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Ru-catalyzed oxidation of primary alcohols
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Abstract

Primary alcohols were transfered into the corresponding aldehydes by catalytic oxidation with heterogeneous ruthenium catalysts. Ru(III) and
Ru(0) species were deposited on titania and zirconia supports by wet chemical and plasmachemical methods. The dispersion of the catalytically
active centres influenced significantly the catalytic activity. The doping of the Ru catalysts with promoter metals such as Fe, Cu, Mn, Co, and
Mo was also investigated. The Ru/Co and Ru/Mn catalysts13 and14 led to an increase in the conversion of benzyl alcohol and 1-octanol in
t y prepared
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he oxidation with molecular oxygen. With bleach and TBHP as oxidants the promoter metals had a detrimental effect. Wet chemicall
u/TiO2(P25) catalysts showed the highest aldehyde selectivities in these oxidations.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aldehydes represent an important class of products and
ntermediates in the field of fine chemicals and specialities. A
ommonly used method for their preparation is the oxidation
f the respective alcohols (Scheme 1). Instead of conventional
aste-producing oxidation procedures such as the stoichio-
etric application of toxic inorganic salts selective catalytic
xidation with environmentally benign oxidants has gained the
reference in the past years[1–8]. Among those “green” oxi-
ants, molecular oxygen is especially attractive. Suitable active
etals for both homogeneously and heterogeneously catalyzed
xidations with molecular oxygen include ruthenium and other
roup VIII metals like palladium[9–15], cobalt[16–18], iron

19], nickel and osmium[20–22]and also the groups I, V, VI,
nd VII metals such as copper[23–29], vanadium[30,31],
olybdenum[32], and manganese[33,34]. Ruthenium catalysts
re known to oxidize alcohols and other substrates according

o different reaction mechanisms such as hydridometal or

∗

oxometal pathways and even radical mechanism, depe
on the oxidation states of ruthenium, oxidant and cocata
or additives[23–35]. Various homogeneous Ru catalysts,
RuCl3 [36], perruthenate[37,38] or Ru complexes[20,39,40]
preferentially with salen[41], amine[42–44,50]or phosphine
[45–51] ligands, also in combination with bases and TEM
(2,2,6,6-tetramethylpiperidinyl-1-oxyl) as cocatalyst w
successfully employed in the aerobic oxidation. Bäckvall and
co-workers[52] developed methods for the oxidation of al
hols via biomimetic multi-stage electron transfers. Furtherm
Ru species immobilized on different supports[53–60]such as
charcoal, oxidic materials or organic polymers were app
just as Ru-incorporated hydrotalcites[61], hydroxyapatite
[62,63], and RuO2 [64]. Some Ru-catalyzed oxidations
alcohols in ionic liquids have been reported in the last y
[65].

A drawback for a wider use of these methods is that the
often applicable only for benzylic or allylic alcohols, additio
functional groups hamper the catalytic activity or the att
able catalytic activities and selectivities do not meet the n
of a technical application. In certain cases, additives ha
Corresponding author.
E-mail address: koeck@aca-berlin.de (A. K̈ockritz).
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be employed which must be disposed or can only be recycled
in a complicated way[2]. Heterogeneous catalysts or immo-
bilized complexes have the advantage of a better separation
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Scheme 1.

from the product. Disadvantages are the possible leaching of
the active metal, the oxidative degradation of an organic support
or a decrease in the activity upon recycling.

Recently, Mizuno and Yamaguchi[66,67]developed a robust,
recyclable and widely applicable Ru/Al2O3 catalyst. This
promising system inspired us to check, if an increase of the
catalyst activity can be enabled by the preparation of Ru cata-
lysts using other supports or by the addition of promoter met-
als. Moreover, in addition to molecular oxygen other oxidants
like NaOCl andtert-BuOOH (TBHP), which have advantages
regarding safety on a technical scale and a minor detrimental
potential from an ecological point of view, were investigated.

2. Experimental

2.1. General methods

The oxidations using molecular oxygen were carried out
either in a SPR 16 multibatch reactor (amtec GmbH Chemnitz)
or in a 100 ml Buechi glas reactor equipped with a stirrer (at
1300 rpm), a heating bath, a contact thermometer and a manom
ter. Oxidation reactions with bleach ortert-BuOOH were done
on a Variomag Telesystem remote-controlled multiple point
stirrer. The MPECVD (microwave plasma-enhanced chemica
vapour deposition) process for the synthesis of supported cata
l pla
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tion voltage. XPS measurements were done on a VG ESCALAB
220 i XL with Al K � radiation (E = 1486.6 eV). For the determi-
nation of the electron binding energy the spectra were referred to
the C 1s peak at 284.8 eV. For the FTIR investigations the sam-
ples were pressed into self-supporting disks (50 mg, Ø 20 mm).
The spectra were recorded on a Bruker IFS-66 spectrome-
ter after evacuation at ambient temperature and after heating
up to 300◦C under vacuum and subsequent cooling down to
room temperature. EPR measurements were performed in X-
band (ν ≈ 9.5 GHz) by a cw-spectrometer ELEXSYS 500-10/12
(Bruker) using a microwave power of 6.3 mW, a modulation
frequency of 100 kHz and a modulation amplitude of 0.5 mT.
Spectra were recorded at 77 K using a finger dewar filled with
liquid nitrogen. The magnetic field was measured with respect
to the standard 2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH).
For the determination of the BET surface at 77◦C an ASAP
2000-Mg was used as adsorption system.

2.2. Preparation of catalysts

Deionized water was used for all relevant operations.
TiO2(P25) was obtained from Degussa (SBET 50 m2/g± 15).
TiO2(Kronos) withSBET 307 m2/g was received from Kronos
International Inc. and Zr(OH)4 MELCAT XZ0631/01 was sup-
plied from MEL Chemicals(SBET 459 m2/g). The abbreviations
of the catalysts were formed as follows:W (wet chemical prepa-
r )
(
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ysts was carried out in a microwave plasma apparatus Ilm
200. Gas chromatograms were recorded on a Hewlett Pa
P 5890 equipped with a HP5 column and a HP 5971A m
elective detector. Diethyleneglycoln-butylether was used
nternal standard. In order to test the reaction mixture for
oxylic acids trimethylsulfoniumhydroxide (TMSH) was add

o 1 ml of the mixture before GC analysis. Elemental an
es were determined by the ICP-OES method using an O
000 XL (Perkin-Elmer) and a EA 1110 (CE Instruments). T

mages were obtained with a CM-20 Phillips at 200 kW acce

able 1
atalysts prepared according to a wet chemical procedure

o. Composition Used amount of RuCl3 or promo

1 W − Ru0.83/TiO2(Kronos) 103
2 W − Ru0.50/TiO2(P25)a 152
3 W − Ru0.71/TiO2(P25)a 304
4 W − Ru1.02/TiO2(P25) 516
5 W − Ru1.2/TiO2(P25) 103
6 W − Ru1.36/TiO2(P25)a 304
7 W − Ru-1.57/TiO2(P25) 516
8 W − Ru1.9/TiO2(P25) 516
9 W − Ru2.13/ZrO2 310
0 W − Ru1.85/Cu0.18/TiO2(P25) 103 CuCl: 10
1 W − Ru1.1/Fe0.30/TiO2(P25) 103 FeSO4·7H2O: 32
2 W − Ru2.66Co0.18/TiO2(P25) 311 CoCl2:194

a RuCI3·xH2O.
e-

l
-

c
rd

a

ation) or P (plasma chemical preparation)− active metal(s
wt.%)/support.

.2.1. General procedure for the preparation of Ru
atalysts by impregnation

The procedure was done by modifying a literature metho
he preparation of Ru/Al2O3 [66]. Definite amounts of RuC3
or RuCl3·H2O) (Table 1) and, in some cases, of a promo
recursor were dissolved in deionized water and under vigo
tirring the support was added. The slurry was stirred for 15
nd then centrifugated at 7000 rpm. The liquid was decante

he solid residue was washed with water and centrifugated a
his procedure was repeated twice until the washing sol
as colourless. The solid material was dried at r.t. in a vac
ven for 24–48 h and then crushed in a mortar. It was suspe

recursor [mg] Support [g] Solvent H2O [ml] Received catalyst [g

2 60 1.87
10 180 8.12
10 180 8.07
10 300 7.93
2 60 1.48

10 180 7.99
10 180 8.20
10 300 7.33
6 180 4.87
2 60 1.85

2 60 1.49
4.8 180 3.46
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in 90–180 ml H2O, the aqueous slurry was adjusted with 1 M
NaOH to a pH value of 13.2 and stirred for 24 h. Then the mixture
was centrifugated and the solid residue was washed three times
with water. It was dried at r.t. for 24 h and additionally at 50◦C
for 4 h in a vacuum oven.

2.2.2. Special impregnation methods forRu/TiO2 catalysts
with promoters
2.2.2.1. Preparation of W − Ru0.45Co − 0.36/TiO2(P25)
13. 0.292 g Co(OAc)2·4H2O (1.17 mmol) was dissolved
in deionized water and under vigorous stirring 4 g of
W − Ru0.50/TiO2(P25) was added. The slurry was stirred at
r.t. for 24 h and then centrifugated at 7000 rpm. The liquid was
decanted and the solid residue was washed with 90 ml water
and centrifugated again. This procedure was repeated twice.
The solid material was dried at r.t. in a vacuum oven for 25 h
and then crushed in a mortar. It was suspended in 90 ml H2O,
the aqueous slurry was adjusted with 1 M NaOH to a pH value
of 13.2 and stirred for 24 h. Then the mixture was centrifugated
and the solid residue was washed three times with 90 ml H2O.
It was dried at r.t. in a vacuum oven for 24 h, yield 3.47 g.

2.2.2.2. Preparation of W − Ru0.44Mn0.35/TiO2(P25) 14. It
was prepared according to the above procedure for13 unless
0.288 g Mn(OAc)2·4H2O (1.18 mmol) was used and dissolved
i

2
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3 g to
7
w min
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9 ddi-
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Table 2
Catalysts prepared according to MPECVD procedures

No. Catalyst Used amount of M(acac)x

precursor [mg]

17 P − Ru0.2/TiO2(P25) 84
18 P − Ru0.34/TiO2(P25) 167
19 P − Ru0.62/TiO2(P25) 110
20 P − Ru1.57/TiO2(P25) 240
21 P − Ru0.32/Co0.51/TiO2(P25) Ru(acac)3: 120

Co(acac)2: 77

of 300 cm3/min and a microwave power of 300 W. The catalyst
20 was additionally treated with a hydrogen plasma.

2.3. Oxidations with molecular oxygen

Experiments in a SPR 16 multibatch reactor: The reactors
were charged with 7 ml solvent, the catalyst and with 1 mmol of
the alcohol. In some cases, additives were added. The reactors
were closed and an Excel-based automatic schedule was started.
After the termination of the reaction the yield and conversion
were determined by GC-MS.

Experiments in a Buechi 100 ml glass reactor: the reactor was
charged with 30 ml solvent, 1 mmol alcohol and the appropriate
amount of catalyst and closed. Then it was rinsed five times with
argon and heated to the reaction temperature. At this temperature
the reactor was rinsed five times with oxygen. The pressure was
adjusted. With the start of the stirrer the reaction time began.
After the reaction the reactor was depressurized and cooled down
to room temperature using an ice bath.

The content of the reactor was filtered over kieselguhr and the
filter cake was washed three times with dichloromethane. The
filtrate was transferred to the GC system to determine conversion
and yield.

During some special runs samples of the reaction solutions
were taken for the detection of the reaction course in definite
t

2
h

eac-
t mol
b l
d fter
2 own,
t was
t sur-
i cond
s

2
s not

fi with
3

1 M
N r.t.
n 180 ml H2O, yield 3.34 g.

.2.2.3. Preparation of W − Ru0.02/Mo0.64/TiO2(P25) 15.

.151 g MoCl3 (0.75 mmol) was dissolved in 60 ml H2O and
0 ml concentrated HCl and heated under vigorous stirrin
0◦C for 30 min. The suspension was filtered and 3 g TiO2(P25)
as added to the filtrate at r.t. The slurry was stirred for 15
nd then centrifugated. A solution of 0.155 g RuCl3·xH2O in
0 ml H2O was added to the solid residue and stirred for a

ional 15 min. The slurry was centrifugated again and the
esidue was washed three times with 100 ml H2O. The solid
as dried in a vacuum oven for 24 h, crushed in a mortar
uspended in 60 ml H2O. The pH value of the suspension w
djusted with 1 M NaOH to 13.2, the mixture was stirred
4 h and then centrifugated. The solid residue was washed

imes with 100 ml H2O and dried in the vacuum oven at r.t.
4 h and at 50◦C for 4 h.

.2.2.4. Preparation of W − Co0.12/TiO2(P25) 16. It was pre-
ared according to the above procedure for13 unless 0.548
o(OAc)2·4H2O (2.2 mmol) and 5 g TiO2(P25) were used an
uspended in 180 ml H2O. The solid residue was washed w
50 ml H2O. The finished catalyst was dried at 50◦C for 24 h a

.t. and for 4 h in the vacuum oven, yield 4.64 g.

.2.3. General procedure for the preparation of Ru
atalysts by MPECVD

A definite amount of Ru(III) acetylacetonate (Table 2) and,
n the case of catalyst21, Co(II) acetylacetonate was filled in
he MPECVD apparatus together with 3 g TiO2. Then it was
vacuated to 10 Pa. The plasma was ignited at an oxygen
r

ime intervals.

.3.1. Experimental test to the question: heterogeneous or
omogeneous catalysis?

The experiment was carried out in a Buechi glass r
or according to the procedure described above with 1 m
enzylalcohol, 71.2 mg catalyst3 (0.005 mmol) in 30 m
ichloroethane at 80◦C and a pressure of 4 bar oxygen. A
0 min, the stirrer was stopped, the reactor was cooled d

he catalyst was filtered off and a sample for GC analysis
aken. The reactor was refilled with the filtrate. It was pres
zed, heated and stirred again for an additional hour. A se
ample for GC analysis was taken after cooling down.

.3.2. Recycling and regeneration of the catalysts
In order to recycle the catalysts the reaction mixture wa

ltrated but centrifugated. The solid catalysts were washed
5–50 ml dichloromethane and dried in an argon stream.

Used catalysts were tried to regenerate by washing with
aOH. They were stirred in 10 ml of the NaOH solution at
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for 1 h. Then the solid catalysts were separated by filtration,
washed three times with H2O, and dried in the vacuum oven
at r.t. for 24 h. Alternatively, regeneration was attempted in an
oxygen atmosphere by elutriating the used catalysts with 30 ml
dichloromethane and stirring under 6 bar O2 pressure at a stirrer
velocity of 1300 rpm for 3 h. The catalyst was centrifugated and
dried in a vacuum oven at r.t. for 24 h.

2.4. General procedure for oxidations with NaOCI and
tert-BuOOH

One millimole alcohol, 7 ml solvent, 1.1 mmol of the oxidant
and the appropriate catalyst were filled in a reaction flask and
stirred for 1 h (unless otherwise noted). Alternatively, the oxidant
was added via a syringe pump over a period of 1 h and the mixture
was stirred for additional 10 min. Then the organic components
were extracted with three portions of dichloroethane. This solu-
tion was dried with Na2SO4 and used for GC-MS analysis.

3. Results and discussion

3.1. Catalyst preparation and characterization

Catalysts with ruthenium as the single active metal and with
ruthenium and a second metal such as Fe, Cu, Co, Mn, and Mo
were prepared according to wet chemical procedures and also
t Kro-
n s we
a l pro

cedure metal salts were adsorbed on the surface of the support
and in a second step metal hydroxy species created via an alka-
line hydrolysis were bond to hydroxy groups on the surface. In
certain cases different ruthenium loadings of the catalysts were
obtained, even if completely the same preparation procedure
was applied (Table 1). Regarding this observation there was no
difference between the use of RuCl3 or RuCl3·xH2O. Possible
reasons may be different batches of ruthenium chlorides or an
inhomogeneity of the support. Possibly, the reaction time in the
first adsorption step should be extended. The preferred proce-
dure for the doping with a second metal was to deposit ruthenium
on the support first and add the promoter metal afterwards (cata-
lysts13 and14). A simultaneous deposition led to a significantly
higher Ru content compared with the promoter metal (catalysts
10–12). The preparation of a Ru/Mo catalyst failed. MoCl3 was
only soluble in acids and therefore it was deposited first but
only traces of Ru could be introduced in a second step (catalyst
15). The plasma chemical procedure comprised evaporation,
adsorption and decomposition of metal acetylacetonates in a
low-pressure oxygen plasma in the presence of the support. The
organic ligands were completely decomposed and metal oxides
were deposited on the surface of the support.

After the preparation of the catalysts no significant change
in the BET surface was found compared with the pure sup-
port (Table 3). Only the reflections of crystalline rutile and
anatase phases of TiO(P25) could be observed in the XRD
s ading
(
T of the

T
C

N r of R
[nm]

1

1
1
1

1

1
1
1
1
1
2 10
2

n

o plasma supported methods. Two titania modifications,
os (100% anatase) and P25 (25% rutile, 75% anatase), a
s zirconia were used as support. During the wet chemica

able 3
haracterization of the prepared catalysts

o. Composition Theoretical loading with
active metals [%]

Diamete
particles

1 W − Ru0.83/TiO2(Kronos) 2.45 ≤1
2 W − Ru0.50/TiO2(P25) 0.73 ≤2
3 W − Ru0.71/TiO2(P25) 1.46 ≤1
4 W − Ru1.02/TiO2(P25) 2.45 ≤1-2
5 W − Ru1.2/TiO2(P25) 2.45 ≤1
6 W − Ru1.36/TiO2(P25) 1.46 n.d
7 W − Ru1.57/TiO2(P25) 2.45 1–5
8 W − Ru1.9/TiO2(P25) 2.45 ≤1-2
9 W − Ru2.13/ZrO2 2.45 ≤2
0 W − Ru1.85/Cu0.18/TiO2(P25) Ru:2.46; Cu:0.31 n.d

1 W − Ru1.1/Fe0.30/TiO2(P25) Ru:2.45; Fe:0.31 n.d
2 W − Ru2.66Co0.18/TiO2(P25) Ru:3.01; Co:1.75 1–300
3 W − Ru0.45Co0.36/TiO2(P25) Ru:0.50; Co:1.72 ≤2

4 W − Ru0.44Mn0.35/TiO2(P25) Ru:0.50; Mn:1.61 ≤2

5 W − Ru0.02/Mo0.64/TiO2(P25) Ru:2.40; Mo:2.28 1–2
6 W − Co0.12/TiO2(P25) 2.53 n.d
7 P − Ru0.2/TiO2(P25) 0.71 ≤5
8 P − Ru0.34/TiO2(P25) 1.39 1 to >10
9 P − Ru0.62/TiO2(P25) 0.92 2 to >13
0 P − Ru1.57/TiO2(P25) 2.00 1.5 to >

1 P − Ru0.32/Co0.51/TiO2(P25) Ru:1.00; Co:0.58 1 to >10

.d, not determined.
ll
-

2
pectra even in the case of the catalysts with a higher Ru lo
W − Ru1.57/TiO2(P25)7, W − Ru2.66Co0.18/TiO2(P25)12).
hat points to a high dispersion of the Ru species. The size

u Ru dispersion on surface of support SBET [m2/g] Binding energyEB

[eV]

Homogeneously dispersed 253.8 [Ru 3d5/2] 282.5
Homogeneously dispersed 55.4 [Ru 3d5/2] 282.1
Homogeneously dispersed 54.6 [Ru 3d5/2] 281.5
Slightly inhomogeneous 45.5 [Ru 3d5/2] 281.3
Homogeneously dispersed 44.3 [Ru 3d5/2] 281.1
n.d 53.6 n.d.
Inhomogeneous 57.9 [Ru 3d5/2] 282.1

Slightly inhomogeneous 62.8 [Ru 3d5/2] 281.5
Slightly inhomogeneous 433.5 [Ru 3d5/2] 281.8

n.d 57.2 [Ru 3d5/2] 281.8;
[Cu 2p3/2] 929.7

n.d 55.0 n.d.
Inhomogeneous 49.6 [Ru 3d5/2]281.6

Homogeneously dispersed 52.9 [Ru 3d5/2] 282.1;
[Co 2p3/2] 780.5

Homogeneously dispersed 58.5 [Ru 3d5/2] 282.2;
[Mn 2p3/2] 640.9

Homogeneously dispersed 56.2 [Ru 3d5/2] 281.8
n.d n.d. n.d.

Inhomogeneous with crust formation 60.2 [Ru 3d5/2] 280.6
Inhomogeneous with crust formation 59.4 [Ru 3d5/2] 280.3
Inhomogeneous 62.4 [Ru 3d5/2] 280.4
Inhomogeneous with crust formation 58.7 [Ru 3d5/2] 280.7

Inhomogeneous with crust formation 59.6 [Ru 3d5/2] 282.3;

[Co 2p3/2] 780.5
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Fig. 1. (a) TEM image of catalystW − Ru0.50/TiO2(P25)2; (b) TEM image of catalystP − Ru0.62/TiO2(P25)19.

particles of the active metals could be well derived from TEM
images. Their average size ranged between≤1 and 10 nm with
some outliers up to 300 nm (Table 3).

The catalysts generated by wet chemical methods showed a
higher and more homogeneous dispersion of ruthenium species
at a lower loading (Fig. 1a). The plasma chemically prepared
catalysts showed generally bigger particles, often they had the
shape of crusts or layers or agglomerations as shown inFig. 1b.

The oxidation state of ruthenium was determined by XPS.
The binding energy of the [Ru 3d5/2] level of all wet chemi-
cally prepared catalysts was found in the characteristic range
of Ru3+/Ru4+ species. Due to the same position of signals for
both species a serious discrimination is impossible. The binding
energy of the plasma chemically prepared catalysts17–21 was
with one exception lower than these of1–15. These values were
slightly higher as the characteristic value of Ru(0) (280.1 eV).
As main component metallic Ru can be proposed, the small shift
to higher energies can be explained with proportions of oxidized
Ru. The presence of the promoter metal Co may be the reason
for the higher value of 282.3 eV (catalyst21).

Representative EPR spectra of the catalystsW − Ru0.50/
TiO2(P25) 2, W − Ru0.71/TiO2(P25) 3 and W − Ru1.57/
TiO2(P25)7 are plotted inFig. 2. Ru tends to form low-spin
complexes. Thus, potential EPR active species are Ru3+ and
Ru+ both with a spin of 1/2. Ru4+ (S = 1) is not detectable under
these conditions due to short relaxation times. The spectra in
F ned
t
i ce o
R iso-
l a
b EP
s

with the highest Ru content. This signal arises from neighbour-
ing Ru3+ species in which the g anisotropy is averaged out by
dipolar magnetic interactions. It points to a decreasing disper-
sion with rising Ru loading.

The room temperature FTIR spectrum of the fresh catalyst
3 shows (Fig. 3c) among the vibrations of the support only
the bands of adsorbed H2O and CO2, which disappeared after
the treatment at 300◦C (Fig. 3b). Compared to the titania sup-
port spectrum (Fig. 3a) the positions of the OH-bands were
shifted to higher wavenumbers (3716/3668 cm−1) indicating
the interaction with Ru species and the possible formation of
Ru–OH bands. The band at 1860 can be correlated to Ru4+ O
species[69], which were formed due to the thermal treatment
(Fig. 4).
ig. 2 show a signal with rhombic g tensor which is assig
o isolated low spin [Ru3+(H2O)m(Osupport)n] species (S = 1/2),
n agreement with the XPS results that point to the presen
u3+ for these catalysts. Similar signals were observed for

ated Ru3+ centres in different zeolite matrices[68]. Besides,
road more or less isotropic line is also superimposed on the
pectrum of isolated Ru3+, which is most obvious for catalyst7
f

R
Fig. 2. EPR spectra of Ru/TiO2(P25) catalysts.
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Fig. 3. FTIR spectra of fresh and used catalyst3 ((a) titania support; (b) fresh3,
after evacuation at 300◦C; (c) fresh3, r.t.; (d) used3, r.t.; (e) used3 after evacu-
ation at 300◦C) (used catalysts are discussed in a below-mentioned paragraph).

3.2. Catalytic oxidations with molecular oxygen

At first, a screening of Ru catalysts was carried out in
terms of pressure, temperature, solvent, substrate/catalyst (S/C)
ratio, promoters and additives in the SPR 16 multibatch reactor

Fig. 4. Cut-out ofFig. 3((a) fresh3 after evacuation at 300◦C; (b) used3 after
treatment at 300◦C; (c) used3 r.t.).

(Table 4). A working pressure of at least 10 bar is required for
this apparatus. For safety reasons a mixture of 5% oxygen and
95% argon was used instead of pure oxygen. In all reactions with
molecular oxygen and Ru catalysts only the aldehydes could be
found as products. The screening was accomplished with ben-
zyl alcohol as used model substrate. At a total pressure of 30 bar

Table 4
Influences of reaction parameters on the oxidation of benzylic alcohol to benzaldehyde

Run Catalyst Ru [mmol] Additive P [bar] Solvent Yield [%]a naldehyde/nRu

1 1 0.0083 – 30 Dichloroethane 26 32
2 1 0.0083 CuClb 30 Dichloroethane 37 45
3 1 0.0083 FeSO4·7H2Ob 30 Dichloroethane 32 38
4 5 0.012 – 30 Dichloroethane 66 56
5 5 0.012 CuClb 30 Dichloroethane 70 59
6 5 0.012 FeSO4·7H2Ob 30 Dichloroethane 55 46
7 9 0.01 – 30 Dichloroethane 46 46
8 9 0.01 CuClb 30 Dichloroethane 53 53
9 9 0.01 FeSO4·7H2Ob 30 Dichloroethane 49 49

10 4 0.01 CuClb 80 Dichloroethane 85 85
11 4 0.01 FeSO4·7H2Ob 80 Dichloroethane 74 74
12 9 0.01 – 80 Dichloroethane 94 94
13 9 0.01 CuClb 80 Dichloroethane 81 81
14 9 0.01 FeSO4·7H2Ob 80 Dichloroethane 77 77
15 4 0.01 – 60 Dichloroethane 86 86
16 4 0.01 – 70 Dichloroethane 88 88
17 4 0.01 – 80 Dichloroethane 96 96
18 4 0.01 – 90 Dichloroethane 93 93
19 4 0.01 – 3
2 3
2 3
2 8
2 80
2 80
2 8
2
2
2
2
3
3

R

0 4 0.01 –
1 4 0.01 –
2 10 0.01 –
3 10 0.01 Molecular sieve 4Ac

4 10 0.01 DBADb

5 10 0.01 –
b
6 10 0.01 K2CO3 80

7 11 0.01 – 8
8 11 0.01 Molecular sieve 4Ac 80
9 11 0.01 K2CO3, DBADb 80
0 11 0.01 – 8
1 11 0.01 K2CO3

b 80

eaction conditions: 1 mmol benzyl alcohol, 80◦C, 1 h, 7 ml solvent, 5% O2/95% ar
a Selectivity towards benzaldehyde >99% in each run.
b 5 mol%, DBAD = dibenzylazodicarboxylate.
c Molecular sieve 4̊A 400 mg.
0 Trifluorotoluene 59 59
0 Chlorobenzene 64 64
0 1.2-Dichlorobenzene 100 100
0 Dichloroethane 31 31

Dichloroethane 26 26
Dichloroethane 33 33

0 Trifluorotoluene 51 51

tert-BuOH 45 45

0 Dichloroethane 46 46
Dichloroethane 47 47
Dichloroethane 61 61

0 Trifluorotoluene 60 60
tert-BuOH 56 56

gon.
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(pO2 1.5 bar) the addition of Cu(I) and Fe(II) salts increased
the conversion (runs 2,3,5,8,9), but this effect could not be veri-
fied at 80 bar (pO2 4 bar). At this pressure the pure Ru/titania or
Ru/zirconia catalysts showed the best results.

As an optimal pressure 80 bar was identified (run 17) and
the best solvent was 1.2-dichlorobenzene (run 21), but for prac-
tical reasons we carried out the further experiments with 1,2-
dichloroethane. The direct simultaneous deposition of Cu and
Fe species together with Ru (catalysts10 and11) did not led to
more active catalysts compared with the pure Ru catalysts even
if bases, hydrogen acceptors or molecular sieves were added.

In the course of the optimization of the reaction condi-
tions and in order to achieve good catalyst productivities alco-
hol/catalyst ratios of 100:1 and 200:1 were applied (Table 5). In
several cases, catalyst amounts of 2.5–5 mol% were reported in
the scientific literature[3]. Ru/TiO2(P25) (4) and Ru/ZrO2 (9)
were the most active combinations at a catalyst concentration
of 1 mol%, whereas, 0.5 mol% of4 effected a higher conversion
than 0.5 mol%9 at 100◦C (run 15).

The optimized reaction conditions were applied to other ben-
zylic alcohols and hydroxymethyl pyridines (Table 6). Nearly
all of them reacted to the appropriate aldehydes in an excel-
lent selectivity, no other products could be detected by GC.
The methyl group with a positive inductive effect increased the
aldehyde yield compared with benzaldehyde, whereas, electron-
accepting groups led to a decrease. The highest decelerat-
i nitro
s eas,
h orre-
s tion,
w . An
e
n not
h adi-
c The
o oxy-

T
S

R

1
1
1
1
1
1
1

R ,
7

Table 6
Oxidation of substituted benzyl alcohols and hydroxymethyl pyridines

Run Alcohol Yieldaldehyde

[%]
Selectivity
[%]

naldehyde/nRu

1 85 >99 86

2 93 >99 93

3 74 >99 75

4 46 55a 21

5 40 >99 39

6 26 >99 23

7 38 >99 23

8 2 >99 1

9 56 >99 50

10 74 >99 78

11 40 >99 37

12 85 >99 79

Reaction conditions: 1 mmol alcohol, 0.01 mmol Ru (4), 80◦C, 80 bar 5%
O2/95% argon, 2 h, 7 ml dichloroethane.

a 17% benzoic acid.
ng effect was observed with strong electron accepting
ubstituents or with the hydroxymethyl pyridines, wher
alogen substituents cause medium yields. This result c
ponds with the mechanism of an oxidative dehydrogena
hich is accepted for comparable Ru-catalyzed reactions
lectron-donating substituent facilitates the�-hydride elimi-
ation in the reaction cyclus. The alcohol oxidation was
ampered by addition of 5 mol% of hydroquinone as a r
al scavenger so that a radical mechanism is not likely.
nly substrate that displayed a lower selectivity was 3-meth

able 5
creening of Ru catalysts at different temperatures andS/C ratios

un Catalyst Ru [mmol] Temperature [◦C] Yielda [%] naldehyde/nRu

1 1 0.01 80 61 61
2 4 0.01 80 91 91
3 9 0.01 80 94 94
4 10 0.01 80 40 40
5 11 0.01 80 54 54
6 1 0.01 100 72 72
7 4 0.01 100 97 97
8 9 0.01 100 97 97
9 10 0.01 100 64 64
0 11 0.01 100 32 32
1 1 0.005 80 27 53
2 4 0.005 80 60 121
3 9 0.005 80 62 125
4 1 0.005 100 41 81
5 4 0.005 100 94 188
6 9 0.005 100 62 124

eaction conditions: 1 mmol benzyl alcohol, 80 bar (5% O2/95% argon), 2 h
ml dichloroethane.
a Selectivity towards benzaldehyde >99% in each run.
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Fig. 5. Oxidation of benzyl alcohol at different substrate/catalyst ratios (reaction
conditions 1 mmol benzyl alcohol, 1, 0.5 or 0.25 mol% Ru (catalyst3), 80◦C,
pO2 = 4 bar, 30 ml C2H4Cl2, Sbenzaldehyde> 99%).

4-hydroxybenzyl alcohol. Beside the aldehyde also 17% of
3-methoxy-4-hydroxybenzoic acid was found but in this case,
the participation of another reaction mechanism via a quinone
methide is conceivable.

In a second experimental series the oxidations were operated
in 100 ml glass autoclaves using molecular oxygen up to 4 bar.
Different Ru/TiO2(P25) catalysts which were prepared accord-
ing to wet and plasma chemical methods as well as Ru catalysts
with cobalt and manganese as promoter metals were investi-
gated. As expected for such low molar Ru amounts, the conver-
sion X increased with the Ru concentration (Fig. 5). Applying
a catalyst concentration of 1 mol% complete conversion to ben-
zaldehyde was observed after 15 min.

Similiarly, catalysts with higher Ru loading induce higher
conversions (Fig. 6) but only to a certain level. By correlating
catalytic results to particle size and dispersion of the Ru parti-
cles on the surface of the support (Table 3), being related to the
number of the active catalytic centres, the less active catalyst
12 showed an inhomogeneous distribution of Ru species and
particles up to 300 nm. That permits the conclusion of a lower
number of active catalytic centres compared with the other inves-
tigated catalysts.12 was included in these experiments with the
undoped Ru catalysts, because the Co content was very small
and, as the results confirm, did not have any beneficial effect on
the conversion.

F aded
c
3

Fig. 7. Productivity of different Ru catalysts asnaldehyde/nrutheniumratio (reac-
tion conditions: 1 mmol benzyl alcohol,T = 80◦C, pO2 4 bar, 30 ml C2H4Cl2,
mcat= 64.5 mg,Sbenzaldehyde> 99%).

The catalysts2 and 3, in which very small Ru hydroxyl
species are homogeneously distributed, displayed the highest
naldehyde/nRu ratios, this means the highest catalyst productivity,
in the oxidation of benzylic alcohol (Fig. 7). Catalyst2 with a
Ru amount of 3.2× 10−3 mmol and analdehyde/nRu ratio of 247
generates two and a half times more benzaldehyde per mmol
Ru than catalyst7 with a ratio of 100 and five times more than
12 with a ratio of 48. Catalyst2 with almost molecularly dis-
perse Ru species exposes more catalytically active centres than
the higher loaded catalysts7 and12. However, the number of
accessible Ru species cannot be exactly quantified since a suit-
able chemisorption method for its determination does not exist.

The plasma chemically prepared catalysts (Fig. 8) were less
active than the catalysts synthesized according to wet chemical
procedures. This is not surprising since the TEM images showed
bigger Ru particles and layer or crust formations. Moreover,
ruthenium exists predominantly in the Ru(0) oxidation state with
some parts of oxidized Ru in the catalytically active species. This
result can be also a reason for the lower activity. Merely cata-
lyst 17 with the lowest Ru loading of 0.2% possessed a similar
activity as catalysts2 and3 and led to a complete conversion of
benzyl alcohol to benzaldehyde within 30 min.

Higher oxygen pressure enhances the oxygen concentration
in the reaction solution and at the catalytically active centres. As
a result increasing conversions per time unit could be observed

F mical
m
4

ig. 6. Oxidation of benzyl alcohol with same masses of differently lo
atalysts (reaction conditions: 1 mmol benzyl alcohol,T = 80◦C, pO2 = 4 bar,
0 ml C2H4Cl2, mcat= 64.5 mg,Sbenzaldehyde> 99%).
ig. 8. Oxidation of benzyl alcohol with catalysts prepared by plasma che
ethods (reaction conditions: 1 mol% Ru, 1 mmol benzylalcohol, 80◦C, pO2

bar, 30 ml C2H4Cl2, Sbenzaldehyde> 99%).
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Fig. 9. Oxidation of benzyl alcohol at different oxygen pressures (reaction
conditions 1 mol% Ru (3), 1 mmol benzyl alcohol, 80◦C, 30 ml C2H4Cl2,
Sbenzaldehyde> 99%).

Fig. 10. Oxidation of benzyl alcohol in different solvents (reaction conditions:
0.5 mol% Ru (3), 1 mmol benzyl alcohol, 80◦C, pO2 4 bar, 30 ml solvent,
Sbenzaidehyde> 99%).

(Fig. 9). A high stirring velocity of 1300 rpm was chosen to avoid
diffusion-controlled processes.

The most suitable solvents for these oxidations were
halogenated hydrocarbons as observed in comparable cat-
alytic oxidations (Fig. 10). It is known that the solubility
of oxygen decreases in the sequence halogenated hydrocar-
bons > hydrocarbons > aqueous systems[70]. Toluene as solvent
led to the same degree of conversion albeit in a longer reaction

Fig. 11. Oxidation of benzyl alcohol and octanol applying catalysts with Co
and Mn promoters (reaction conditions: 1 mol% Ru, 1 mmol alcohol, 80◦C,
pO2 4 bar, 30 ml C2H4Cl2, Sbenzaldehyde> 99%).

Table 7
Reuse of catalysts2, 3 and7

Run 2/conversion [%] 3/conversion [%] 7/conversion [%]

1 77.1 100.0 76.0
2 18.0 38.7 12.2
3 11.2 7.5 5.2

Reaction conditions: 1 mol% Ru, 1 mmol benzyl alcohol,pO2 4 bar,T = 80◦C,
30 ml dichloroethane, 15 min,Sbenzaldehyde> 99%.

time, whereas, reactions intert-BuOH did not lead to full conver-
sion (max. 56%) and apparently deactivated the catalyst. Apart
from the different oxygen concentrations in the investigated sol-
vents the interaction of the solvent with the Ru centres and the
varying ability to stabilize catalytic transition states have influ-
ence on the catalyst activity.

A simple experiment was performed to check if the catal-
ysis is really heterogeneous. For these purposes, the oxidation
of benzyl alcohol with catalyst3 was stopped after 20 min, the
catalyst was filtered off and a sample of the filtrate was taken to
determine analytically the conversion. The reactor was refilled
with the reaction solution, pressurized with oxygen, heated and
stirred for an additional hour. The conversion of benzyl alco-
hol was analyzed again. The values of the measurements were

Table 8
Variation of solvent and molar amount of TBHP in the oxidation of benzyl alcohol

Run Solvent TBHP [mmol] Conversion [%] Yieldaldehyde[%] Yieldacid [%] Selectivityaldehyde[%]

1 Dichloroethane 1.1 50 20 30 40
2 Dichloroethane 1.1a 36 32 4 89
3 Dichloroethane 1.1a,b 52 39 13 75
4 tert-BuOH 1.1a 21 21 – >99
5 Toluene 1.1a 24 24 – >99
6 Toluene 1.5a 30 25 5 82
7 Toluene 2a 28 23 5 84
8 Toluene 1.1a,b 64 38 26 60
9 Toluene 1.1a,c 61

Reaction conditions: 1 mol% Ru (8), 1 mmol benzyl alcohol, 7 ml solvent, r.t., 1 h
a Added via syringe pump.
b 70◦C.
c 70◦C, 2 h.
38 23 63

.
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Table 9
Oxidation of other primary alcohols with TBHP

Run Alcohol Conversion [%] Yieldaldehyde[%] Yieldacid [%] Selectivity [%]

1 26 22 4 84

2 7 7 – >99

3 0 –

4 47 46 1 97

5 44 44 – >99

6 46 46 – >99

7 2 2 – >99

8 38 38 – >99

9 4 4 – >99

10 8 8 >99

11 2 2 – >99

12 45 39 6 87

13 52 38 – 74

14 1-Octanol 29 7 16 24
15 Cinnamic alcohol 17 17 >99

Reaction conditions: 1 mol% Ru (7), 1 mmol alcohol, 1.1 mmol TBHP added via syringe pump, 70 min, 70◦C, 7 ml dichloroethane.



A. Köckritz et al. / Journal of Molecular Catalysis A: Chemical 246 (2006) 85–99 95

exactly the same after 20 min and 1 h 20 min. The reaction could
not be continued after the removal of the solid catalyst. This
result serves as proof of truly heterogeneous catalysts.

Doping of the catalystW − Ru0.50/TiO2(P25)2 with Co(II)
and Mn(II) species led to more active catalysts13 and 14 in
the oxidation of benzyl alcohol even though the Ru content
was slightly diminished during the preparation procedure. The
complete conversion of the alcohol was observed after 30 min,
whereas, catalyst2 required 1 h (Fig. 11). A more pronounced
influence of the Co doping was found in the oxidation of 1-
octanol. Whereas, with2 only 11% of 1-octanal were obtained
the yield could be increased with13 up to 43%. A catalyst
W − Co0.12/TiO2(P25) 16 without ruthenium did not exhibit
any catalytic activity. In a very recent paper Kozhevnikov and
co-workers[71] discuss the cause for the promoting effect of Co
in a RuO2/CoO(OH) catalyst in the facilitation of the catalyst
regeneration.

Preparation of a Ru/Mo catalyst by simultaneous or two-
step procedures failed. Besides molybdenum only traces
of ruthenium could be deposited on titania. The catalyst
W − Ru0.02/Mo0.64/TiO2(P25)15 (0.01 mmol Mo) converted
1 mmol benzyl alcohol in 30 ml dichloroethane to 59% benzalde-
hyde and 41% benzoic acid at 80◦C and 4 bar oxygen within 3 h.

During the reuse of the Ru catalysts a dramatic decrease
of the conversion was observed (Table 7). Since, the leach-
ing of Ru was low (0 to max. 4% of the used Ru, possibly
i cat

alyst) this drop could not be explained by Ru loss. Treatment
with 1 M NaOH or with molecular oxygen did not improve the
catalyst performance. Therefore, the used catalysts were exam-
ined with analytical methods. A change in the particle size of
the Ru species in the used catalysts could not be detected by
TEM. The oxidation state of Ru in the used catalysts2 and3
remained unchanged at +3. The most informative result was
obtained by FTIR spectroscopy (Figs. 3 and 4). The used cat-
alyst shows intensive bands in the C–H stretch and the finger
print region (Fig. 3d,e), which point to the formation of organic
adsorbates. The bands at 1750–1687 cm−1 can be assigned to
carbonyl vibrations (Fig. 4b,c), the bands around 1600 cm−1

result from C C vibrations and the bands around 1412 cm−1

from C–H deformation vibrations. After evacuation at 300◦C,
water (band around 1642 cm−1) is removed, whereas, the adsor-
bates remain. These results refer to a deactivation and blocking
of the active centres by irreversible deposition of either the alde-
hyde or of oligomeric or polymeric products formed from the
aldehyde and alcohol by consecutive reactions[72]. The addi-
tional bands at 2058/1975 cm−1 (Fig. 4b) are assigned to CO,
adsorbed on Ru sites, possibly formed upon decomposition of
the adsorbates at 300◦C.

3.3. Oxidations with TBHP and NaOCl

ant
o so

T
O

R l [m

1
1
1
1
1
1
1
1
1
1
2
2
2
2

R

ntroduced by incomplete separation of the finely powdered

able 10
xidation of benzyl alcohol with bleach as oxidant

un Catalyst Ru [mmol] Solvent NaOC

1 – – 3.5 ml H2O/3.5 ml dichloroethane 1.1a

2 8 0.01 3.5 ml H2O/3.5 mltert-BuOH 1.1
3 8 0.01 3.5 ml H2O/3.5 mltert-BuOH 1.1a

4 8 0.01 7 mltert-BuOH 1.1a

5 8 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a

6 8 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a,b

7 8 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a,b

8 1 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a

9 9 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a

0 17 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a

1 18 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a

2 10 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a

3 11 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.1a

4 13 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a

5 14 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a

6 15 0.005c 3.5 ml H2O/3.5 ml dichloroethane 1.1a

7 21 0.005 3.5 ml H2O/3.5 ml dichloroethane 1.1a

8 8 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.3a

9 8 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.5a

0 8 0.01 3.5 ml H2O/3.5 ml dichloroethane 2a

1 1 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.5a

2 9 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.5a

a
3 10 0.01 3.5 ml H2O/3.5 ml dichloroethane 1.5

eaction conditions: 1 mmol benzyl alcohol, r.t., 70 min.
a Added via syringe pump.
b 130 min.
c 0.005 mmol Mo.
-
From a practical point of view other technically signific

xidants such astert-BuOOH (TBHP) and NaOCl were al

mol] Conversion [%] Yieldaldehyde

[%]
Yieldbenzoic acid

[%]
Selectivityaldehyde

[%]

20 20 – >99
44 44 – >99
66 66 – >99
42 38 4 90
83 83 – >99
76 73 3 97
77 77 – >99
74 73 1 98
77 76 1 98
92 36 56 39
47 24 23 50
75 73 2 97
72 70 2 97
38 19 19 50
85 74 11 87
39 9 30 23

100 0 100 0
85 81 4 95

100 86 14 86
100 74 26 74
80 78 2 97
90 88 2 98

97 91 6 94
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Table 11
Oxidation of benzyl alcohol at different pH values

Catalyst Solvent pH NaOCl [mmol] Conversion [%] Yieldaldehyde[%] Yieldbenzoic acid[%] Selectivityaldehyde[%]

8 3.5 ml buffer/3.5 ml dichloroethane 9 1.1 65 61 4 95
8 3.5 ml buffer/3.5 ml dichloroethane 10 1.1 65 62 3 96
8 3.5 ml buffer/3.5 ml dichloroethane 11 1.1 73 69 4 95
8 3.5 ml buffer/3.5 ml dichloroethane 12 1.1 67 64 3 96
8 3.5 ml buffer/3.5 ml dichloroethane 13 1.1 64 60 4 95

Reaction conditions: 0.005 mmol Ru, 1 mmol benzyl alcohol, r.t, 70 min; NaOCl added via syringe pump.

Table 12
Oxidation of other primary alcohols

Run Alcohol Conversion [%] Yieldaldehyde[%] Yieldacid [%] Selectivityaldehyde[%]

1 62 61 1 98

2 100 99 1 99

3 62 49 13 80

4 55 50 5 91

5 67 66 1 99

6 35 34 1 96

7 58 58 – >99

8 0 – – –

9 73 72 1 98

10 1-Octanol 36 28 8 77
11 Cinnamic alcohol 20 7; 13%benzaldehyde 37
12 N-Boc-d-leucinol 2 2 – >99
13 2-Phenoxyethanol 31 7 24 23

Reaction conditions: (8) 1 mmol alcohol, 3.5 ml H2O/3.5 ml dichloroethane, r.t., 70 min; NaOCl added via syringe pump.
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Table 13
Upscaling and solvent-free oxidation of benzyl alcohol with bleach

Catalyst Ru [mmol] Benzyl alcohol
[mmol]

Solvent [ml] NaOCl
[mmol]

Conversion [%] Yieldaldehyde

[%]
Yieldacid

[%]
Selectaldehyde

[%]

7a 0.5 50 175 H2O/175 dichloroethane 51 77 74 4 95
6b 1.0 100 99.4 NaOCl sol./50 dichloroethane 110 74 73 1 99
8c 0.01 1 3.5 H2O 1.1 64 55 9 85

Reaction conditions: r.t., 70 min, NaOCl added via a syringe pump or a dropping funnel; Ru leaching:a0 wt.% referring to the applied Ru amount.b0.1 wt.% referring
to the applied Ru amount.cNot determined.

tested in oxidations with the new Ru catalysts. Homogeneous
and immobilized Ru complexes as well as heterogeneous Ru
catalysts with ruthenium in different oxidation states are known
to oxidize alcohols to aldehydes or ketones with these types of
oxidants[73–79]. Therefore, it was interesting to investigate the
scope and limitations of the newly prepared catalysts. Attempts
of oxidation with H2O2 failed due to the catalase activity of
ruthenium.

3.4. TBHP

The conversion of benzyl alcohol with TBHP succeeded only
with moderate performance (Table 8). The addition of 1.1 equiv-
alent of TBHP was carried out via a syringe pump at room
temperature to avoid overoxidation to benzoic acid. The most
suitable solvent was dichloroethane.

Substituted benzyl alcohols as well as other primary alcohols
could be oxidized with low or medium yields to the corre-
sponding aldehydes (Table 9). Benzyl alcohols with electron
withdrawing groups (e.g. runs 2, 5–8) showed high selectivities
towards the aldehydes.

Beside ruthenium the TEMPO/NaOCl combination, espe-
cially in the presence of NaBr (formation of NaOBr), was
described as a well-suited catalytic system for alcohol oxida-
tion [5,80,81]. Other successful “green” attempts represent the
metal-free phase transfer oxidation of alcohols with hypochlo-
r ids
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the Ru catalysts with a second metal, such as Cu, Fe, Co, and
Mn, worsened the aldehyde selectivity (runs 12–17). Catalyst15
containing mainly Mo as the catalytically active metal and only
traces of Ru showed a low aldehyde selectivity of 23% (run 16).
With the plasma chemically prepared catalyst21 containing Ru
and Co the selective oxidation to benzoic acid was observed (run
17). Probably, a radical oxidation to benzoic acid was caused or
facilitated by the dopants.

The variation of the pH value in the basic range did not have
any significant influence on the yield and catalyst selectivity
(Table 11). In all batches small amounts of benzoic acid were
found.

The oxidation of other primary alcohols with bleach brought
about different results (Table 12). Most of the substituted ben-
zyl alcohols reacted in 55–100% conversion and 80 to >99%
selectivity to the aldehydes. Only 3-nitrobenzyl alcohol and
3-hydroxymethyl pyridine were less reactive or non-reactive,
respectively. The investigated aliphatic alcohols could be con-
verted to the aldehydes only with minor yields. Overoxidation
to the aliphatic acid or, as in the case of cinnamic alcohol, Ru-
catalyzed CC cleavage[87] took place.

The upscaling and increase of substrate concentration
(Table 13, runs 1 and 2) were feasible without lowering the
benzaldehyde selectivity. However, in the absence of an organic
solvent, a decrease in conversion and aldehyde selectivity (run
3) was observed. Probably, the diffusion of the oxidant through
t were
h .
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ites[82–85]and the oxidation in room temperature ionic liqu
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The advantage of our heterogeneous catalysts should
asy separation from the products and the oxidative stabil

he presence of NaOCl. A conversion of 20% within 70 min
ound under the two-phase reaction conditions (Table 10, run
) without any catalyst. Using catalyst8, the conversion cou
e increased to 83% with an excellent selectivity of 99%
). At longer reaction times (130 min), overoxidation to b
oic acid was observed (run 6). The biphasic solvent sy
2O/dichloroethane was superior totert-BuOH. The addition
f bleach via a syringe pump was indispensable (run 2 ve
un 3). Also with other supports high selectivities and good a
yde yields could be achieved (runs 8 and 9). Oxidant/sub
atios higher than 1.1 led to higher proportions of acid e
f the conversion and aldehyde yield increased (runs 18
he application of plasma chemical prepared catalysts prov
learly unselective oxidations with high acid yields altho
nly 0.5 mol% catalyst was used (runs 10 and 11). Dopin
e

s

e

.
d

he phase interfaces and thus the oxidation to the aldehyde
ampered in comparison with the H2O/dichloroethane system
ith regard to the Ru concentration of 1 ppm in the prod

olution (run 2) one should have in mind that the separatio
he catalysts from the product was carried out by centrifuga
herefore, it cannot be excluded that traces of catalyst rem

n the product.

. Conclusions

Wet chemically prepared Ru/TiO2(P25) catalysts with a R
oading of 0.5–0.7 wt.% were found to be highly active in
xidation of benzyl alcohol and substituted benzyl alcohols
olecular oxygen. Not only the Ru loading but also the
f the catalytically active particles have a strong influenc

he catalytic activity. Catalysts with homogeneously dispe
u species with particle sizes of≤1–2 nm showed the be

esults. Using the microwave plasma-enhanced CVD pre
ion method, an analogous dispersion with small Ru part
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could not be generated on the surface of the support. In this
case, Ru was shown to exist predominantly in the oxidation
state 0, as compared with +3 in the wet chemically prepared
catalysts. These findings should account for the inferior activity
of the MPECVD catalysts. As an exception to these results a
catalyst with a very low Ru loading of 0.2% and particle sizes
≤5 nm converted benzyl alcohol completely to benzaldehyde in
a rather short reaction time of 30 min. Halogenated solvents and
an oxygen pressure of 4 bar were found to be the optimal reaction
conditions. The addition of promoter metals such as Co and Mn
improved the conversion, e.g. in the oxidation of the aliphatic
alcohol 1-octanol. Further investigations have to be carried out
in order to identify more effective combinations and loadings
of such promoter metals. With bleach and TBHP as oxidants,
lower aldehyde yields were obtained in general, however the Ru
amount could not be increased due to overoxidation. Promoter
metals had a detrimental effect on conversion and selectivity
with these oxidants.
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