& data. the aqua complex.

Suggested Reaction MechanisnScheme 1 shows the |t js reasonable to expect that thisqvalue of coordinated
suggested _mechanlsm for the overall reaction on the basisyqrogen peroxide in the [féedta)(HO.)]~ complex will
of the obtained data. be a few units lower than that for free)@, viz. 11.6, due

The formation of the [Pé(edta)¢*O,)]*~ peroxo complex  to the electron withdrawing effect of the positively charged
is Only observed at pH values Signiﬁcantly Iarger than the metal center. Therefore, the I‘_F:@dta)a—&oz)]— Comp|ex can
PKa value of [Fe(edta)bD] ™. This suggests that the main  pe stabilized as [Féedta)OOH]~ as a result of deproto-
reacting species in solution is [Fe(edta)®H]This is in nation at high enough pH. Such hydroperoxo intermediates

literature!®18 The [Fe(edta)OH] complex can either be

protonated by H ions or b.y t_he acidic form of the_ buf- (30) Schneppensieper, T.; Seibig, S.; Zahl, A.; Tregloan, P.; van Eldik, R.
fer, BH. Proton catalysis involves the formation of Inorg. Chem2001, 40, 3670-3676.
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AVF and AS rule out another possible mechanism, viz.
formation of a seven-coordinate end-on peroxo complex that
is followed by dechelation of one of the carboxylate arms

0 RN Y . : : .
O/S 0\/N d prior to chelgtlon of_ the end-on bound peroxide to yield a
N — Fle__o_o,H seven-coordinate side-on bound peroxo complex. Such a
0=QV7F(\?§O N\// \0 pathway would fit a dissociative interchangg thechanism
ﬁ’/({ \o o with significantly positive values foAV¥ and AS'. Again,
4 H/ T m o o general acid-catalysis is evident, as shown in Scheme 1. It
is only the back reaction, viz. the protonation of the side-on
-H' || +H* +pﬂ -H peroxo complex that is catalyzed by general acids. This is
BH" confirmed by the smaller spectral changes observed for this
Y 0 reaction at higher general acid concentrations. Once again,
0)3 6} 0)§ the back reaction is only significant when thi pvalue is
N§/|7N ORNQ/I;N 0 not too high (CAPS) or when the BHconcentration is not
© '0’7e\0 © O/Fle\oo too low. The back reaction fits a dissociative interchange
0 OH, S/(') (Ig) process with the dechelated acetate arm of edta, which
o o is accompanied by positive values for the activation param-
eters, vizAVF = +5.14+ 0.2 cn? mol~* andAS = +56 +
-H,0, | +H,0, Spontancous Reaction 6 J K- mol*. As discussed above, general acid-catalysis is
only evident in such cases where the buffers used are not
/0 sterically hindered. Of the five buffers applied in this study,
Oﬁ\ 0 o o only taurine and glycine proved to be effective catalysts.
0\1"(/0/‘__ OH, YO}N/\///N It is difficult on the basis of the available data to draw
LR \\Fe/ any conclusions whether edta acts as a penta- or hexadentate
1‘30/' b Oy o 0///\\0 o ligand in the reactions with hydrogen peroxide. It is knéivn
a0 ~° H 0 ad Lo that [Fe(edta)OH] in solution exists as an equilibrium
© B H oM between a hexadentate seven-coordinate and a pentadentate
. — six-coordinate form with a noncoordinated carboxylate arm.
+H;0" | H0 *'HZO It is difficult to determine whether the seven- or six-coor-
dinate form is the reactive species. In terms of atype of
RN /\7/0 0\/\ /\740 substitution mechanism for the coordination of hydrogen
0\/1?/0 . 0\/T 9 peroxide, it would be reasonable to expect that the seven-
%/Fe\—-o—o’ éFeéo,O/H coordinate species is the reactive one. On the other hand, if
gi;/ 0 N_ \O the six-coordinate species is the reactive form and ring
J 5/0\.« closure of the carboxylate arm occurs during the reaction,
o o 0 this could be a possible explanation for the large negative

ASf value. Such a ring-closure process should result in a

As mentioned before, the back reaction also shows generakignificantly negative activation entropy but could have a
acid-catalysis. The acidic form of the buffer protonates the smaller effect in terms of the activation volume.

[F€''(edta)OOH}~ complex, and hydrogen peroxide dis-  The hexadentate seven-coordinate end-on bound hydro-
sociates. This reaction also proceeds via a diSSOCiativeperoxo Comp|ex could potentia"y rearrange toTEﬁjta)_
mechanism as supported By* = +18.44 0.6 cn? mol™* (7%-0,)]3 in favor of a pentadentate seven-coordinate side-
andAS = +135+ 6 J K'* mol™™. If the pKa value of the  on geometry in which one carboxylate of edta dissociates
buffer is too high as in the case of CAPS, or if the BH  from the metal center in order to avoid the formation of an
concentration is too low, then protonation of the hydroperoxo eight-coordinate Fe(lll) complex. As mentioned above,
complex cannot occur and no back reaction is observed. theoretical calculations favor the formation of a six-coor-
After the formation of the end-on bound hydroperoxo dinate side-on bound peroxo complex in which two acetates
complex, the [HO,]-independent rearrangement to the well  of edta dissociate from the metal centeHowever, there
characterized side-on bound [Hedta)§*-O,)]*~ complex  are also other examples now available in the literature for
occurs as a slow subsequent reaction step. The reaction fitsyhich the formation of pentadentate seven-coordinate side-
an associative interchangey)(process that is accompanied on bound peroxo complexes of Fe(lll) is favored.
by the dissociation of one acetate arm of edta. As expected, As indicated in Figure S3, the forward reaction also occurs
such a rearrangement is characterized by small negative, the absence of general acid-catalysis. Hydrogen peroxide
values forAV* and AS', viz. =2.3 £ 0.1 cn? mol™ and apparently directly attacks the [Fe(edta)@Hgomplex as
—10+ 5 J K mol™, respectively. The negative values for - shown in Scheme 1. It can act as & #bnor for protonation
of the hydroxo complex to form the labile aqua complex.

(31) Chen, K.; Costas, M.; Kim, J.; Tipton, A. K.; Que, . Am. Chem.
S0c.2002 124, 3026-3035.
(32) Chen, K.; Que, LJ. Am. Chem. So@001, 123 6327-6337.

(33) Meier, R. Habilitationsschrift, Universitaeipzig, 2002.
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Theoretically, the solvent water could also function as H affected by general acid-catalysis, Kg must be smaller
donor, but with a g, of 11.6 (and even lower if coordinated than K. Under the assumption of a 20% decline Kp
to the metal center) hydrogen peroxide is a much strongercompared toK, the K¢ value for coordinated hydrogen
acid and overrules the acidity of waterkpof 15.7). At peroxide can be estimated according #-p= pKp + pKa
higher pH, this pathway is not available anymore sing@H to be 7.6. This value nicely fits the expectation that
is then largely deprotonated. coordinated hydrogen peroxide should have a significantly
The suggested reaction mechanism also explains why thesmaller K, value than free bD..
reaction does not occur at a low pH. The intermediate
[FE" (edta)(HO,)]~ complex is formed via a dissociative
interchange reaction of the aqua complex, in whiciOH The results of this study clearly indicate that the reaction
has to compete with a large excess of water to coordinate toof Na[Fe(edta)] with hydrogen peroxide occurs in a two-
the metal center. As the hydrogen peroxide complex is step process, of which the second.Q-independent step
formed at lower pH, it cannot be stabilized via deprotonation was observed for the first time. The significant role of general
due to the high H concentration and decomposes im- acid-catalysis, which was reported befétevas confirmed,
mediately. This is confirmed by the observation tRajs and in addition, a small contribution of specific acid-catalysis
increases steadily on decreasing the pH toward itaeralue for the first reaction step was found. Furthermore, it was
of the Fé!(edta)HO complex, accompanied by a decrease found that under certain experimental conditions the acidic
in the observed spectral changes, due to the acceleration oform of the buffer also has a catalytic effect on the
the back reaction. This also accounts for the fact that no dechelation reaction of the Fe(edt@eroxo product. Activa-
peroxo intermediate could be observed for the reaction of tion parameters for all reaction steps were reported. In
[Fe' (edta)HO]~ with dioxygen and HO,3* which was combination with all the other kinetic data available, a

Conclusions

studied at pH values 6. detailed reaction mechanism could be presented. For the first
With the values ofK; from eq 1 andKg, K for the reaction step, adissociati_ve interchange mechanism fqr bqth
deprotonation of [Fe(edta}®]~ by B can be calculated as forward and back reactions can be postulated, which is
indicated in the following set of equations. controlled by the substitution behavior of the [Fedta)HO]~
unit. Chelation of coordinated peroxide from end-on to side-
[Fe(edta)H,0] K (Fe(edm)OH" + H' on fqllow§ an associative interchange process accompanied
by dissociation of one of the carboxylates on edta, whereas
B+ H Ks BH* Ko= 1K, Qechelation of the peroxo Iiggnd follows a dissociative
interchange process with the dissociated acetate arm of the
K edta ligand in the pentadentate seven-coordinate peroxo
[Fe(edta)H,0] + B [Fe(edta)OH]* + BH' complex.
To gain further insight into the substitution behavior of
K=K Kg=K//K, iron(Ill) polyaminecarboxylate complexes with hydrogen
peroxide, the reaction of [Fe(cdta®]~ (cdta= N,N',N",N"'-
pK=pK, - pK,

(1,2-cyclohexanediamine)tetraacetate) withOKH will be
investigated using different stopped flow techniques. Since
the K, value of this complex (viz. 9.32)is nearly two units
above that of [Fe(edtaj®]~, a significantly higher con-
centration of the corresponding aqua complex should be
present in the pH range investigated in this study. This higher
fraction of agua complex should increase the reactivity of
[Fe(cdta)HO]™ significantly as compared to [Fe(edtaib]~.

Values ofK were found to beKtaps = 10, Kiauine = 45,
Kampso = 50, Kglycine = 250, andKCAps= 795, from which
it follows that the equilibrium lies more on the side of the
labile aqua complex with increasing acid strength of the
employed buffer, in agreement with the observations made
in the kinetic study.

Similar considerations can be applied to the acid-catalyzed

back reaction. Acknowledgment. The authors gratefully acknowledge
financial support from the Deutsche Forschungsgemeinschaft
[Fe(edta)(H,0,)] K [Fe(edta)OOH]> + H' (SFB 583 and SPP 1118) and the Max-Buchner For-
schungsstiftung.
B+ H Ks BH* Ky= 1K, Supporting Information Available: Further mechanistic in-

formation on the reaction between "Hedta) and hydrogen
peroxide. This material is available free of charge via the Internet
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Kp

[Fe(edta)(H,0,)] + B

The K¢ value for coordinated ¥D, is unknown, but it can
be estimated approximately. The back reaction is more (34) Seibig, S.; van Eldik, Rnorg. Chem.1997, 36, 4115-4120.
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