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Abstract 

Fe112(ttha)(H,0)Z2- is oxidized rapidly by HzOz, but greater than a 1:l stoichiometric consumption of H,Oz 
occurs. While the oxidation product of O,/Fe,(ttha)(H,O),‘- . IS greater than 95% FezO(ttha)‘-, the H,Oz oxidation 
products include c. 80% Fe111,0(ttha)2-, c. 20% of a tetranuclear complex Fe111,(0),(ttha),4-, and traces of 
Fe”‘Cl,- and Fe”‘(tthaH)‘-. The Fe”,(ttha)(H,O),Z- oxidation by Hz02 exhibits only a 6.8% suppression in the 
presence of 0.10 M t-butanol instead of a 50% suppression if production of HO’ is a major pathway in the 
H,O, oxidation. The mechanism is proposed to occur via formation of ferry1 intermediates which may react with 
the second iron@) site within the same molecule by an inner-sphere route forming the ~-0x0 bridged Fe111zO(ttha)2- 
or by outer-sphere electron transfer forming an open-chain Fe1112(ttha)(H20)2 complex. The same ferry1 intermediate 
may react inner-sphere with a second Fe1112(ttha)(H20)22- complex, leading to the tetranuclear product. The 
pathways which yield Fe,O(ttha)‘- upon ring closure of open-chain Fe”‘,(ttha)(H,O), involve three parallel 
pathways utilizing aqua/aqua, aqua/hydroxy and hydroxyl/hydroxy forms of [Fe”‘,(ttha)] with first-order rate 
constants of 12.0, 11.6 and 0.11 s-‘, respectively (~=0.05, T=25.0 “C). The abnormally high reactivity of the 
aqua-aqua species for ~~0x0 formation is consistent with a hydrogen-bonded orientation of Feu1,(ttha)(OH2), 
within its own solvent cage which places the Fe”’ centers close for ~~0x0 formation. A peroxo complex forms 
via substitution at a terminal site of Fe1112(0H)2Z- with a second-order rate constant of 4.32kO.20 M-’ 6-r. A 
slower first-order rearrangement of the initial peroxo adduct is observed (k =0.14 *0.02 s-r) with an [H,O,]- 
independent rate. A rearrangement from an initial q*-peroxo coordination to an $:T$ (bridged) coordination is 
proposed. The peroxo species of [Fe”‘,(ttha)] which is isolated by ethanol-induced precipitation from solution 
containing 13.6:l.O H20Z:Fe1u2(ttha)(H,0) 2 exhibits a new band at 791 cm-‘, consistent with $:v$ coordination 
based on [Co”12(H20)2(02)(histidinate)~] as a model. Although the $-peroxo complex [Feu1(02)(edta)]‘- exhibits 
a purple color due to an LMCT band at 528 nm, neither [Fe,(02)(ttha)]*-, nor [Fe”‘(hedta)(O,)]*- possess a 
band above 500 nm, a feature frequently attributed as diagnostic of ferric peroxo species with polyaminoljoly- 
carboxylate ligands. [Fe”‘(hedta)(O,)]*- is observed to be golden-brown at pH 10.30 and to have the anticipated 
~(00) stretch at 810 cm-’ for the #-peroxo complex. Yet it has no LMCT band above 440 nm. 

Introduction 

Numerous biological and industrial processes require 
oxygen activation by transition metal complexes in re- 
action with either 0, or H,O:, [l, 21. Information 
concerning both peroxo complexes and higher valent 
forms of iron is of current importance for understanding 
beneficial cellular oxidations, particularly from oxygen- 
ase and monooxygenase systems, but also for cellular 
damaging processes such as lipid peroxidation [l, 3, 
41. Many of these processes involve non-heme iron 
proteins. For this reason there is an interest in the 
reactions of Fennn complexes with 0, and H,O, in 
which the iron centers are ligated by donors available 
in proteins. There is an active search for functional 
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and model systems which activate either H,O, or 0, 
for subsequent organic oxidations. Several catalytic sys- 
tems which utilize pyridine carboxylates for the oxidation 
of organic substrates have been recently described by 
Sawyer [Id] and the nitrilotriacetate FelI1 complex has 
been examined as a model for catechol dioxygenases 
by Fujii et al. [Id]. 

The amine and carboxylate donors available with 
polyaminopolycarboxylate ligands (pats) related to 
edta4- offer a chemical environment similar to me- 
talloprotein binding sites. Studies or redox reactions 
with Fell’nl(pacs) with 02, 0;) H,O, and RC(O)(OOH) 
have been made by various research groups [5-91, but 
these reports have been limited in all but one case of 
Fe”““(pacs) h avm mononuclear complexation. A re- ’ g 
cent study from our laboratory of the autoxidation of 
the diiron Fe”,(ttha)(H,O),‘- complex (ttha6- = 
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triethylenetetraaminehexaacetate) has shown that the 
presence of a second metal center, maintained in close 
proximity to the first, imparts major changes in the 
course of reduction of 0, [lo]. Dissociation of HzOz, 
an important step in the autoxidation of mononuclear 
Fe”(pacs) [ll], is by-passed for O-atom transfer as a 
more direct reduction pathway [lo] with 
Fe”,(ttha)(H,0),2-/0,. 

Fe”-pat autoxidations [12, 131 were reassessed re- 
cently by Zang and van Eldik for Fe”L (L= edta4-, 
hedta3- and dtpa’-) [ll]. Fe”-pat/O, reactions proceed 
by sequential le- reductions involving an Fe”‘-superoxo 
intermediate, [LFe”‘(O,-)] [ll]. This species has also 
been detected by a spin-trapping study from our lab- 
oratory*. At high [Fe”L] the rate law for autoxidation 
obeys a [Fe”Ly relationship which was interpreted by 
van Eldik as evidence for the inner-sphere reduction 
of [LFe”‘(O,-)] by Fe”L, forming an #:n’ bridged 
peroxo complex, LFe”‘(O,)Fe”‘L. 

LFe”‘(O,)Fel”L complexes of van Eldik’s scheme 
undergo rapid proton-assisted dissociation and are not 
isolable. Diferric peroxo complexes, stabilized by bi- 
nucleating ligands have been reported with the HPTB 
and S-MeHXTA type of ligands [14]. The n’:$ diferric 
peroxo complexes are believed to be inherently unstable 
with respect to cleavage with metal 0x0 formation [3, 
15, 161. However, Sawyer et al. have invoked diferric 
peroxo complexes as active oxygenating intermediates 
with both dioxygenase and monoxygenase character 
using the bis-picolinate or bis-2,6_dicarboxylatopyridine 
iron catalysts for the oxidation of both saturated and 
unsaturated hydrocarbons in dimethylformamide as a 
solvent [17]. Hence the favorability of diferric peroxo 
species may be highly solvent dependent, or dependent 
on the propensity of the ligand structure to facilitate 
adjacent iron centers. 

The oxidation of Fe’*-pats by H,O, has been shown 
to proceed by a somewhat unanticipated mechanism 
[18, 19). It has been known for many years that the 
combination of Fe”(edta)‘- with H,Oz (Fenton’s re- 
agent) would serve as a source of oxidizing power for 
organic substrates that has all of the properties at- 
tributable to the hydroxyl radical (HO’) [20]. Although 
HO‘ is readily detectable in Fe”(pac)/H,O, reactions*, 
Rush and Koppenol [18, 191 have shown that HO 
production occurs as a secondary reaction pathway 
(eqn. (5) of Sch eme l), and not by a direct le- route 
(eqn. (1)). The main reaction sequence involves a 2e- 
oxidation of Fe”L by H,O, resulting in a ferry1 inter- 
mediate which may be formulated as LFe’“0 (L- pat), 
eqns. (2 j(8) of Scheme 1. LFe’“0 and HO’ behave 

*References 10 and 11 show that the autoxidation process is 

on the stopped-flow time scale; no change in the final absorbance 
occurs with continued oxygenation for over an hour. 

Fe”L + H,O, - Fe”‘L + OH- + HO’ (1) 

LFe” + H202 - LFe’“0 + H,O (2) 

LFe’“0 -I- LFe” -+ 2LFe”’ (3) 

LFe’“O + H202 -+ LFe” + O* + H,O (4) 

LFe’“0 + H,O, - LFe”‘(02H-) + HO (5) 

HO’+ LFe” - LFe”’ + OH- (6) 

HO-+RH- R’+H,O (7) 

LFe’“0 + RH - LFem(OH-) + R (8) 

Scheme 1. 

in a kinetically equivalent manner for the oxidation of 
primary and secondary alcohols when these are present 
with Fe”(pac)/H,O, solutions (eqns. (7) and (8)). How- 
ever, t-butanol also is oxidized by HO’, but not by 
LFe’“0, differentiating between HO’ and LFe’“0 [ 181. 
Examination of the data of Rush and Koppenol for 
Fe(edta)‘-/H,O, suggests that HO’ is formed about 
5.4% of the time via eqn. (5) while pathway (3) accounts 
for about 80% of redox events for LFe’“0 [18]. The 
observations of Rush and Koppenol have proven im- 
portant for the interpretation of the multistep oxidation 
of Fe”,(ttha)(H,O), by H,O,, which is reported in the 
present paper. Two different y-0x0 products are ob- 
served. One of these occurs from ‘self-reaction’ by 
inner-sphere redox between the separate iron sites of 
Fe,(ttha)“- and another product by cross-polymeri- 
zation during intermolecular redox with another 
Fe,(ttha)(H,O),Z-. The latter leads to a tetranuclear 
iron complex. 

We have also observed a further reaction with 
Fe”‘,(ttha)(H,O), at high [H,O,] (a 0.10 M), indicative 
of peroxo coordination. The product may provide a 
model for the $:$-bridged intermediate proposed for 
O2 oxidation of Fe”(pacs) [ll]. The spectral nature of 
the peroxo complex formed at high [H,O,] with 
[Fe”‘,(ttha)(H,O),] is different from the well-known 
purple complex [Fe”‘(edta)(0,)]3- which has recently 
been characterized as an n2-peroxo complex [21-241 
having an Fe”’ +Oz2- LMCT band at c. 520 nm. It 
is shown here that Fe”‘-peroxo complexes in pat ligand 
environments may have Fe’” + 022- LMCT transitions 
at higher energies than commonly assumed on the basis 
of a limited number of prior literature reports [25]. 

Experimental 

Reagents 
Triethylenetetraaminehexaacetic acid, &ttha, and 

tris(hydroxymethyl)aminomethane (tris buffer) were ob- 
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tained from Sigma. N-Hydroxyethylethylenediamine-tri- 
acetic acid was obtained from Aldrich. Borate buffer 
(pH =9.18) was prepared from Fisher Scientific pre- 
weighed packages. Acetate and formate buffers were 
prepared by titration of Mallinckrodt analytical reagent 
(AR) grade glacial acetic and formic acids with NaOH. 
2,6Lutidine, obtained from Aldrich, was distilled 
under reduced pressure in all glass apparatus. 
Fe(NH,),(SO,),- 6H,O and FeCl, .4H,O were obtained 
from J. T. Baker Chemical Company as analytical grade 
reagents. 0, and Ar gases were supplied by Air Products. 
Traces of 0, in Ar blanketing gas were removed by 
passage of the gas through Cr(I1) scrubbing towers, 
followed by an H,O rinse tower. H,O, was obtained 
as a 3% solution from EM Industries or J. T. Baker; 
its actual H,O, titre was determined by standardization 
with Ce(NH,)(SO,), standard solution in 2 M H,SO,. 
(CH,),COOH was obtained from Aldrich. 

Methods 
Transfers of air-sensitive solutions were carried out 

with gastight syringe techniques, using stainless steel 
needles. The Fe,(ttha)(H,O),‘- solutions were pre- 
pared by dissolving weighed amounts of H,ttha and 
adjusting the pH to a desired value prior to purging 
the solution of 0, by the Ar blanketing gas. Samples 
were prepared in bubblers which were connected to 
the main Ar line with glass ball and socket joints; 
reagent reservoirs were vented through needles in rubber 
septa which sealed the flasks. Additions of the proper 
amount of Fe(NH,),(SO,),. 6H,O in polyethylene boats 
were made rapidly while maintaining an Ar positive 
pressure. The pH was monitored continuously by a 
minicombination glass/SCE electrode which was 
mounted in one neck of the reaction bubbler flask. 
The pH electrode was calibrated at room temperature 
against Fisher Scientific gram-pat buffers at convenient 
values (4.01,6.86, 9.18). Reagent buffers were prepared 
by combining weighed amounts of 2,6-lutidine with 1.00 
M HClO, to provide stock lutidine/lutidinium ion buffer 
at pH= 7.00 or weighed amounts of tris with either 
NaOH or HClO, to obtain a pH= 7.50 buffer. The 
electrolyte concentration was chosen to be 0.050 M 
with buffers assuming this role; unbuffered systems were 
also made 0.050 M in ionic strength with NaClO,. pH 
measurements were made on a digital Fisher 801 pH 
meter. UV-Vis spectral data were recorded on a Varian- 
Cary 118C spectrophotometer in 1.00 cm quartz cells. 
The cells were sealed with rubber septa and flushed 
with Ar for samples needing protection from 0,. The 
Ar flushed cells were filled with appropriate solutions 
by syringe techniques. 

Studies of the IR spectra of products obtained under 
different Fenz(ttha)(H,O),Z-:H,O, ratios as a function 
of time required a rapid isolation of the [Fe,(ttha)] 

species from solution. Procedures found to be acceptable 
in the prior study of the 0, oxidation of 
Fe”,(ttha)(H,0),2- were used to isolate solids at ap- 
propriate reaction times [lo]. The source of iron for 
the IR studies was FeCl,.4H,O to avoid bands due to 
NH,+ or SO,‘-. Rapid addition of ethanol promotes 
precipitation from solution of the [Fe,(ttha)l”- com- 
plexes as their Na+ or K’ salts. The precipitated salts 
were filtered and dried overnight in a vacuum oven at 
35 “C. The dried solids were then ground with KBr 
and pressed at 9 tons pressure into IR pellets. IR 
spectra were obtained with an FT-IR device (Perkin- 
Elmer 32 FTIR) using an average of 64 scans. Calibration 
of the UV-Vis and IR spectra of the Fen1 products 
formed by either H,O, or 0, oxidation of 
Fe”,(ttha)(H,0),2- was made using weighed amounts 
of the [Me,Dabco][Fe,O(ttha)] -6I_I,O salt [lo] 
(h,, = 470 nm, &en’= 64.0 M-’ cm-l). For studies 
which evaluated the amount of Fe,O(ttha)‘- product 
versus other peroxo or open-chain Fe”’ complexes which 
are produced, the 836 cm-’ band which has been 
assigned to the Fe-O-Fe assymetric stretch [lo, 26, 
271 was carefully examined. Since every binuclear 
iron-ttha species has the same number of carboxylate 
donors (six from the ttha6-), the V(COOM) vibration 
at 1632 cm-l was utilized as an internal standard for 
variations in the intensity in the 836 cm-’ region. 

Stopped-flow data were collected on a Durrum D- 
110 stopped-flow spectrophotometer interfaced with a 
DEC-1103 computer for data analysis*. Ring-closure 
and ring-opening experiments were carried out by the 
pH-jump technique and monitored at 470 nm. The 
stopped-flow pathlength is 2.00 cm. Data reduction and 
analysis were achieved with appropriate first-order ki- 
netic programs. Reactions were followed for 7 half- 
lives. In the case of sequential reactions the first reaction 
was treated with a kinetic program which seeks the 
best fit using a reiterated first A, value. The second 
reaction was followed at longer times such that the 
first reaction component had decreased significantly. 

Results and discussion 

Product of 0, oxidution of Fe”,(ttha)(H,0),2- 
The prior study of the kinetics of the 

Fenz(ttha)(H,O),‘-/02 reaction was carried out in un- 
buffered media [lo]. The autoxidation process (eqn. 
(9)) should proceed with no pH changes. However, 

*Error estimates given for the rate constants from stopped- 
flow data are expressed as the average deviation from the mean. 
Error estimates on derived kinetic constants are those of the 
least-squares fit to the observed kinetic data. 



2Fe,(ttha)(H,O),‘- + 0, ---+ 

2Fe,O(ttha)‘- + 4H,O (9) 

it was deemed important for studies of the H,O, 
oxidation to show that reaction (9) was independent 
of pH or the buffer media supplying the pH control. 
Additionally, since buffer components in 2,6-lutidine 
or tris are weakly capable of metal ion coordination, 
it was necessary to show that the products obtained 
are independent of the buffer media. Three 4.00 x 10m3 
M solutions of the Fe”,(ttha)(H,O),Z- complex were 
prepared in 0.050 M lutidine/lutidinium perchlorate 
buffer (pH = 7.00) tris/trisH’ buffer (pH = 7.50) and 
unbuffered pH (adjusted to 6.88 p = 0.05 with NaClO,). 
The three separate samples were bubbled with 0, 
vigorously for 9 min and yielded identical spectra (Fig. 
Sl, see ‘Supplementary material’.) The pH of the re- 
action solutions remained unchanged for both the buff- 
ered and the unbuffered systems at their respective 
pH. The spectrum obtained for each product solution 
matched the spectrum of an equivalent 4.00~ lop3 M 
solution obtained by dissolving the analyzed [Me,Dabco]- 
[Fe,O(ttha)] .6H,O salt. This confirms that only the CL- 
0x0 complex is produced by the 0, oxidation pathway 
[ w 

H2 0, oxidation of Fe, (ttha) (Hz O),” - 
The oxidation of Fe”,(ttha)(H,O),‘- was observed 

to proceed with H,O, in either unbuffered solution, 
pH = 7.32, or in 2,6-lutidine/lutidinium perchlorate, 
pH = 7.00, with identical results. The spectra obtained 
for the oxidation of 3.98~ lop3 M Fe”,(ttha)(H,O),‘- 
in 0.05 M lutidine buffer are shown in Fig. 1. Curve 
A shows the spectrum of Fe,O(ttha)*- produced by 
0, oxidation of the same solution as a control, indicative 
of the total amount of the CL-oxo-bridged complex 
available upon oxidation of all Fe” in the system. A 
separate ion exchange study showed that greater than 
95% of the product formed by 0, oxidation of 
Fe”,(ttha)(H,O),*- is the single 2-anionic species, 
Fe,O(ttha)*-. Curve l3 shows the UV-Vis spectrum 
under Ar at a Fe”2(ttha)(H,0)22-:H,02 ratio of 1:l 
while C is at 1:2, D is at 1:ll.g. Spectrum E is obtained 
from solution B which has been treated with 0, sat- 
uration by bubbling for 12 min after the initial reaction 
at 1:l H,O,. The spectrum obtained for B is below 
that of A. The analysis under conditions for E and the 
known E for Fe,O(ttha)‘- at 470 nm allows the cal- 
culation of an effective c/Fe of 72.5 M-’ cm-’ under 
conditions of H,O, at 1:l. The effective E~,~ when Fe” 
is totally oxidized at either 1:2 or 1:11.8 H,O, is found 
to be nearly the same (71.5 M-’ cm-‘). This value is 
higher than that observed for Fe,O(ttha)*- (~~~~=64.0 
M-’ cm-l). The amount of unreacted Fe”, which is 

Abs 
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Fig. 1. Hz02 and O2 oxidations of Fez(ttha)(H,O),‘-. 
[Fen,(ttha)(H,O),Z-]initial = 3.98 X 10W3 M in 0.050 M lutidine/ 
lutidinium perchlorate buffer (pH 7.00) (A) complete O2 oxidation 
at 45 min. (B) 4.17 X low3 M HzOz added. (C) 8.34 X 10m3 M 
HZO, added. (D) 0.187 M H202 added (spectra B-C at 10 min 
under Ar). (E) Sample B bubbled with O2 for 12 min. (F) 
2.08X 10e3 M H,O, added under Ar; 1.00 cm cell. 

detected by the second 0, oxidation converting spectrum 
B to E, was also evaluated in a separate experiment 
using 2,2’-bipyridine (bpy) as a scavenger for unreacted 
Fen in the system with equivalent results. 

If HO’ were formed during the oxidation of 
Fe”2(ttha)(H20)22- it should be completely scavenged 
bY 0.10 t-butanol [18]. The oxidation of 
Fe”,(ttha)(H,0),2- by 0, and H,O, oxidants is pre- 
sented in Fig. 2. The presence or absence of 0.10 M 
t-butanol has no effect on the Fen2(ttha)(H20)22- 
oxidation by 0, as shown by coincident spectra for 
these two conditions in spectrum A. This is in agreement 
with the prior spin trapping study that no free HO’ is 
detectable when Fe”,(ttha)(H,O),*- undergoes autox- 
idation [lo]. 

When Fe,(ttha)(H,O),*- is oxidized at 1:l with H,O, 
in the presence of 0.10 M t-butanol there is a 6.8% 
decrease in the absorbance change at 470 nm compared 
to the same system without t-butanol (spectra D versus 
C). The remaining Fe” may be further oxidized by 0, 
(curves E and F). The suppression by the presence of 
0.10 M t-butanol represents a minor effect compared 
to the 50% decrease [19] in the amount of Fe’” oxidized 
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Fig. 2. Effect of t-butanol on Fe,O(ttha)‘- oxidations. 
[Fe,(ttha)*-Ii =4.00 x 10m3 M, pH = 7.00, 0.05 lutidine/lutidinium 
perchlorate, 1.00 cm cell; (A) and (B), coincident spectra of 
Fe,(ttha)(H,O)zZ- oxidized by O2 in the presence and absence 
of 0.10 M t-butanol; (C) Fen,(ttha)(H20)22- under Ar with 
4.00 X 10m3 M H,Oa added; (D) same as (C) with 0.10 t-butanol 
added; (E) sample (B) (no t-butanol) further oxidized by 0,; 
(F) sample (D) further oxidized by OZ. 

product if a sequential le- oxidation pathway (eqn. 
(1)) involving the formation of HO’ were involved in 
the main pathway for the H,O, oxidation. 

Zon exchange of products of H,O, oxidation 
Identical samples of 4.10X lop3 M Fe”,(ttha)- 

(H20)22- were obtained by splitting of a sample pre- 
pared under Ar. Half of the sample was treated with 
0, oxidation. The second half was oxidized with 0.0105 
M H,O, (1:2.56 ratio) in order to assure complete 
oxidation of Fe” to Fe”‘, but to avoid a large excess 
of H,Oz which promotes further reaction as described 
in a later section. The two oxidized samples were loaded 
on identical columns of AG-4X resin in the Cl- form. 
The resin was pretreated with HCl and repeatedly 
washed to reduce hydrogen ion to the neutral pH value. 
Each sample was then eluted at neutral pH sequentially 
with 0.10, 0.50, 1.0, 2.0 and 4.0 M NaCl. The sample 
obtained from 0, oxidation moved rapidly with 1.0 M 
NaCl, indicative of a 2- ion. The spectrum was identical 
to the solution in the absence of ion exchange when 
corrected in intensity for column broadening during 

chromatography. Less than 5% of the absorbing species 
were moved by 1.88 M saturated Na,SO,, indicative 
of anions of higher charge. 

The sample oxidized by H,O, was treated in the 
same fashion. A small amount of free Fen1 eluted with 
0.10 and 0.20 M NaCl as the FeCl,- complex. The 
fraction moved with 1.0 M NaCl with a spectrum similar 
to that of Fe,O(ttha)‘- containing a trace of 
Fe”‘(tthaH)*-. The combined amount of 2- anions 
represented 80% of the elutable absorbing species at 
470 nm. A residual material was clearly present as a 
band at the top of the column after copious washing 
with 1.0 M NaCl. This species was not moved with 4.0 
M NaCl, but was displaced with 1.88 M Na,SO,. The 
spectral features were the same as those of Fe,O(ttha)*- 
except that the 550 nm shoulder is more intense (E& 
E 470 = 0.51) relative to Fe,O(ttha)*- (E~.&~,~ = 0.47). 
The similarity of all spectral chromophores to that of 
Fe,O(ttha)*-, but with a 4- charge, clearly suggests 
a [Fe,O(ttha)],“- formulation. However, the e/Fe at 
470 nm of this species must be greater than that of 
Fe,O(ttha)*- in order to obtain an effective e/Fe greater 
for the overall oxidation of H,O, compared to 0, as 
described in the prior section. When a weighted 
distribution of 80% Fe,O(ttha)*- and 20% 
[Fe,(O),(ttha),]“- is used to adjust the E,tfective value, 
an e/Fe of 107 M-l cm-l is obtained for tetranuclear 
species at 470 nm. The logical explanation for the 4- 
species is a cross-polymer between two [Fe”‘,(ttha)] 
units via ~-0x0 bridges. The effective coordination of 
the Fe”’ centers in the tetranuclear complex would be 
similar to the linear-bridged ~-0x0 complex of 
(hedta)FeOFe(hedta)*- [26] for which E~,~ is 90 M-’ 
err-’ per Fe”’ [27]. Models prepared of the 
[Fe”‘,(ttha)*-] moieties show that a cross ~-0x0 bridged 
tetranuclear species forms quite easily using linear p- 
0x0 bridges. The side-by-side arrangement in 
Fe,O(ttha)*- requires a bent Fe-O-Fe chromophore. 
Thus it is reasonable that this charge-transfer based 
transition could have a lower value for the bent structure 
of Fe,O(ttha)*- (e=64 M-’ em-1/Fe”‘) compared to 
more absorbing ~-0x0 linear chromophores in 
[Fe,(0),(ttha),14- (e- 107 M-’ cm-‘). 

Slow reaction with H202 
Authentic Fe,O(ttha)‘-, supplied as the Me,Dabco*+ 

salt (3.27~ lop3 M), reacts very slowly in the presence 
of 0.234 M H,O, (71.6:1). The minimum at 450 nm 
disappears with time while the 525 nm shoulder feature 
steadily decreases (Fig. 3). Both the 450 minimum and 
525 shoulder are completely changed after 18.5 h to 
give a nearly featureless spectrum with a slight shoulder 
at 455 nm. The spectrum is similar to, but more absorbing 
than, the spectrum obtained for a mononuclear 
Fe”‘(ttha)3- complex (curve G). The final 18.5 h spec- 
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Fig. 3. Slow H,O, reaction with Fe,O(ttha)*-. 
[FqO(ttha)‘-1=3.27X 10e3 M in 0.025 M lutidine/lutidinium 
buffer adjusted to pH= 6.88. (A) Complex in buffer alone, (B) 
with the same dilutions containing 0.234 M H,O, at 20 min, (C) 
at 60 min, (D) at 120 min, (E) at 210 mm, (F) at 40 h; 1.00 
cm cell. (G) Dotted lower curve, 3.96X10W3 M [Fe’u(ttha)‘-] 
mononuclear complex formed by oxidation with 4.21 X lo-’ M 
HZOz; 1.00 cm cell. 

trum remained constant. Changes in the initially formed 
Fe,0(ttha)2- occurred with a half-life of c. 1.6 h with 
0.234 M H,O,. 

A 3.86 X 10M3 M sample of Fe,O(ttha)‘- was obtained 
by the 0, oxidation pathway. The ~-0x0 bridge was 
ruptured by adjustment to a pH at 2.0 [lo]. Aliquots 
adjusted to pH 6.74 and 10.07 were obtained and the 
respective UV-Vis spectra are shown in Fig. 4, curves 
A and B. Almost no change is detectable under the 
two differing conditions of pH. By contrast, it is known 
that the [Fe(hedta)],O’- and [Fe(edta)],04- species 
are dissociated into [Fe”‘L(OH),] species at higher pH. 
The influence of pH on the related reaction for 
Fe20(ttha)2- is relatively small as shown by curves A 
and B. When the open-chain form of Femz(ttha)(H20), 
is mixed with 0.20 M H,O, and the pH of the same 
is readjusted to 6.64 and 10.02, the respective spectra 
shown in C and D are obtained. The total elapsed 
tune for pH adjustment and recording of the spectra 
were less than that required to obtain spectra A and 
B in Fig. 3 upon mixing of the ~~0x0 with 0.234 M 
H,O,. A large enhancement in the absorbance above 
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Fig. 4. Peroxo complexation by Fe,O(ttha)‘-. 
[Fe,0(ttha)z-]i=3.86X 10m3 M, 1.00 cm cell; (A) dashed curve 
pH 6.74; (B) same as (A) at pH=10.07; (C) dash-dot curve, 
open-chain complex with [H,O,li = 0.20 M added and pH adjusted 
to 6.64; (D) same as (C) with pH adjusted to 10.02. 

400 nm occurs when H,O, is available for coordination. 
The extent of equilibrium binding of the peroxo group 
is sensitive to pH, increasing significantly from pH 6.64 
to 10.02. Not shown in Fig. 4 are observations that 
below pH-4 the spectra are nearly identical with or 
without H,O, present. Open coordination positions for 
H20, coordination at the Fe”’ centers are necessary 
to obtain this rapid change (cf. conditions of Figs. 3 
and 4) and H202 must be deprotonated to enhance 
coordination. H,O, is not efficiently bound below pH 
4 but increases in the extent of coordination from pH 
6.64 to 10.02. 

Infrared study of the H202 oxidation products 
The products of the Fe”,(ttha)(H,0),2-A&O, oxi- 

dation were isolated as Na+ salts by the ethanol pre- 
cipitation method. The amount of p-0x0 Fe20(ttha)2- 
was observed to decrease depending on the amount of 
excess H,O,. Data were obtained on samples precip- 
itated immediately after the initial H,O,-dependent 
redox and substitution reactions were complete (c. 5 
min) and prior to the interfering, slow H,O,-dependent 
changes as observed for either Fe”,(ttha)(H,O),‘- ox- 
idized samples or with authentic Fe20(ttha)2- as de- 
scribed in the prior section. Representative spectra 
obtained at 0.06 and 0.28 M excess H,Oz 
(Fe2(ttha)(H20)22- =0.0275 M) are shown in Fig. S2, 
A and B. The altered intensity in the 836 cm-’ region 
as a function of H,O, is readily seen. The ratio of the 
intensity of the 836 f 4 cm-l band (authentic Fe-O-Fe 
stretch) [lo] to the y(COOFe) stretch at 163244 cm-’ 
band was calculated. The baseline absorbance was 
estimated from the isolated solid of the open-chain 



[Fe”‘2(ttha>(H20z>21 complex. The open-chain complex 
was obtained by acid-induced ~-0x0 bond rupture of 
the authentic sample [lo]. The behavior of the intensity 
ratio R = 1836/11632 is shown in Fig. 5. The ratio R 
decreases linearly up to 0.40 M H,O, where the intensity 
ratio is equal to the ratio observed for the open-chain 
chelate [Fe”‘,(ttha)(H,O),] (dashed line in Fig. 5). 
These results show that at 0.20 M excess H,Oz the 
initial reaction product mixture is only 50% ~-0x0. 
Another species is present which prevents complete 
conversion to the ~-0x0 product. This species contributes 
negligibly to the IR intensity at 836 +4 cm-” and 
accounts for the other 50% of the Fen1 carboxylate 
chromophores. 

Additional samples were obtained by 0.18 M excess 
H,O, oxidation near pH 7.0 and precipitated at 5.0 
min and at 3.0 h. The band ratios at 835 versus 1635 
cm-’ agreed with the data in Fig. 5 for both samples. 
This shows that the ratio of ~-0x0 to peroxo products 
is largely controlled by the competition kinetics im- 
mediately after the oxidation step which forms the 
open-chain [Fe”‘,(ttha)] derivative. This process is de- 
scribed in detail later in this text. 

An additional feature is detectable in the expanded 
IR region from 500 to 1500 cm-l in a comparison of 
the [Fe”‘,(ttha)l”- products obtained when only suf- 
ficient H202 is added to assure complete oxidation 
compared to the case where H,O, is at a 13.6:1 ratio 
(0.40 M). The IR spectrum reveals an additional band 
at 791 cm-’ indicated by the arrow in Fig. 6 which 
appears at the same time as the band features near 
836 cm-’ have decreased in intensity. A band at 791 
cm-’ is also observed for the #:$ binuclear Co”’ 
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Fig. 5. Ratio of 835 cm-‘/1635 cm-’ intensities of products of 
the H;O, oxidation of Fe”Z(ttha)(H,0),2-. Dashed line shows 
the ratio obtained for the open-chain Femz(ttha)(H,O);l solid; 
excess [H202] varies from 0.00 to 0.45 M. 
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Fig. 6. IR spectra of Fe”‘,(ttha) oxidation products as a function 
of H,O, concentration: (A) -*--- oxidation at 2H,02: 
Fe”2(ttha)(HzO)zZ-; (B) - oxidation at 13.6:l.O ratio, 0.40 M; 
arrow shows the appearance of the new 791 cm-’ band. 

peroxo-bridged histidine complex, [Co”‘,(O,)(his),] 
[28]. Histidine provides an amine/carboxylate environ- 
ment for Co”‘. Therefore the comparison between [Co”‘,- 
(O),(his),] and [Fe,(0,)(ttha)14- is probably a rea- 
sonable one from the point of view of secondary ligation 
around the metal centers. This suggests that the peroxo 
group in [Fe,(0,)(ttha)14- is bridging the Fe”’ centers. 

It must be noted, however, that Brennan et al. [29] 
have recently observed that with diferric peroxo com- 
plexes related to HPTB and 5-Me-HXTA the ~(00) 
stretch occurs between 815 and 904 cm-l. The assigned 
diferric peroxo $:T’ complexes have thus far possessed 
values nearer the higher end of the range, while $- 
coordinated, non-bridged species have ~(00) stretches 
at the lower end [25, 291. This is similar to the 77’ 
peroxo [Fe”‘(edta)(0,)2- complex which exhibits the 
~(00) band at 815 cm-’ [22, 231. Therefore the IR 
evidence for the [Fe”‘,(ttha)(O,)]*- complex is some- 
what ambiguous in that the 791 cm-l stretch can be 
argued as supporting either #:$ coordination based 
on the [Co”‘,(O,)(his),] model, or v2 based on the 
[Fe,(HPTB)(O,)] model. 

There is no change in the carboxylate stretching 
frequency with or without H,O, in the [Fe”‘,(ttha)~- 
complexes: authentic Fe,O(ttha)*- as the Me2dabco2+ 
salt exhibits its V(COOM) stretches at 1629 cm-‘. The 
solids isolated by equilibration with H202 up to 0.40 
M showed no change in position or width of the stretch 
at 1629 cm-l. There were also no shoulders in the 
regions for V(COOH) or v(CO,-). This establishes that 
all the carboxylates remain coordinated upon addition 
of the peroxo functionality. 

An additional IR study was performed using the 
[Me,dabco][Fe,O(ttha)].6H,O salt. An IR spectrum 
was obtained for the starting material. A sample was 
also dissolved in D,O. The Fe”‘,O(ttha)*- complex 
was converted to the open-chain form by acidifying the 
sample with DCI. This was followed by raising the pD 
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with NaOD to 7 to induce reformation of Femz- 
O(ttha)*-. The solid was precipitated by addition of 
p-dioxane, centrifuged and filtered. The solid obtained 
was recycled through two more DCl/NaOD sequences. 
This procedure was done to carry out exchange of any 
readily reversible H/D protonation sites. When the IR 
spectra were compared for the initial complex and the 
one taken through three D,O exchange cycles it was 
observed that the spectra were identical (Fig. S3, A 
and B). Particular attention was given to the region 
near 836 cm-l. If the original complex had been a 
hydroxy or dihydroxy bridged complex, this feature 
would undergo a shift by the presence of deuteriohydroxy 
functionalities. No change is observed; this data provides 
added proof that the Fen1 oxidation product from 
Fe”,(ttha)(H,O),*- and 0, is the ~-0x0 Fe,O(ttha)‘- 
ion as reported in prior work [lo]. 

Addition of NCS- to Fe,(ttha)*- 
The IR study of the peroxo addition product showed 

that the peroxo group adds to the Fe,O(ttha)‘- complex 
with a reduction in the intensity of the ~-0x0 stretch 
at 836 cm-‘, and that no carboxylate functionalities of 
ttha6- are dissociated. An attempt was made to de- 
termine if anions such as NCS or Br- could add 
directly to Fe,O(ttha)*- without rupture of the ~-0x0 
bridge. Addition of 0.10 and 0.50 M NaBr or NaNCS 
showed minor changes in the spectrum of Fe,O(ttha)*- 
immediately after mixing. The observed changes are 
attributed to high local concentrations of X- = Br- or 
NCS which produce non-equilibrium additions of X-. 
The complex reequilibrated to the same visible spectrum 
within 30 min. The addition of 0.50 M NCS was 
monitored as a function of pH. No change in the 
spectrum of Fe,O(ttha)*- occurred above pH 4.80 with 
0.50 M NCS- present after equilibration. At pH 4.8 
there was the permanent onset of an intense 
Fe”‘+NCS- charge transfer. A parallel study in the 
absence of NCS-, but with 0.10 M NaBr present, 
showed that the dissociation of Fe,O(ttha)‘- into its 
open-chain form is 9% converted at pH 4.80. These 
results show that NCS- does not displace a carboxylate 
moiety or force expansion of the coordination number 
at the Fern center of Fe,O(ttha)‘- at pH 7. There are 
available binding sites for NCS (or other ligands such 
as O,*-) only after the ~~0x0 bridge is open. 

The absence of NCS addition at pH 7 suggests that 
coordination of O,*- by an expansion of the coordination 
number of the Fe”’ center without loss of the 0x0 unit 
cannot occur. 

~-0x0 ring opening and ring closure with Fe,O(ttha)*- 
The rate of oxo-bridge rupture for Fe,O(ttha)*- was 

followed by the proton-jump procedure, detecting the 
loss of the ~-0x0 chromophore at 470 nm. The initial 

pH of a solution (9.80~ lop3 M) was 6.68. Final pH 
values were 1.52, 1.60 and 2.12 under initial [H,O+] 
values of 3.49 x lo-‘, 3.49 x lo-’ and 3.21 x lo-* with 
oxo-bridged complex concentrations of 2.45 X 10e3, 
4.90~ lop3 and 2.45 x 10e3 M. Consumption of H,O’ 
due to protonation of the ~~0x0 bridge gave mean 
[H,O+] values during the kinetic runs of 3.00 X lo-*, 
2.51 X lo-* and 1.25 X lo-* M with respective pseudo- 
first-order constants of 47.Ok3.5, 43.9 k5.2 and 
24.2 + 0.5 s-‘. Monomerization/dimerization pathways 
which involve p-0x0 bridge formation generally proceed 
by proton-independent and proton-assisted pathways 
[30,31]. The present data also conform to the expression 
kobs= k,+ kH[H30+] where k, is the rate constant for 
the spontaneous hydration of the oxo-bridge pathway 
and k, is the proton-assisted rate constant. The data 
obtained at ~=0.03, T= 25.0 “C gave values for 
k,=8.3~1.6s-1andk,=(1.9f0.5)X103M-1s~1.The 
unassisted pathway (k,) compares quite closely to the 
4.0 s-l value for the corresponding monomerization 
pathway for Fe,O(hedta),‘- species [30]. The rate 
constant for the proton-assisted rupture of Fe,O(ttha)‘- 
(kH= 1.19 x lo3 M-’ s-l) is close to the 2.51 X lo3 M-’ 
s- ’ value for the proton-assisted rupture of the dialkoxy- 
bridged seven-coordinate [V(hedta-H)],*- dimer which 
has a [Vm(-(OR)]2 core structure [31, 321. However, 
the proton-assisted rupture of Fe,O(ttha)‘- is 2300 
times slower than the analogous dissociation rate con- 
stant (3.0 X lo6 M-’ s-l) for Fe,O(hedta),*- [30]. This 
suggests that the proximity effect favors the stability 
of the ~-0x0 bridge of Fe,O(ttha)‘- compared to the 
more facile proton-assisted dissociation of 
Fe,O(hedta),‘- into its monomers. It has been observed 
previously in the monomerization reactions of bridged 
binuclear complexes of both ~-0x0 and dihydroxy (di- 
alkoxy) types that the ratio of (k,/k,) increases as the 
basicity of the bridging unit increases [33]. For example, 
the ratio for monomerization of (FeOH),4’ is 7.5 X lo5 
and for Fe,0(edta)24- it is 4.2 X 10’. The ratio observed 
in our study is 165 M-‘, indicative of a more highly 
acidic protonated oxo-bridged intermediate than with 
Fe,O(hedta),‘- or Fe20(edta),4- monomerization re- 
actions. This implies greater s-character in the lone 
pair; which is protonated for Fe,O(ttha)‘- oxo-bridge 
opening, indicative of a greater strain in its Fe-O-Fe 
bond network. 

The influence of the intervening ethylene bridge 
between the metal binding sites of ttha6- is of more 
importance for the ring-closure reaction in formation 
of Fe,O(ttha)‘- for this current study. The rate of ring 
closure of Fern *(ttha)(H*O)* at pH= 6.82 and 6.38, 
p = 0.050, T= 25 “C was determined using the pH-jump 
technique. A sample of Fe,O(ttha)‘- was obtained by 
0, oxidation of the Fe,(ttha)(H,O),‘- complex in un- 
buffered media (pH = 6.86). Sample solutions were con- 
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verted to the open-chain form by titration with HCIO, 
to pHs of 2.30 and 2.15. The open-chain complex solution 
was mixed in the stopped-flow with 2,6-lutidine/2,6- 
lutidinium perchlorate such that upon mixing these 
respective solutions the initial concentration of open- 
chain Fen1 ,(ttha) was 2.45 X 1O-3 M, p = 0.050 lutidi- 
nium perchlorate, pH=6.82, T=25 “C or [com- 
plex] = 2.40 X lop3 M at pH = 6.38. The reappearance 
of the p= 0x0 complex was followed at 470 nm. Two 
reactions are observed at pH = 6.82, one leading to a 
15% increase on long times and having a pseudo-first- 
order rate a factor of 4 slower than the more rapid 
process. Only the faster process appears at pH< 6.38. 
The more rapid process was studied in detail. On seven 
runs the rate constant for ring closure was found to 
be 0.107+_0.027 s-’ at pH= 6.82. The value of 
0.128+0.021 was obtained from pH= 6.38 data on 11 
runs. The main source of error comes from estimating 
the initialA m value (0.695) for the first reaction. Former 
dimerization studies of V”‘(hedta) and Fe”‘(hedta) 
have indicated parallel pathways for the reaction of 
M(hedta)(H,O)/M(hedta)OH- and M(hedta)OH-/ 
M(hedta)OH- partners; the aquo/hydroxy pair are the 
kinetically more reactive [30, 311. Therefore it seemed 
logical that the first reaction below pH 6.82 represents 
Fe,O(ttha)‘- formation predominantly via reactant 
partners of the open-chain form with one aqua complex 
site and one hydroxy complex site. Based on the 
Fe(hedta)(H,O) complex as a model for the terminal 
Fe”’ site of the open chain, the pK, should be c. 4.0. 
This is further supported by rate data in 0.050 M acetate 
and formate buffers (pHs of 4.36 and 3.36) in Fig. 7. 
Ring closure is accelerated up to pH 3.36 without 
indication of a plateau in rate. The appearance of the 
curve implies the pK, of the terminal Fen1 site of 
[Fe”‘,(ttha)(OH,),] must be about 2 pK units below 
6.0. The limiting region at low pH near 2.0 cannot be 
used to locate the upper rate plateau for the diaqua 
complex reactivity because the thermodynamically stable 
form of the [Fe”‘,(ttha)] complex is the open-chain 
form. Therefore ring closure cannot be observed at the 
pH E 2 limit. 

The ring-closure process was also studied in sodium 
borate buffer (~=0.050, T=25 “C). The pH-jump pro- 
cedure yielded a solution of final pH= 8.20 such that 
nearly all of the open-chain Fe”‘,(ttha) complex should 
be in the dihydroxy form. The value of kobs (0.068 S-‘) 
for the overall rate of appearance and the final ab- 
sorbance (0.458) are below the values at pH 6.82. The 
absorbance difference provides evidence that borate 
ion, B(OH),-, substitutes competitively at the Feni 
center and then blocks ring closure. The yield of 
Fe,O(ttha)‘- is reduced to 66% in borate buffer. Ad- 
ditionally, the amount of Fe,O(ttha)*- formed by the 
kinetic split between ring closure and B(OH),- sub- 

Fig. 7. Rate of appearance of the 470 nm absorbance during 
the CL-oxo Fe,O(ttha)‘- formation in buffers. T= 25.0 “C, /I = 0.050; 
F = formate, A = acetate, L = lutidine, B = borate. 

stitution in borate buffer is further reduced on a very 
long time scale. A slower absorbance decrease is ob- 
served, indicative of displacement of the /.L-0x0 bridge 
with borate anions. A similar process which breaks the 
p-0x0 bridge of V,O(ttha)‘- has been reported for 
H,PO,- with an equilibrium constant form binding 
H,PO,- of (1.7 + 0.1) x lo3 M-’ [34d]. The overall initial 
rate constant for appearance of the product was 
0.068+0.009 s-’ based on six runs in borate buffer. 
The observed constant may be corrected on the basis 
of the initial product distribution to include the rate 
of borate complex formation at 0.05 M (1.6 M-l s-‘) 
and the intrinsic rate of p-0x0 formation under these 
conditions of 0.027 s-l. Additionally, the rate of ring 
closure at pH near 7.0 (k=O.107 ~-0.027 s-‘) is in 
excellent with the value of 0.1 s- ’ estimated from the 
kinetically determined product distribution established 
by the IR analysis of the products*. 

The data in Fig. 7 were fit to the following equilibria 
and kinetic processes for the ring-closure reaction 

*An estimate of 0.1 s-i for the ring-closure rate can also be 
determined from the competition between ring closure and peroxo 
complex formation as determined by the isolated products in the 
IR study. This estimate requires an estimated rate of H,O* 
substitution on an Fe”’ site of Fen’,(ttha)(H,O)Z of between 2.5 
and 25 M-r SK’ which is based on the 250 M-’ s-’ for H,O, 
substitution on Fe(edta)(H,O)- (34a] reduced by a factor of 10 
to 100 for the lower coordination number of an Fe”‘,(ttha)(H,O)Z 
site. 
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H20-Fe KS1 -FeOH, G H20-Fe--FeOH + H,O+ 
(4 (B) (10) 

H20-Fe --FeOH, s2 HO-Fe zFe-OH + H,O+ 
(B) (11) 

h - A - Fe \ ,Fe + ZH,O+ 
0 

n 
B -k Fe \ ,Fe + H,O+ 

0 

c k 
n 

Fe, ,Fe + Hz0 
0 

(12) 

(13) 

(14) 

The distribution of species A, B and C was calculated 
from evaluation of cr values in the manner of a diprotic 
acid dissociation [35] using estimates of Ka2 = 1.0 X 10 -4 
M-l derived from the titration behavior in Fig. 7 
(pZ&=4.0) and the knowledge that I& will be a 
statistical factor of 2 larger (pKaI = 3.7). The derived 
constants were found to require a significant contri- 
bution from the reactivity of the diaqua species (A) 
in order to obtain a real solution for kl, k, and k,*. 
The values for the respective constants were k, = 12.0, 
k, = 11.6 and k, = 0.11 s-‘. The ratio of the rate constants 
(k,/k,) compares the reactivity of the binuclear complex 
with one aqua and one hydroxy site (B) with the 
dihydroxy complex (C). The value of 105 obtained from 
the kinetic fit is in good agreement with the ratios of 
67 and 33 found for these pathways in the formation 
of Fe,O(hedta),‘- and Fe,0(edta),4-, respectively [34]. 
The unusual case is the relative high reactivity of the 
diaqua complex (A) which is found to have much lower 
reactivity in the formation of a ~-0x0 bridge when 
separate mononuclear species combine in their re- 
spective dimer [30, 31, 361. The values obtained for k, 
(12.0 SK’) and k, (11.6 s-l) are the same within 
experimental error, as necessitated by the estimation 
on K,, and Ka2. The reason for the higher reactivity 
via the diaqua pathway in the ~-0x0 formation with 
Fe”‘,(ttha)(H,O)z would seem to reside in the proximity 
advantage which cannot be matched for monomeric 
aqua species combining to form a ~-0x0 dimer. The 
latter process requires reorganization of two indepen- 
dent solvent cages while the Fe”‘,(ttha)(H,O), bridging 
reaction proceeds within one large solvent perturbed 
environment. If prior association of the terminal sites 
of the aqua/aqua and aqualhydrov pairs of reactants 
occurs, one can envision relatively similar transition 
states for removal of two and one protons, respectively, 
with formation of an oxo-bridge via displacement of a 
water molecule 

*The rate law for parallel pathways was assumed: 

d[dimer] dAdTo 
___ = - = (k,cu, +&r* 

df df 
+k,az)[binuclear],,,; 

a, =fraction of A, q = fraction of B, a, =fraction of C. 

Molecular models of the open-chain Fe”‘,(ttha)(H,O), 
complex show that a near placement of the coordinated 
waters or waterlhydroxy ligand pair, with an intervening 
p-H-,0, H-bonded network to stabilize the required 
orientations, is readily achieved. Evidence for the p- 
H,O,- bridging unit has been obtained from Cr(III), 
Mo(II1) and W(II1) clusters [37, 381 and has been 
proposed to facilitate the Feunrl electron transfer [39]. 
However, when two anion ends of the Fe”‘,- 
(ttha)(OH),- complex attempt to combine in the k, 
pathway for species C, an electrostatic reduction in 
rate constant, comparable to the combination of 
Fe(hedta)OH- anions, is observed. 

H2 0, substitution on open-chain [Fe”‘, (ttha)] 
A 4.80~ 10m3 M Fe,(ttha)(H,O), solution was pre- 

pared at pH = 2.15 by acidification of the ~~0x0 complex. 
This solution was mixed by the stopped-flow method 
with 2,6-lutidine/2,6-lutidinium buffers containing 0.100, 
0.200 and 0.400 M H,O, after the stopped-flow dilution. 
The initial concentration of the open-chain complex 
was 2.40X lop3 M at pH = 6.38. At the higher H,O, 
concentrations (0.200 and 0.400 M) a slower second 
reaction was observed. The slower reaction occurred 
with an absorbance decrease after a faster process 
yielding an increasing absorbance (Table 1). 

The data for reaction (1) shows that the final ab- 
sorbance for reaction (1) increases with the amount 
of H,O, in the solution. The change in absorbance for 
reaction (2) was at least 1.5 times as great (0.121 units) 
at 0.400 M as at 0.200 M (0.082). The estimate of the 
difference in ALI is complicated by a receding A, in 
reaction (1). It is consistent, however, with results 

TABLE 1. Addition of HzOz to [Fe’nz(ttha)] at pH 6.38 

lH@zl 
(M) 

Reaction -4, k (s-l) No. 
runs 

0.00 RC 0.639 0.128 * 0.021 11 
0.100 1 0.734 1.172&-0.078 12 
0.200 1 0.830 1.661* 0.140 6 
0.200 2 0.748 0.144 + 0.014 4 
0.400 1 0.946 2.480 + 0.127 9 
0.400 2 0.825 0.199*0.025 5 

ap = 0.05 lutidine/lutidinium buffer, [Fe,(ttha)]i = 2.40~ 10e3 M, 
T=25 “C, RC=ring-closure reaction forming Fe,O(ttha)‘- only. 



predicted by the IR studies that twice as much of the 
peroxo product forms at 0.400 M compared to 0.200 
M. Within experimental error the rate constant for the 
second process is independent of [H202]. However, the 
initial absorbance change is first-order in [H,O,] (Fig. 
S4). Treatment of the kinetic data by least-squares 
gives a slope of 4.32f 0.20 M-l s-l and an intercept 
of 0.763 ~0.052 s-l. The slope (rate constant for the 
H,O,-dependent process) falls within the range of 2.5 
to 25 M-’ s-l as estimated for the addition of H,O, 
to a hydroxymoiety of the open-chain [Fe,(ttha)] species. 
The slower process which yields a decreasing absorbance 
(reaction (2)) cannot be the addition of H,Oz to 
Fe,0(ttha)2- as this reaction occurs on the hours time 
scale (t,,,~ 1.6 h) as shown in a prior section. The rate 
constant of c. 0.13f0.03 s-l for the second process is 
similar to the value for ring closure to form the ~-0x0 
complex, (0.128 + 0.021) s-l. However, the pathway 
forming the ~~0x0 product will operate competitively 
with H,O, substitution. Since the latter is the faster 
pseudo-first-order process (k = 0.432,0.864 and 1.73 s-’ 
at 0.100, 0.200 and 0.400 M H202, respectively) none 
of the open-chain complex would be left unbound by 
H,O, or as the initial ~-0x0 product at the conclusion 
of the first increasing absorbance change. Additionally, 
the total decrease in absorbance of the slower process 
is proportional to the amount of the first peroxo species 
formed during the kinetic competition between ~-0x0 
ring closure and H,O, substitution. Therefore we con- 
clude that the second slower process at high [H,O,] 
represents the detection of a rearrangement in the 
coordination mode of the peroxo complex which is 
formed during the substitution of H,O,. Since it is 
known that Fe’11(edta)(0,)3- is formed as the 7’ com- 
plex [21,23], it seems that our data is best accommodated 
by the initial addition of H,O, at a hydroxy site of the 
open-chain [Fel”,(ttha)]. The slower rearrangement 
appears to have nearly the same kinetic restraints as 
the CL-0x0 ring-closure reaction via the dihydroxy part- 
ners. It is logical to assign the rearrangement process 
to the formation of a bridged #:ql complex. 

H202 + HO-Fe-Fe-OH (15A) 

An alternative possibility must be acknowledged in 
consideration of the recent report of Brennan et al. 
[29] in regard to diferric peroxo complexes favoring 7’ 
coordination for species having the ~(00) stretch near 
815 cm-l. The two steps detected by the stopped-flow 
method would then indicate a switch between 7’ co- 
ordination, obtained in the first peroxide-dependent 
step, to n* coordination in the final product, e.g. se- 
quence (15B) where parallel reactions occur at all 
available Fe’II sites simultaneously. 
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O-Fe---Fe-O, 
ZH,O, +HO-Fe--Fe-OH ~ZH,O + HO’ OH +Fe---F( + ZH,O+ 

w9 
It is most unlikely, however, that step 2 would yield 

a decreasing absorbance given the more negative charges 
of the n2 peroxo complexes. An $-bound peroxo species 
is shown in the next section to have a much lesser 
absorbance than T2-bound peroxo groups at FenI sites 
of Fe”‘(hedta). Furthermore, the species found in step 
1 of (15B) is found to be unstable when H is replaced 
with (CH,),C- as described in a later section. These 
facts favor (15A) as the correct sequence, supporting 
$:# bridging by the peroxo ligand. 

The intercept value of Fig. S4 implies that there is 
an additional process which contributes to the first A _ 
value that is not accounted for by the simple sequence 
(15A or 15B). The ring-closure competitive process 
contributes 0.128 f 0.021 SK’, but this does not account 
for all of the observed 0.76 s-l. The residual 0.635 
S -I must be an H,O,-independent process which is not 
present when the open-chain complex is mixed with 
the buffer alone. The most probable process for this 
pathway would be the substitution of H,O, for the 
aqua ligand at an [Fe,(ttha)] terminal site with rupture 
of the Fe”‘-aqua bond being the rate limiting event, 
e.g. eqn. (16), via an interchange mechanism. 

(HO-Fe --Fe-OH,) I& + H,02 4 (16) 

( HOFe ---Fe < OH,) H202 

fast 

(Hi-Fe --Fe-02H) H30+ 

-H30+ 

4 
products 

The possible substitution of H,O, in acetate buffer 
p = 0.050, pH = 4.36 was studied with and without 0.400 
M H,O,. The apparent rate constant of reaction of 
the open-chain form at pH 4.36 was 4.04kO.16 s-’ in 
the absence of H,O, and 3.95kO.21 s-’ with 0.400 M 
H,O, present. This data infers that coordination of 
H,O, does not take place at pH 4.36, but rather only 
the ring-closure path occurs, a result in concert with 
the evidence presented concerning Fig. 4 in a prior 
section. 

Peroxo complexation of Fd”(hedta) (H, 0) 
The normal instability of Fe”‘-peroxo complexes with 

pat ligands [15, 161 and the unusual spectra presented 
in Fig. 4 prompted an investigation of the behavior of 
Fe”‘(hedta)(H,O) toward coordination of H,O,. The 
hedta3- ligand set is a good approximation to one of 



234 

the two binding sites for binuclear complexes of ttha+. 
Thus the Fe”‘(hedta)(H,O) site represents one-half of 
Fe”‘,(ttha)(H,0),2-. Equilibria for the formation of 
Fe,O(hedta),‘- have been thoroughly studied [34]. 
Important equilibria are presented in eqns. (17)-(19). 
The ~-0x0 binuclear complex is favored in the pH 

Fe(hedta)(H,O) & Fe(hedta)(OH)- + H30+ (17) 

2Fe(hedta)(OH)- I Fe,O(hedta),2- + H,O (18) 

Fe(hedta)(OH)- + OH- I 

Fe(hedta)(OH),‘- (19) 

range of 4.50 to 9.00. The brownish-orange 
Fe,0(hedta),2- species forms with increasing absor- 
bance in the region from 450 to 600 nm throughout 
this range. The binuclear complex has the characteristic 
bands at 470 nm and a shoulder at 550 nm as described 
previously [lo]. In the pH range of 9 to 11 the dihydroxy 
complex forms (eqn. (19)), and the absorbance de- 
creases. The solution color reverts to a pale yellow. 
This is shown in Fig. 8, spectra A-C. When H,O, is 
present at pH > 9.70, the absorbance is not below that 
of the Fe20(hedta)22- complex due to the normal pH- 

Abs 

h nm 
Fig. complexation Fe”‘(hedta). 
[Fem(heka)]i =%~lO-’ M; 1.00 cm cell; (2 Fe”‘(hedta) only 
at pH=7.66; (B) same as (A) at pH=9.58; C same as (A) at 
10.07; (D) HZ02 added, [H,0,1i=1.70x lo-* M, pH=9.70; (E) 
[H202]i=8.50~10~* M, pH= 11.70. Solutions (E) and (F) are 
metastable and evolve Oz. 

induced shift of equilibria (17)-(19), but rather a higher 
absorbing species is obtained as seen in A-C. The 
solution color is a distinct golden-brown color, different 
from either Fe(hedta)(OH)22- or Fe,O(hedta)$-. Ad- 
ditionally when the pH of a solution of 
[Fe(hedta)(H,O)] =4.85 x lop3 M is adjusted upward 
from 4 to 9 in the presence of [H,O,] > 0.017 M the 
solution remains a light yellow color, not the brownish- 
orange of the solution in response to equilibria (17) 
and (18) as in the absence of H,O,. When (CH,),COOH 
(0.53 M) is used in place of H,O, the spectrum shows 
no absorbance equal to the spectra in the absence of 
H,O, or (CH,),COOH. All absorbance curves reside 
below that of the equilibrium amounts of 
Fe(hedta)(H,0)/Fe(hedta)(OH)-/Fe20(hedta)2-/ 
Fe(hedta)(OH),‘- at every pH value from 4.16 to 11.54. 
It is significant that the golden-brown color of the 
Fe(hedta) solution with H,O, above pH 10 is not 
observed when (CH,),COOH is present, but both H,O, 
and (CH,),COOH retard the formation of 
Fe20(hedta)2- in the pH range of 4 to 8. These 
observations are consistent with the coordination 
changes shown in Scheme 2. It was additionally observed 
that Fe(hedta) with H,O, above pH 10 slowly evolves 
0, and will revert to Fe,0(hedta),2- after 20 h. With 
the additional information that Fe”‘(edta)- forms the 
well-known q2 peroxo complex, [Fe(edta)(O,)]‘-, which 
exhibits its characteristic purple color only in the range 
of pH> 9.5 [23], oxygen evolution and hydroxylation 
pathways in basic H,O, solutions [20], it would appear 
most likely that the golden-brown Fe(hedta)(O,)‘- 
complex formed in the same pH range is also an n2- 
bound complex. A conformation of the n2 bonding 
mode was made by preparation of [Fen1(hedta)(H20)] 
by the autoxidation of Fe”(hedta)(H,O)- in solution. 

The resultant Fe”‘(hedta) product was split into three 
identical samples. These were adjusted to pH 7, where 
the binuclear oxo-bridged form is stable; pH 10.30 
where significant amounts of [Fe(hedta)(OH),]- exists 
in equilibrium with Fe20(hedta)22-; and the third sam- 
ple was adjusted to pH 10.30 in the presence of 0.20 
M H,O,. Each of the three samples was concentrated 
by rotary evaporation and precipitation was induced 

LFc%Hz $ LFe?OH- ),vj RooH 

LFe%FemL LFe?(OOH- ) + H,O LFe(OOR- ) 

(orange-brown (It. yellow; pH 4 to 9) (It. yellow 

pH 4 to 9) 

t I a+ 
pH>4) 

It 
LFe(Oz2- ) 

(golden brown; 

PH > 10) 

Scheme 2. Reactions of H202 or ROOH with Fe”‘(hedta)- 
(H,O) = (LFe”‘OH,). 
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by the addition of ethanol. The solid products as sodium 
salts were rinsed with absolute ethanol and dried at 
30 “C in a vacuum oven. IR spectra were obtained on 
each of the solids. The two samples without H,O, gave 
the anticipated spectra in accordance with the literature. 
A band at 833 cm-l assigned to the asymmetric p- 
0x0 stretch was clearly observed. The sample treated 
with H,O, at pH 10.30 showed a much diminished 
band at 833 cm-’ and the presence of a stronger band 
at 810 cm-’ (Fig. 9). This is coincident with the position 
for the ~(0-0) vibration reported for the $-bound 
peroxo complex of edta4-, [Fe(edta)(0,)13- as reported 
by Loehr and co-workers [21, 221. Thus the golden- 
brown solution yields an analogous [Fe”‘(hedta)(0,)]2- 
complex whose properties are those reported for 7’ 
coordination in a related complex. We conclude the 
peroxo complex of Fe”‘(hedta) is also bound in the 
v2 mode. 

The similarity of H,O, and (CH,),COOH to inhibit 
Jo-0x0 dimer formation in the pH range of 4-9 and to 
produce the same light yellow chromophore with 
Fe(hedta) implies that the HO,- or (CH,),COO- 
anions are coordinated in this range, preventing 
Fe,O(hedta),‘- formation. The bonding mode of 
(CH,),COO- is less certain as numerous n2-alkyl peroxo 
complexes are reported in catalytic systems [3]. Hind- 
rance of the t-butyl group may favor the 77’ attachment 
for (CH,),COO-. The absence of a charge transfer 
band above 400 nm is explained by the less polarizable 
electron clouds for the HO,- and (CH,),COO- anions 
compared to 022- which provides this LMCT transition 
for both [Fe(edta)(0,)13- (A,,,= 528) and 
[Fe(hedta)(0,)12-. The important aspect of the latter 
case is that the band position is at higher energy ( ~500 

Fig. 9. Comparison of IR spectra of Fe”‘(hedta) species isolated 
at pH 10.30. - (A) Fe’u(hedta)(H,O) adjusted to pH 10.30 
alone. -*- (B) same as (A) adjusted with 0.20 M HzOz present. 

nm) than is normally reported for peroxo complexes 
of Fen1 [25, 291. Th is result is in concert with the 
behavior of H,O, addition to Fe”‘(ttha)(H,O), (Fig. 
4) where a band below 500 nm is also observed upon 
coordination of H,O,. 

Conclusions 

The oxidation mechanisms of Fe”2(ttha)(H,0),2- by 
0, and H,O, are clearly different. When 0, is the 
oxidant, the product is almost quantitatively 
Fe20(ttha)2-. When H,O, is the oxidant a significant 
amount (20%) of the FenI product is a tetranuclear 
[Fe4(0),(ttha)14- complex in addition to Fe,O(ttha)‘-. 
A small amount of demetallated material which includes 
FeCl,- and Fe”‘(tthaH)*- was also detected during 
H,O, oxidation. The oxidation by H,O, occurs with a 
small suppression (c. 6.8%) in the presence of t-butanol, 
a scavenger for HO’, but t-butanol has no net effect 
on the 0, oxidation of Fe’r2(ttha)(H20)22-. The amount 
of suppression of overall oxidation by 0.10 M t-butanol 
is within a few percent of the suppression observed by 
Rush and Koppenol in the H,O, oxidation of 
Fe’1(edta)2- [18]. A sequential le- oxidation of 
Fe”2(ttha)(H20),2- by H,O, is ruled out by the minor 
extent of HO production during the oxidation process 
as detected by the t-butanol method. 

Rush and Koppenol have observed that the cross- 
reaction between a ferry1 complex [(Fe’“O)edta)12- 
and Fe”(edta)2- was a facile reaction, accounting for 
about 80% of redox events when [Fe”],,,:[H202] 3 O.l:l 
[18]. A modification of the overall reaction scheme 
given in eqns. (2)-(8) is necessary to explain the data 
of our report on the Fe”,(ttha)(H20)22-/H20, reaction. 
The open-chain Fe2(ttha)(H20),2- complex will be 
represented as Fe” - N - Fe” to emphasize the separate 
Fe”(pac) binding sites in the complex. Initiation by a 
2e- oxidation occurs, analogous to eqn. (2), via eqn. 
(20). The ferry1 site is indicated by N - -Fe’“O. 

Fen --- Fen + H202 - Fen --- Few0 + H,O (20) 

n 
Fen -- Few0 IsET F$, 

\JFem 
(21) 

Fen -- FeNO 
OSET. H’ 

) Fern -- F&OH (22) 

FP --F&H -F@ RC - Fem,o, (23) 

Fen -- FeNO + H,O, - Fen - Fe, P.*, 
(24) 

,0-o 

H 

Fe? -L Fe’ -- Fem(O,H-) + HO. 

(25) 
H 
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/“%*. 
Fe* -- Fe, H - Fe= --- Fe’ + H,O + O2 (26) 

,0-o’ 

H’ 

Fen __ Few0 + Fen -- Fen - Fen --- Fe%Fem --Fe! (27) 

Fen -- Fem~Fem --- Fen + H,OZ -Fen -- F&Fern -- Few0 (28) 

Fen I- Fe&Fern - Fe”0 - Fe= -- (29) 

Fen -- Fe?0 
4CI. 

w Fern e-w 
2H+ 

+ F&I, + Hz0 (30) 

In this sequence the main pathways involve reactions 
(20), (21), (24), (26) and (27)-(29). Initial formation 
of an Fe’“(pac) ferry1 site is followed by reduction of 
the Fe’“O(pac) chromophore. This may occur by either 
inner-sphere electron transfer (eqn. (21)) in which the 
reducing Fe” site swings close to the Fe’“0 site and 
forms the ~-0x0 bridge, or the sequence can be a two- 
step process of outer-sphere electron transfer between 
sites of close proximity (eqn. (22)) followed by ring 
closure through hydrolytic polymerization (eqn. (23)). 
The ring-closure process is in the stopped-flow time 
scale and was studied separately as described in the 
relevant section of this text. The channels (20)-(23) 
represent about 80% of the redox steps generating an 
Fe”’ product as identified by the ion exchange studies. 
The tetranuclear product (4- anion) which was iden- 
tified as another 20% (approximate) is readily accom- 
modated by the processes in eqns. (27)-(29). These 
represent inner-sphere electron transfer between one 
Fe’“O(pac) and one Fe”(pac) site. However, the inner- 
sphere reaction partner is obtained from another 
Fer1,(ttha)(H,0),2- reactant. The approach of these 
species in eqn. (27) is no worse electrostatically than 
the same process for Fe’vO(edta)2- and Fe”(edta)‘- 
in the study of Koppenol and co-workers [18, 191. 
Therefore it is of no real surprise that cross-linking 
can occur in the Fe”,(ttha)(H,O),‘- reaction with H,O,. 
Models show that the tetranuclear open-chain inter- 
mediate formed in eqn. (28) and consumed in eqn. 
(29) come together with relative ease to form the cross- 
linked tetranuclear complex, isolated with 1.88 M 
Na,SO, by ion exchange. 

The channel which causes the stoichiometry of H,O, 
consumed by oxidation to become greater than one is 
the reduction pathway, eqns. (24)-(26). The reduction 
of high valent metal 0x0 groups by H,O, is well known. 
Koppenol estimates the reduction potential of 
Fe’“(edta)‘- as 1.00 V at pH 7 [18]. Therefore the 
overall reduction by H,O, in steps (24) and (26) is 
favorable. This pathway consumes 42% of H,O,. The 

pathway leading to HO’ is a minor one, yielding about 
6% of redox events upon reaction of isolated Fe’“O(pac) 
sites with HzO,. We have envisioned the placement of 
the incoming H,O, moiety in a cyclic arrangement as 
described by Mimoun for the substitution of H,O, 
displacing a metal 0x0 group [3]. Electron arrangement 
within this moiety can lead to either 0, evolution (eqn. 
(26)) or less efficiently to form HO’ which escapes the 
cage (eqn. (25)) to leave behind a peroxy anion at the 
Fen1 site. We have not shown all the possible pathways 
which result from reduction of HO’ by the Fe” pool 
or atom abstraction process (eqn. (7)) because the 
contributions of such paths are minor. It was also noted 
in the ion exchange experiments that higher-order cross- 
polymers were absent. Thus it appears that statistically 
eqn. (29) consumates all of the steps leading to the 
tetramer level. This is reasonable given that pathways 
leading to Fe,O(ttha)‘- (eqns. (21)-(23)) represent 
80% of the processes leading to Fen1 products. 

Pathway (24)-(26) is very efficient at high [H202]. 
This forces the system to cycle such that the open- 
chain form via pathway (22) is generated in abundance 
as all Fe”‘0 reactions with Fen by inner-sphere routes 
are swamped out by competition through eqn. (26). 

The proposed mechanism for further addition of 
H,O, in competition with ring closure to produce 
Fe,O(ttha)‘- is shown in Scheme 3 (near pH 7). The 
rate constants have been measured by stopped-flow 
methods. The observed second-order rate constant of 
4.32 M-’ cm-’ is compatible with the known rate of 
addition of H,O, on Fe(edta)- as described in a prior 
section of this paper. 

Both H,O, and (CH,),COOH inhibit ~-0x0 formation 
of Fe,O(hedta),*- from mononuclear Fe(hedta)(H,O) 
by shifting of equilibria in favor of the respective 
monomeric Fe”‘(hedta)(OOR)- complexes (R = H and 
(CH,),C). But (CH,),COOH was not observed to inhibit 

H20-Feu - Fe-OH 

11 
K a* 

Fen - Fen - 
H202 HO-F&” -y- Fern-OH I 

_/ 
0.107s-’ 

(2) 
(3) 0.635 so’ 

k = 4.32M-‘s-l. 

I%%1 

0 1 Hz02 

Scheme 3. 
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formation of Fe,O(ttha)‘-. H,O, on the other hand 
promotes the formation of a new species as shown by 
Fig. 4. Therefore we infer that the peroxo entity is an 
n’:n’ complex as shown in Scheme 2 since this ar- 
rangement would be sterically hindered for coordination 
of (CH,),COO- in a bridging manner, but accessible 
for O,‘- as a bridging ligand. The issue of whether a 
diferric peroxo complex of $:nl coordination is com- 
patible with a ~(00) band at 791 cm-’ remains a 
question which will require an additional resonance 
Raman and isotopic labelling study in future work. 

Supplementary material 

Additional figures mentioned in the text as Figs. 
Sl-S4 are available from the authors on request. 
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