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Useful long-lived homogeneous oxidation catalysts based on
metal complexes remain scarce in large part because oxidatively
robust ligands are rare.1 Noteworthy oxidation-resistant ligands
include halogenated porphyrins,2,3 some phthalocyanines,4 and
certain TACNs.5 We have been developing oxidatively robust
tetraamido macrocyclic ligands via an iterative design process in
which oxidatively sensitive ligand moieties are identified and
replaced.1 Here we describe a subtle ligand design feature, the
application of which has proved vital for obtaining an iron-based
activator with a sufficiently long life to usefully activate H2O2

for oxidation in water from neutral to basic pH. The reactivity
results demonstrate the potent oxidizing properties of the new
activator system.

The two H2O2 activators compared in this study,I andII , can
be prepared using procedures described in the literature.6-8 The
activators differ only in their respective six-membered chelate
rings, whereinI contains a geminal dimethyl group whileII
contains a geminal diethyl group. In separate studies,9 it was
found that, in the presence of organic peroxides in CH3CN,<10%
of II underwent oxidative decomposition producingIII . Exami-
nation of the structure ofIII suggested that this degradation was
initiated by an H-atom abstraction from the methylene C-H bond
of one of the two ethyl groups, a mechanism requiring the rate
of degradation to be dependent upon the strength of the methylene
C-H bond. Examples of intramolecular C-H bond activation
of aliphatic hydrocarbon ligand groups can be found in copper
and cobalt chemistry,10-15 and in our rules for protecting ligands
from oxidative decay.1 We hypothesized that replacement of the

ethyl groups with methyl groups would result in a longer-lived
H2O2 activator; the primary C-H bonds of propane are 3
kcal‚mol-1 stronger than the secondary C-H bonds of pro-
pane.16,17 Thus,I was synthesized and a protocol for comparing
the two activator lifetimes was developed upon the basis of the
technologically important18 process of dye bleaching in aqueous
solution.

Since most commercially available azo and quinone dyes are
marketed as mixtures (40-50% purity), the marketed-pure
pinacyanol chloride (PC) was chosen for initial study. The
efficacy of I as a H2O2 activator for bleaching PC can be seen
from the data of Figure 1. In the experiments,I at various
concentrations, PC (12µM), and carbonate buffer (pH 10) were
combined and stirred in a quartz cuvette. Then, H2O2 (1.2µL of
standardized 30% H2O2; 3.9 mM) was added and the decrease in
the PC absorption band atλmax) 600 nm (A600 nm) was monitored
as a function of time. For example, at 17 nMI , a I -to-PC ratio
of 1:706, PC bleaching was complete in about 3 min. PC was
also bleached in pH 7.4 solutions (phosphate buffer);A600 nmwas
reduced to 0 in less than 1 min at 0.4µM I . Under conditions
similar to those used in Figure 1, neither [NH4]2Fe[SO4]2‚6H2O
(0.64 µM) nor [NH4]Fe[SO4]2‚12H2O (1.97µM) nor the metal
ion sequestering agent Dequest 206619 (4 ppm, Monsanto) altered
the bleaching rate of PC.
Comparative activator longevity experiments were performed
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Table 1. Dye Bleaching Reactions Using [Et4N]I in H2O

bleaching time/s
(activator concn/µM; T/°C)a,b,c

dye (λmax/nm)e pH 7.4 pH 10 IV d

PC (600) 40 (0.43; 25) 40 (0.087; 25) 98f

Chicago sky blue 6b
(590)

500 (1.74; 35) 70 (0.087; 25)

Evans blue (596) 300 (0.43; 35) 15 (0.43; 35)
Acid orange 8 (488) slow (1.1; 35) 60 (1.1; 35)
Acid red 97 (496) 7200 (0.43; 35) 160 (0.43; 35)
Acid blue 25 (604) 3000 (0.43; 35) 20 (0.43; 35)
Acid blue 29 (592) 1600 (1.1; 35) 30 (0.22; 35)
Acid blue 92 (562) 40 (0.43; 35) 20 (0.43; 35)
Direct violet 51 (550) 1600 (0.43; 35) 1600 (0.43; 35)
Direct red 81 (554) 700 (0.87; 35) 900 (0.43; 35 44
Calmagite (582) 400 (0.43; 25) <20 (0.43; 25)g 10.2h

Rhodamine b (554) 1800 (0.43; 35) 1800 (0.43; 35) 2.9

a Bleaching time is defined to be the time at which bothA e 0.1
and the slope of theA vs time curve approaches zero for a chosen
λmaxd. b 4-8 mM H2O2 as oxidant.c pH 7.4 buffer; pH 10 buffer.d%
bleaching in 30 mm for 18.9µM [MnIIITPP]+ with imidazole as axial
ligand. e λmaxwas the wavelength used to determine the bleaching time.
f In the absence of the Mn catalyst, 90% bleaching of the dye was
observed.g In the absence of catalyst, calmagite was bleached within
250 s at pH 10.h This value is for Eriochrome black T, an analogue of
calmagite.
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in a manner similar to the experiments shown in Figure 1 except
that, following bleaching of the first aliquot of PC, additional
PC aliquots (30 equiv relative toI or II ) were added when the
A600 nm reached 0 (Figure 2). A dramatic increase in bleaching
longevity was observed forI compared withII . For example, at
pH 10, the bleaching rate of PC is the same forI and II in the
first cycle. However, withII , only one rapid bleaching cycle
could be achieved. By the fourth bleaching cycle, only a small
degree of enhancement over the background rate was observed,
signaling that degradation ofII was removing it from the activator
pool. In contrast, after seven bleaching cycles (195 turnovers),
bleaching remained extremely efficient forI ; rapid dye oxidation
could still be performed withI as the activator beyond 1 h. These
results show thatI is a potentially viable H2O2 activator for dye
bleaching reactions under conditions where the substrate:catalyst
ratio is moderately low whileII is significantly less useful. At
all pH’s investigated,II was found to be short-lived compared
to I .
The superior longevity ofI compared toII as a H2O2 activator

in the presence of H2O2 and absence of substrate is shown in
Figure 3. In this case,I (4.02µM) or II (4.04µM) and Dequest
(4 ppm) were combined and stirred in pH 10 buffer (3.0 mL, 20
°C), then H2O2 (2 µL, 8.11 M) was added, and the changes in
A454 nm were monitored. There is no residual absorption from
H2O2 in this spectral region. Higher concentrations ofI and II
compared to those used for the dye bleaching studies (Figures 1
and 2) were used in order to have sufficient absorbance at 454
nm. For both complexes, a rise in absorption occurs immediately
following H2O2 addition, indicating the formation of a new species
(we are currently pursuing the nature of this species). This rise
is then followed by slow decay in absorbance for the species
derived fromI and a much more rapid decay for that based onII

(a detailed kinetic study of the decomposition process ofII is in
progress). After approximately 200 s, the species fromII appears
to be destroyed while that fromI still has residual absorbance at
454 nm after 2 h (data not shown). Peroxide was still present in
both cases at 900 s as determined by the formation of iodine upon
addition of iodide.
ComplexI is a highly effective H2O2 activator for bleaching

of all dyes we have studied to date. The bleaching rate is dye-
dependent, which is likely a consequence of the different oxidative
robustness of each individual dye.18 Many of the azo- and
quinone-based dyes at both pH 7.4 and 10 could be bleached in
much less than 15 min at sub-micromolar activator concentrations
(Table 1). The bleaching of some of the dyes used here has been
investigated in CH3OH/H2O using the Mn(III) TPP imidazole
complex,IV , as the activator (18.9µM) and sodium perborate
(2.45 mM).20 While it is difficult to make direct comparisons
with the chemistry ofI andII , the bleaching rates of this system
are also shown in Table 1 as the percent bleaching of the dye
after 30 min. In all cases, theI /H2O2 system effects much more
rapid bleaching than the Mn system. Other azo dyes have been
bleached using oxidatively stabilized, water-soluble Fe(III) por-
phyrins in combination with peroxide-containing detergents.21,22

While the iron porphyrin complexes do bleach the dyes at
moderate rates, their lifetimes are much less than that of the
I /H2O2 system. Finally, Mn(III) complexes with TACN ligands
have been shown to be efficient H2O2 activators for the oxidation
of polyphenolic compounds and alkenes.5

This study reveals that the change of peripheral ethyl for methyl
ligand substituents in the six-membered ring of our macrocyclic
tetraamides is important for obtaining long-lived and useful
homogeneous H2O2 activators. This is a subtle feature of ligand
design, and the impact that it has on the utility of the H2O2

activator was unexpected. BecauseI efficiently activates H2O2

at very low complex and low H2O2 concentrations and also has
a significant lifetime, it should be effective for a variety of
valuable oxidation processes. We are currently working to
identify metal complex intermediates in the oxidation processes.
We are also examining a broad range of fields of use and are
working toward the preparation of even more oxidatively robust
catalysts.
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Figure 1. A600 nmvs time plot of the bleaching of a single 12µM aliquot
of pinacyanol chloride withI at the concentrations noted on the figure.
Reaction conditions: pH 10;T ) 25 °C; 3.9 mM H2O2.

Figure 2. A600 nm vs time plot of the bleaching of a series of 12µM
aliquots of pinacyanol chloride using (‚‚‚) 0.0µM catalyst, single aliquot;
(s) 0.43µM I , seven aliquots; (- - -) 0.43µM II , three aliquots. Reaction
conditions: pH 10;T ) 35 °C; 3.9 mM H2O2, 4 ppm Dequest 2066.

Figure 3. A454 nm vs time plots for the reaction ofI (4.02µM) (upper
trace) andII (4.04µM) (lower trace) with 5.4µM H2O2 at pH 10 (T )
20 °C, 4 ppm Dequest 2066).
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