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Ethylenediaminetetraacetate is converted into its triacetate by
peroxotitanate(IV), and strong chelation of the triacetate ligand to
the metal center facilitates elimination of the pendant acetoxylate
group. Various species of peroxotitanium(IV) complexes in the
reaction sequence are fully characterized.

This Communication is prompted by the discovery that a
simple analytical reaction of hydrogen peroxide1 actually
involves a deep-seated oxidative cleavage of side chains to
yield a commercially useful product, which otherwise
requires a multistep circuitous method to prepare. Ethylene-
diaminetriacetic acid (H3ed3a) C8H14O6N2) is commercially
synthesized from ethylenediaminediacetic acid via condensa-
tion with formaldehyde, addition of cyanide, hydrolysis,
cyclization, and ring opening in five steps.2 It is a widely
used industrial chemical to prepare chelating surfactants, such
as lauroyl ethylenediaminotriacetate [CH3(CH2)10CON-
(CH2CO2

-)NCH2CH2N(CH2CO2
-)2], which serves the pur-

pose of chelating multivalent ions.3 We have exploited the
titanium(IV) coordination as a protecting strategy to selec-
tively free an acetoxy coordinating group in ethylenedi-
aminetetracetic acid (H4edta ) C10H16O8N2) and further
oxidatively eliminate this group by H2O2 via peroxotitanate

intermediates, a rarely observed oxidative degradation of a
chelated ligand.

[Ti(edta)(H2O)] (1) is a robust complex in aqueous solution
and is used as an analytical reagent for H2O2 through a fast
reaction to form peroxotitanate intermediates.4 The rate
process of this rapid reaction has been studied, culminating
in a quantity of data in the early 1980s. Unfortunately,
because of the fact that the structure of Ti-H4edta was wrong
at the time of the studies, the peroxotitanate intermediates
were not structurally defined correctly, nor was the slower
succeeding cleavage reaction discovered.4,5 We identify the
intermediate as well as the final product, (NH4)[Ti(O2)(ed3a)]
(4 in Scheme 1), and delineate this intriguing reaction.

In a one-pot reaction,1 in aqueous solution was trans-
formed to a peroxotitanium(IV) ethylenediaminetriacetate
complex (4) with H2O2 at pH 6.0. The net elimination of a
pentagon ring from1 under straightforward conditions was
shown to involve stepwise peroxotitanate formations to2
and3 followed by a slow degradation of the freed pendant
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Scheme 1. Transformations of Peroxotitanium(IV) Complexes2-4
(1 to 4)
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acetoxylate group to give4, as shown in Scheme 1. The
former two steps are known to be fast by prior kinetic
studies,5 but the last cleavage reaction by H2O2 is slow (and,
thus, has escaped recognition) and most likely requires a
priori formation of a peroxotitanate group (vide infra).
Compounds2-4 were isolated as ammonium salts under
the conditions indicated in Scheme 1 and Experimental
Section, and their structures were determined by X-ray
diffraction analysis.6 Figure 1 shows the ORTEP plots of
the anions of complexes3 and4; that of2 closely resembles
that of 3. In addition, these peroxotitanates2-4 were
rigorously characterized by physical methods to show
compatible data. Their Raman spectra show characteristic
bands of coordinated [Ti(O2)],7 a sharp peak near 890 cm-1

for theν(O-O) stretching vibration, and one near 630 cm-1

for the ν[Ti(O2)] mode. Thus, the peroxo group O2
2- binds

to the titanium center in a side-onη2 mode, as in Figure 1.
This binding mode is frequently observed in the complexes
of early transition metals with O22- and has also been found
in some porphyrin-peroxo complexes8-10 such as (NH4)4-
[Ti(O2)(cit)]2‚2H2O,7b (NH4)6[Ti 4O2(O2)4(glyc)4(Hglyc)2]‚
4H2O,7c [VO(O2)(ida)]-, [Mn(O2)TPP]-,9 and [Fe(O2)-

(edta)]3-.10 The 13C NMR spectra of2-4 are clean, with
simple patterns indicating no dissociation and/or decomposi-
tion of these complexes. This also supports the robust nature
of these coordination complexes, where titanium(IV) is
tightly locked with a multidentate ligand.

In the allied field, it is reported that in an alkaline solution
[Co(edta)]- is converted, with PbO2 or without an oxidizing
agent, to [Co(ed3a)(H2O)];11 it is proposed that a specific
lactone ring is oxidatively eliminated to an intermediate to
relieve steric strain. In the present case, structural features
providing a salient driving force for a similar oxidative
process can be gleaned from X-ray structures (Figure 1). First
of all, as shown by X-ray analysis, these seven-coordinate
complexes all possess a stable pentagonal-bipyramidal con-
figuration, where the oxidation-sensitive functions of the
ligand are protected by coordination, as stated above. Second,
the oxidation is initiated by wedging-in a peroxo group to
replace the coordinated H2O, which also frees one of four
equivalent acetoxy groups as a pendant group, which has a
longer N2-C9 bond [1.492(5) Å for3] and is susceptible
to oxidation. Its oxidative cleavage reaction occurs only when
the pH is adjusted to 6.0; i.e., the pendant group is
deprotonated and dissociated as an acetoxylate anion.
Presumably, a carboxylate anion facilitates oxidative electron
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Figure 1. ORTEP plots of the anion structures in complexes3 (top) and
4 (bottom) at the 20% probability levels. Selected bond lengths (Å):3,
Ti1-O1 1.845(3), Ti1-O2 1.858(3), Ti1-O3 2.058(3), Ti1-O5 1.976(3),
Ti1-O7 1.960(3), Ti1-N1 2.286(3), Ti1-N2 2.256(3), O1-O2 1.456(4);
4, Ti1-O1 1.854(2), Ti1-O2 1.849(2), Ti1-O3 2.045(2), Ti1-O5 1.975(2),
Ti1-O7 1.975(2), Ti1-N1 2.280(2), Ti1-N2 2.191(3), O1-O2 1.464(3).
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removal. Third, the peroxotitanate group persists during the
oxidative cleavage reaction of the acetoxy pendant group,
indicating its participation in the process. Finally, these
factors bear similarity in its reaction pattern of lactato-
peroxomolybdate to carboxylate-bridged acetate and malato-
peroxomolybdate to oxalatoperoxomolybdate by H2O2 oxi-
dation,12 both recorded by our group while finding no other
precedence. These oxidative eliminations are unique and are
believed to share some mechanistic commonality.

In the search for mechanistic clues, sodium malate (21%
yield) was isolated from the aqueous mother liquor at pH
6.0. The remaining filtrate was shown to contain a significant
amount of the malate and4 by its 13C NMR spectrum.
Sodium malate must be derived from a coupling of two
deleted C2 units, which should occur most logically within
a titanate complex through intramolecular processes. The
necessary redox processes must involve the pendant acetoxy
group and the nearest pentagon C7-C8-N2 unit (3 in Figure
1) around the Ti1-N2 bond. To accommodate the above
reaction characteristics, a possible sequence (Scheme 2) is
suggested using3 through7 f 8 f 9 and6. The first step
is the insertion of an O atom at C9 followed by the 1,3-
bond switch to give8, in which the N2 exists as a titanium-
nitrene complex. The final release of malate and collapse of
the titanium-nitrene complex must give9, [Ti(O2)(unsym-
ed2a)], which is unstable, and it is proposed that this
intermediate disproportionates with1 to give 4. A detailed
mechanistic interpretation for each step involves many
possibilities and will not be attempted now.

The selective oxidation of aminopolycarboxylic acids using
peroxotitanium complexes with aqueous H2O2 is of both
academic and industrial interest as an environmentally benign
methodology.13 The description above shows mechanistic
implications of structures of titanium complexes relative to
selective oxidative degradation, which is relevant to water
purification and environmental renewal technology.14,15

In conclusion, serendipitous studies of a well-known
analytical reaction for H2O2 lead us to establish the reaction
pattern wherein1 is converted to4 by an intriguing H2O2

oxidative cleavage of the acetoxy group, most likely aided
by the peroxotitanate group, [Ti(O2)]. The reaction is related
to the preparation of ethylenediaminetriacetic acid and has
a strong implication to peroxotitanate in catalysis and their
possible role in eliminating important agricultural chemicals
from the environment.14-16
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Scheme 2. Suggested Pathway of Peroxotitanium
Ethylenediaminetetracetate Oxidation and Malate Formation via
Oxidative Attack and Bond Switching on the Pendant Acetoxylate
Group
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