
Journal of Molecular Catalysis A: Chemical 299 (2009) 77–87

Contents lists available at ScienceDirect

Journal of Molecular Catalysis A: Chemical

journa l homepage: www.e lsev ier .com/ locate /molcata

Oxidations by the system ‘hydrogen peroxide–[Mn2L2O3]2+

(L = 1,4,7-trimethyl-1,4,7-triazacyclononane)–oxalic acid’.
Part 11. Degradation of dye Rhodamine 6G and oxygenation of cyclohexene

Georgiy B. Shul’pin ∗, Yuriy N. Kozlov, Svetlana N. Kholuiskaya, Maryam I. Plieva
Semenov Institute of Chemical Physics, Russian Academy of Sciences, Ulitsa Kosygina, dom 4, Moscow 119991, Russia

a r t i c l e i n f o

Article history:
Received 20 April 2008
Received in revised form 6 August 2008
Accepted 15 October 2008
Available online 25 October 2008

Keywords:
Decoloration
Epoxidation
Alkyl hydroperoxide

a b s t r a c t

Two dinuclear manganese(IV) compounds, soluble [LMn(O)3MnL](PF6)2 (1a) and insoluble
[LMn(O)3MnL]2[SiW12O40] (1b) (L is 1,4,7-trimethyl-1,4,7-triazacyclononane, TMTACN) are efficient
catalysts in oxidative decoloration of dye Rhodamine 6G and oxygenation of cyclohexene with hydrogen
peroxide in acetonitrile or water in the presence of oxalic acid which is an obligatory co-catalyst. It has
been concluded on the basis of the detailed kinetic study that both oxidation processes occur with the
formation of transient species D (which exhibits the properties of a relatively weak radical and is able to
abstract the hydrogen atom from C–H bonds of hydrocarbons) and E (which is responsible for the cyclo-
hexene epoxidation). Species D is probably an oxygen-centered radical containing also manganese ions.
Species E is apparently an oxoderivative of high-valent manganese. Catalyst 1a generates predominantly
Homogeneous catalysis
H
H
D

species E. When heterogenized catalyst 1b is used species D prevail. As a very intensive dye degradation
lution
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yes

occurs also in aqueous so
streams.

. Introduction

Complexes of transition metals are widely used in catalytic oxi-
ations of hydrocarbons with molecular oxygen and peroxides (see
eviews [2] and selected recent original papers [3]). Manganese
erivatives are among the most active catalysts in such oxidations
4]. The dinuclear manganese(IV) complex [LMn(O)3MnL](PF6)2
catalyst 1a; L is 1,4,7-trimethyl-1,4,7-triazacyclononane, TMTACN)
5] and relevant derivatives [6] are efficient catalysts for oxidations
f certain organic compounds, such as olefins and phenols as well as
or bleaching (see reviews [7] and recent original publications [8]).
∗ Corresponding author. Tel.: +7495 939 7317; fax: +7495 137 6130.
E-mail addresses: shulpin@chph.ras.ru, gbsh@mail.ru (G.B. Shul’pin).
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the studied systems can be used for decoloration of pollutants in waste

© 2008 Elsevier B.V. All rights reserved.

Earlier [1] we have found [9a,10a] that compound 1a catalyzes
he oxidation by hydrogen peroxide much more efficiently if a small
mount of a carboxylic acid is added to the reaction solution. Fur-
her, we demonstrated [9a–g,i,10a,c,f–h,11] that the ‘1a/carboxylic
cid/H2O2’ combination in acetonitrile solution very efficiently oxi-
izes inert alkanes to afford primarily the corresponding alkyl
ydroperoxides which are transformed further into the more sta-
le ketones (aldehydes) and alcohols. It turned out that the system
xidizes not only alkanes but also epoxidizes olefins [9c,e–g,10e,h],
ransforms alcohols into ketones (aldehydes) [9c,h,10d] and sul-
des into sulfoxides [9c]. The reaction with olefins gave rise to the
roducts of dihydroxylation [9e] in addition to the corre-
ponding epoxides. Alkanes [9f], olefins [9f], and alcohols [9h]
ere oxidized also in the absence of acetonitrile. A relevant

oluble polymer-bound Mn(IV) complex with N-alkylated 1,4,7-

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:shulpin@chph.ras.ru
mailto:gbsh@mail.ru
dx.doi.org/10.1016/j.molcata.2008.10.028
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2 degradation in the presence of some other carboxylic acids and
found that duration of the lag period depends on the nature of the
carboxylic acid: it becomes shorter when oxalic acid is used instead
of more weak acetic or propionic acids. However the initial decol-
8 G.B. Shul’pin et al. / Journal of Molecu

riazacyclononane was used as a catalyst in the H2O2 oxygenation of
lkanes [10c].

Bosch and Veghini [12] prepared insoluble salt of formula
LMn(�-O)3MnL]2[SiW12O40] (catalyst 1b) which is an active cat-
lyst in the oxidation of alcohols [9h,12] and olefins [12]. It is
mportant that almost no oxidation reaction can be observed in the
bsence of a carboxylic acid as a co-catalyst in all cases mentioned
bove. Recently our ‘1a/carboxylic acid/H2O2’ system has been used
y other authors [13] for the cis-hydroxylation and epoxidation of
lefins. We have also demonstrated that alkanes and olefins can be
xidized by tert-butyl hydroperoxide [9c,10b] or peroxyacetic acid
9a,10a,i] using complex 1a as a catalyst. The reaction with tert-
utyl hydroperoxide is significantly accelerated in the presence of
small amount of a carboxylic acid [9c,10b]. Mechanisms of oxi-
ation reactions with participation of manganese complexes were
iscussed in many publications [14].

Continuing the studies of oxidations by our system ‘1/carboxylic
cid/H2O2’ we decided to explore a possibility of dye decoloration
y this system. We have chosen Rhodamine 6G (2) as a substrate for
he investigation. Catalytic processes are used for oxidative degra-
ation of toxic and colored pollutants in industrial waste streams
15] and for laundry bleach [16]. Dyes including Rhodamine can
e model systems in studies of degradation processes [17]. Rho-
amine degradation occurs via the formation of free radicals (e.g.
eroxyl radicals) and two competitive pathways are possible: N-
ealkylation and the destruction of the conjugated structure [18].

It is also interesting to compare the oxidative degradation of
hodamine 6G with the cyclohexene oxygenation by the same sys-
em. Cyclohexene has two fragments accessible for the attack by
atalytically active species (the double bond and relatively weak
–H bonds) and comparison of rates of the epoxidation and C–H
ond oxygenation could give valuable information on the nature of
he oxidizing species.

. Results and discussion

In the present work, we have studied oxidative degradation
f xanthene dye Rhodamine 6G (compound 2) under the action
f the systems based on soluble manganese complex containing
F6

– anions (catalyst 1a) and heterogenized insoluble catalyst 1b

ontaining heteropoly anions. Rhodamine 6G (2) is a substrate
onvenient for kinetic measurements because its destruction is
ollowed by the decrease of the characteristic absorption band
ntensity. This band is a relatively narrow peak with maximum at
20 nm (ε = 88,000 M−1 cm−1). The intensity of the bond at vari-
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us time intervals corresponds to the 2 concentration which is still
resent in the reaction solution (Fig. 1).

.1. Catalysis by soluble compound 1a

The degradation of 2 under the action of the ‘H2O2–1a–oxalic
cid’ system in acetonitrile occurs with auto-acceleration. In our
urther discussion we will operate with the maximum Rhodamine
G consumption rate, W0. To measure value W0 we drew a tangent
o the kinetic curve in the region of the most fast 2 consumption
which is simply the gradient of the linear portion of the kinetic
urve) as shown in Fig. 2. Tangent of angle � which is equal to the
lope of the linear portion of the kinetic curve gave us value W0.

The value of lag phase depends on the conditions used and
aried from one to a few minutes. The time period during which

aximum rate is attained (the lag time) does not practically depend
n concentrations of the dye and the catalyst but it depends on con-
entration of oxalic acid. The lag period decreases upon the increase
f oxalic acid concentration. We studied also the kinetics of the
ig. 1. Changes in the absorption spectrum of 2 in the course of its destruction by
he ‘H2O2–1a–oxalic acid’ system in acetonitrile. Conditions: [2]0 = 1.25 × 10−3 M,
catalyst 1a] = 5 × 10−5 M, [oxalic acid] = 5 × 10−2 M, [H2O2]0 = 0.1 M, 23 ◦C. The reac-
ion solution was diluted by 50 times with water before the spectrophotometrical
nalysis (l = 1 cm).
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acid. This complex C contains apparently the oxalate anion and we
will depict it conventionally as “MnIIIMnIV oxalate”:

B + oxalic acid � “MnIIIMnIV ·oxalate′′(C) K3 (3)
ig. 2. A kinetic curve for the destruction of 2 by the ‘H2O2–1a–oxalic acid’ system
n acetonitrile. Conditions: [2]0 = 1.25 × 10−3 M, [catalyst 1a] = 5 × 10−5 M, [oxalic
cid] = 5 × 10−2 M, [H2O2]0 = 0.1 M, 23 ◦C.

ration rates have been measured approximately equal for the three
cids. These facts allow us to assume, as we proposed in our pre-
ious work [10j], that the lag period is due to the process of the
ormation of a catalytically active species. It should be noted that
espite generally oxalic acid is a reducing agent the role of this com-
ound in our system under conditions described above is the role of
cid only. In accordance with this statement we have demonstrated
reviously [10j] that the formation of the catalytically active species

s very slow under the action of only oxalic acid.
We studied dependences of rates W0 on initial concentrations

f the reactants, viz. oxalic acid, catalyst 1a, hydrogen peroxide,
nd substrate 2 (Figs. 3–6). In addition, the effects of various addi-
ives (hydrocarbons, ionol) were investigates (Figs. 7–9). All these
rimary experimental data allowed us to propose the mechanis-
ic scheme of the dye decoloration which is in agreement with all

easures of kinetic parameters.
We assume that the initial molecule 1a under the action of the

roton from the oxalic acid is transformed into a new complex in
hich at least one of three oxobridges is protonated and the valent

tates of the two manganese ions as previously:

LMnIV(O)3MnIVL]2+(1a) + H+ → [LMnIV( OH)(O)2MnIVL]3+(A)

(1)

urther, in a non-rate-limiting stage the protonated species A is
educed with the hydrogen peroxide molecule to afford species B
hich is a mixed-valent dimeric complex:

+ H2O2 → “MnIIIMnIV′′
(B) + HOO• + H+ (2)
e conventionally depict species B as “MnIIIMnIV′′
because

ts structure is unknown. It can be, for example ion
LMnIII(–OH)(O)2MnIVL]2+. Species B is generated in stages
1) and (2) during the lag period (see Fig. 2).

F
d
a

ig. 3. Dependence of reaction rate of the 2 destruction by the ‘H2O2–1a–oxalic
cid’ system on concentration of oxalic acid. Conditions: [2]0 = 2.5 × 10−3 M, [catalyst
a] = 5 × 10−5 M, [H2O2]0 = 0.1 M, 23 ◦C, solvent was acetonitrile.

It can be seen in Fig. 3 that at [oxalic acid] > 0.04 M the rate W0
oes not more depend on the oxalic acid concentration. This is the
ituation typical for the formation (at the stationary phase of the
ecoloration process) of a complex between species B and the oxalic
ig. 4. Dependence of the 2 degradation rate on concentration of 1a in the oxi-
ation by the ‘H2O2–1a–oxalic acid’ system. Conditions: [2]0 = 2.5 × 10−3 M, [oxalic
cid] = 5 × 10−2 M, [H2O2]0 = 0.125 M, 23 ◦C, solvent was acetonitrile.
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Fig. 5. Dependence of the 2 destruction rate on concentration of hydrogen peroxide
in the oxidation by the ‘H2O2–1a–oxalic acid’ system. Conditions: [2]0 = 2.5 × 10−3 M,
[oxalic acid] = 5 × 10−2 M, [1a]0 = 5 × 10−5 M, 23 ◦C, solvent was acetonitrile.

Fig. 6. Dependence of the 2 consumption rate on concentration of 2 in the oxi-
dation by the ‘H2O2–1a–oxalic acid’ system. Conditions: [1a]0 = 5 × 10−5 M, [oxalic
acid] = 5 × 10−2 M, [H2O2]0 = 0.1 M, 23 ◦C, solvent was acetonitrile.
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ig. 7. Dependence of the relative rate of consumption 2 on concentration of
dditives, benzene (curve 1), n-heptane (curve 2) and cyclohexene (curve 3), in
he oxidation by the ‘H2O2–1a–oxalic acid’ system. Conditions: [1a]0 = 5 × 10−5 M,
oxalic acid]0 = 5 × 10−2 M, [H2O2]0 = 0.125 M, 23 ◦C, solvent was acetonitrile.

omplex C is the species which was called above as “a catalytically
ctive species”. This complex is involved into the catalytic cycle
hich affords dye-oxidizing species.

The curve with a plateau in Fig. 3 corresponds to the extent of
he transformation of initial complex 1a (via A and B) into species C.
n accordance with Eq. (3) and taking into account that [B]0 = [1a]0
e will obtain at [oxalic acid]0 » [1a]0 the following ratio:

C] = K3[1a]0[oxalic acid]0

1 + K3[oxalic acid]0
(4)

here index “0” means that we consider initial concentrations
f the reagents which correspond to the concentrations at the
oment of the reaction mixture formation. It follows from Eq.

4) that the reaction rate is proportional to initial catalyst con-
entration [1a]0. Indeed, we have detected this proportionality
xperimentally (Fig. 4).

The data shown in Fig. 3 allow us to estimate the effective equi-
ibrium constant for the formation of species C. This constant K3
stimated from the value of the half-effect, i.e. from the condition

= K3[oxalic acid]0 (5)

s equal to 50 M–1. The half-effect value is in this case one half of
he maximum attained value of species C concentration.

Fig. 5 demonstrates dependence of the dye decoloration rate
n initial hydrogen peroxide concentration. The proportionality
etween W0 and [H2O2]0 testifies that the rate-limiting step of the
rocess is bimolecular interaction of the hydrogen peroxide with
pecies C.

Dependence of the decoloration rate on the dye 2 ini-
ial concentration is shown in Fig. 6. A plateau in the region
0−3 < [2]0 < 5 × 10−3 M can be explained by the following way. This
xplanation is based on the assumption that the dye oxidation is a
esult of its interaction in the solution volume with an intermedi-

te species D generated in the reaction between C and H2O2. Some
dditional routes for the disappearance of D can exist, for example
he interaction of D with acetonitrile shown by Eq. (8).

+ H2O2 → D (6)
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Fig. 8. Graph A. Kinetic curves for the destruction of 2 by the ‘H2O2–1a–oxalic
acid’ system in acetonitrile in the presence of ionol in different concentrations
(shown in the graph). Conditions: [2]0 = 2.5 × 10−3 M, [catalyst 1a]0 = 5 × 10−5 M,
[ −2 ◦
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Fig. 9. Kinetic curves for the accumulation of cyclohexene epoxide (7; curve 1)
and a sum of cycloxenenol (5) and cyclohexenone (6) (curve 2; measured after
t
s
a

a
t
(
i
e
c
t
t
a
e
d
e
o
i

m
W
n
A
t
t
a
w
g
c
o

oxalic acid]0 = 5 × 10 M, [H2O2]0 = 0.125 M, 23 C, solvent was acetonitrile. Graph
. Dependence of the lag phase duration in the 2 consumption on concentration of
dded ionol in the oxidation by the ‘H2O2–1a–oxalic acid’ system under conditions
hown for Graph A.

+ 2 → decoloration of 2 (7)

+ MeCN → disappearance ofD (8)

In this case the fact that the 2 degradation rate does not depend
n its concentration (see Fig. 6) is due to the situation when all
ransient species D interact with the dye.

In order to get additional insight into the nature of the oxidiz-
ng species and evaluate the mechanism of the process we studied
he decoloration process in the presence of certain hydrocarbons:
enzene, n-heptane and cyclohexene. The former two compounds
ould not be expected to coordinate with high-valent manganese

pecies. Earlier we have demonstrated that both hydrocarbons are
xidized by the system under discussion. It means that they do
nteract with a transient oxidizing species generated in the catalytic
ystem. In contrast to the cases of benzene and n-heptane, unsatu-

ated cyclohexene can be both epoxidized and �-hydroperoxidized
ue to the presence in its molecule both the double bond and acti-
ated CH2 groups. Therefore, cyclohexene is a convenient substrate
o indicate the presence or absence in the catalytic system C–H-
xidizing and epoxidizing species. It should be emphasized that
he reduction with PPh3) in the cyclohexene (3) by the ‘H2O2–1a–oxalic acid’
ystem in acetonitrile. Conditions: [3]0 = 2.0 M, [catalyst 1a]0 = 5 × 10−5 M, [oxalic
cid]0 = 5 × 10−2 M, [H2O2]0 = 0.125 M, 23 ◦C.

ll the three hydrocarbon additives were used as potential accep-
ors of active transient species which compete with our substrate
Rhodamine 6G). We have found a decrease of the decoloration rate
n the presence of all additives: benzene, n-heptane and cyclohex-
ne (Fig. 7). Note that one of these substances, n-heptane, cannot
hange the distribution of different forms of the catalyst and affect
he reaction rate by this way. We can explain the effect of addi-
ives on the decoloration rate if we assume that the additives are
ccepted by dye-oxidizing species D [see Eqs. (6)–(8)]. Different
fficiency in the effect of the additives on the rate is due to their
ifferent reactivity in the reactions with intermediate species D. For
xample, it is well known that the C–H bonds in allylic position of
lefins are much more reactive in comparison with the C–H bonds
n completely saturated hydrocarbons [19].

The experiments with addition of 2,6-di-tert-butyl-4-
ethylphenol (ionol) also support the mechanisms (6)–(8).
hen ionol additives were used pronounced lag phases were

oticed on the kinetic curves for the dye decoloration (Fig. 8, Graph
). The duration of these lag phases were proportional to concen-

ration of added ionol (see Graph B in Fig. 8). If we assume [20]
hat inhibiting effect of ionol is due to the reaction between ionol
nd species D and that the inhibiting coefficient is equal to 2 we
ill be able to estimate from the data of Fig. 8, Graph B the rate of

eneration of species D. This rate is equal to 1.6 × 10−6 M s−1 under
onditions shown in Fig. 8. This value is close to the maximum rate
f the dye decoloration (1.7 × 10−6 M s−1; see Fig. 6).



8 lar Cat

t
o
n
(
s
e
a
t
(
t
t
h
c
t
r
y
d
o
h
h
h
l
t
o
i
c
i
h
o
d
e

t
c
a
o
r
o
i
o
t
b

d
e
d

−

w
r

F
k
c
c
o
2
s
t
k
c
t
1
(
c
s
t
a
t
t
S
B
4
i
i
F

h
T
p
e
i

C

d
i
(
v
w
w
c
o
o
o

i
s
i
m
t
t
d

‘
w

2 G.B. Shul’pin et al. / Journal of Molecu

It has been mentioned above that a study of product distribu-
ion in the cyclohexene oxidation can give a valuable information
n the nature of the oxidizing species and evaluate the mecha-
ism of the process. We investigated the oxidation of cyclohexene
compound 3) which can be considered as a more simple model
ubstrate. This oxygenation gives rise to the formation of both the
poxide and the products of the allylic C–H bond oxidation. We used
simple method developed by us earlier [11,21] to demonstrate

he formation of cyclohexenyl hydroperoxide (4) in cyclohexene
3) oxidations and to estimate its concentration in the course of
he reaction. If an excess of solid PPh3 is added to the sample of
he reaction solution ca. 10 min prior the GC analysis, the alkenyl
ydroperoxide present in the solution is completely reduced to the
orresponding alcohol. As a result, the chromatogram differs from
hat of a sample not subjected to the reduction: the alcohol peak
ises, while the intensity of the ketone peak decreases. In recent
ears, our method was applied by other chemists [22] in various oxi-
ations of C–H compounds. Here we have found by this method that
xidation of 3 by the system under discussion affords cyclohexenyl
ydroperoxide (4), cyclohexenol (5), cyclohexenone (6) and cyclo-
exene epoxide (7) (for catalytic oxygenation of cyclohexene by
ydrogen peroxide, see, for example, [23]). To compare two routes

eading to the epoxide on the one hand and the �-C–H bond oxida-
ion products on the other hand we studied accumulation with time
f 7 and a sum 5 + 6 obtained after reduction by PPh3 (Fig. 9). The
nitial rate of the formation of the �-C–H bond oxidation products
alculated from curve 2 in Fig. 9 is equal to 1.8 × 10−6 M s−1 which
s close to the rate of the dye decoloration in the absence of cyclo-
exene (1.7 × 10−6 M s−1, see Fig. 6). This means that the presence
f cyclohexene does not affect the concentration of species C in the
ye-oxidizing system which supports a conclusion that cyclohex-
ne is the acceptor of both epoxidizing and C–H-oxidizing species.

If we take into account all obtained data (that is the decrease in
he dye degradation in the presence of hydrocarbon additives and
oincidence of the rates of the �-C–H bond oxidation in cyclohexene
nd the dye decoloration) we will be able to conclude that both the
lefin and dye are oxidized with the same intermediate species. The
ate of this species generation does not depend on the presence
r absence of the dye. Therefore, the dye oxidation is induced by
ntermediate species D which is generated with the participation
f complex 1a, oxalic acid and hydrogen peroxide. The plateau on
he curve shown in Fig. 6 is due to accepting all transient species D
y the dye 2.

Schemes (6)–(8) correspond to the interaction of species D with
ye 2 and acetonitrile. In accordance with this scheme we can
asily obtain the following equation for the dependence of the 2

ecoloration rate on concentration of 2:

d[2]
dt

= W6

1 + k8[MeCN]
k7[2]

(9)

o
s
r
n
s

alysis A: Chemical 299 (2009) 77–87

here W6 is the rate of step (6) and k7 and k8 are constants of the
eactions of species D with dye 2 and acetonitrile, respectively.

Using the value of the half-effect which in accord with
ig. 6 is attained at [2]≈8 × 10−3 M we can calculate the ratio
8[MeCN]/k7 = 8 × 10−3 M. Taking into account the acetonitrile con-
entration (≈18 M) we will obtain k8/k7 ≈ 5 × 10−4. This ratio
haracterizes the reactivity of the transient species D. The effect
f n-heptane additive on the 2 degradation rate (see Fig. 7, curve
) allows us to estimate the ratio of constants for the reactions of
pecies D with 2 and n-heptane. Calculations taking into account
he half-effect values showed that this ratio is close to 100. It is
nown, however, that for the compounds considered in these cal-
ulations, namely, the dye and hydrocarbons, the constants for
heir interactions with hydroxyl radical differ not more than for
0 times. Thus, experimentally measured by us the constant ratio
equal to 100) unambiguously testifies that the hydroxyl radi-
al is not the oxidizing species in our system. The structure of
pecies D is not completely clear. We can however assume that
his is a species containing a Mn–O• fragment and less probably
Mn–OO• fragment. Hollenberg and coworkers [24a] postulated

hat a hydroperoxy-iron species (or a protonated analogue of
his species) is a viable electrophilic oxidant in some enzymes.
pecies D can be also a coordinated hydroxyl radical. Recently
ach and Dmitrenko [24b] proposed a new mechanism for the P-
50 hydroxylation were the “somersault” motion within porphyrin

ron(III) hydroperoxide produces the crucial oxidizing species: the
someric ferryl oxygen hydrogen bonded to an hydroxyl radical,
e–O. . .H–O•.

It follows for the data of Fig. 9 that the main pathway of the cyclo-
exene catalytic transformation catalyzed by 1a is its epoxidation.
his leads us to an assumption that the epoxidation occurs with
articipation of one more transient active species, E, which is appar-
ntly an oxoderivative of high-valent manganese and is generated
n reaction (10).

+ H2O2 → E (10)

The rate ratio of the generation of the two different interme-
iates which take part in the 3 epoxidation on the one hand and

n the �-C–H oxygenation of 3 on the other hand is k10/k6 ≈ 9
see Fig. 9). This ratio is of the same order of magnitude that the
alue (the ratio was ca. 5) obtained in our previous work [9e]
here the yields of the epoxide and cyclohexyl hydroperoxide
ere compared in the competitive oxygenation of dec-1-ene and

yclohexane. It should be noted that, as we used a great excess
f cyclohexene over the hydrogen peroxide, the epoxide yield was
nly 3% based on cyclohexene and ca. 50% based on hydrogen per-
xide.

Additional experiments were carried out to evaluate the stabil-
ty of catalyst 1a. Fig. 10 shows that the catalytic system does not
ufficiently loss its activity although some destruction of 1a occurs
n the course of the dye decoloration. Titration by the KI–Na2S2O3

ethod of hydrogen peroxide present in the solution under condi-
ions of Fig. 10 demonstrated that the consumption of H2O2 was less
han 15% at the moment when in the first run dye 2 was completely
ecomposed.

We have found that the decoloration of dye 2 by the
H2O2–1a–oxalic acid’ system can be efficiently fulfilled also in

ater solution which is important for the ecological applications

f the system (decoloration of sewage containing dyes). It can be
een in Fig. 11 that the decoloration in aqueous solution occurs very
apidly. The catalyst is stable under these conditions and when a
ew portion of the dye is added the decoloration begins with the
ame initial rate.
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Fig. 10. Kinetic curves for the consumption of 2 in its oxidation by the
‘H2O2–1a–oxalic acid’ system in acetonitrile. Conditions: [2]0 = 2.5 × 10−3 M,
[
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Fig. 11. Decoloration of 2 by the ‘H2O2–1a–oxalic acid’ system in water. Conditions:
[2]0 = 2.5 × 10−3 M, [1a]0 = 5 × 10−5 M, [oxalic acid] = 5 × 10−2 M, [H2O2]0 = 0.125 M,
23 ◦C. At the moment denoted by the arrow a new portion of 2 (up to total concen-
tration [2]0 = 2.5 × 10−3 M) was added to the reaction mixture.
1a]0 = 5 × 10−5 M, [oxalic acid] = 5 × 10−2 M, [H2O2]0 = 0.125 M, 23 ◦C. At the
oment denoted by the arrow a new portion of 2 (up to total concentration

2]0 = 2.5 × 10−3 M) was added to the reaction mixture.

.2. Catalysis by heterogenized compound 1b

Application of the system under discussion for waste water
ecoloration would be much more attractive if the catalyst is insolu-
le in acetonitrile and water because in this case the catalyst can be
asily separated from the solution and reused. This idea prompted
s to replace in our decoloration studies soluble catalyst 1a with

ts heterogenized form 1b described earlier by Bosch and Veghini
12] and previously used by us in the oxidation of certain alcohols
9h,25].

We have found that heterogenized catalyst 1b is highly efficient
n the decoloration of dye 2 in acetonitrile if oxalic acid is present
n the solution. The maximum decoloration rate linearly depends
n the amount of catalyst 1b (Fig. 12). The catalyst is relatively sta-
le and can be reused. Indeed, in an additional experiment after
he decoloration reaction we filtered off the catalyst 1b, washed it
ith water and used again in the next run of the decoloration. The

ctivity of the reused sample (corresponding to an open circle in
ig. 12) was not lower than points for the fresh samples.

Using the data presented in Fig. 12 we can estimate the catalytic
ctivity of heterogenized catalyst 1b. Since the value of the catalyst
ctive surface is unknown let us assume that all manganese-
ontaining species are situated on the surface and are active in the
atalysis. The portion of the dinuclear manganese cation in catalyst
b is 35.5% taking into account molecular masses of both cation
nd anion. Calculated by this way concentration of the cation in

he reaction solution for the conditions of Fig. 12 are in the interval
rom 1.4 × 10−4 to 1.2 × 10−3 M. This concentration is approximately
0 times higher than concentration of the soluble catalyst used in
he experiment shown in Fig. 4. However the reaction rates in the

Fig. 12. Dependence of the 2 degradation rate on the amount of 1b in the oxida-
tion by the ‘H2O2–1b–oxalic acid’ system. Conditions: [2]0 = 2.5 × 10−3 M, [oxalic
acid] = 5 × 10−2 M, [H2O2]0 = 0.1 M, 23 ◦C, solvent was acetonitrile, total volume of
the reaction solution was 5 mL. An open circle corresponds to the experiment when
the sample of 1b was reused in the decoloration.
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Fig. 14. Kinetic curves for the consumption of 2 in its oxidation by the
‘H2O2–1b–oxalic acid’ system in acetonitrile in the absence (curve 1) and in the pres-
ence of ionol (1.0 × 10−3 M; curve 2). Conditions: [2]0 = 2.5 × 10−3 M, [H2O2]0 = 0.1 M,
[oxalic acid] = 5 × 10−2 M, the amount of 1b = 8.0 mg, 23 ◦C, total volume was 5 mL.
ig. 13. Decoloration of 2 by the ‘H2O2–1b–oxalic acid’ system in acetonitrile. Con-
itions: [2]0 = 2.5 × 10−3 M, [H2O2]0 = 0.1 M, [oxalic acid] = 0 (curve 1) and 5 × 10−2 M
curve 2), the amount of 1b = 7.7 mg, 23 ◦C, total volume was 5 mL.

xperiments shown in Figs. 4 and 12 are similar. The difference
ound in this estimation can be explained by two ways. We can
ssume that only a part of catalytically active manganese ions is
ituated on the surface of the heterogeneous catalyst. Alternatively,
ome decrease of the catalytic activity can be due to the heteroge-
ization procedure and the incorporation of other anions into the
atalyst.

As in the case of the homogeneous system, oxalic acid is an
bligatory co-catalyst for the decoloration catalyzed by 1b (Fig. 13).
t is noteworthy that addition of ionol to the 1b-catalyzed reac-
ion does not inhibit decoloration (Fig. 14), and this discriminates
ramatically heterogeneous and homogeneous catalysts (compare
igs. 14 and 8). The difference is evidently due to the fact that in the
ase of 1b the dye degradation occurs on the catalyst surface and
ot in the solution volume.

One can assume that the hydroperoxide formation and the
poxidation proceed via different mechanisms with and without
articipation of free radicals, respectively. If this is really so, addi-
ion of ionol to the reaction solution will significantly inhibit the
ydroperoxidation and will not affect the epoxide yield. Indeed,
his is exactly what we have noticed in our experiment: we
dded ionol in concentration 2 × 10−2 M whereas the amount of
b was 1.6 mg/mL which is equivalent to manganese concentra-
ion 7 × 10−4 M (see Fig. 16 and compare it with Fig. 15). This
bservation allows us to propose that the oxygenation catalyzed
y heterogeneous compound also proceeds via two pathways
ith participation of species D (which is responsible for the �-

ydroperoxidation of cyclohexene) and E (active in the cyclohexene

poxidation). In contrast to soluble catalyst 1a, the heterogenized
ystem based on 1b in the reaction with cyclohexene generates
redominantly radical-like species D.

It is important to note that addition of Rhodamine 6G in small
oncentration ([2]0 = 2.5 × 10−3 M) also dramatically changed the

Fig. 15. Accumulation of products in oxidation of cyclohexene (3) by the
‘H2O2–1b–oxalic acid’ system in acetonitrile: cyclohexenyl �-hydroperoxide 4
(curve 1), cyclohexen-1-ol 5 (curve 2), cyclohexen-1-one 6 (curve 3), cyclo-
hexene epoxide 7 (curve 4). Conditions: [3]0 = 2.0 M, [H2O2]0 = 0.125 M, [oxalic
acid] = 5 × 10−2 M, the amount of 1b = 8.0 mg, 23 ◦C, total volume was 5 mL.
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Fig. 16. Accumulation of products in oxidation of cyclohexene (3) by the
‘H2O2–1b–oxalic acid’ system in acetonitrile in the presence of ionol (initial con-
centration was 2 × 10−2 M). Products: cyclohexenyl �-hydroperoxide 4 (curve 1),
cyclohexen-1-ol 5 (curve 2), cyclohexen-1-one 6 (curve 3), cyclohexene epoxide 7
(curve 4). Conditions: [3]0 = 2.0 M, [H2O2]0 = 0.125 M, [oxalic acid] = 5 × 10−2 M, the
amount of 1b = 8.0 mg, 23 ◦C, total volume was 5 mL.

Fig. 17. Accumulation of products in oxidation of cyclohexene (3) by the
‘H2O2–1b–oxalic acid’ system in acetonitrile in the presence of dye 2 (initial con-
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entration was 2.5 × 10−3 M). Products: cyclohexenyl �-hydroperoxide 4 (curve 1),
yclohexen-1-ol 5 (curve 2), cyclohexen-1-one 6 (curve 3), cyclohexene epoxide 7
curve 4). Conditions: [3]0 = 2.0 M, [H2O2]0 = 0.125 M, [oxalic acid] = 5 × 10−2 M, the
mount of 1b = 8.0 mg, 23 ◦C, total volume was 5 mL.

roduct distribution: the rate of the hydroperoxide accumulation
nd its yield became much lower while the epoxidation rate was
ractically equal to that in the absence of 2 (Fig. 17). Thus, ionol and
ye 2 have the same effect on the cyclohexene oxygenation (com-
are Figs. 16 and 17 and compare these figures with Fig. 15). Based
n these results we can propose that both ionol and dye Rhodamine
G block centers on the catalyst 1b surface which are active in
he generation of radical-like species. These species D abstract the
ydrogen atom from �-position of cyclohexene resulting in the for-
ation of �-oxygenated derivatives. At once, neither ionol nor the

ye are able to affect the centers that generate olefin epoxidizing
pecies E.
. Conclusion

Oxidative decoloration of Rhodamine 6G (2) and oxygenation of
yclohexene (3) with hydrogen peroxide in acetonitrile in the pres-
alysis A: Chemical 299 (2009) 77–87 85

nce of homogeneous (1a) and heterogenized (1b) catalysts and
o-catalyst (oxalic acid) proceed with the formation of transient
pecies D and E. The first species exhibits the properties of a rela-
ively weak radical and is able to abstract the hydrogen atom from
he �-position of cyclohexene. Species D is probably an oxygen-
entered radical containing also manganese ions. The pathway
ith participation of D leads to the formation of �-cyclohexenyl

ydroperoxide (4). Species E is responsible for the transformation
f cyclohexene to epoxide 7 and is apparently an oxoderivative of
igh-valent manganese.

Homogeneous catalyst 1a generates predominantly species E
nd in this case cyclohexene is transformed mainly to its epox-
de. It is noteworthy that when heterogenized catalyst 1b is used
pecies D prevail and �-cyclohexenyl hydroperoxide is produced
ith the higher yield in comparison with the yield of epoxide 7.
oth D and E species are believed to be involved in dye 2 degrada-
ion process. Species D gives more substantial contribution to the
otal decoloration rate.

. Experimental

Catalysts 1a and 1b were prepared as described in Refs. [5] and
12], respectively. The oxidations of dye 2 and cyclohexene 3 were
arried out in acetonitrile in air in thermostated (23 ◦C) Pyrex cylin-
rical vessels with vigorous stirring. Typically the total volume of
he reaction solution was 5 mL. Initially, a portion of H2O2 (35%
queous) was added to the solution of the catalyst 1a or 1b, co-
atalyst (typically oxalic acid) and 2 or 3. After certain time intervals
amples of the reaction solution were taken. In the experiments on
he 2 oxidative degradation samples were diluted with water by
0 times and concentration of 2 was determined by UV–vis spec-
roscopy (instrument “Specord UV–vis”; l = 1 cm) (see Figs. 1 and 2).
o further decoloration of the dye was noticed after the dilution
ith water.

In the experiments on cyclohexene oxidation samples of the
eaction solutions were analysed by GC (instrument “LKhM-8-LD;
nerton AW-DMCS with XE-60; carrier gas was argon) twice, before
nd after addition of an excess of solid triphenylphosphine (for this
ethod, see Refs. [11] and [21]).
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