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bstract

Aromatic and alkyl alcohols were oxidized to the corresponding aldehydes or ketones at room temperature with high conversion and selectivity

o the desired products of 100% using iodosylbenzene as oxidant catalyzed by ruthenium complexes Phen-Ru-Phen, Phen-Ru-Bipy, Phen-Ru-Quin,
uin-Ru-Quin and Bipy-Ru-Quin (where Phen = 1,10-phenanthroline, Quin = 8-hydroxyquinoline, Bipy = 2,2′-bipyridine). The reaction conditions

re mild, the ligands used in this oxidation system are commercially available and the procedure for the preparation of the complexes is very simple.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The oxidation of alcohols to corresponding aldehydes or
etones is a fundamental reaction in organic synthesis since
he resulting compounds are quite useful synthetic intermedi-
tes especially for the construction of carbon-skeletons [1,2].
umerous oxidizing reagents are available to achieve this key

ransformation, e.g. chromium(VI)-based oxidants [3,4], acti-
ated dimethylsulfoxides [5,6] and hypervalent iodines [7,8].
lthough these methods are useful in organic synthesis, each

ontains problems to be solved. In most instances, the reagents
re used in stoichiometric amounts and are often toxic such as
he chromium oxidants used in vast amounts in both the labora-
ory and industry. However, with the overgrowing environmental
nd economic concerns the development of benign catalytic pro-
esses for alcohol oxidation is becoming increasingly important.

Catalytic oxidation methods, which employ other metal-
ontaining catalysts resulting in the avoiding of the use of
uch toxic regents, developed quickly in recent decades. Metal-

ontaining catalytic systems have been documented, such as
u(I) [9–11], Ni(II) [12,13], Co(II) [14–16], Pd(II) [17–19] and
anganese oxides [20,21]. Among these catalysts, ruthenium
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omplexes have been found to be active towards the oxida-
ion of alcohols. However, the ligands and the methodology
mployed to prepare ruthenium complexes are generally very
ifficult [22–24]. Aimed at the simplification of the preparation
f reactive ruthenium-based catalysts, we reported the prelim-
nary result of our research on the oxidation of alcohols using
uthenium complexes as catalysts [25]. We have also reported the
xidation of alcohols catalyzed by a polymer-supported ruthe-
ium complex [26]. Here we describe detailed results of the syn-
hesis and the catalytic behavior of several ruthenium complexes
btained by the reaction of Ru(III) with 1,10-phenanthroline,
-hydroxy-quinoline, and 2,2′-bipyridine, respectively. The lig-
nds used in our system are commercially available and the
omplexes are prepared through a simple procedure. A series of
enzylic and primary aliphatic alcohols were oxidized to the cor-
esponding aldehydes or ketones catalyzed by these complexes.

. Experimental

.1. Reagents

1,10-Phenanthroline (Phen), 2,2′-bipyridine (Bipy) and 8-

ydroxyquinoline (Quin) are all analytic pure reagents and were
btained from commercial sources. RuCl3·xH2O (x = 1–3) is
hemical pure reagent. All of the alcohols used in the reaction
ere obtained from ABCR GmbH & Co. KG. Other materials

mailto:leizq@nwnu.edu.cn
dx.doi.org/10.1016/j.molcata.2006.07.051
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Table 1
The absorption signal of N–Ru and O–Ru peak of the complexes

Complexes vN–Ru (cm−1) vO–Ru (cm−1)

Phen-Ru-Phen 462 619
Phen-Ru-Bipy 463 620
Phen-Ru-Quin 462 618
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Table 3
The results of elemental analysis of the five complexes

Complexes C% H% N%

Phen-Ru-Phen 37.53 2.07 7.15
Phen-Ru-Bipy 32.91 1.80 6.56
Phen-Ru-Quin 33.11 2.06 7.52
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oxidation system to give the corresponding benzaldehyde. The
results are summarized in Table 4. We found that all of the com-
plexes show high reactivity for the oxidation. The conversions
are reached 100% in 1 h, 2 h, 4 h, 5 h, and 8 h by the utilization
uin-Ru-Quin 486 609
ipy-Ru-Quin 465 616

re analytic pure and were used as received without further treat-
ent.

.2. Preparation of different ruthenium-containing
omplexes

All of the complexes were prepared through simple proce-
ures according to the literatures [27,28]. In anhydrous ethanol
olutions containing identical amount of 1,10-phenanthroline
Phen), 2,2′-bipyridine (Bipy) and 8-hydroxyquinoline (Quin),
he stoichiometric amount of RuCl3·xH2O was added, respec-
ively, and some deposit was formed. The reaction mixture was
tirred at 25 ◦C for 4 h, then cooled and filtered. The obtained
ediment was then washed with anhydrous ethanol and dried
nder vacuum at 40 ◦C overnight, the different ruthenium com-
lexes, abbreviated as Phen-Ru-Phen, Phen-Ru-Quin, Phen-Ru-
ipy, Quin-Ru-Quin and Quin-Ru-Bipy, were prepared.

.3. Instrumentation

FT-IR spectra were recorded on a Nicolet NEXUS 670 FT-IR
R spectrometer using KBr disks. Metal content was measured
n an American ICPV-5600 analytic instrument under the stan-
ard conditions. GC/MS analyses were carried out on a trace
P GC6890/MS5973 equipped with a 25 m × 0.25 mm SE-54

olumn and a Shimadzu GC-16A gas chromatograph with a
m × 3 mm OV-17 column. The content of C, N, and H was
etermined by GmbH Vario EL elemental analysis. The results
re shown in Tables 1–3.

.4. Characterization of the complexes

.4.1. FT-IR
The special absorption peaks of N–Ru and O–Ru of the five
omplexes in their IR spectra were showed in the these spectro-
rams, and their wavenumbers are concluded in Table 1.

The IR spectra show that the absorption signal of N–Ru and
–Ru peaks were all appeared in the spectrograms. It can be

able 2
he ICP determination results of the complexes

omplexes Content of ruthenium (%)

hen-Ru-Phen 8.0
hen-Ru-Bipy 13.5
hen-Ru-Quin 15.2
uin-Ru-Quin 13.8
ipy-Ru-Quin 11.9

T
C

C

Q
P
P
Q
P

C
2

uin-Ru-Quin 32.54 2.13 5.73
ipy-Ru-Quin 31.63 2.16 5.35

onfirmed that the coordination bonds between Ru(III) and N
nd O atoms has been conformed through the reaction. For Phen-
u-Phen and Phen-Ru-Bipy, Ru–O bond may come from the
ydrolysis of Ru. But for other three complexes containing Quin
n their structure, Ru–O bond may come both from the hydrolysis
f Ru and Ru-ligand.

.4.2. ICP
The content of ruthenium of the five complexes was also

ell determined with ICP method, and the results are shown in
able 2.

.4.3. Elemental analysis
The five complexes were also characterized with elemental

nalysis. The content of C%, H%, and N% is shown in Table 3.

. Results and discussions

.1. Catalytic properties of the complexes for the oxidation
f benzylalcohol

In order to investigate the catalytic properties of the com-
lexes Phen-Ru-Phen, Phen-Ru-Bipy, Phen-Ru-Quin, Quin-Ru-
uin and Bipy-Ru-Quin, benzylalcohol was chosen as the sub-

trate. The oxidation was carried out in a 10 mL glass reactor in
H3CN at room temperature. We used a fixed amount of the ben-
ylalcohol (0.1 mmol) and PhIO (2.5 equiv.), and changed the
atalysts Phen-Ru-Phen, Phen-Ru-Quin, Phen-Ru-Bipy, Quin-
u-Quin and Quin-Ru-Bipy. Benzylalcohol is oxidized in this
able 4
atalytic oxidation of benzylalcohol by the ruthenium complexes

atalysts Time (h) Conversion (%) Selectivity (%)

uin-Ru-Quin 1 100 100
hen-Ru-Quin 2 100 100
hen-Ru-Bipy 4 100 100
uin-Ru-Bipy 5 100 100
hen-Ru-Phen 8 100 100

onditions: benzylalcohol 0.1 mmol, PhIO 0.25 mmol, catalyst 4 mg, CH3CN
mL, 25 ◦C.
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Table 6
Catalytic oxidation of benzylalcohol in different solvents with Quin-Ru-Quin

Entry Solvent Conversion (%) Selectivity (%)

1 DCM 58 100
2 THF 31 100
3 Toluene 18 100
4 DCE 55 100
5 Acetonitrile 100 100

Conditions: benzylalcohol 0.1 mmol, PhIO 0.25 mmol, catalyst 4 mg, solvent
2 mL, 25 ◦C, 4 h.

Table 7
Catalytic oxidation of benzylalcohol with different amount of catalyst of Quin-
Ru-Quin

Entry Catalyst (mg) Conversion (%) Selectivity (%) Time required (h)

1 1.0 100 100 6.0
2 2.0 100 100 3.5
3 3.0 100 100 2.0
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f the catalysts Quin-Ru-Quin, Phen-Ru-Quin, Phen-Ru-Bipy,
uin-Ru-Bipy and Phen-Ru-Phen, respectively.
It was showed in the table that all of the complexes were excel-

ent catalysts for the oxidation of benzylalcohol in the system.
owever, among all of the complexes, the catalytic activity of

he Quin-Ru-Quin complex is superior to those of the others. The
esults also suggest that complexes with 8-hydroxyquinoline as
igand generally possess higher reactivity.

.2. Optimization of the oxidation conditions

In order to evaluate the catalytic activities of the complexes
or the oxidation of other alcohols, the reaction condition was
ptimized according to the oxidation of benzylalcohol through
he investigation of the influence factors of the oxidation, such
s the temperature, the reaction time, the solvent, the amount of
he catalyst used and the amount of PhIO consumed.

.2.1. The reaction time
The influence of the reaction time on the catalytic conversion

nd selectivity was investigated by a series of oxidation reactions
n which benzylalcohol was also chosen as test substrate for the
xidation with PhIO catalyzed by Quin-Ru-Quin. The reaction
as done in CH3CN at room temperature. The oxidation mix-

ure was taken out with an identical interval at different reaction
ime, and was then determined through the GC (instrument: Shi-
adzu GC-16A chromatography) and GC/MS (GC/MS Trance

000 Ins.) record immediately. The results are concluded in
able 5.

As shown in Table 5, the conversion of the substrate is 10%,
0%, 85%, 93%, 98% and 100% when the reaction conducted for
0 min, 20 min, 30 min, 40 min, 50 min and 1 h, respectively. The
esults suggest that the conversion increases with the reaction
ime and the selectivity to the product is kept 100% in all the
eaction period ranged from 10 min to 1 h. Table 5 also shows
hat the reactions generally begin with relatively fast rates in the
rst 10–30 min in which the conversion increases from 10% to
5% but tend to slow down in 40–60 min in which the conversion
s changed from 93% to 100%.

Within 1 h, benzylalcohol was transferred quantitatively to

enzaldehyde. This suggests that the appropriate reaction time
s 1 h. Concerning for the oxidation of other alcohols, since their
tructures differ largely, the reaction time of these alcohols will
e adjusted accordingly.

able 5
atalytic oxidation of benzylalcohol in different reaction time by Quin-Ru-Quin

ntry Time (min) Conversion (%) Selectivity (%)

10 10 100
20 60 100
30 85 100
40 93 100
50 98 100
60 100 100

onditions: benzylalcohol 0.1 mmol, PhIO 0.25 mmol, catalyst 4 mg, CH3CN
mL, 25 ◦C.

n
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4.0 100 100 1.0

onditions: benzylalcohol 0.1 mmol, PhIO 0.25 mmol, CH3CN 2 mL, 25 ◦C.

.2.2. The effect of the solvents
In order to select an efficient solvent, the oxidation was car-

ied out in different solvents. The reactions were carried out at
oom temperature for 4 h. Several organic solvents were exam-
ned for the oxidation using Quin-Ru-Quin as catalyst. Table 6
hows that the reaction works in the selected organic medium. In
ichloromethane, tetrahydrofuran, toluene, dichloroethane and
cetonitrile, the conversion is 58%, 31%, 18%, 55% and 100%,
espectively. Furthermore, in the all examined solvents the prod-
ct selectivity remains 100%. The results indicate that the most
fficient solvent for the oxidation is CH3CN. In the following
xperiments, we chose acetonitrile as the organic medium to
ulfill the oxidation.

.2.3. The amount of catalyst
The reactions were carried out in acetonitrile at room temper-

ture using Quin-Ru-Quin as catalyst. We changed the amount
f the catalyst used to see the effect of the amount on the oxi-
ation. When we use 4.0 mg of the Quin-Ru-Quin, only 1 h is
eeded to fulfill the oxidation. When we reduced the amount of
he catalyst to a smaller amount, longer reaction time is needed

o finish the oxidation under identical condition. The results are
ummarized in Table 7. We conclude that the amount of catalysts
istinctly affected the oxidations.

able 8
atalytic oxidation of benzylalcohol by Quin-Ru-Quin with different amount of
hIO

ntry PhIO consumption (mg (equiv.)) Conversion (%) Selectivity (%)

0.011 (0.5) 27 100
0.022 (1.0) 57 100
0.033 (1.5) 77 100
0.044 (2.0) 96 100
0.055 (2.5) 100 100

onditions: benzylalcohol 0.1 mmol, catalyst 4 mg, CH3CN 2 mL, 25 ◦C, 1 h.
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The oxidation results suggest that the use of 4.0 mg of cata-
ysts will give full oxidation of benzylalcohol within the shortest
ime, so the appropriate amount of catalyst is 4.0 mg.

.2.4. The amount of PhIO
In order to investigate the influence of the amount of the oxi-

ant used on the reaction, the oxidations were carried out in
cetonitrile at room temperature for 1 h using Quin-Ru-Quin as
atalyst, the amount of PhIO we examined for the oxidation was
anged from 0.5 to 2.5 equiv. in the oxidations. The correspond-
ng results with different amount of oxidant are concluded in
able 8.

With the use of 2.5 equiv. of PhIO, the substrate can be thor-

ughly oxidized in 1 h in the identical reaction condition. So the
ptimum amount of PhIO is 2.5 equiv. in the oxidation.

From all of the above investigation, we can conclude that
he optimum reaction condition for the oxidation of benzylal-

able 9
atalytic oxidation of alcohols by the catalyst of Phen-Ru-Phen complexa

un Substrate Product Conversion
(%)b

Time
(h)

TON

1 100 4 32

2 100 4 32

3 100 4 32

4 100 6 32

5 100 4 32

6 100 4 32

7 98 8 31

8 63 8 20

9 74 8 23

0 73 8 23

1 73 8 23

2 100 4 32

3 28 8 9

4 10 8 3

eaction condition: alcohol 0.1 mmol, PhIO 2.5 equiv., catalyst 4 mg
3.2 mol%), CH3CN 2 mL, temperature 25 ◦C.

a Products were identified by GC/MS analysis. Each of the oxidation bears
he selectivity of 100%.

b The conversion and the selectivity of each reaction were obtained by GC
etermination.
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ohol is C6H5CH2OH:PhIO = 1:2.5 (mol/mol), catalyst 4 mg,
= 25 ◦C. The most efficient solvent is CH3CN. The oxi-
ation of other alcohols by all of the ruthenium complexes
as undertaken according to the optimum reaction condition
sed for the oxidation of benzylalcohol except the variation
f the reaction time due to different molecular structure of the
lcohols.

.3. Catalytic oxidation of other alcohols by the ruthenium
omplexes

The catalytic properties of the five-ruthenium complexes
hen-Ru-Phen, Phen-Ru-Quin, Phen-Ru-Bipy, Quin-Ru-Quin

nd Quin-Ru-Bipy for the oxidation of other alcohols were well
nvestigated. It is found that all of the complexes are also active
atalysts for the oxidations. With the catalysis of the complexes,
any alcohols, including long-chain aliphatic alcohols, benzyl

able 10
atalytic oxidation of alcohols by the catalysis of Phen-Ru-Bipy complexa

un Substrate Product Conversion
(%)b

Time
(h)

TON

1 77 8 14

2 100 2 18

3 100 2 18

4 100 4 18

5 100 2 19

6 100 2 19

7 89 8 17

8 63 8 12

9 80 8 15

0 73 8 14

1 59 8 11

2 100 6 19

3 100 8 19

4 100 8 19

eaction conditions: alcohol 0.1 mmol, PhIO 2.5 equiv., catalyst 4 mg
5.3 mol%), CH3CN 2 mL, temperature 25 ◦C.

a Products were identified by GC/MS analysis. Each of the oxidation bears
he selectivity of 100%.

b The conversion and the selectivity of each reaction were obtained by GC
etermination.
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Table 11
Catalytic oxidation of alcohols by the catalysis of Phen-Ru-Quin complexa

Run Substrate Product Conversion
(%)b

Time
(h)

TON

1 100 3 17

2 100 3 17

3 100 0.5 17

4 100 1 17

5 100 1 17

6 100 0.5 17

7 88 8 15

8 60 8 10

9 89 8 15

10 77 8 13

11 63 8 11

12 100 6 17

13 85 8 14

14 40 8 7

Reaction conditions: alcohol 0.1 mmol, PhIO 2.5 equiv., catalyst 4 mg
(6.0 mol%), CH3CN 2 mL, temperature 25 ◦C.

a Products were identified by GC/MS analysis. Each of the oxidation bears
the selectivity of 100%.
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Table 12
Catalytic oxidation of alcohols by the catalysis of Quin-Ru-Quin complexa

Run Substrate Product Conversion
(%)b

Time
(h)

TON

1 100 2 18

2 100 2 18

3 100 0.5 18

4 100 1 18

5 100 0.5 18

6 100 0.5 18

7 100 8 18

8 62 8 11

9 89 8 16

10 61 8 11

11 69 8 13

12 100 2 18

13 100 6 18

14 100 2 18

Reaction conditions: alcohol 0.1 mmol, PhIO 2.5 equiv., catalyst 4 mg
(5.5 mol%), CH3CN 2 mL, temperature 25 ◦C.

a Products were identified by GC/MS analysis. Each of the oxidation bears
the selectivity of 100%.
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b The conversion and the selectivity of each reaction were obtained by GC
etermination.

lcohols, benzhydrol and its derivatives can be easily oxidized to
he corresponding carbonyl compounds under mild conditions.
he results of these oxidations are summarized in Tables 9–13.

Through the comparison of the data of the oxidation results
rom Tables 9–13, we find the following conclusion.

Complexes Phen-Ru-Phen (Table 9), Phen-Ru-Bipy
Table 10), Phen-Ru-Quin (Table 11), Quin-Ru-Quin (Table 12)
nd Bipy-Ru-Quin (Table 13) are active for the oxidation of alco-
ols, e.g. benzyl alcohols and their derivatives, benzhydrol and
ts derivatives, cyclic alcohols and long-chained aliphatic alco-
ols can be efficiently oxidized to the corresponding carbonyl
ompounds with the oxidant of PhIO under mild conditions. As
e know, the aliphatic alcohols, especially those long-chained
liphatic alcohols are generally difficult to be oxidized under
ild reaction conditions in other catalysis systems. Our

esults confirm that complexes Phen-Ru-Phen, Phen-Ru-Bipy,
hen-Ru-Quin, Quin-Ru-Quin and Bipy-Ru-Quin possess very

(
p
i
8

b The conversion and the selectivity of each reaction were obtained by GC
etermination.

igh catalytic activity for the oxidation of alcohols. Hence we
onclude that this oxidation system is mild and efficient.

The oxidations using complexes Phen-Ru-Phen, Phen-Ru-
ipy, Phen-Ru-Quin, Quin-Ru-Quin and Bipy-Ru-Quin as cat-
lyst bear the selectivity of 100%, that is, no products of further
xidation were detected. This means that these oxidation sys-
ems are useful for the formation of carbonyl compound. For
he oxidation of benzyl alcohol and its derivatives, the oxidation
ystem is excellent for the preparation of benzaldehyde and its
erivatives from the corresponding alcohols.

Compared to other four complexes Phen-Ru-Phen, Phen-
u-Bipy, Phen-Ru-Quin, and Bipy-Ru-Quin, complex Quin-
u-Quin bears the highest catalytic activity for the oxidation

Table 12). We find that the system using Quin-Ru-Quin com-

lex as catalyst needs shorter reaction time than the others under
dentical conditions. Furthermore, those complexes containing
-hydroxy-quinoline portion have distinct reactivity. This may



Z.W. Yang et al. / Journal of Molecular Catal

Table 13
Catalytic oxidation of alcohols by the catalysis of Bipy-Ru-Quin complexa

Run Substrate Product Conversion
(%)b

Time
(h)

TON

1 100 8 21

2 100 4 21

3 100 2 21

4 100 4 21

5 100 2 21

6 100 2 21

7 90 8 19

8 57 8 12

9 61 8 13

10 58 8 12

11 71 8 15

12 100 4 21

13 100 8 21

14 100 8 21

Reaction conditions: alcohol 0.1 mmol, PhIO 2.5 equiv., catalyst 4 mg
(4.7 mol%), CH3CN 2 mL, temperature 25 ◦C.

a Products were identified by GC/MS analysis. Each of the oxidation bears
the selectivity of 100%.
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[
16 (2005) 846.
b The conversion and the selectivity of each reaction were obtained by GC
etermination.

we to the ligand structure of the complexes. Among the three
ow molecular weight ligand, 1,10-phenanthroline possesses
iggest molecular skeleton, as to 2,2′-bipyridine, the six mem-
ered ring can be circumrotated as the axial of the single C C
ond between the two rings, and which will affect the coordina-
ion processes. Whereas, the framework of 8-hydroxyquinoline
s relatively small, it can be easily coordinated with the metal
on, which resulting in the more excellent catalytic activity for
he oxidations.

As for the reaction properties of the selected alcohols, we
an find it differs obviously. The benzyl alcohols have the high-
st reactivity in this system; however, the benzhydrol and its
erivatives have the lowest. This is due to the molecular struc-
ure of the alcohols. The latter bears strong stereo hindrance

or the contacting of the active site to the hydroxyl group, and
his will decrease the conversion of the substrate during the
xidation.

[

[
[

ysis A: Chemical 261 (2007) 190–195 195

. Conclusions

Alcohols including benzyl alcohol and its derivatives, ben-
hydrol and its derivatives, cyclic alcohols and long-chained
liphatic alcohols were oxidized at room temperature in high
onversion and 100% selectivity with iodosylbenzene catalyzed
y ruthenium-containing complexes Phen-Ru-Phen, Phen-Ru-
ipy, Phen-Ru-Quin, Quin-Ru-Quin and Bipy-Ru-Quin. All of

he oxidations give the desired products without further oxida-
ion in this oxidation system. The complexes are very convenient
o be prepared and the reaction condition is very mild.
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