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Bleach and oxidation catalysis by manganese–1,4,7-triazacylononane
complexes and hydrogen peroxide
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Abstract

The dinuclear manganese compound, [MnIV
2(�-O)3(Me3tacn)2](PF6)2 (1) with Me3tacn = 1,4,7-trimethyl-1,4,7-triazacyclononane, catalyzes

a variety of bleaching processes and organic substrate oxidations using hydrogen peroxide as oxidant. Bleaching reactions in aqueous solution
include stain bleaching for laundry cleaning, stain and starch removal for machine dishwash cleaning, and wood pulp bleaching. Model substrate
conversions indicate that in aqueous and non-aqueous media (1) catalyzes both oxygen and electron-transfer reactions. A wide variety of substrates
are efficiently converted in non-aqueous media, like alkenes into epoxides and cis-diols, alkanes into their corresponding alcohols and ketones,
alcohols into aldehydes and sulfides into sulfoxides and sulfones. Yield and selectivity of reactions frequently depend on the conditions chosen.
Dismutation of H O can be controlled by using the appropriate solvent (e.g. acetone) or applying an additive, like oxalate or ascorbic acid. Addition
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f trichloroacetic acid 2,6-dichlorobenzoic acid to (1)/H2O2 has been shown to give a selective cis-dihydroxylation versus epoxidation (7:1 ratio).
2006 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen peroxide is widely employed as an environmen-
ally benign bleaching agent used to bleach wood pulp, paper,
aw cotton and stains on textile and hard surfaces [1]. A variety
f chromophores present on the substrates need to be whitened
r removed using bleaching chemicals. For example for laun-
ry cleaning a wide variety of stains needs to be bleached, such
s tea, wine, fruit, and curry stains. As the chromophores vary
n chemical nature, different types of reactivity are required
2].

The main bleaching systems used for laundry cleaning, raw
otton bleaching and pulp–paper bleaching are chlorine-based
leaches, hydrogen peroxide, ozone and peracids. Although
ydrogen peroxide is from an environmental point of view
ogether with O2 the most favorable bleaching agent, long reac-
ion times or high temperatures are required to attain sufficient
leaching of chromophores, like 3 h at 90 ◦C for wood pulp. As
ost consumers do not wash generally at this temperature, alter-

ative bleaches for laundry applications were developed. They

are mostly based on peracids, such as peracetic acid or nonanoyl
peracid [2]. Peracids give bleaching at considerably lower tem-
peratures, but are still not active enough below 40 ◦C. Most
consumers world wide wash under ambient conditions, even
as low as at 5 ◦C. It is thus desirable to use bleaching systems
that operate well at lower temperatures, shorter reaction times
and/or using lower chemical charges than current, without caus-
ing unacceptable damage to dyes or textile fibers. Catalysts that
activate H2O2 will lead to pulp delignification/bleaching pro-
cesses that use the bleaching chemicals more efficiently, operate
at lower reaction temperature and reduce the reaction time [3].

Especially in the detergent area much attention has been
paid to the development of new bleaching catalysts that acti-
vate hydrogen peroxide or even dioxygen. An overview of this
development can be found in another manuscript [2]. Further, a
review has been recently published that highlights the catalysts
studied towards pulp and paper bleaching [3].

Manganese complexes containing 1,4,7-triazacyclononane
catalyze a wide variety of substrate conversions both in aqueous
and non-aqueous media. This includes both industrial appli-
cations (bleaching of stains and lignin and organic substrate
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conversions) and oxidation of model substrates. In this contri-
bution, an overview of the published bleaching and oxidation
reactions catalyzed by these complexes in scientific papers and
patent applications will be given.
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2. Stain and pulp bleaching

Stability in alkaline aqueous media is one of the main chal-
lenges to be overcome when developing new bleaching catalysts
suitable for detergent applications. Whilst initially the use of
manganese salts to activate H2O2 was shown to give increased
stain removal, the alkalinity in the solution caused the precipita-
tion of brown manganese oxides on the garments [4]. However, it
did show that H2O2 could be activated in aqueous detergent solu-
tions and attempts were made to stabilize the manganese species.
This led to the discovery that manganese complexes containing
1,4,7-trimethyl-1,4,7-triazacyclononane (Me3tacn) in combina-
tion with H2O2 bleach tea stains efficiently at low temperature
[5,6]. Also bleaching of other stains such as wine, fruit and
curry stains was improved. The efficiency of tea stain bleach-
ing depends very much on the conditions, such as pH, buffer,
and temperature. Bleaching is optimal between pH 9 and 11,
although even at pH 7 still considerable activity was noted [6].
[MnIV

2(�-O)3(Me3tacn)2](PF6)2 (Fig. 1; 1) was employed in
laundry detergents in 1994, but the detergent product containing
this catalyst was withdrawn from the market after it was alleged
that the product yields increased fabric- and dye-damage [7]. The
catalyst is still applied in machine-dish washing products and
catalyzes the removal of tea, coffee, wine and starch residues.

Apart from compound 1, other dinuclear and mononuclear
complexes containing the same ligand show similar bleach-
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Scheme 1. Mononuclear (F–J) and dinuclear (A–E) species postulated to be
involved in the oxidation catalysis by (1)/H2O2. (X) denotes one or more bridg-
ing ligands between the Mn ions and (Y) denotes ancillary ligands bound to the
Mn(Me3tacn) moiety. L denotes Me3tacn (for species A–J) or the dinucleating
Me4dtne ligand (for species (A), (B), (D) and (E)).

plex the two triazacyclononane rings are tethered together by an
ethylene bridge. This compound catalyzes tea stain bleaching as
well, but the pH profile is different. It works best at pH 9.5 and
higher, but at pH < 9 the activity is very low [6].

[MnIV
2(�-O)3(Me3tacn)2](PF6)2 was originally synthe-

sized by Wieghardt and co-workers from [MnIII
2(�-O)(�-

CH3COO)2(Me3tacn)2]2+ (species C in Scheme 1) and air [8,9].
It was intended to be a model for manganese-containing enzymes
such as containing catalase enzymes and the water oxidation

e man
ng activities [6]. Also mixing the ligand with a Mn(II) salt
urnished efficient bleaching. Even using the ligand without a
anganese salt increases bleaching on tea stains in the pres-

nce of H2O2 [10]. Presumably manganese ions present in the
tain complex with the ligand in situ, thereby forming the bleach-
ctive species. A disadvantage is that the bleaching performance
y using only the ligand depends highly on the nature of the
tain, tap water used, and presence of complexing agents. A
elated compound is the mixed-valent [MnIVMnIII(�-O)2(�-
H3COO)(Me4dtne)](PF6)2 (2) with Me4dtne = 1,2-bis-(1,4,7-
imethyl-1,4,7,triazacyclonon-l-yl)-ethane (Fig. 1). In this com-

Fig. 1. Schematic representation of th
 ganese–triazacyclononane catalysts.
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catalyst in plants and algae. Also the bridged [MnIVMnIII(�-
O)2(�-CH3COO)(Me4dtne)](PF6)2 originates from Wieghardt
and co-workers [11,12]. Unilever patented the use of this class
of compounds for bleaching and oxidation catalysis [13–15]. In
a later patent the application in machine dishwash products was
covered [16]. Related to this filing are patents describing the use
of this class of catalysts for starch modification and degrada-
tion for industrial processes [17–19]. Various other patents were
published to claim the manufacture of the ligand and/or metal
complexes [20–23]. Furthermore, the synthesis of (1) could be
improved by reacting Mn(II)Cl2/KPF6 with Me3tacn, and then
subsequently adding H2O2/NaOH [22].

Some years later Patt et al. found that [MnIVMnIII(�-O)2(�-
CH3COO)(Me4dtne)]2+ in combination with H2O2 bleaches
wood pulp to a similar extent at 50 ◦C as compared to 90 ◦C
in conventional H2O2 bleaching [24–26]. In the same patent it
was shown that (1) catalyzes pulp bleaching as well [24]. The
chromophores of tea stains and lignin in wood pulp are chemi-
cally related (Fig. 2) suggesting that similar chemical pathways
are required to bleach these substrates. Whilst (1) gives cellu-
lose damage, indicated by loss of viscosity when dissolving the
pulp in a cupric ammonium solution, (2) does not exhibit any
significant viscosity loss. Further information on the different
pulp bleaching processes using (2) can be found in the above-
mentioned and other related papers [24–28].
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conditions, including ones that are outside the current window of
application.

3. Mechanistic and model substrate oxidation studies in
aqueous media

Tea or fruit stains and lignin are complicated mixtures of
polyphenolic substrates (Fig. 2) and as such difficult to employ
when elucidating the bleaching mechanisms. Therefore vari-
ous attempts have been made to study the reactivity of this
catalyst with simpler model substrates based on phenolic com-
pounds and olefins. Further, spectroscopic and electrochemical
measurements were performed to elucidate the nature of the
species formed in the bleach solution. (1) itself is fairly sta-
ble in alkaline solutions without or with hydrogen peroxide,
but forms various species upon reduction. Based on EPR (elec-
tron paramagnetic resonance) measurements, it was proposed
that the first step involves a one-electron-transfer process from
the phenolate ion to the EPR-silent (1), yielding EPR-active
[LMnIII(X)MnIVL] exhibiting a characteristic 16-line signal and
subsequently mononuclear MnIV species showing an EPR signal
at g = 4 [6,34,35] (see Scheme 1, species (A) and (F)). Reacting
(1) with the vitamin E model Trolox (Fig. 3), phenoxy radi-
cal were detected by UV–vis and EPR spectroscopy, suggesting
involvement of electron-transfer or H* transfer [34]. Hage et
a
o
t
s
s
[
e
m
t
r

F er the
(1) was subsequently studied for bleaching and delignifi-
ation of wood pulp and similar or even higher activity than
2) was reported [29–31]. The extent of bleaching of differ-
nt types of pulp highly depends on the level of catalyst,
aOH and H2O2 levels [32,33]. Undesired decomposition of
2O2 is a key factor when applying this type of catalysts.
he pulp bleaching decreases when the rate of H2O2 decom-
osition becomes too high, for example when high levels of
atalyst were combined with high levels of NaOH. It is there-
ore imperative to evaluate bleaching catalysts under a variety of

ig. 2. Representative structures of theaflavin present in tea (top) and lignin aft
l. published a systematic pH-dependent electrochemical study
n (1) [36]. Below pH 5 an electron–proton coupled reduc-
ion process is operative indicating that in the alkaline aqueous
olutions, typically employed in detergents, the first reduction
tep only involves electron-transfer yielding a mixed-valence
LMnIII(X)MnIVL] species (species (A) Scheme 1). Also Gilbert
t al. proposed a mixed-valent [LMnIII(X)MnIVL] as first inter-
ediate [37]. There is no conclusive information available what

he bridging atom(s) X are, but it has been proposed based on
esonance Raman spectroscopy that initially the core of the three

pulping process, with R being side groups including lignin polymers (bottom).
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Fig. 3. Model substrates employed in aqueous media for reactivity studies:
Trolox, p-MeOH-phenol and substituted styrenes.

bridging oxygen atoms stays intact [36]. Protonation of one of
the oxygen bridges (species (B)) may lead to further reactivity
with hydrogen peroxide after cleavage of one of the Mn-oxo
bonds. When reducing (1) electrochemically in citrate buffer,
carboxylate-bridged dinuclear MnIIIMnIII species were formed
(species (C) in Scheme 1) [36]. This may link to the buffer effects
noted for stain bleaching by (1) (vide supra).

The formation of mononuclear species, on the other hand,
was corroborated using electrospray mass spectrometry (ES-
MS) measurements [35,37]. Reacting the catalyst with 4-
methoxyphenol with H2O2 at pH 10 revealed the forma-
tion of [(2,2-bisphenolate)-(Me3tacn)MnV = O]+ (species (H) in
Scheme 1) based on ES-MS [35,37]. Also signals assigned to
mononuclear MnIII (F) and MnIV species (G) were observed.
Based on the ES-MS data Gilbert et al. suggested that mononu-
clear species are involved in the bleaching [38]. A reaction
scheme derived for azo dye oxidation involved MnV = O and
MnIV = O species yielding two times one-electron-transfer reac-
tions, similarly to the reaction cycle postulated for peroxidase
enzymes (Scheme 1: cycle involving species (G), (H), (I)) [38].
Such scheme is also likely to be valid for p-MeO-phenol oxi-
dation, where mainly phenol-coupling products were observed
(Fig. 3) [35,37,39].

As (2) exhibited a clear benefit at pH > 9 and remains
dinuclear during the bleaching processes, it is inferred that also
dinuclear species could be active to bleach stains or lignin.
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with hydroxyl radicals [28,29]. This conclusion is somewhat sur-
prising as hydroxyl radicals are strongly oxidizing species and
react unselectively with substrates. Therefore one would expect
that also cellulose degradation takes place, as observed previ-
ously using unstabilized hydrogen peroxide at high temperatures
[41,42]. Although (1) has been shown to give cellulose degrada-
tion [24], no indications for hydroxyl radicals were found using
EPR sensitive radical spin traps [38]. This contrasts the conclu-
sion made by Meunier and co-workers that hydroxyl radicals are
responsible for the oxidation using (1). When adding mannitol
to (1) and H2O2 an inhibition of quinone degradation (formed
upon catechol oxidation) was found [43]. Unfortunately, no rad-
ical trapping EPR experiments were done under these conditions
and therefore also other explanations may be valid. For exam-
ple binding of mannitol to the active species giving substrate
inhibition may explain the observations. As the lignin reac-
tion products observed using (1) and (2) were quite similar it
was suggested that similar bleaching mechanisms are opera-
tive [31]. A difference noted was that (1) showed a faster pulp
bleaching and model-lignin substrate oxidation reaction than
(2) [31].

A different type of reactivity obtained for the manganese–
triazacyclononane complexes is oxygen transfer. Styrene and
4-vinylbenzoic acid were epoxidized selectively by manganese
complexes containing the triazacyclononane moiety and H2O2
(Fig. 3). Apart from the aforementioned compounds (1) and (2),
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his suggests that dinuclear species may also be operative
hen using compound (1). Although no spectroscopic mea-

urements were published, it was suggested that a dinuclear
n-hydroperoxo species yields lignin oxidation (species (D) in

cheme 1) [25–31], quite different from the above-mentioned
ononuclear (Me3tacn)Mn = O species. It should be noted that
ieghardt and co-workers published the X-ray structure of a

inuclear Mn(Me3tacn) complex containing a peroxo bridge
etween the Mn centers [40]. Studies on lignin-model sub-
trate oxidations made by Chen and co-workers suggest that
lectron-transfer reactions are operative, followed by reaction
lso the mononuclear complexes [MnIV(Me3tacn)(CH3O)3]+

3) and [MnIV(L)]+ ((4); H3L = 1,4,7-tris(hydroxyethyl)-1,4,7-
riazacyclononane; Fig. 1) were studied in some more detail
owards their epoxidation activity on these substrates [6,44–46].

catalyst to substrate to oxidant ratio of 1:100:10,000 was used
o mimic the laundry solution where also a large excess of H2O2
s present with respect to the stain. At pH 8 both mononuclear
omplexes (3) and (4) have total turnovers of at least 400 yield-
ng the epoxide selectively, concomitant with decomposition of
he H2O2 present in large excess in solution. Compound (4)
id not show any epoxidation activity at pH 10, unlike com-
ounds (1)–(3). Similarly, this closed-shell compound is inactive
t pH 10 as bleaching catalyst [6]. As [MnIV(L)]+ is a kineti-
ally inert d3 species, it is conceivable that protonation of one
f the alkoxide M O bonds is needed to facilitate the formation
f the putative Mn–OOH species. UV–vis titration experiments
howed between pH 7 and 9 shifts in the spectra of (4), in agree-
ent with the suggested protonation step [46]. This may suggest

hat the absence of epoxidation and bleaching activity can be
nderstood by lack of reactivity of the complex with hydrogen
eroxide at alkaline pHs. Using H2

18O2 and (4) revealed that
he epoxide is fully 18O labelled, showing that oxygen trans-
er takes place from the co-ordinated hydroperoxide species or

species derived thereof [45]. As discussed by Que for Fe-
ased catalysts, a high-valent metal-oxo species, derived from
he metal-hydroperoxo species, may exchange with unlabelled
ater. As a consequence partly unlabelled product is formed

47]. Therefore, the formation of the labelled epoxide suggests
hat if high-valent manganese-oxo species, such as species (H) or
I) from Scheme 1, were involved in the oxidation reaction, then
t reacts quicker with the alkene than exchanging with water. No
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hydroxylation of the aromatic group of styrene was observed
and thus hydroxyl radicals are unlikely to form under these con-
ditions, similarly to what was concluded from EPR trapping
experiments [38].

Epoxidation of cinnamic acid by (1)/H2O2 at pH 9.5 was
studied as well by Gilbert and co-workers. It should be noted
that similar amounts of (1) and substrate were employed rather
than just catalytic amounts of (1). Electron-poor olefins react
very slowly with (1)/H2O2, suggesting the involvement of an
electrophilic oxidation. The electrophilic character of the active
oxidant is in agreement with the involvement of a MnV = O
species (species (H) in Scheme 1). As observed for (4), labelled
epoxide is mostly found when H2

18O2 was employed [48]. Elec-
trospray MS indicated the presence of mononuclear species in
solution and these species, similarly to the ones described for
phenol oxidations, were implicated to be involved in the epoxi-
dation reactions (species (H) in Scheme 1).

4. Oxidations in non-aqueous media

Compound (1) activates hydrogen peroxide also in non-
aqueous media and catalyzes oxygen transfer reactions, like
epoxidation, cis-dihydroxylation of alkenes, and sulfide oxida-
tions, as well as electron/H* transfer reactions such as alkane
oxidations. These reactivities are discussed below. Like found
for the stain bleaching studies, catalysis was also reported using
m
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Adding oxalate or ascorbic acid to acetonitrile also sup-
presses the catalase reaction [53,54]. Moreover, the selectivity
of the epoxidation reaction was altered; (1) and H2O2 in ace-
tonitrile containing oxalate as additive furnished solely the cis-
epoxide from cis-alkene whilst in acetone without additive also
significant amounts of trans-epoxide were formed [53]. The for-
mation of trans-epoxide suggests that the O-transfer reactions
operate via radical addition processes. Using ascorbic acid as co-
catalyst, up to 3000 total turnovers could be obtained as shown
by Berkessel and Sklorz [54]. In both papers, no information on
the nature of the active species was given. Also zeolites contain-
ing Mn(Me3tacn) species were studied as epoxidation catalysts
[55]. These systems yield selective epoxidation reactions as well,
although the rates of conversion were diminished with respect
to the homogeneous systems. EPR spectroscopy revealed the
presence of dinuclear [LMnIII(X)MnIVL] species under reac-
tion conditions (A in Scheme 1) [55,56]. Other means to obtain
a heterogeneous Mn-Me3tacn catalyst was achieved by attach-
ing the triazacyclononane backbone on a polymer. By attaching
a trimethoxysilane moiety to the triazacyclononane and then
immobilizing it onto silica an efficient epoxidation catalyst was
obtained. Apart from epoxidation also cis-dihydroxylation reac-
tions were observed (vide infra) [57]. The use of heterogenized
triazacyclononane-based manganese complexes for epoxidation
and cis-dihydroxylation was patented as well by the same group
[58]. Efficient and selective epoxidation reactions were reported
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ixtures of Me3tacn ligand and Mn(II) salts.

.1. Epoxidation of alkenes

De Vos and Bein revealed that a mixture of Mn(II) salts and
e3tacn ligand in the presence of H2O2 gives efficient and selec-

ive epoxidation reactions in acetone. For example styrene was
onverted into the epoxide with a total turnover of 1000 and
selectivity of more than 98% (Fig. 4) [49]. The efficiency

nd selectivity depends on the conditions applied. One impor-
ant factor is the solvent. In acetonitrile or isopropyl alcohol
he yields and selectivities are much poorer compared to ace-
one, whilst concomitantly excessive H2O2 decomposition was
bserved. It is known that H2O2 can bind to acetone, to yield
he peroxy–acetal intermediate [50]. This led to the suggestion
hat an equilibrium between free and bound H2O2 exists in ace-
one, yielding low concentrations of H2O2 and thus less of the
ndesired catalase activity takes place [51]. However, it is also
ossible that different peroxy-species are formed when acetone
s used as a solvent, as shown by Que and co-workers using an
e(trispyridylmethylamine) complex [52].

Fig. 4. Alkene epoxidation and cis-dihydroxylation.
or polymerized norbornene moieties containing manganese(II)
ound to triazacyclononane ligands [59]. A related ligand 1,4,7-
ris(2-propanol)-1,4,7-triazacyclononane was also linked to a
lycidylated silica surface and this system gives, in the pres-
nce of manganese and hydrogen peroxide, efficient epoxidation
eactions [60].

Enantioselective olefin epoxidations was achieved by
mploying Mn(II) salts with S,S,S-tris(2-propanol)-tacn in
ethanol as reported by Bolm et al. [61]. Up to 43% ee of R-

tyrene oxide from styrene was obtained. Mostly trans epoxide
ith 55% ee was formed from cis-�-methylstyrene with this

atalytic system (vide supra). Epoxidation of olefins including
atural terpines by [MnIV

2(�-O)3(Me3tacn)2]2+ in acetonitrile
ontaining acetic acid was described by Shul’pin et al. [62].
lthough not corroborated by spectroscopic measurements, the

nvolvement of dinuclear high-valent Mn species was suggested
n the epoxidation reactions (species (E) in Scheme 1). When
ose bengal was added to (1) (only 10% with respect to the cat-
lyst) a good reactivity was observed in acetone [63]. Using
lectron-rich alkenes, often based on cholesterol derivatives,
poxidation was obtained, as well as allylic CH oxidations.
inear alkenes were found to be epoxidized exclusively [64].
lectron-poor olefins did not react, as observed for cinnamic
cid derivatives [48].

.2. Cis-dihydroxylation of alkenes

Three papers describe the cis-dihydroxylation activity using
MnIV

2(�-O)3(Me3tacn)2]2+ and depending on the conditions
nd co-catalysts applied, different ratio’s between cis-diols and
poxides were found. Initially, De Vos et al. observed that signi-
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ficant amounts of cis-diol were formed together with the epoxide
by reacting alkenes using the 1,4,7-triazacyclononane ligand
anchored to a solid support in acetonitrile with oxalate [57,58].
Using glyoxylic acid methylester hemiacetal (gmha) as addi-
tive, (1) yields a good conversion of a series of alkenes into
their corresponding cis-diols and epoxides [64]. For example
cyclooctene was converted into the cis-diol and epoxide with
total turnover numbers for each product of 400 (Fig. 4). Mononu-
clear Mn-oxo species were suggested to yield the epoxides and
the diols (species (H) or (I) in Scheme 1). A further improve-
ment on diol versus epoxide ratio and turnover numbers was
made by adding Cl3COOH or 2,6-Cl2PhCOOH to (1)/H2O2 in
acetonitrile [65]. A selectivity of more than 80% towards cis-
diol and total turnover numbers of 2000 were reached under
certain conditions, showing the high reactivity of this system.
The activity is significantly higher than any other osmium-
free based catalyst for diol formation. Interestingly changing
to salicylic acid as additive under the same conditions yielded
about 90% epoxide. Compound (1) shows a considerable lag-
phase before the oxidation reaction commences. X-ray analy-
ses and spectroscopic measurements revealed that during the
lag-phase [MnIII

2(�-O)(�-Cl3COO)2(Me3tacn)2]2+ is formed
(species (C) in Scheme 1) and this may be the immediate pre-
cursor of the active species. It was suggested that dinuclear Mn
species are involved in these oxidation processes. The exact
nature of the active species towards cis-dihydroxylation is not
k
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Shul’pin and co-workers described the functionalization
of alkanes into hydroperoxides, alcohols and ketones using
(1)/H2O2 in acetonitrile and acetic acid (Fig. 5) [68–70]. With-
out addition of acetic acid, excessive H2O2 decomposition was
observed. Various substrates react with (1) and H2O2 in acetoni-
trile/acetic acid, like cyclohexane, ethane, hexane, adamantane.
Based on kinetic analyses, it was suggested that a dinuclear
high-valent Mn-species, such as species (E), is involved in the
alkane oxidation processes. It was proposed that alkyl radicals
are formed upon interaction of the alkane with the active species,
which then in a second step react with Mn–OOH such as species
(D) to furnish the alkylhydroperoxide [70]. This mechanistic
scheme is very different from the autoxidation mechanisms that
are typically proposed, where the alkyl radicals react extremely
rapidly with dioxygen, in most cases diffusion controlled [67].
The residual catalase (H2O2 decomposition) activity observed
was thought to originate from the participation of dinuclear
bis-hydroperoxide species. Unfortunately, no spectroscopic evi-
dence for the presence of these species was given. The same
polymer bound Me2tacn ligand as discussed above [60] was
shown to give the same type of alkane conversion upon addition
of manganese salt and hydrogen peroxide [71].

Also Kim and co-workers described alkane oxidation, like
cyclohexane conversion into cyclohexanol and cyclohexanone
[72]. In these studies acetone was employed in combination
with various carboxylate-containing additives. Oxalate has been
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.3. Oxidation of alkanes

The first paper on cyclohexene oxidation by a Mn(II) com-
lex with a polyfluorinated 1,4,7-triazacyclononane derivative
as published by Fish and co-workers [66]. Using tBuOOH

n an O2 atmosphere in perfluoroheptane a good conversion of
yclohexene into cyclohexenol and cyclohexenone was observed
Fig. 5). The authors proposed an auto-oxidation mechanism in
hich manganese dimers are involved [67]. EPR spectroscopy

howed the presence of a [LMnIII(X)MnIVL] species (A) in the
erfluoroheptane phase under oxidative conditions.

Fig. 5. Allylic CH-activation/oxidation.
ound to give the most efficient conversions. Interestingly, Kim
t al. suggested that radicals/autoxidation processes are not
nvolved when acetone/oxalate is used. A high alcohol to ketone
atio was formed, even though (1)/H2O2 was shown to con-
ert the alcohol into the ketone as well. For an autoxidation
rocess both reaction products in more or less equal amounts
ould be expected. The absence of auto-oxidation processes was

upported by stereoselective hydroxylation of cis- and trans-l,2-
imethylcyclohexane by (1)/H2O2.

Benzylic oxidations were described by Srinivas and co-
orkers in water/acetonitrile mixtures using Mn(II)SO4 and
e3tacn with various additives, such as acetate, tartrate, oxalate

nd ascorbate [73]. Especially in the presence of oxalate or cit-
ate an efficient conversion of ethylbenzene into alcohol and
etone was observed in the presence of hydrogen peroxide
Fig. 5). Based on UV–vis and EPR studies mononuclear Mn-
xo species were suggested to participate in the catalysis (species
H) or (I) in Scheme 1). Also Shen and co-workers described the
enzylic oxidation activity of (1)/H2O2 containing rose bengal
s additive (vide supra).

.4. Oxidation of alcohols

Feringa and co-workers reported the conversion of var-
ous benzyl alcohols into benzaldehydes by (1)/H2O2 and
(Me3tacn)MnIII(acac)(H2O)]2+/H2O2 (acac = acetyl acetonate)
Fig. 6) [74]. Moderate total turnover numbers were obtained
280) when reacting the substrate with the catalyst and H2O2
n acetone. The efficiency could be significantly improved
y pretreating the catalyst with excess of hydrogen peroxide
8000 equivalents) and then adding the substrate with H2O2 or
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Fig. 6. Benzyl alcohol oxidation to benzaldehyde (top) and oxidation of dialkyl-
sulfides (bottom) to sulfoxides and sulfones, respectively.

tBuOOH under inert atmosphere. This furnished selectively the
aldehydes in high turnovers. It was noted that when benzoic acid
was formed, the oxidation reaction was inhibited. [MnIII

2(�-
O)(�-CH3COO)2(Me3tacn)2]2+/H2O2 is inactive towards ben-
zyl alcohol oxidation and it is assumed that binding of benzoate
to the manganese centers inactivates the catalyst. No details
on the possible mechanism of these processes were given,
however.

Catalyzed oxidation of alcohols by (1) has also been patented.
Lonza claimed the use of (1)/H2O2 in acetonitrile containing an
additive, such as acetic acid for conversion of secondary alco-
hols into ketones [79]. Oxidation of primary alcohols using
a dicarboxylate-containing additives was claimed by BASF
[80].

4.5. Oxidation of sulfide

Brinksma et al. showed that (1)/H2O2 in acetone reacts with
methylphenylsulfide to yield mixtures of the sulfoxide and sul-
fones, with again very high turnover numbers (Fig. 6) [75]. As
the selectivity was poor, no additional studies was carried out by
this group. In further studies by Barker and Ren mainly sulfone
as oxidation products were formed [76]. High turnover numbers
(up till 5300) using similar substrates in acetonitrile containing
sodium oxalate was reported. Both (1) and [MnIII

2(�-O)(�-
CH COO) (Me tacn) ]2+ were shown to be very efficient cat-
a
a
e
[

p
d
i
i
s
b
r
M
p

5

c

are efficient catalysts to remove certain stains and lignin. For
both processes the conditions chosen determine the efficiency
of the bleaching reactions, which is correlated to suppression
of hydrogen peroxide decomposition and/or manganese species
formed in solution. In alkaline aqueous solutions both oxygen
transfer reactions (epoxidation) as well as electron-transfer reac-
tions are accelerated. No conclusions can be made concerning
the nature of the heterogeneous stain/pulp bleaching reactions,
although Chen et al. indicated that electron-transfer processes
are of relevance for the lignin bleaching processes catalyzed by
(2) and (1).

Also in organic solvents the manganese complexes contain-
ing 1,4,7-trimethyl-1,4,7-triazacyclononane are potent catalysts
for various types of oxidation reactions, like epoxidation, alcohol
oxidation, alkene cis-dihydroxylation, alkane functionalization,
and sulfide oxidation. Again the reaction conditions like sol-
vent and/or additive used to catalyst determine the efficiency
and selectivity of the reaction. For example using CCl3COOH
leads to formation of nearly exclusively cis-diol instead of
epoxides upon reacting (1)/H2O2 with alkenes in acetonitrile.
Further, it was recognized that this catalyst may give exces-
sive H2O2 decomposition, which was largely reduced by using
acetone as solvent. As mixtures of acetone and H2O2 may
lead to formation of explosive systems, acetone is clearly not
a preferred solvent for any large-scale industrial application.
De Vos and co-workers were the first to develop an efficient
c
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m
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c
t
t
t
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v
s
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3 2 3 2
lysts provided that oxalate was present. Various mononuclear
nd dinuclear manganese (hydro)peroxo species were consid-
red to be of relevance for the electrophilic activation of H2O2
76].

Barton et al. investigated the reactivity of (1)/periodic acid in
yridine as solvent with a variety of substrates [77,78]. Various
ialkylsulfides were shown to yield the sulfoxides and sulfones
n high yields. Depending on the substrate, different sulfox-
de/sulfone ratio’s could be observed. Additionally substrates
uch as di-t-butylphenol and terpinenes were converted into the
isphenol dimer and cumenes, respectively. Based on the similar
eactivities of permanganate salts, the involvement of dinuclear

nIVMnV = O species similar to species (E) in Scheme 1 was
roposed [77] (Fig. 6).

. Concluding remarks

The different publications and patents show that manganese
omplexes containing 1,4,7-triazacyclononane-based ligands
atalytic system in acetonitrile or methanol with oxalate or
ther additives. Also acetic acid or other substituted acids were
ound to give desired substrate conversions, due to suppres-
ion of the H2O2 decomposition. In some papers the involve-
ent of dinuclear species in the H2O2 decomposition reac-

ion was suggested, largely based on kinetic experiments and
he presence of a dinuclear Mn species in the active site of
ertain catalase enzymes [46,52]. It is thought that the addi-
ion of oxalate may generate exclusively mononuclear species
hereby reducing the rate of hydrogen peroxide decomposi-
ion.

It is still unknown which species are involved in the different
xidation reactions. Whilst (2) appears to give stain and lignin
leaching as a dinuclear species, spectroscopic measurements
n (1) under model bleaching conditions suggested that both
ononuclear and dinuclear species are formed. Based on the

H-dependent bleaching studies on both (1) and (2), it was pro-
osed that at pH 10 dinuclear species are involved, whilst at
H < 9 mainly mononuclear species are operative as (2) is then
irtually inactive [6]. However, electrospray MS measurements
howed at pH 10 that also mononuclear species are formed using
1) under bleaching conditions, which may be active as well. A
ide variety of mononuclear and dinuclear species has been pro-
osed to participate in the oxidation reactions, largely without
ny spectroscopic or kinetic evidence. However, based on the
ften selective substrate oxidation processes, the involvement
f unselective hydroxyl radicals is very unlikely. A variety of
anganese-(hydro)peroxo and/or high-valent manganese-oxo

pecies may be key in these oxidation processes, but detailed
echanistic and spectroscopic studies are required to understand

his interesting catalytic system in more detail. These studies
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may then in turn lead to the development of even more active
and/or selective oxidation processes based on this or other novel
oxidation catalysts.

References

[1] Kirk Othmer, Encyclopedia of Chemical Technology, 4th ed., Wiley
Interscience publication, New York, 1991.

[2] R. Hage, A. Lienke, Angew. Chem. Int. Ed. Engl. 45 (2006) 206.
[3] M. Suchy, D. Argyropoulos, Tappi J. 1 (2002) 1.
[4] J. Oakes, Patent EP0082563 (Unilever).
[5] C.G. van Kralingen, R.J. Martens, M.E. Rerek, T. Swarthoff, M.R.P. van

Vliet, Patent EP90200793 (Unilever).
[6] R. Hage, J.E. Iburg, J. Kerschner, J.H. Koek, E.L.M. Lempers, R.J.

Martens, U.S. Racherla, S.W. Russell, T. Swarthoff, M.R.P. van Vliet,
J.B. Warnaar, L. van der Wolf, L.B. Krijnen, Nature 369 (1994)
637.

[7] M. Verrall, Nature 373 (1995) 181.
[8] K. Wieghardt, U. Bossek, B. Nuber, J. Weiss, J. Bonvoisin, M. Corbella,

S.E. Vitols, J.-J. Girerd, J. Am. Chem. Soc. 110 (1988) 7398.
[9] V.L. Pecoraro (Ed.), Manganese Redox Enzymes, VCH Publisher, New

York, 1992.
[10] R. Hage, J.E. Iburg, US Patent 1994-5314635 (Unilever).
[11] T. Weyhermüller, K. Wieghardt, J. Inorg. Biochem. 43 (1991)

371.
[12] K.O. Schaefer, R. Bittl, W. Zweygart, F. Lendzian, G. Haselhorst, T.

Weyhermüller, K. Wieghardt, W. Lubitz, J. Am. Chem. Soc. 120 (1998)
13104.

[

[

[
[
[

[

[

[
[
[

[
[

[

[

[

[

[

[

[

[

[

[34] B.C. Gilbert, N.W.J. Kamp, J.R.L. Smith, J. Oakes, J. Chem. Soc., Perkin
Trans. 2 (1997) 2161.

[35] B.C. Gilbert, N.W.J. Kamp, J.R.L. Smith, J. Oakes, J. Chem. Soc., Perkin
Trans. 2 (1998) 1841.

[36] R. Hage, L.B. Krijnen, J.B. Wamaar, F. Hartl, D.J. Stufkens, T.L. Snoeck,
Inorg. Chem. 34 (1995) 4973.

[37] B.C. Gilbert, N.W.J. Kamp, J.R. Lindsay Smith, J. Oakes, Org. Biomol.
Chem. 2 (2004) 1176.

[38] B.C. Gilbert, J.R. Lindsay Smith, M.S. Newton, J. Oakes, R. Pons, I.
Prats, Org. Biomol. 1 (2003) 1568.

[39] R. Hage (Unilever) unpublished results (1992–1994).
[40] U. Bossek, T. Weyhermüller, K. Wieghardt, B. Nuber, J. Weiss, J. Am.

Chem. Soc. 112 (1999) 6387.
[41] T. Reitberger, J. Gierer, Holzforschung 42 (1988) 351.
[42] J. Gierer, T. Reitberger, E. Yang, B.-H. Yoon, J. Wood Chem. Technol.

21 (2001) 313.
[43] A. Sorokin, L. Fraisse, A. Rabion, B. Meunier, J. Mol. Catal. A (Chem.)

117 (1997) 103.
[44] V. Chin Quee-Smith, L. DelPizzo, S.H. Jureller, J.L. Kerschner, R. Hage,

Inorg. Chem. 35 (1996) 6461.
[45] R. Hage, J. Kerschner, Res. Trends, Trends Inorg. Chem. 5 (1998) 145.
[46] J. Kerschner (Unilever), unpublished results (1992–1994).
[47] M.S. Seo, J.-H. In, S.O. Kim, N.Y. Oh, J. Hong, J. Kim, L. Que Jr., W.

Nam, Angew. Chem. Int. Ed. Engl. 43 (2004) 2417.
[48] B.C. Gilbert, J.R. Lindsay Smith, A. Mairata, I. Payeras, J. Oakes, R.

Pons i Prats, J. Mol. Catal. A (Chem.) 219 (2004) 265.
[49] D.E. De Vos, T. Bein, Chem. Commun. (1996) 917.
[50] M.V.C. Sauer, J.O. Edwards, J. Phys. Chem. 75 (1971) 3004.
[51] D.E. De Vos, T. Bein, J. Organomet. Chem. 520 (1996) 195.
[52] A.M.I. Payeras, R.Y.N. Ho, M. Fujita, L. Que Jr., Chem. Eur. J. 10

(2004) 4944.
[

[
[

[
[

[

[
[

[
[

[
[

[

[

[

[
[

[

[

[

[

[

13] F. Favre, R. Hage, K. van der Helm-Rademaker, J.H. Koek, R.J. Martens,
T. Swarthoff, M.R.P. van Vliet, Patent EP0458397 (Unilever).

14] F. Favre, R. Hage, K. van der Helm-Rademaker, J.H. Koek, R.J. Martens,
T. Swarthoff, M.R.P. van Vliet, Patent EP0458398 (Unilever).

15] R. Hage, L.B. Krijnen, Patent W09606154 (Unilever).
16] W.R. van Dijk, T. Swarthoff, Patent EP0530870 (Unilever).
17] P.J. Schlom, R.A. Schulz, Patent EP0798311 (National Starch and Chem-

ical Investment Holding Corporation).
18] S.H. Jureller, J.L. Kerschner, R. Humphreys, US Patent 5329024

(National Starch and Chemical Investment Holding Corporation).
19] S.H. Jureller, J.L. Kerschner, R. Humphreys, US Patent 5516738

(National Starch and Chemical Investment Holding Corporation).
20] S.A. Madison, D.J. Batal, Patent EP0648211 (Unilever).
21] J. Kerschner, L. DelPizzo, US Patent 5256779 (Unilever).
22] J. Kerschner, J.H. Koek, R.P. Potman, L. van der Wolf, US Patent

5274147 (Unilever).
23] V. Chin Quee-Smith, J.L. Kerschner, US Patent 5280117 (Unilever).
24] R. Patt, H.J. Mielisch, J. Odermatt, K. Wieghardt, T. Weyhermüller, US

Patent 2001-0025695 (R. Patt).
25] T. Jaschinksi, J. Odermatt, R. Patt, H. Bachus, O. Korsdachia, Pulp Pap.

Canada 99 (1998) 52.
26] L. Kuhne, J. Odermatt, R. Patt, O. Korsdachia, Pulp Pap. Canada 102

(2001) 26.
27] J. Odermatt, O. Kordsachia, L. Kuhne, C.-L. Chen, J.S. Gratzl, ACS

Symp. Ser. (2001) 235.
28] Y. Cui, P. Ptushson, C.-L. Chen, J.S. Gratzel, A.G. Kirkman, Holz-

forschung 54 (2000) 413.
29] C.-L. Chen, E.A. Capanema, H.S. Gracz, J. Agric. Food Chem. 51

(2003) 1932.
30] V. Alves, E.A. Capanema, C.-L. Chen, H.S. Gracz, J. Mol. Catal. A

(Chem.) 206 (2003) 206.
31] C.-L. Chen, E.A. Capanema, H.S. Gracz, J. Agric. Food Chem. 51

(2003) 6223.
32] R. Hage, A. Lienke, L. Chen, P. de Hoog, C. Luijendijk, C. Whiteoak,

N. Keskinen, K. Ebeling, Proceedings of the International Pulp Bleach
Conference, Sweden, 2005.

33] R. Hage, A. Lienke, L. Chen, P. de Hoog, C. Luijendijk, C. Whiteoak,
N. Keskinen, K. Ebeling, manuscript in preparation.
53] D.E. De Vos, B.F. Sels, M. Reynaers, Y.V. Subba Rao, P.A. Jacobs,
Tetrahedron Lett. 39 (1998) 3221.

54] A. Berkessel, C.A. Sklorz, Tetrahedron Lett. 40 (1999) 7965.
55] D.E. De Vos, J. Meinershagen, T. Bein, Angew. Chem. Int. Ed. Engl.

35 (1996) 2211.
56] D.E. De Vos, T. Bein, J. Am. Chem. Soc. 119 (1997) 9460.
57] D. De Vos, S. de Wildeman, B.F. Sels, P.J. Grobet, P.A. Jabobs, Angew.

Chem. Int. Ed. 38 (1999) 980.
58] D.E. De Vos, S.M.A. de Wildeman, P.A. Jacobs, Patent EP097095I (K.D.

Leuven R&D).
59] A. Grenz, S. Ceccarelli, C. Bolm, Chem. Commun. (2001) 1726.
60] S.Y.V. Rao, D.E. De Vos, T. Bein, P.A. Jacobs, Chem. Commun. (1997)

355.
61] C. Bolm, D. Kadereit, M. Valacchi, Synlett (1997) 687.
62] G.B. Shul’pin, G. Suss-Fink, L. Shul’pina, J. Mol. Catal. A (Chem.)

222 (2004) 103.
63] B. Liu, Y. Chen, C.-Z. Yu, Z.-W. Shen, Chin. J. Chem. 21 (2003) 833.
64] J. Brinskma, L. Schmieder, G. van Vliet, R. Boaron, R. Hage, D.E. De

Vos, P.L. Alsters, B.L. Feringa, Tetrahedron Lett. 43 (2002) 2619.
65] J.W. de Boer, J. Brinskma, W.R. Browne, A. Meetsma, P.L. Alsters, R.

Hage, B.L. Feringa, J. Am. Chem. Soc. 127 (2005) 7990.
66] J.M. Vincent, A. Rabion, V.K. Yachandra, R.H. Fish, Angew. Chem. Int.

Ed. Engl. 36 (1997) 2346.
67] R.A. Sheldon, J.K. Kochi, Metal-catalyzed Oxidations of Organic Com-

pounds, Academic Press, New York, 1981.
68] J.R. Lindsay Smith, G. Shul’pin, Tetrahedron Lett. 39 (1998) 4909.
69] G.B. Shul’pin, G. Süss-Fink, L. Shul’pina, J. Mol. Catal. A (Chem.)

170 (2001) 17.
70] G.B. Shul’pin, G.V. Nizova, Y.N. Kozlov, I.G. Pechenkina, New J.

Chem. 26 (2002) 1238.
71] G.V. Nizova, C. Bolm, S. Ceccarelli, C. Pavan, G.B. Shul’pin, Adv.

Synth. Catal. 344 (2002) 899.
72] J.Y. Ryu, S.O. Kim, W. Nam, S. Heo, J. Kim, Bull. Kor. Chem. Soc.

24 (2003) 1835.
73] T.H. Bennur, A. Sabne, S.S. Deshpande, D. Srinivas, S. Sivaskanker, J.

Mol. Catal. A (Chem.) 185 (2002) 71.
74] C. Zondervan, R. Hage, B.L. Feringa, Chem. Commun. (1997) 419.



158 R. Hage, A. Lienke / Journal of Molecular Catalysis A: Chemical 251 (2006) 150–158

[75] J. Brinksma, R. La Crois, B.L. Feringa, M.L. Donnoli, C. Rosini, Tetra-
hedron Lett. 42 (2001) 4049.

[76] J.E. Barker, T. Ren, Tetrahedron Lett. 45 (2004) 4681.
[77] D.H.R. Barton, S.-Y. Choi, B. Hu, J.A. Smith, Tetrahedron 54 (1998)

3367.

[78] D.H.R. Barton, W. Li, J.A. Smith, Tetrahedron Lett. 93 (1998)
7055.

[79] G. Süss-Fink, G.B. Shul’pin, L.S. Shul’pina, Patent EP1385812 (Lonza).
[80] T. Barth, J.R. Teles, A. Berkessel, C. Sklorz, Patent DE19923121

(BASF).


	Bleach and oxidation catalysis by manganese-1,4,7-triazacylononane complexes and hydrogen peroxide
	Introduction
	Stain and pulp bleaching
	Mechanistic and model substrate oxidation studies in aqueous media
	Oxidations in non-aqueous media
	Epoxidation of alkenes
	Cis-dihydroxylation of alkenes
	Oxidation of alkanes
	Oxidation of alcohols
	Oxidation of sulfide

	Concluding remarks
	References


