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Two kinds of immobilized ruthenium complex with tetradentate BABP (6,6'-bis(benzoylamino)-2,2’-
bipyridine) ligand are prepared. One is compound 1 (FSM-Ru) directly bound to silica of the FSM-surface
through Ru-0-Si bond, and others are compounds 2 (FSM-Aps-Ru) and 3 (FSM-Ims-Ru) with mon-
odentate nitrogen ligands bound to silica surface. These ruthenium complexes encapsulated into
mesopore of FSM showed interesting activity for oxygen transfer reaction of cyclohexene using
tert-butylhydroperoxide (TBHP) as an oxidant. The FSM-Ru catalyst (1) having oxygen donor gave 1,2-
epoxycyclohexane (epoxide) selectively through stepwise addition of TBHP, although 2 and 3 having
nitrogen donor gave 2-cyclohexen-1-yl tert-butyl peroxide (peroxide) mainly. This remarkable selectiv-
ity control in the oxygen transfer reaction is interpreted in terms of the trans-influence of the ruthenium
complex with the axially coordinating monodentate ligand on the silica support. Moreover, the hetero-
geneous catalyst 1 was recycled and used three times in epoxidation of cyclohexene, since leaching of the
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ruthenium species from 1 was not observed under argon atmosphere.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Immobilized catalysts are of great interest for environmentally
benign synthesis in the viewpoint of green and sustainable chem-
istry [1,2]. Using a complex immobilized on an organic support,
such as polystyrene or polyacrylic acid, is not suitable for oxida-
tion reactions, because aggressive oxidants can ruin the weak C-H
bond of the organic polymer [1]. On the other hand, an inorganic
support, such as silica, zeolite, and clay, providing thermally, chem-
ically, and mechanically stable reaction site, has been often utilized
for various catalytic reactions, because it has high surface area and
appropriate pore size and is, moreover, not much affected by various
oxidants [3,4]. Mesoporous silica, FSM (folded-sheet mesoporous
material), has been reported to form a chlorophyll-FSM conju-
gate, exhibiting photoinduced ability to catalyze the reduction of
methyl viologen, where mesopore of FSM acted as a site for inter-

Abbreviations: FSM, folded-sheet mesoporous material; BABP, 6,6'-
bis(benzoylamino)-2,2’-bipyridine; PhIO, iodosobenzene; TBHP (‘BuOOH),
tert-butyl hydroperoxide.
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action between chlorophyll molecules and the silica support [5].
Ruthenium porphyrin complexes immobilized into mesoporous sil-
ica also showed high catalytic activity for oxidation of olefins [6].
We have previously reported the selective epoxidation of cyclo-
hexene using the ruthenium complex immobilized into FSM [7].
When used as an inorganic support in preparation of oxidation cat-
alyst, FSM provides a suitable reaction site in its mesoporous sphere
[8].

High-valent metal-oxo species have been proposed as one of
the active intermediates not only in metalloenzymes but also
in the oxidation of organic compounds catalyzed by transition
metal complexes [9-12]. We have also reported the catalysis of
ruthenium complexes for oxygen transfer reaction, where the oxi-
dation activity of high-valent Ru=0 species was controlled by the
axial ligand coordinated at the trans-position [13-19]. In order to
characterize the oxo species generated upon the ruthenium com-
plex, some mechanistic investigations have been carried out using
tripodal polypyridylamine derivatives [17-19] or porphyrin ligands
[20,21]. The Ru(IV)=0 species with pyridine ligand hardly showed
epoxidation activity but dominantly showed radical character for
abstraction of hydrogen atom [22,23]. On the other hand, the higher
valent Ru(V)=0 or Ru(VI)=0 species showed epoxidation activ-
ity [12,24,25]. The activity of the metal-oxo species surrounded
with square planar ligand was regulated by another axial ligand
at its trans-position (Scheme 1) [15,16,26]. The trans-influence of
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Scheme 1. Oxygen transfer reaction controlled by the axial ligand (L) coordinating
at the trans-position of metal-oxo species (X =unidentified ligand).

the iron-oxo species on the catalytic activity was also observed in
cytochrome P-450 reactions [26-28].

Using FSM as an inorganic support, we previously developed a
new catalytic method for the selective formation of cyclohexene
oxide, in which the ruthenium species was directly bonded to the
surface of the mesopore of FSM [7]. The Ru-0O-Si species generated
upon the FSM-surface is an active intermediate for epoxidation.
We have found an interesting selectivity control for the oxygena-
tion of cyclohexene through a further investigation of the binding
methods of the ruthenium complex to FSM. When the monoden-
tate coordination atom to the ruthenium center at the axial position
was changed from oxygen to nitrogen, alternative selectivity on the
oxygen transfer reaction was observed. Here, we describe different
reactivities in epoxidation or allylic oxidation of cyclohexene cat-
alyzed by the immobilized ruthenium complex with square planar
ligands. Interestingly, the coordination atom, oxygen or nitrogen,
bound to mesoporous silicate is able to control the reaction selec-
tivity. The remarkable difference in the catalysis was demonstrated
when different immobilization methods were examined in the het-
erogeneous system. This is the first report controlling the selectivity
in the oxygen transfer reaction mediated by the ruthenium com-
plex, consisting of square planar tetradentate ligand attached into
the mesopore of inorganic support. The method of fixing the com-
plex to inorganic support is the key factor for selectivity control,
although the previous metal complexes covalently anchored to sil-
ica are unable to show the trans-influence [1,2,29].

2. Experimental section
2.1. Materials

Reagents used for synthesis were of the highest grade avail-
able, which were employed without further purification. tert-Butyl
hydroperoxide (TBHP), of which active oxidant 97% estimated by
iodometric titration, was purified by dehydration and distillation.
All solvents for spectroscopic measurements were purified by dis-
tillation before use.

Ruthenium complexes with babp ligand, [Ru(babp)(dmso)(im)]
(4) and [Ru(babp)(dmso);] (5), were prepared according to the

methods previously reported [14,16]. The immobilized catalysts
were prepared as follows by using 5 as a starting complex. Char-
acterization of mesoporous compounds was carried out according
to the method previously reported [7,46]. Amounts of the immobi-
lized ruthenium complex into mesopores of FSM in 1, 2, and 3 were
determined by the measurement of the decrease in the absorption
band of the starting complex in solution phase.

2.1.1. Preparation of 1 (FSM-Ru)

To dried FSM (100 mg) 13 mg of 5 in dichloromethane (10 mL)
was added, and the mixture was stirred at room temperature under
argon atmosphere. After 1 h, the white powder of FSM turned yel-
low, and the color of the reaction solution changed to colorless.
When polar solvents, such as methanol and acetone were used,
adsorption of the complex to the FSM did not proceed. The yel-
low powder of 1 was obtained after filtration and stocked under an
anaerobic condition. The proposed structure of 1 is illustrated in
Scheme 2.

2.1.2. Preparation of 2 (FSM-Aps-Ru) and 3 (FSM-Ims-Ru)

To dried FSM (100mg) in toluene (5mL) solution
(3-aminopropyl)triethoxysilane (Aps-(OEt);, 111 mg) or (3-(2-
imidazolin-1-yl)propyl)triethoxysilane (Ims-(OEt); was added,
137 mg) and the mixture was refluxed under argon atmosphere
for 12h [24]. After cooling, the pretreated FSM (FSM-Aps or
FSM-Ims) was washed with toluene. To this pretreated FSM
(100 mg) appropriate amount of [Ru(babp)(dmso), | (5) complex in
dichloromethane (10 mL) was added and the mixture was stirred
at room temperature under argon atmosphere. After 1 h, the white
powder of FSM changed to orange, and the color of the reaction
solution turned colorless as in case of 1. The orange powder of 2
or 3 was obtained after filtration and stocked under an anaerobic
condition. The pore size of 1, 2, and 3 was measured by the
Barret-Joyner-Halenda (BJH) analysis method.

2.2. Oxidation of cyclic olefins

Oxidation of (Z)-cyclooctene and cyclohexene was carried out
under argon atmosphere at 40 °C using PhIO or TBHP as an oxidant.
To a suspension of the heterogeneous catalysts (1-3, 0.005 mmol
of ruthenium) or a solution of homogeneous catalysts (4 and
5, 0.005 mmol of ruthenium) in 1,2-dichloroethane (5mL) olefin
(55 mg cyclooctene or 40 mg cyclohexene, 0.5 mmol) and the oxi-
dant (PhIO 110mg or TBHP 45mg, 0.5 mmol) were added. The
color of the FSM compound changed from orange to green. In the
oxidation of cyclooctene, remarkable reactivity was not observed
whether TBHP was added to the reaction solution at once or
stepwise. The reaction solution was monitored by GC analysis at
appropriate time and the oxidation products were determined by
comparison with the authentic samples.

3. Results and discussion
3.1. Preparation of catalysts

For preparation of a high-performance oxidation catalyst, it is
important to avoid collapsing of the complex. The tolerant ruthe-
nium complex with tetradentate BABP (6,6'-bis(benzoylamino)-
2,2'-bipyridine) ligand previously reported is expected to resist the
oxidative self-degradation [14]. Using this complex, two kinds of
immobilized catalysts were prepared. One was compound 1 (FSM-
Ru) bound to silica support through Ru-0-Si bond, the activity of
which was partially reported [7]. In 1, the coordination atom of
the fifth ligand (L in Scheme 1) at the axial position was oxygen
(0). Preparation of 1 was very easy. The reaction of the starting
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Scheme 2. Preparation of immobilized catalysts (1-3). The structure of the ruthenium complexes with babp ligand (4 and 5) was referred to the references [14,16].

complex and mesoporous silica in less polar solvent under anaero-
bic condition gave 1. This ligand exchange reaction from dimethyl
sulfoxide (dmso) to silicate provides a useful method for prepara-
tion of 1, which has advantage of preparation in comparison with
other methods using multidentate ligand covalently anchored to
organic or inorganic support. The others were compound 2 (FSM-
Aps-Ru) and 3 (FSM-Ims-Ru). In 2 and 3, the coordination atom of
the fifth ligand (L in Scheme 1) was nitrogen (N). The pretreated FSM
(FSM-Asp and FSM-Ims) was prepared from the reaction of FSM
and a silane-coupling reagent with amine or imidazolynyl func-
tion [30]. The reaction of FSM and 3-(aminopropyl)triethoxysilane
or 3-((2-imidazolin-1-yl)propyl)triethoxysilane in toluene solution
gave FSM-Asp or FSM-Ims, respectively. In this pretreated FSM, the
3-aminopropyl or 3-(2-imidazolin-1-yl)propyl group acts as a mon-
odentate ligand for the ruthenium center and as a linker that joins
the complex to the silica surface of FSM. In the preparation of 2 and
3, ligand exchange reaction from monodentate dmso attached on
the starting complex [Ru(babp)(dmso),] (5) to the nitrogen atom
smoothly proceeded in dichloromethane solution. These prepa-
ration methods for 1, 2, and 3 are illustrated in Scheme 2. The
complex [Ru(babp)(dmso)(im)] (4) as a homogeneous catalyst for
a reference to the immobilized complex, 2 or 3, was also prepared
according to the previous method [14,16]. In the case of acetonitrile
solution, however, immobilization of 5 into FSM derivatives hardly
progressed.

In the reaction of 5 and FSM in dichloromethane solution under
argon atmosphere, the color of FSM powder changed from white
to orange and that of the reaction solution turned colorless. This
finding indicated that the starting complex in solution phase was
immobilized into FSM. FT-Raman and XPS spectra of 1 revealed the
dissociation of the dmso ligand. Moreover, the silent ESR spectrum
of 1 indicated that the oxidation state of ruthenium in immobilized
complex was +2. The ligand exchange reaction at the axial position
of the starting [Ru(babp)(dmso); ] complex (5) might take place and
the silane-oxide species was formed in 1, although the character-
istic stretching band derived from Ru-0-Si was not identified in
FT-Raman or IR spectra [31]. We were unable to spectroscopically
characterize what was the six ligand (X in Scheme 1) attached to
the immobilized complex 1. The above spectroscopic analysis might
indicate that the sixth ligand was absent, because the coordinatively

unsaturated ruthenium species without the sixth ligand was stable
in the mesopore of FSM [32]. Ruthenium complexes with a mon-
odentate oxygen ligand were scarcely formed, because the HSAB
rule suggests the difficulty of the coordination of an oxygen atom
to the low-valent ruthenium center [33,34]. Notably, the monoden-
tate coordination of the oxygen atom to the ruthenium center was
achieved only in this FSM system.

The immobilized complexes, 2 and 3, were prepared in the reac-
tion of the pretreated FSM and [Ru(babp)(dmso),] complex (5)
in dichloromethane solution under argon atmosphere. The simi-
lar color change as mentioned above indicated the formation of 2
and 3. This immobilization procedure was the same irrespective of
the pore size of FSM, where the average diameters employed were
here about 2.8 nm (FSM(a)) and 4.0 nm (FSM(b)), respectively. In
the cases of compound 2 (FSM-Aps-Ru) and 3 (FSM-Ims-Ru), two
kinds of FSM as mentioned above were used. The information on the
textural properties of the catalysts can be gathered by the nitrogen
adsorption-desorption isotherms at —196°C in Fig. 1. The specific
surface area and pore volumes are given in Table 1, indicating that
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Fig. 1. Nitrogen adsorption-desorption isotherms of mesoporous compounds.
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Table 1
Character of mesoporous compounds.

FSM(a) FSM-Ru (1) FSM-Aps FSM-Aps-Ru (2a)

Pore volume (cm?/g) 0.79 0.45 0.40 0.31
Averaged pore diameter (nm) 2.8 2.65 2.2 2.0

\ silicate phase of FSM /

/

o]
\
o-|-e—o
!
O
o

Si silicate phase of FSM

Scheme 3. Immobilization of ruthenium complex with square planar ligand and
reaction site generated in the mesopore of FSM.

FSM and the derivatives have the mesoporous structure. The pore
size of 1 decreased as compared with that of the starting FSM: in 1,
the pore volume (V) was 0.45 cm? g~! and its average diameter was
2.6 nm, whereas the V,, of the original FSM(a) was 0.79 cm® g~ and
its average diameter was 2.8 nm. In 2 prepared from FSM(a), the V,,
was 0.31 cm? g1 and its average diameter was 2.0 nm, whereas the
V,, of the original pretreated FSM(a) was 0.40 cm? g~ and its aver-
age diameter was 2.2 nm. The decrease in the pore volume indicated
that the ruthenium complex was immobilized into the mesopore
of FSM. The plausible structure of 1 is illustrated in Scheme 3.

3.2. Activities of the ruthenium catalysts for (Z)-cyclooctene
oxidation

Oxidation of (Z)-cyclooctene was carried out under argon atmo-
sphere at 40°C using iodosobenzene (PhIO) or ‘BuOOH (TBHP) as
an oxidant. The results are summarized in Table 2. Generally, epox-
idation of (Z)-cyclooctene catalyzed by ruthenium complexes does
not proceed quantitatively. For example, 1,2-epoxycyclooctane was

Table 2
Oxidation of (Z)-cyclooctene catalyzed by the ruthenium compounds.?.

obtained in a 19% yield when the mononuclear ruthenium(IIl) com-
plex with Schiff base ligand was used as a catalyst [35], and Ru(III)
salen complexes gave epoxide in poor yield in comparison with the
corresponding Mn(III) complexes [36]. The slight difference in the
activity between 4 and 5 in the homogeneous system was caused
by the trans-influence of the axial ligand [16]. In case of PhIO, which
was known to be an efficient 2-electron oxidant for generation of
Ru=0 species [25], epoxidation activity of 1 or 2a in the heteroge-
neous system was similar to that in the homogeneous system using
4 or 5, even though slightly long reaction time was needed. The
relatively lower epoxidation activity compared with periodate oxi-
dant (I047) is explained by the oxidation ability of PhIO [37]. When
TBHP was used as an oxidant, the yield of 1,2-epoxycyclooctane at
4 h reaction was 26% in the homogeneous system catalyzed by 5,
and the same yield was obtained at 24 h reaction in the hetero-
geneous system catalyzed by 1. The slightly lower activity of 2a
in comparison with 1 in Table 2 was interpreted in terms of the
loading amount of the ruthenium complex into FSM. The loading
amount of the ruthenium complex to FSM in 1 was 13 mg/100 mg
(Ru/FSM) and that in 2 was 9 mg/100 mg. When cyclooctene was
used as a substrate, the coordinating atom at the trans-position in
1 or 2a (oxygen or nitrogen) might not affect the oxidation activity,
which resembles the activity of an immobilized Mn(IIl) complex
[38]. In addition, leaching of the complex was not detected in the
dichloromethane solution under anaerobic conditions.

3.3. Oxidation of cyclohexene catalyzed by the heterogeneous
ruthenium catalysts with PhIO oxidant

Cyclohexene is known to be a versatile substrate for investiga-
tion of the active intermediate in oxidation. Epoxidation of double
bonds is accelerated by the electrophilic character of the high-
valent metal-oxo species and allylic oxidation is accelerated by the
radical character [16,39]. When PhIO and ruthenium catalysts, 1, 2,
and 3, are used in the heterogeneous system, oxidation of cyclo-
hexene mainly gave 1,2-epoxycyclohexane as well as the cases of
4 and 5 in the homogeneous system, even though slightly long
reaction time was needed. In all cases in Table 3, the epoxidation
selectivity in the all oxidation products (1,2-epoxycyclohexane, 2-
cyclohexen-1-ol, and 2-cyclohexen-1-one) was about 80% both in
the heterogeneous and homogeneous systems, indicating that the
difference in the oxidation activity due to the coordinating atom
axially attached to the ruthenium center was not observed. This
high selectivity is explained by the contribution of the Ru(V)=0
species, generated from PhIO and the starting ruthenium complex
[12,16,24,25]. The relatively high yield of the epoxide in entry 1 com-
pared with entry 2 is interpreted in terms of the loading amount
of ruthenium complex in the FSM compounds as mentioned above.

Catalyst System PhIO oxidant TBHP oxidant

Reaction time (h) Epoxided yield (%) Reaction time (h) Epoxided yield (%)
FSM-Ru(1)° Heterogeneous 4 20 4 18

24 45 24 26
FSM-Aps-Ru(2a)¢ Heterogeneous 4 17 4 8.2

10 24 24 16
[Ru(babp)(dmso)(im)](4) Homogeneous 4 30 4 3.6

24 28

[Ru(babp)(dmso),](5) Homogeneous 4 24 4 26

Reaction conditions: catalyst:oxidant:cyclooctene = 1:100:100, 40°C, 1,2-dichloroethane, under Ar.

5 (9 mg)/FSM(a)-Asp (100 mg).

a

b 5 (13 mg)/FSM(a) (100 mg).
C

d 1,2-Epoxycyclooctane.
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Table 3
Oxidation of cyclohexene catalyzed by ruthenium compounds with PhIO oxidant.?.

55

Entry Catalyst System Products yield (%)
Reaction time (h) Epoxide$ Enone” Enol! Selectivity for epoxide

1 FSM-Ru(1)P Heterogeneous 4 19 3.2 trace 87
2 FSM-Aps-Ru(2a)* 5 14 24 0.7 82
3 FSM-Aps-Ru(2b)¢ 5 15 4.0 trace 79
4 FSM-Ims-Ru(3a)® 5 6.1 1.4 0.4 77
5 24 12 25 0.5 80
6 FSM-Ims-Ru(3b)f 5 12 1.7 0.5 85
7 [Ru(babp)(dmso)(im)](4) Homogeneous 4 22 5.3 0.8 78
8 [Ru(babp)(dmso),](5) 4 19 5.2 0.4 79

2 Reaction conditions: catalyst:PhlO:cyclohexene =1:100:100, 40°C, 1,2-dichloroethane, under Ar.

b 5(13 mg)/FSM(a) (100 mg).

¢ 5(9mg)/FSM(a)-Asp (100 mg).
4 5 (6 mg)/FSM(b)-Aps (100 mg).
¢ 5 (8 mg)/FSM(a)-Ims (100 mg).
f 5 (8 mg)/FSM(b)-Ims (100 mg).
& 1,2-Epoxycyclohexane.

h 2-Cyclohexen-1-one.

i 2-Cyclohexen-1-ol.

Although the high selectivity for the oxidation products was not
demonstrated on the catalyst system employed here, relatively high
activity was demonstrated in FSM-Aps-Ru catalyst (2a), in com-
parison with FSM-Ims-Ru one (3a) (entries 2 and 4). The axially
coordinating nitrogen atom derived from alkylamine of Asp more
strongly affects the character of Ru=0 species at the trans-position
than that derived from heterocycle of Ims [16]. In entries 4-6, the
catalytic activity of the FSM-Ims catalyst (3b) with the larger pore
size (about 4.0 nm in the original FSM(b)) was higher than that of
3a with the smaller pore (about 2.8 nm in the original FSM(a)).
Diffusion of the substrate and product in the pore of the catalyst
affected this activity. These findings indicate that the catalytic reac-
tion occurred inside the mesopore of FSM.

3.4. Oxidation of cyclohexene catalyzed by the heterogeneous
ruthenium catalysts with ‘BuOOH oxidant

As shown in Table 4, the homogeneous system comprising
5 showed the moderate activity for epoxidation of cyclohex-

ene accompanied with the formation of a large amount of
peroxide (2-cyclohexen-1-yl tert-butyl peroxide), when tert-
butylhydroperoxide was added at once into the reaction solution
(entry 10) [7]. Selectivity for the peroxide formation was also
observed in all heterogeneous system except entry 3. In entry 3,
however, the FSM-Ru catalyst (1) having oxygen donor at the trans-
position gave 1,2-epoxycyclohexane selectively through stepwise
addition of TBHP to the reaction solution. The formation ratio of
the epoxide to the peroxide was over 22. To achieve the high
selectivity for epoxidation, it is important to control the interme-
diate species. Notably, iodimetric titration of the reaction solution
revealed that TBHP was not detected when the product yields had
not increased yet in entry 2. Since this titration is sensitive for
hydroperoxide, such as TBHP, even in the presence of the perox-
ide, such as 2-cyclohexen-1-yl tert-butyl peroxide, we consider that
the excess hydroperoxide in the reaction media decomposed due
to the Haber-Weiss mechanism to give tert-butylperoxo species
(*Bu0OQ*) [40]. Stepwise addition in 1 can avoid the decomposition
of TBHP to achieve selective formation of epoxide (entries 2 and 3)

Table 4

Oxidation of cyclohexene catalyzed by the ruthenium compounds with TBHP oxidant.?.

Entry  Catalyst System Reaction Products yield (%) Selectivity for Selectivity for Ratio for
time (h) epoxide perxoxide epoxide/peroxide

Epoxide¢  Enone™  Enol!  Peroxidel

1 FSM-Ru(1)P Heterogeneous 5 18 3.1 1.6 19 43 46 0.94

2 8 22 4.8 2.0 20 45 40 1.12

3 S-addk 8 26 8.5 33 1.2 67 3.0 22.5

4 FSM-Aps-Ru(2a)* 5 1.8 2.8 2.5 22 6.2 76 0.08

5 FSM-Aps-Ru(2b)d 5 1.5 3.2 2.1 22 52 76 0.07

6 FSM-Ims-Ru(3a)® 5 1.6 0.9 trace 6.0 19 71 0.27

7 24 3.9 2.8 1.8 21 13 71 0.19

8 FSM-Ims-Ru(3b)" 5 1.7 34 2.5 24 5.4 76 0.70

9 [Ru(babp)(dmso)(im)](4) 5 1.8 2.2 2.2 26 5.6 81 0.69

10 [Ru(babp)(dmso),](5) Homogeneous 8 9.0 9.3 4.2 20 21 48 0.44

11 S-add® 8 19 19 4.8 7.2 38 14 2.67

2 Reaction conditions: catalyst:TBHP:cyclohexene = 1:100:100, 40 °C, 1,2-dichloroethane, under Ar.

b 5 (13 mg)/FSM(a) (100 mg).

¢ 5(9mg)/FSM(a)-Asp (100 mg).

4 5 (6 mg)/FSM(b)-Aps (100 mg).

¢ 5(8mg)/FSM(a)-Ims (100 mg).

f 5 (8 mg)/FSM(b)-Ims (100 mg).

¢ 1,2-Epoxycyclohexane.

h 2-Cyclohexen-1-one.

i 2-Cyclohexen-1-ol.

I 2-Cyclohexen-1-yl tert-butyl peroxide.

k Stepwise addition of TBHP (12.5 mmol) at every 1h.



56 T. Okumura et al. / Journal of Molecular Catalysis A: Chemical 307 (2009) 51-57

r%x

Lo
\\;Z

Path1:L=N
Allylic Oxidation

O Path2-1:L=0

o}
o ~o
Rearrangement of
Ru(lll) to Ru(V)
Path2-2:L=0
Epoxidation
o]
[
Rlu
O T L L

Scheme 4. Possible reaction pathways for allylic oxidation and epoxidation.

through the generation for Ru=0 intermediate. The catalyst 2 and
3 having nitrogen donor in heterogeneous system, which showed
similar activity to the homogeneous catalyst 4 having imidazole lig-
and, promoted both the decomposition of TBHP and generation of
the peroxide. The highest selectivity for the peroxide formation in
Table 4 was observed in the homogeneous system 4 having nitrogen
donor at the axial position (entry 9).

In case of the FSM-Aps-Ru catalyst, the oxidation activity was not
influenced by the pore size of FSM (entries 4 and 5). On the other
hand, it was influenced by the pore size of FSM-Ims-Ru (entries
6-8). The oxidation activity of 3a immobilized into FSM(a) with
pore size of 2.8 nm was low and the long reaction time was needed
for gaining the same amount of the product in comparison with the
case of 3b immobilized into FSM(b) with pore size of 4.0 nm [41].
Since the remaining pore volume in 3a containing heterocycle was
smaller than that in 2a containing amino group, the substrates and
products hardly diffused into the narrow space of the pore in 3a.
The size effect on the catalytic activity of cyclohexene epoxidation
was also reported in another mesoporous compound on which Mn-
salen complexes are immobilized [42].

On the selectivity control of the oxygen transfer reaction, such
as epoxidation or peroxidation, we previously pointed out the
trans-influence of the ruthenium complex caused by the axial
ligand [15,16]. Sheldon and co-workers also reported the mecha-
nism of the ruthenium-catalyzed epoxidation using TBHP, in which
epoxide was generated through both homolytic and heterolytic
pathways [43]. In addition, no formation of diol (cyclohexan-1,2-
diol) in our experiments denied the possibility of dioxo-ruthenium
as an intermediate. Accordingly, we postulate the mechanism of the
selectivity control as shown in Scheme 4. Notably, the Ru’-00'Bu
species having radical character promotes peroxidation at the allylic
position and RuY=0 having electrophilic character promotes epox-
idation [15]. Two transient species might compete with each other
for the oxygen transfer reactions. In the first step of the reaction,
the metal-alkylpeoxide (Ru'-O0'Bu) species was generated from
the ligand exchange reaction between the low-valent ruthenium
complex immobilized into FSM and TBHP. This Ru-0O0'Bu species,
mainly formed in the presence of large amounts of TBHP in the reac-
tion system, reacted with cyclohexene to give the 2-cyclohexen-1-yl
tert-butyl peroxide through the ‘tBuOO* intermediate when the fifth
ligand (L in Schemes 1 and 4) was nitrogen atom (path 1). The
Ru-O0'Bu species once generated might decompose to give the
radical 'BuOO* intermediate through the Haber-Weiss mechanism

and finally gave the peroxide. The abstraction of allylic hydrogen of
cyclohexene by this radical species accelerated this reaction. In path
2, the Ru'-00'Bu also afforded RuV=0 species through the rear-
rangement of Ru(IIl) to Ru(V) when the fifth ligand (L) was oxygen
atom in the immobilized complex. The stepwise addition of TBHP to
the ruthenium center effected the formation of the active interme-
diate, RuV=0, for the epoxidation selectivity. The quantity of TBHP
in the reaction system clearly regulates the formation pathway of
the transient species.

In the case of iron catalysts immobilized on silica, 2-cyclohexen-
1-one was mainly formed when TBHP was used as an oxidant [44].
Recent report on the catalytic oxidation of cyclohexene using man-
ganese porphyrin supported on FSM also discussed the steric effect
induced by the nanospace constraints, in which Mn-porphyrin
located at the external surface of FSM predominantly gave epox-
ide using PhIO and that in the channel of mesoporous FSM acted
as a catalyst for allylic oxidation [45]. In contrast to these previous
heterogeneous catalysts, in which the metal complexes covalently
anchored to silica did not show the trans-influence [1,3,29], our
system immobilizing the ruthenium complex into the mesopore
of FSM is able to control the selectivity by the monodentate linker
ligand.

3.5. Recycle use of the immobilized catalyst

Recycle use of the catalyst is one of the important aims of the
immobilization of the homogeneous complex [1,2]. Leaching of
ruthenium species from FSM in 1 was not observed under argon
atmosphere in less polar solvents. Under aerobic conditions, how-
ever, leaching of ruthenium species gave complicated oxidation
products. The catalyst 1 was easily recovered from the reaction
mixture and reused after rinse with 1,2-dichloroethane. The color
of the catalyst 1 freshly prepared was yellow, and turned to green
when the oxidant was added. This green species estimated to be
Ru(V)=0 showed higher selectivity for epoxidation [16], and was
preferentially formed during the catalytic cycle in the presence of
the oxidant. Interestingly, the increasing activity and selectivity for

30

Yield [%]

4th

2

>
2 B ] o
£ i ? P
=3 - A LS
S = ! L
) ] 5 ]
> - 0 2 *
x L% o @
o c o = <
a g = 5 4]
1) x O - -
i Qo 9 2
N =] o o
- o & &

>

7

o~

Fig. 2. Recycle use of the immobilized ruthenium catalyst (1).
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the epoxidation was observed in the recycle use of 1 in comparison
with the case of the fresh use. As shown in Fig. 2, selectivity for epox-
ide formation among the oxidation products was 67% at the fresh
use of 1, and that reached to about 80% at the first time recycle use
of 1 (2nd). After isolation of the catalyst 1 which was reused three
times reuse run (4th), the pore size (1 nm or less) was obviously
decreased. In the recycle use of the catalyst, undesirable product
might be generated to inhibit the diffusion of the substrate and
oxidant in the mesopore of FSM. This is the reason why the epoxide
yield gradually decreased up to the 4th run. From the above find-
ings, the more efficient system for recycle use of the epoxidation
catalyst is now in progress.

4. Conclusion

There have been lots of reports on immobilized complexes for
oxidation catalysts, in which most of manganese or ruthenium
complexes with multidentate ligands are covalently anchored to
inorganic supports. However, there have been few reports on the
immobilization of the complexes using linker with the monoden-
tate coordination. Compared with the previous methods, notably,
the catalysts immobilized into FSM, 1 (FSM-Ru), 2 (FSM-Aps-Ru)
and 3 (FSM-Ims-Ru), have two advantages in catalyst preparation
and reaction control. Preparation of these catalysts through mixing
of the ruthenium complex and FSM is very easy. Ligand exchange
reaction between dmso of the starting complex and silicate or
monodentate nitrogen bound to silicate gives these immobilized
catalysts. Selectivity in the oxygen transfer reactions for epoxi-
dation or allylic peroxidation is controlled by the immobilization
method. For epoxidation, 1 (FSM-Ru) directly bound to silica sup-
port is recommended as the catalyst when TBHP added stepwise.
For allylic peroxidation, 2 (FSM-Aps-Ru) or 3 (FSM-Ims-Ru) with
nitrogen linker is recommended when TBHP is added at once. More-
over, heterogeneous catalyst 1 was recycled and used three times in
epoxidation of cyclohexene, since leaching of the ruthenium species
from 1 was not observed under argon atmosphere.

Acknowledgement

This work was partially supported by Aichi Science and Technol-
ogy Foundation.

References

[1] Recoverable Catalysts and Reagent, in: J.A. Gladysz (Ed.), Chem. Rev. 102 (2002)
3215-3892.

[2] Polymer-supported Reagent and Catalysts, in: P.H. Toy, M. Shi (Eds.) Tetrahe-
dron, 61 (2005) 12013-12192.

[3] CE.Song, S. Lee, Chem. Rev. 102 (2002) 3495-3524.

[4] B.Karimi, M. Ghoreishi-Nezhad, J.H. Clark, Org. Lett. 7 (2005) 625-628.

[5] T. Itoh, K. Yano, Y. Inada, Y. Fukushima, ]J. Am. Chem. Soc. 124 (2002)
13437-13441.
[6] C.-J.Liu, W.-Y. Yu, S.-G. Li, C.-M. Che, ]. Org. Chem. 63 (1998) 7364-7369.
[7] T. Okumura, H. Takagi, Y. Funahashi, T. Ozawa, Y. Fukushima, K. Jitsukawa, H.
Masuda, Chem. Lett. 36 (2007) 122-123.
[8] A. Stein, BJ. Melde, R.C. Schroden, Adv. Mater. 12 (2000) 1403-1419.
[9] R.H. Holm, Chem. Rev. 87 (1987) 1401-1449.
[10] D. Ostovic, T.C. Bruice, Acc. Chem. Res. 25 (1992) 314-320.
[11] J.M. Mayer, Acc. Chem. Res. 31 (1998) 441-450.
[12] B. Meunier, Chem. Rev. 92 (1992) 1411-1456.
[13] K. Jitsukawa, Y. Oka, H. Einaga, H. Masuda, Tetrahedron Lett. 42 (2001)
3467-3469.
[14] K. Jitsukawa, H. Shiozaki, H. Masuda, Tetrahedron Lett. 43 (2002) 1491-1494.
[15] K. Jitsukawa, Y. Oka, S. Yamaguchi, H. Masuda, Inorg. Chem. 43 (2004)
8119-8129.
[16] T. Okumura, Y. Morishima, H. Shiozaki, T. Yagyu, Y. Funahashi, T. Ozawa, K.
Jitsukawa, H. Masuda, Bull. Chem. Soc. Jpn. 80 (2007) 507-517.
[17] C.-M. Che, V.W.-W. Yam, T.C.W. Mak, ]. Am. Chem. Soc. 112 (1990) 2284-2291.
[18] M. Yamaguchi, H. Kousaka, T. Yamagishi, Chem. Lett. (1997) 769-770.
[19] T. Kojima, H. Matsuo, Y. Matsuda, Inorg. Chim. Acta 300-302 (2000) 661-667.
[20] W.-H. Fung, W.-Y. Yu, C.-M. Che, ]. Org. Chem. 63 (1998) 7715-7726.
[21] C.-J. Liu, W.Y. Yu, C.-M. Che, C.-H. Yeung, J. Org. Chem. 64 (1999) 7365-7374.
[22] J.M. Bryant, T. Matsuo, ].M. Mayer, Inorg. Chem. 43 (2004) 1587-1592.
[23] LK. Stultz, M.H.V. Huynh, R.A. Binstead, M. Curry, T.J. Meyer, J. Am. Chem. Soc.
122 (2000) 5966-5984.
[24] W.P. Griffith, Chem. Soc. Rev. (1992) 179-185.
[25] G.A.Braf, R.A. Sheldon, J. Mol. Catal. A: Chem. 102 (1995) 23-39.
[26] A.K.Patra, M.J. Rose, K.A. Murphy, M.M. Olmstead, P.K. Mascharak, Inorg. Chem.
43 (2004) 4487-4495.
[27] K. Auclair, P. Moenne-Loccoz, P.R. Ortiz de Montellano, J. Am. Chem. Soc. 123
(2001) 4877-4885 (and references cited therein).
[28] PR. Ortiz de Montellano (Ed.), Cytochrome P-450: Structure, Mechanism and
Biochemistry, second ed., Plenum Press, New York, 1995.
[29] A. Corma, H. Garcia, Adv. Synth. Catal. 348 (2006) 1391-1412.
[30] C. Fulcher, M.A. Croowell, R. Bayliss, K.B. Holland, J.R. Jezorek, Anal. Chim. Acta
129 (1981) 29-47.
[31] D. Bruhiler, H. Frei, J. Phys. Chem. B 107 (2003) 8547-8556.
[32] K. Fujishima, A. Fukuoka, A. Yamaguchi, S. Inagaki, Y. Fukushima, M. Ichikawa,
J. Mol. Catal. A 166 (2001) 211-218.
[33] K.Z. Malik, S.D. Robinson, J.W. Steed, Polyhedron 19 (2000) 1589-1592.
[34] ].B. Fulton, A.W. Holland, D.J. Fox, R.G. Bergman, Acc. Chem. Res. 35 (2002)
44-56.
[35] M.J. Upadhyay, P.K. Bhattacharya, P.A. Ganesphure, S. Satish, ]. Mol. Catal. 73
(1992) 277-285.
[36] K. Nakata, T. Takeda, J. Mihara, R. Irie, T. Katsuki, Chem. Eur. J. 7 (2001)
3776-3782.
[37] AJ. Bailey, W.P. Griffith, P.D. Savage, J. Chem. Soc. Dalton Trans. (1995)
3537-3542.
[38] P.R. Cooke, J.R.L. Smith, J. Chem. Soc. Perkin Trans. 1 (1994) 1913-1923.
[39] B.B. Wentzel, P.L. Alsters, M.C. Feiters, RJ.M. Nolte, J. Org. Chem. 69 (2004)
3453-3464.
[40] R.A. Sheldon, ].Y. Kochi, Metal-Catalyzed Oxidations of Organic Compounds,
Academic Press, New York, 1981.
[41] S. Inagaki, A. Koiwai, N. Suzuki, Y. Fukushima, K. Kuroda, Bull. Chem. Soc. Jpn.
69 (1996) 1449-1457.
[42] ]J.S. Choi, D.J. Kim, S.H. Chang, W.S. Ahn, Appl. Catal. A 254 (2003) 225-237.
[43] G.A.Barf, D. van den Hoek, R.A. Sheldon, Tetrahedron 52 (1996) 12971-12978.
[44] LM. Gonzalez, A.L. Villa de P, C. Montes de C., A. Sorokin, Tetrahedron Lett. 47
(2006) 6465-6468.
[45] M. Zimowska, A. Michalik-Zym, J. Poltowicz, M. Bazarnik, K. Bahranowski, E.M.
Serwicka, Catal. Today 124 (2007) 55-60.
[46] S.Inagaki, S. Guan, Y. Fukushima, T. Ohsuna, O. Terasaki, ]. Am. Chem. Soc. 121
(1999) 9611-9614.



	Selectivity control of oxygen transfer reactions catalyzed by the ruthenium complexes with monodentate oxygen or nitrogen ligand bound to FSM
	Introduction
	Experimental section
	Materials
	Preparation of 1 (FSM-Ru)
	Preparation of 2 (FSM-Aps-Ru) and 3 (FSM-Ims-Ru)

	Oxidation of cyclic olefins

	Results and discussion
	Preparation of catalysts
	Activities of the ruthenium catalysts for (Z)-cyclooctene oxidation
	Oxidation of cyclohexene catalyzed by the heterogeneous ruthenium catalysts with PhIO oxidant
	Oxidation of cyclohexene catalyzed by the heterogeneous ruthenium catalysts with tBuOOH oxidant
	Recycle use of the immobilized catalyst

	Conclusion
	Acknowledgement
	References


