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a  b  s  t  r  a  c  t

This  paper  presents  a short  review  related  to  the  chemistry  of Ru-edta  complexes  that  exhibit  catalytic
properties  in the  presence  of  oxygen  atom  donors  under  homogeneous  conditions  that  mimic  biologi-
cal enzymatic  hydrocarbon  oxidation  by cytochrome  P450.  The  results  of  our  recently  published  work
are reviewed  in this  paper.  The  mechanism  of  the  reaction  of [RuIII(edta)(H2O)]− with  different  oxy-
gen  atom  donors  leading  to the  formation  of  various  catalytic  active  species,  viz. [RuIII(edta)(OOH)]2−,
eywords:
u-edta complex
inetics
atalysis
O O bond activation

eaction mechanism

[RuIV(edta)(OH)]− and  [RuV(edta)(O)]−, along  with  their  spectral  characteristics,  are  analyzed.  Details  of
the reaction  mechanisms  have  been  revealed  for peroxide,  O  O bond  activation  involving  the  Ru-
edta  complex.  Furthermore,  various  mechanistic  aspects  of  the  oxidation  of  organic  substrate  catalyzed
by the Ru-edta  complexes  are  also  covered  in  this  report.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

Ru-edta complexes have been extensively studied over the years
ecause they enjoy a combination of unique properties: (a) the
umber of stable and accessible oxidation states they posses and
b) high lability towards aqua substitution reactions that affords

make use of carboxylate and amine donors from amino acids to bind
to the ruthenium center to form a stable 1:1 (metal:ligand) com-
plex as shown in Fig. 1. The sixth coordination site of the RuIII(edta)
complex is occupied either at low pH by a water molecule or at high
pH by an hydroxide ion (see Scheme 1). The pKa values related to
the acid-dissociation equilibria of the pendant carboxylic acid arm
 straight forward synthesis of mixed ligand complexes that has
llowed to explore a wide variety of areas including catalysis [1]
nd bioinorganic applications [2]. The donor character of the ‘edta’
igand is comparable with that of many biological enzymes which

∗ Corresponding author. Tel.: +91 343 6510263; fax: +91 343 2546745.
E-mail address: dchat57@hotmail.com (D. Chatterjee).

381-1169/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2011.12.017
and the coordinated water molecule are 2.4 and 7.6, respectively, at
25 ◦C [3,4]. The RuIII(edta) complex predominantly exists in its most
labile [Ru(edta)(H2O)]− (1b) form in the pH range 4.0–6.0 [3,4].

From a catalytic point of view the significance of Ru-edta com-

plexes as oxidation catalysts pertaining to olefin epoxidation and
alkane hydroxylation has been reported in the literature [1].  In
this article some recent results achieved by the application of
fast kinetic techniques to the reactions of [RuIII(edta)(H2O)]− with

dx.doi.org/10.1016/j.molcata.2011.12.017
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:dchat57@hotmail.com
dx.doi.org/10.1016/j.molcata.2011.12.017
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Fig. 1. Spectra of [RuIII(edta)(H2O)]− (a) and [RuV(edta)(O)]− (b) in water at 25 ◦C
and pH = 5.2.
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[RuIII(edta)(H2O)]- + H2O2
K

{[RuIII(edta)(H2O)].- H2O2} (3)

{[RuIII(edta)(H2O)]-. H2O2}
k1

k-1
[RuIII(edta)(OOH)]2- + H3O+ (4)

[RuIII(edta)(OOH)]2- k2
[RuV(edta)(O)]- + OH- (5)

[RuIII(edta)(OOH)]2- k3
[RuIV(edta)(OH)]- + OH (6)

H+

−1 −1
cheme 1. Proton dissociation equilibria of different RuIII(edta) complexes in aque-
us  solution.

ifferent oxidants containing an O O bond that lead to the for-
ation of various catalytically active intermediate species are

iscussed, and their effectiveness towards the oxidation of some
ompounds of biological significance are highlighted. The pur-
ose of the present paper is to shed more light on the detailed
echanistic understanding of such important catalytic reactions

n inorganic/bioinorganic chemistry.

. Discussion

The reactivity of the [RuIII(edta)(H2O)]− complex towards the
ctivation of several oxygen atom donors, viz. ROOH = H2O2,
-BuOOH and HSO5

−, followed kinetically using stopped-flow
nd rapid scan spectrophotometric techniques has recently been
eported [5,6]. The activation of peroxo bond in ROOH first involves
he coordination of ROOH to the Ru(III) center, followed by homol-
sis or heterolysis of the peroxo O O bond, which leads to the

ormation of high-valence ruthenium oxo complexes that are able
o transfer oxygen to inert substrate molecules. In the selection
f appropriate reaction systems whose mechanisms will be pre-
ented below, the liberty of extending this to catalytic reactions is
Scheme 2. Proposed reaction scheme for the reaction of [RuIII(edta)(H2O)]− with
H2O2.

exercised. The following sections are in no particular chronological
order.

2.1. Reaction of Ru-edta with H2O2

The reaction of [RuIII(edta)(H2O)]− with H2O2 leads to the rapid
formation of the hydroperoxo species, [RuIII(edta)(OOH)]2−, which
subsequently undergoes heterolysis and homolysis of the O O
bond to form [RuV(edta)(O)]− and [RuIV(edta)(OH)]−, respectively
(see reactions (3)–(6) in Scheme 2). The [RuIV(edta)(OH)]− com-
plex shows no characteristic band in the UV–vis region [7],  whereas
the [RuV(edta)(O)]− complex is characterized by a band at 391 nm
(εmax = 8000 ± 20 M−1 cm−1) [8] as shown in Fig. 1, and is the major
species formed in solution.

The overall second-order rate constant reported for the forma-
tion of [RuV(edta)(O)]− was  found to be 26.5 M−1 s−1 at 25 ◦C and
pH 5.1 [3].  However, while studying the catalytic degradation [11]
of Orange II (a typical azo dye), the reaction of [RuIII(edta)(H2O)]−

with H2O2 was reinvestigated at a higher concentration of H2O2 (up
to 0.05 M)  over the pH range 1–5 using rapid-scan and stopped-flow
techniques. Under such conditions rapid formation of a shoulder in
the 390 nm band at 425 nm on going to higher H2O2 concentrations,
followed by a decrease in the intensity of the shoulder accompanied
by a further increase in the absorbance at 390 nm,  characteristic for
the [RuV(edta)(O)]− complex, was observed [11]. A typical example
of the observed spectral changes at pH 4 is shown in Fig. 2, from
which the kinetic trace at 425 nm clearly demonstrates the inter-
mediate nature of the species formed at this wavelength. It should
be noted that in most cases the shoulder at 425 nm is formed along
with the band at 390 nm and its significance is only controlled by
the H2O2 concentration and the pH of the solution.

Based on these observations the shoulder at 425 nm was
assigned to the formation of the [RuIII(edta)(OOH)]2− complex that
subsequently undergoes heterolytic and homolytic cleavage of the
peroxo bond to produce [RuV(edta)(O)]− and [RuIV(edta)(OH)]−,
respectively. Note that these complexes are the equivalents of
Compounds 0, I and II heavily discussed in terms of their role in
biomimetic oxidation processes [10,11]. The formation and decay
of the [RuIII(edta)(OOH)]2− complex were followed kinetically on
a stopped-flow instrument as a function of H2O2, and the for-
mation of the [RuIII(edta)(OOH)]2− complex exhibited saturation
kinetics revealed at high [H2O2], whereas the subsequent decay
of the [RuIII(edta)(OOH)]2− complex was found to be indepen-
dent of the [H2O2]. The saturation kinetics at very high [H2O2]
can be accounted for in terms of the rapid formation of a precur-
sor complex, {[RuIII(edta)(H2O)]−·H2O2}, in the reaction between
[RuIII(edta)(H2O)]− and H2O2 as proposed in the above postulated
mechanism (Scheme 2).

The values of K, k1, and k−1 were reported to be 51 ± 8 M−1,

0.86 ± 0.06 s and 0.04 ± 0.01 s , respectively [11]. The over-
all equilibrium constant K1 (=Kk1/k−1) then has the value
1100 ± 270 M−1, which is in good agreement with an independently
determined value for K1 [11]. The product K1(k2 + k3) presents the
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ig. 2. (a) Spectral changes observed for the reaction of [RuIII(edta)(H2O)]− with a h
RuIII] = 4 × 10−5 M,  [H2O2] = 1 × 10−2 M,  pH = 4.0 (1 mM acetate buffer), temp. 22 ◦C.

econd-order rate constant for the formation of [RuIV(edta)(OH)]−

nd [RuV(edta)(O)]− and has a value of 33 ± 8 M−1 s−1 at pH 3 and
5 ◦C based on the equilibrium and rate constants given above
k2 = 22 ± 1 M−1 s−1 and k3 = 153 ± 7 M−1 s−1). This value is close
o the value of 26.5 M−1 s−1 found in our earlier study [3] for the
irect formation of [RuIV(edta)(OH)]− and [RuV(edta)(O)]− at pH
.1 (0.1 M acetate buffer) and 25 ◦C.

.2. Reaction of Ru-edta with t-BuOOH and KHSO5

The kinetic behavior of the reaction of [RuIII(edta)(H2O)]− with
OOH = tBuOOH and KHSO5 [4] was found to be similar to that
bserved for the reaction of [RuIII(edta)(H2O)]− with H2O2 [3,11].
imilar UV–vis spectral changes with time was  noticed (Fig. 3a)
or the reaction of [RuIII(edta)(H2O)]− with ROOH [4] upon mix-
ng aqueous solutions of [RuIII(edta)(H2O)]− and ROOH in the
hamber of the stopped-flow instrument equipped with a rapid
can spectral attachment. Spectral changes with time for the reac-
ion of [RuIII(edta)(H2O)]− with tBuOOH shown in Fig. 3a were
nalyzed with SPECFIT. The SVD (Singular Value Decomposition)
nalysis of the spectral data in Fig. 3a showed the presence of an
ntermediate, assumed to be [RuIII(edta)(OOR)]2−. The predicted
oncentration–time profiles from a typical global fit analysis are
hown in Fig. 3b.

The reaction was found to consist of two steps involving the

apid formation of a [RuIII(edta)(OOR)]2− intermediate, which sub-
equently undergoes heterolytic cleavage to form [RuV(edta)(O)]−.
ince [RuV(edta)(O)]− was produced almost quantitatively in the
eaction of [RuIII(edta)(H2O)]− with the hydroperoxides tBuOOH

ig. 3. (a) Spectral changes that occur during the reaction of [RuIII(edta)H2O]− (1.0 × 10−4 M
b)  Spectra calculated by the global analysis software package (SPECFIT) for the reaction b
cess of H2O2. (b) Absorbance versus time trace at 425 nm.  Experimental conditions:

and KHSO5 [4],  the common mechanism is one of heterolytic scis-
sion of the O O bond. The values of the overall second-order
rate constants, expressed as kK,  i.e. the product of the equilib-
rium constant K for the formation of [RuIII(edta)(OOR)]2− (R = tBu
and SO3

−) and the rate constant k for the subsequent heterolytic
cleavage of the O O bond to form [RuV(edta)(O)]−, are 1.45 and
7.0 M−1 s−1 for tBuOOH and KHSO5, respectively, at 25 ◦C [4].  Since
the overall reaction is a two step process as typically outlined in
Scheme 2, the ability to form [RuIII(edta)(OOR)] (R = H, tBu and
HSO3

−) will partially govern the efficiency of the precursor oxi-
dants (ROOH) to form [RuV(edta)(O)]− as the reactive oxidizing
species in solution. Based on the pKa values of the ROOH oxi-
dants, the basicity of the ROOH species is expected to follow the
order HSO5

− < H2O2 < tBuOOH, which should also be reflected in the
equilibrium constant K for the formation of the [RuIII(edta)(OOR)]
intermediates. However, according to the experimental observa-
tions, K is much larger for H2O2 [3,11] and KHSO5 than for tBuOOH
[4], which indicates that the basicity of the ROOH species seems
to be less important than the steric hindrance caused by the tbutyl
group attached to the hydroperoxide fragment. On the other hand,
the formation of [RuV(edta)(O)]− from [RuIII(edta)(OOR)]2− will
depend on the ability of this complex to undergo heterolytic cleav-
age of the O O bond expressed by the rate constant k, which in
turn should correlate with the reduction potential of the differ-
ent hydroperoxides under consideration, i.e. tBuOOH (E0 = 1.15 V)

[12] � H2O2 (E0 = 1.78 V) ≤ HSO5

− (E0 = 1.82 V) [13]. From a combi-
nation of the separate trends expected for k and K, and a comparison
of the trend observed in the values of kK at 25 ◦C, it follows that in
addition to the electronic factors considered here, steric hindrance

) with t-BuOOH (2.5 × 10−3 M)  in water at 25 ◦C and pH = 6.2 (0.2 M acetate buffer).
etween [RuIII(edta)H2O]− and tBuOOH.



64 D. Chatterjee, R. van Eldik / Journal of Molecular Catalysis A: Chemical 355 (2012) 61– 68

600500400300
0,00

0,05

0,10

0,15

0,20

0,25

ab
s

wavelength, nm
80706050403020100

0,00

0,05

0,10

0,15

0,20

0,25

ab
so

rb
an

ce
 a

t 5
10

 n
m

t, s

(a) (b) 

F O2. (a
5

o
f
a
w
s
(
f
p
a
s
t
(
i
r
a
o
[
h
d
O
i
a

2
c

e
b
n
r
p

2
c

b
a
h
l
t
[
t
p
o
r

l

ig. 4. Spectral changes observed during the reaction of [RuIII(edta)(SR)]2− with H2

10  nm.

n tBuOOH and HSO5
− as compared to H2O2 should further account

or the fact that kK is significantly smaller for tBuOOH and HSO5
−

s compared to H2O2. The findings of this work taken together
ith those for the reaction of [RuIII(edta)(H2O)] with H2O2, strongly

uggests that the oxo-transfer from the precursor oxidant ROOH
H2O2, tBuOOH and KHSO5) to [RuIII(edta)(H2O)] that results in the
ormation of the catalytically active [RuV(edta)(O)] species should
roceed through the formation of [RuIII(edta)(OOR)]2− intermedi-
tes (R = H, tBu and SO3

−) in a rapid pre-equilibrium step, which
ubsequently undergoes rate-controlling heterolytic cleavage of
he O-O bond to produce [RuV(edta)(O)]− as the major product
80–90%). However, in the case of [RuIII(edta)(OOH)]2− formed
n the reaction of [RuIII(edta)(H2O)] with H2O2, the subsequent
eaction involves both parallel heterolytic and homolytic cleav-
ge to produce [RuV(edta)(O)]− and [RuIV(edta)(OH)]− in the ratio
f approximately 1:1. Thus, the tBu and SO3

− substituents in
RuIII(edta)(OOR)]2− cause O O bond cleavage to clearly favor
eterolysis above homolysis. The results of the reported studies
emonstrate the capability to tune the fundamental nature of the

 O bond cleavage process, and underline the advantage of study-
ng such ruthenium-polyaminecarboxylate systems in such detail
s reported in this work.

.3. Oxidation of biologically significant compounds with H2O2
atalyzed by Ru-edta complexes

The mechanistic information described above suggests that Ru-
dta complexes could be promising species with regard to potential
iological applications, especially in the elucidation of the mecha-
isms of reactive intermediates formed in enzymatic oxygenation
eactions that could afford to understand the chemistry of in vivo
rocesses in biological and bioinorganic chemistry.

.3.1. Oxidation of cysteine with H2O2 catalyzed by the Ru-edta
omplex

Cysteine oxidation with cellular hydrogen peroxide per se is of
iological significance with respect to oxidative stress and degener-
tive neurological disorder [14,15]. Moreover, hydrogen peroxide
as been shown to act as a key substance in various intracel-

ular signaling pathways that modulate protein phosphorylation
hrough cysteine oxidation [16]. Recently, the possible role of
RuIII(edta)(H2O)]− in protein tyrosine phosphatase (PTP) inhibi-
ion of its biological activity was reported [17]. A possible catalytic
athway for the inhibition of PTP by RuIII(edta) in the presence

f intracellular H2O2 through catalytic oxidation of the cysteine
esidue was proposed therein [17].

In general, the reaction of [RuIII(edta)(H2O)]− with thiols
eads to the formation of characteristically colored, S-coordinated
) Initial rapid decrease in absorbance at 510 nm. (b) Absorbance versus time plot at

[RuIII(edta)SR]2− complexes [18]. [RuIII(edta)(H2O)]− reacts rapidly
with cysteine (RSH) to form the red colored [RuIII(edta)(SR)]2−

complex (�max = 510 nm,  εmax = 3330 M−1 cm−1) with a complex-
formation constant (K1 in reaction (7))  of 3 × 105 M−1 at 25 ◦C and
pH 5 [18]. Addition of an excess of H2O2 to the [RuIII(edta)(SR)]2−

solution resulted in a rapid decay of the band at 510 nm
which is attributed to the oxidation of the coordinated cys-
teine in [RuIII(edta)(SR)]2− by H2O2 under the specified conditions
[19]. When the experiment is carried out under the condition
[RuIII]:[RSH]:[H2O2] = 1:1:1, only the decay of the band at 510 nm
is observed and the final spectrum is in full agreement with
that for the [RuIII(edta)(H2O)]− complex (Fig. 4). Addition of cys-
teine to the latter solution rapidly leads to the reformation of
[RuIII(edta)(SR)]2−.

The observed reactions under turn-over conditions, e.g.
[RuIII]:[RSH]:[H2O2] = 1:10:100, can be accounted for in terms of
the suggested reaction mechanism outlined in reactions (7)–(12),
which is based on detailed kinetic experiments, product analyses
and simulations of the observed kinetic traces, described in more
detail below [11].

In the proposed reaction scheme, reactions (7) and (8) are
responsible for the oxidation of coordinated cysteine to RSOH (cys-
teine sulfenic acid), for which reaction (8) is the rate-determining
step. Similar reactions were found to occur for the reaction
of H2O2 with thiolato complexes of Cr(III) [20]. Subsequently,
[RuIII(edta)(SROH)]− reacts rapidly with H2O2 and RSH in reac-
tions (9) and (10) to form RSO2H (cysteine sulfenic acid) and RSSR
(cystine), respectively. Evidence for the oxidation products formed
in reactions (9) and (10) came from HPLC analyses. Both reac-
tions (9) and (10) simultaneously regenerate [RuIII(edta)H2O]− that
in turn rapidly coordinates free cysteine to mediate its further
oxidation via reactions (7) and (8).  The formation of RSOH has
been reported in the literature [21,22] and can undergo a rapid
subsequent reaction with RSH to produce RSSR (cystine) [23]. In
the absence of [RuIII(edta)(H2O)]−, RSH is only partially oxidized
even after 900 s to form mainly RSSR along with trace amounts
of RSO2H as evidenced from HPLC analysis. These results convinc-
ingly demonstrate the catalytic role of [RuIII(edta)(H2O)]− in the
oxidation of RSH by H2O2. The product distribution as a function
of [RSH] further suggested that reaction (10) must be significantly
faster than reaction (9), and an average value for k4/k3 of ca. 8 could
be calculated. In all cases, complete consumption of cysteine was
observed.

Since the [RuV(edta)O]− species is known to affect the oxida-

tion of organic substrates [1],  the reaction of [RuV(edta)O]− with
cysteine via reaction (12) was also examined, and the values of
the observed first-order rate constants were found to increase
linear with increasing [cysteine], which resulted in a k6 value of
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[RuIII (edta)(H2O)]- + RSH                     [RuIII (edta)(SR)]2- + H3O+ K1 = k1/k-1 (7)

[RuIII (edta)(SR)]2- + H2O2                 [RuIII (edta)(SROH )]- + OH- (8)

[RuIII (edta)(SROH )]- + H2O2 [RuIII (edta)(H2O)]- + RSO2H (9)

[RuIII (edta)(SROH) ]- + RSH               [RuIII (edta)(H2O)]- + RSS R (10 )

[RuIII (edta)(H2O)]- + H2O2                    [RuV(edta)O]- + 2H2O (11)

V - III (edta)(SROH )]- (12 )

k1

k-1

k2

k3

k4

k5

k6

u-edta catalyzed oxidation of RSH with H2O2.
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Table 1
Summary of experimental and simulated rate constants data determined at 20 ◦C.

Rate constant Experimental value Simulated value

k1 170 ± 6 M−1 s−1 177 ± 13 M−1 s−1

k−1 (5.7 ± 0.3) × 10−4 s−1 (5 ± 1) x 10−4 s−1

k2 22 ± 1 M−1 s−1 21.6 ± 1.1 M−1 s−1

k3 – 153 ± 7 M−1 s−1

k4 – 928 ± 64 M−1 s−1
[Ru (edta)O]  + RSH               [Ru

Scheme 3. Mechanistic scheme for the R

8.9 ± 0.7) × 10−2 M−1 s−1 at 20 ◦C. It follows that the values of k5
nd k6 are much smaller than those of k1 and k2, which accounts
or the fact that reactions (11) and (12) cannot compete with reac-
ions (7) and (8) as long as there is free cysteine in the solution.
hus [RuIII(edta)(H2O)]− can effectively mediate the oxidation of
ysteine by rapidly binding cysteine prior to the reaction with H2O2.

The complex nature of the kinetic trace as typically shown in
ig. 4b indicate the involvement of different reaction steps as out-
ined by reactions (7)–(12) given in Scheme 3. In order to further
ubstantiate the mechanism proposed in Scheme 3, simulation
tudies were performed using SPECFIT, Global Analysis System,
ersion 3.0.37 for 32-bit Windows system and Pro-Kinetic Anal-
sis, Version 1.08. In fact, at this stage of the investigation it
as unknown what actually happened kinetically to the cysteine

ulfenic acid formed in reaction (2).  Some typical absorbance–time
races as a function of H2O2, along with the simulated traces based
n the reaction sequence outlined in reactions (7)–(12), are pre-
ented in Fig. 5.
The simulated absorbance–time traces shown in Fig. 5 are in
lose agreement with the experimental ones. A comparison of the
xperimental and simulated rate constants in Table 1 show a rather
lose agreement for the rate constants k1, k−1, k2 and k5. The
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ig. 5. Experimental (black) and simulated (red) absorbance–time traces at 510 nm
or the reaction of [RuIII(edta)(SR)]2− (preformed by reacting [RuIII(edta)(H2O)]−

ith cysteine in the ratio 1:1) with different concentrations of H2O2. Experi-
ental conditions: [RuIII] = 1 × 10−4 M,  [cysteine] = 1 × 10−4 M,  [H2O2] = (1, 2, 3 and

)  × 10−3 M (increasing from right to left), pH 5.1, temp. 20 ◦C. (For interpretation of
he references to color in this figure legend, the reader is referred to the web version
f  this article.)
k5 15.4 ± 0.6 M−1 s−1 15.8 ± 0.6 M−1 s−1

k6 0.089 ± 0.007 M−1 s−1 0.83 ± 0.07 M−1 s−1

simulated value of k6 is an order of magnitude larger than the exper-
imental value, which is presumably related to the fact that reaction
(12) is indeed very slow and hardly contributes to the overall pro-
cess under the selected reaction conditions, making its estimation
rather inaccurate on the time scale of the studied reactions.

Interestingly, the simulated rate constant k4 for reaction (10) is
high, ca. 6 times larger than k3 for reaction (9),  which is in close
agreement with the predicted ratio of k4/k3 (ca. 8) based on the
chromatographic analyses performed as a function of RSH concen-
tration. The values of k2 and k4 are also quite remarkable in that
their values and ratio agree quite closely with the rate constants
reported for the spontaneous reactions (13) and (14), respectively
[23]. The reaction of RSOH with RSH leading to the formation of
RSSR is much faster than the reaction of RSOH with H2O2 (which
results in formation of RSO2H), because RSSR was found to be the
major oxidation product in the oxidation of RSH with H2O2 [23].

RS− + H2O2 → RSOH + OH− k = 15 M−1 s−1 (13)

RSOH + RS− → RSSR + OH− k = 720 M−1 s−1 (14)

This close agreement suggests that the role of RuIII(edta) in the
complex-mediated reactions (8) and (10) is similar to that caused
by an increase in pH from 5 to 10 to deprotonate RSH for the sponta-
neous reactions. Thus, coordination of RSH and RSOH to RuIII(edta)
increases the oxidation reactivity of these species in the same way
as deprotonation of one of the reaction partners caused by a dras-
tic increase in pH. This is surely related to the Lewis acidity of
the RuIII(edta) center. The S-bonded [RuIII(edta)(SROH)]− interme-
diate species is formed via the oxidation of coordinated thiol in
[RuIII(edta)(SR)]2−. This intermediate is vulnerable towards attack
of H2O2 under the specified conditions leading to the formation of

RSO2H (identified and quantified by HPLC analysis).

All in all, the performed simulations show a satisfactory agree-
ment with the experimental kinetic traces and data, and support
the validity of the suggested reaction mechanism, which can be
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Fig. 6. Absorbance vs. time trace at 390 nm for the of [RuIII(edta)(H2O)]−

low concentration level (maximum NO concentration amounted
to less than 1.0% of that expected for quantitative liberation from
HOU) in the catalyzed oxidation of HOU with H2O2. However, it
should be noted that we  could for the first time provide direct

[RuIII(edta)(H2O)]-  +  H2O2

[RuIVedta)(OH )]-

[RuVedta)(O)]-

A

B
HN

O
H2N

HO

[RuIVedta)(OH )]- +
HN

O
H2N

O

[RuIII(edta)(H2O)]-  +
cheme 4. Overall catalytic cycle showing how [Ru(edta)(H2O)]− mediates the oxi-
ation of cysteine by H2O2 in a weakly acidic aqueous solution.

ummarized schematically as shown in Scheme 3. The parallel reac-
ions (11) and (12) that involve the formation of [RuV(edta)O]− as
atalyst cannot compete with the efficiency of this catalytic cycle.

The RuIII-edta complex capable of mediating the oxidation of
ysteine using H2O2 as oxidant under ambient conditions thus
imicking the action of cysteine peroxidase has special relevance

o biological systems, since it has been recognized that hydrogen
eroxide can act as a key messenger in different intracellular signal-

ng pathways that modulate the action of a group of enzymes, viz.
hosphatases and kinases, through oxidation of cysteine residues
Scheme 4).

.3.2. Oxidation of N-hydroxyurea with H2O2 catalyzed by the
u-edta complex

Oxidation of hydroxyurea is of special significance with regard
o its therapeutic use in the treatment of sickle cell diseases [24,25].
t was reported earlier that the oxidation of hydroxyurea (HOU)
y H2O2 alone is slow [26]. However, horseradish peroxydase
HRP) [27] and catalase [28] catalyze the oxidation of hydroxyurea
Scheme 5).

Some recent reports [29,30] suggest that hydroxyurea may
ediate some of its effect via nitric oxide (NO) production. As

 matter of fact sickle cell patients demonstrate in vivo NO for-
ation during HOU therapy [29,31]. In a recent paper the ability

f [RuIII(edta)(H2O)]− to oxidize HOU in resemblance with enzy-
atic oxidation of HOU has been demonstrated [32], and the results

eported are of significance to provide further mechanistic insight
s the detailed molecular mechanism of HOU oxidation remains
nsettled. Spectral measurements of the time course of the oxida-
ion of HOU exhibited typical zero-order kinetic traces following
he induction period (see Fig. 6) recorded at 390 nm for the deple-
ion of the high-valence [RuV(edta)(O)]− species in the reaction
ystem.

The reported kinetic observations together with an appar-

nt induction period is consistent with a mechanism (Scheme 6)
n which the reaction is initiated by [RuIV(edta)(OH)]− species
ormed in the reaction of the complex [RuIII(edta)(H2O)]− with

2O2. The rate-determining step of the process is outlined in

NH

OH

NH2

O
Catalase or HR P

H2O2

N

O

NH2

O NO2
- / NO3

-

Scheme 5. Oxidation of HOU with H2O2 catalyzed by catalase or HRP.
mediated oxidation of HOU by H2O2 at pH 5.0, 25 ◦C, [RuIII] = 1.0 × 10−4 M,
[H2O2] = 1.0 × 10−4 M and [HOU] = 1 × 10−3 (a), 2 × 10−3 (b), 4 × 10−3 (c), 5 × 10−3

(d) and 6 × 10−3 M (e).

part B where [RuIV(edta)(OH)]− reacts with HOU  to form the
hydroxyurea radical and [RuIII(edta)(H2O)]−. Subsequently, the
hydroxyurea radical rapidly reacts with [RuV(edta)(O)]− to repro-
duce [RuIV(edta)(OH)]− in part C of Scheme 6. In this way the
concentration of [RuIV(edta)(OH)]− species (colorless) remains
constant throughout the oxidation process for which depletion
of [RuV(edta)(O)]− species then exhibits pseudo-zero-order kinet-
ics. The apparent induction period observed in each case (Fig. 6)
can be ascribed to the initial formation of [RuV(edta)(O)]− and
[RuIV(edta)(OH)]− (part A) and the production of hydroxyurea rad-
icals (part B in Scheme 6). The decrease in the observed induction
period with increasing HOU concentration (Fig. 6) implicates an
enhancement of the rate of formation of hydroxyurea radicals at
higher HOU concentrations in part B of Scheme 6.

Ion-chromatographic analysis of the resulting mixture at the
end of the reaction confirmed the formation of nitrite and nitrate in
the reaction system. These results are indicative of NO production
during the oxidation of hydroxyurea in the presence of hydrogen
peroxide. Measurements with a NO sensitive electrode indeed con-
firmed the release of free NO from HOU, though admittedly at a
+C

D

HN
O

H2N

O

[RuVedta)( O)]-
[RuIVedta)(OH )]-

N
O

H2N

O

+

N
O

H2N

O

NO NO2
-/NO3

-

Scheme 6. Mechanism of oxidation of HOU with H2O2 catalyzed by Ru-edta com-
plex.
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Fig. 7. Cleavage of supercoiled pBluescript (SK+) plasmid DNA by the Ru-edta com-
plex in Tris–HCl buffer in the presence of ROOH in TAE buffer at 37 ◦C. Lane 1: the
plasmid preparation was  good: forms I, II are present, max  is form I. Lane 2: KHSO5

(0.5 mM)  caused slight DNA nicking, increase in form II. Lane 3: H2O2 (0.5 mM)  alone
caused no DNA nicking. Lane 4: Ru-edta (100 �M)  alone caused no DNA nicking. Lane
5:  KHSO5 (0.1 mM)  + Ru-edta (250 �M);  synergistic action; DNA nicking occurred as
more of form II present. Lane 6: KHSO5 (0.5 mM)  + Ru-edta (250 �M);  increased DNA
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Fig. 8. Degradation of Orange II (5 × 10−5 M)  by H2O2 (1 × 10−2 M) catalyzed by
icking. Lane 7: H2O2 (0.1 mM)  + Ru-edta (250 �M);  synergistic action; DNA nick-
ng  occurred as more of form II present. Lane 8: H2O2 (0.5 mM)  + Ru-edta (250 �M);
ncreased DNA nicking.

vidence for the liberation of free NO during the oxidation of HOU
y H2O2. Obviously, under the employed conditions the liberated
O rapidly and efficiently undergoes further oxidation by unre-
cted [RuV(edta)(O)]− to result in the formation of nitrite and
itrate as final product. The liberation of NO during oxidation of
OU under the specified conditions is of obviously of importance

n the understanding its biological activity [32].

.3.3. Oxidative cleavage of DNA with ROOH catalyzed by the
u-edta complex

The results of the reported studies [5,6] on the reaction of Ru-
dta complexes with ROOH stimulated the development of Ru-edta
ased agents for oxidative cleavage of DNA. Recently, the DNA
leavage activity of Ru-edta in the presence of the primary oxidant
OOH (H2O2, KHSO5) was explored [33].

The DNA cleavage efficiency of RuIII-edta was  monitored by
bserving the conversion of supercoiled (form I) plasmid DNA to the
ircular nicked form (form II) as shown in Fig. 7. RuIII-edta showed
n appreciable conversion of supercoiled pBluescript (SK+) DNA
SC) to nicked circular DNA (nicked) upon prolonged incubation in
he presence of ROOH, and the efficacy of DNA cleavage increased
ith increasing amount of ROOH. Considering that the oxidation

f Ru-edta by ROOH leads to formation of high-valence Ru(V)-oxo
pecies [5,6] which are known to oxidize C H bonds in saturated
ydrocarbons [1],  it has been presumed that a mechanism involving
he high-valence [(edta)RuV = O]− species is operative for the nucle-
se activity of anionic the Ru-edta complex on supercoiled DNA
n the presence of ROOH [33]. Almost identical cleavage patterns
eportedly observed for both Ru-edta/KHSO5 and Ru-edta/H2O2
lausibly supports the above mechanistic arguments.

.4. Oxidation of Orange II with H2O2 catalyzed by the Ru-edta
omplex

Among dyes, reactive azo dyes constitute a significant portion of
ye pollutants and probably have the least desirable consequences

n terms of the surrounding ecosystem [34]. In a very recent study,
emarkable catalytic activity of the [RuIII(edta)(H2O)]− complex
owards degradation of Orange II (ORII), a model azo dye has been
eported [11]. A detailed kinetic and mechanistic study of the degra-
ation of ORII by H2O2 in the presence of the [RuIII(edta)(H2O)]−

evealed for the first time direct evidence for the hydroperoxo
omplex [RuIII(edta)(OOH)]2− as the sole catalytic species for the
egradation of ORII by hydrogen peroxide in a pH range from
 to 5. The highest catalytic activity is reportedly reached [11]
mmediately after the addition of [Ru(edta)H2O]− to a mixture
f H2O2 and ORII during which [RuIII(edta)(OOH)]2− is rapidly
ormed. This reaction is three orders of magnitude faster than
[Ru(edta)(H2O)]− (2 × 10−6 M)  at pH = 4.0 (1.0 mM acetate buffer), temp. 20 ◦C; I–IV
indicate the addition of a new aliquot of [Ru(edta)H2O]− (2 × 10−6 M).

the reaction of [RuIV(edta)(OH)]− and [RuV(edta)(O)]− with ORII.
However, if the degradation process is initiated by the addition
of ORII after a delay of 500 s, i.e. the time required to produce
[RuIV(edta)(OH)]− and [RuV(edta)(O)]− from [Ru(edta)H2O]− and
H2O2, the catalytic cycle apparently does not involve the par-
ticipation of [RuIII(edta)(OOH)]2− anymore. During the turnover
of the catalytic cycle there will be a build up of the less active
species [RuIV(edta)(OH)]− and [RuV(edta)(O)]− since the second
order rate constant for the formation of [RuIII(edta)(OOH)]2−, viz.
44 ± 10 M−1 s−1, is within the error limits, only slightly larger than
the rate constant reported for the formation of [RuIV(edta)(OH)]−

and [RuV(edta)(O)]−, viz. 26.5 M−1 s−1 at 25 ◦C. The consequence
of this situation was nicely demonstrated with an experiment
where the catalyst was  subsequently added in small amounts for
which the results are shown in Fig. 8. The traces recorded in
Fig. 8 show that at a Ru-edta catalyst concentration of 2 × 10−6 M
the initial rapid degradation of ORII ceases after some time and
goes over into a very slow reaction. Addition of another por-
tion of the catalyst immediately initiates the degradation again
and shows a similar behavior. By the end of the experiment
a total of 8 × 10−6 M catalyst was  added to the solution dur-
ing which 5 × 10−5 M of ORII was decomposed. This experiment
shows that the concentration of the catalyst is crucial since during
the turnover of the cycle more and more of the less active cat-
alytic species [RuIV(edta)(OH)]− and [RuV(edta)(O)]− are formed,
almost like a dead-end process leading to a much slower catalytic
conversion.

In the proposed formation of [RuIII(edta)(OOH)]2− as the inter-
mediate with the highest catalytic activity at pH 4, the role of
the dangling acetate arm assisting the intramolecular deproto-
nation of the coordinated hydrogen peroxide that leads to the
stabilization of the hydroperoxo complex [RuIII(edta)(OOH)]2− is
schematically demonstrated in Scheme 7. The present study illus-
trated the remarkably high activity of [RuIII(edta)(OOH)]2−, the
Ru equivalent of Compound 0, as compared to [RuIV(edta)(OH)]−

and [RuV(edta)(O)]−, the Ru equivalents of Compounds II and I,
respectively, towards the degradation of ORII. At much lower pH,
protonation of the dangling acetate arm will not allow this intra-
molecular stabilization of the hydroperoxo intermediate and lead
to a decrease in the concentration and catalytic activity of the com-

plex. The dangling acetate ligand is also held responsible for the
subsequent homolytic and heterolytic cleavage of the peroxo bond
in [RuIII(edta)(OOH)]2−.
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cheme 7. Proposed catalytic cycle and apparent role of the dangling acetate arm
f  edta4− .

The [RuIII(edta)(OOH)]2− complex can apparently initiate the
egradation of ORII via the cationic pathway suggested for oxygen
tom transfer by Compound 0 in P450 type oxidation processes.
his rather remarkable finding motivates further detailed stud-
es along the lines of the present report for the biomimetic
xidation of various substrates employing RuIII-edta type com-
ounds. The [RuIII(edta)(OOH)]2− complex demonstrates that the
uthenium equivalent of Compound 0 is many orders more effi-
ient than the equivalent complexes for Compounds I and II, viz.
RuIV(edta)(OH)]− and [RuV(edta)(O)]−, respectively. This order
f reactivity is totally different than recently found for a func-
ional model FeIII(porphyrin) system [9,10] where the equivalent
f Compound I showed a much higher catalytic activity for a
eries of epoxidation, sulfoxidation, O H abstraction and C H
bstraction reactions, than either the Ru equivalents of Compounds

 and II.

. Conclusions

Insight into reaction mechanisms obtained from kinetic studies
eported herein should have biological implications. Mechanis-

ically the Ru-edta complex appears to be interesting as the
uthenium equivalent of Compund 0 is much more reactive than
hat of Compounds I and II. As noted recently [11], whether O O
ond scission precedes substrate activation or occurs through the

[

[
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direct attack of the peroxo unit on the azo bond of ORII is an intrigu-
ing unanswered question.
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