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Oxidation of alcohols to the corresponding carbo-
nyl compounds is one of the fundamental functional

group transformations in organic synthesism.

General-
ly, these reactions require stoichiometric amounts of
inorganic/organic oxidants, toxic or hazardous oxidi-

2] Environmentally benign and sustainable

zing agents
transformations in organic chemistry are now considered
to be basic goals and requirements in the development
of modern organic syntheses. Oxidation processes pres-
ent the most formidable ensemble of challenges to green
yet viable operations. One challenge is to use the most
environmentally and economically attractive  oxi-
dants"'. Therefore, it is not surprising that in the are-
na of oxidative transformations one major goal is the re-
placement of stoichiometric procedure with catalytic
procedures using environmentally benign oxidant. So
the selective catalytic oxidation of organic compounds
with a " green" and atom efficient oxidant, aqueous
H,O0,, is highly desirable'*’.

Many tungsten and molybdenum containing cata-
lytic protocols are available in the liquid phase oxida-
tion of alcohols with aqueous H,0,">". One of the sim-

ple and efficient system was reported by Sato et al in
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which alcohols could be efficiently oxidized to corre-
sponding carbonyl compounds with 30% H, O, cata-
lyzed by Na, WO, and a phase transfer catalyst, [ CH,
(n-CgH,,);NJHSO,"®'. However, the phase transfer
catalyst is soluble in the organic phase. It is not avoid-
able to have the drawback of difficult catalyst/product
separation.

Over the past few decades, there has been an ex-
plosion of the use of ionic liquids in a wide range of
catalytic and stoichiometric reactions as well as in

7). Recently much attention is

many other applications
paid to the organic reaction in or facilitated with ionic
liquids'®'. Previously, we reported that 12 — phospho-
tungstic acid in conjunction with acidic ionic liquids
was efficient oxidation catalyst for clean synthesis of
adipic acid"”’. In continuation of our research to devel-
op new oxidation catalyst system with tungsten complex
and ionic liquids, herein, we report an efficient green
catalytic process for oxidation of alcohols with 30%
H,0, catalyzed by Na, WO, 2H, 0 in combination with
acidic ionic liquids under organic solvent free condi-
tions. Apart from the green nature of this system, the

catalyst can be recycled without apparent loss of cata-
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lytic activity by simple post — reaction treatment which
makes it a technically and commercially alternative for

the future application.

1. Experimental

1.1 Materials and equipments

30% H, O, etc. inorganic materials were pur-
chased from National Pharmaceuticals Group ( Shang-
hai). Organic reagents were supplied by Acros Organ-
ics. All the reagents were of analytical grade and used

without further purification.

@

T\

H,c N

The oxidation products were determined by GC/
MS (HP 6890/5973) and quantitative analyses were
performed on GC ( Agilent 6820) with a flame ioniza-
tion detector and SE —54 capillary column and with N,
carrier gas and decane was used as the internal refer-
ence. NMR studies were carried out on an INOVA -
400 MHz spectrometer. FTIR spectra ( KBr disks )
were obtained on a Bruker IFS 120HR FT - IR spec-
trometer.
1.2 Preparation for the ionic liquids

Room temperature ionic liquids ( Figure 1 ) used

SO3H =\ + SOSH

X
I X=CI  II: X=HCO; IX: X=HSO, XII: X=HSO,
III: X=HSO4 IV: X=H2P04 X: X=H2PO4 XIII: X=H2PO4

V: X=BF, VI X=PF
VIL: X=NO; VIII: X=CIO,

XI: X=HyC~_)—so,

X1v: x=H;c—_)-50,

Fig. 1 Ionic liquids used in this paper
Abbreviations: I [ Bmim]Cl; I [ Bmim ][ HCO, ] ; III [ Bmim ][ HSO, ]; IV [ Bmim] [ H,PO, ];
V [ Bmim][BF, ]; VI [ Bmim][PF,]; VII [ Bmim][NO, ]; VI [ Bmim][ Cl0, ] ;
IX [ (CH,),SO,HMim ][ HSO, ]; X [ (CH,),SO,HMim ][ H,PO, ] XI [ (CH,),SO;HMim][ Tos];
XII [ (CH,),SO,HPy][ HSO, ]; XIII [ (CH,),SO,HPy][ H,PO,]; XIV [ (CH,),SO,HPy][ Tos]

in this study were synthesized according to literature
procedure "', Some ionic liquids were prerpared with
slight modification if needed and the products were
confirmed by NMR and IR.
1.3 General procedure for the alcohol oxidation

A 100 mL round bottom flask equipped with a
condenser was charged with Na, WO, 2H, O (0. 5
mmol ) , ionic liquid (0.5 mmol) , cyclohexanol (75
mmol) and H, O (15 mL). After vigorous stirring
(1000 rpm) for 10 min at 363K, the reaction was ini-
tiated by adding 112. 5 mmol H,0,(12.75 mL 30% a-
queous H,0,). The mixture was kept at this tempera-
ture for 8 h, and then cooled to room temperature. The
oxidation products were extracted with ethyl acetate and

quantified with GC.

2 Results and discussion

Cyclohexanol was chosen as the probe substrate to
investigate the effects of various ionic liquids on the
transformation of cyclohexanol to cyclohexanone when
30% H,0, was used as oxidant. The results obtained

are summarized in Table 1. Those results indicate that

ionic liquids play an important role in the catalytic oxi-
dation process. Without addition of any ionic liquids
described in Figure 1, the yield of product is rather low
(entry 1). After ionic liquids addition, the yields of
entries 2, 3, 8 and 9 show slight increases compared
with entry 1, which might attribute to, if so, the phase
transfer function of the cation part of the ionic liquids
since the present system comprises two immiscible lig-
uid phase. The results of entries 6 and 7 are better
than entries 2, 3, 8 and 9. That might be caused by
the acidic nature of those two ionic liquids since the

1]

acidity is essential in the catalytic system Note

that the intrinsic physicochemical properties of
[ Bmim ] [ PF, ] and [ Bmim ] [ BF, ] are quite differ-
ent, such as, [ Bmim] [ PF, ] is hydrophobic, whereas
[ Bmim ][ BF, ] is hydrophilic, so that [ Bmim ] [ BF, ]
can adjust the pH value of the water phase better. That
might be the reason why the yield of entry 6 is higher
than that of entry 7. The other acidic ionic liquids
based upon the 1 — n — butyl — 3 — methylimidazolium
cation (entries 4 and 5) can boost the yields of cyclo-

hexanone more apparently than [ Bmim ][ PF,] and
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Table 1 Effects of ionic liquids on oxidation of cyclohexanol

Entry Ionic Liquid Conversion (% ) Yield (%) TON
1 - 5.57 5.4 8.36
2 [ Bmim] Cl 16.73 15.34 23.01
3 [ Bmim] [ HCO, ] 27.14 25.51 38.26
4 [ Bmim] [ HSO, ] 75.65 73.63 110. 00
5 [ Bmim] [ H, PO, ] 78.52 77.31 116.71
6 [ Bmim] [ BF, ] 55.92 53.54 80.31
7 [ Bmim] [ PF, ] 45.08 43.92 65. 88
8 [ Bmim ][ NO, ] 16.28 15.30 22.92
9 [ Bmim ][ CIO, ] 16.79 15.78 23.67
10 [ (CH,),SO,HMim ][ HSO, ] 82.24 81.11 121.67
11 [ (CH,),SO;HMim ][ H,PO, ] 89.23 87.51 131.27
12 [ (CH,),S0,HMim] [ Tos ] 84.74 83.07 124.61
13 [ (CH,),SO,HPy][HSO, ] 86. 63 84.43 126. 64
14 [ (CH,),SO,HPy][ H,PO, ] 85.61 83.76 125.64
15 [ (CH,),SO;HPy ][ Tos ] 86. 80 83.33 125.00

Reaction conditions; substrate (75 mmol), H,0,(112.5 mmol) Na, WO, 2H,0 (0.5 mmol) ,
ionic liquid (0.5 mmol), H,0 (15 mL), 363 K, 8 h

[ Bmim ][ BF, ]. That may partly ascribe to their stron-
ger acidity. The other reason may be due to the in situ
generation of catalytic active intermediates of [ SO,
W,0,(p _02)z<02)z}27 and [ PO, W,0,(p -0,),
(0,),1,]° originated from HSO, -, H,PO, “and Na,
WO, + 2H,0 in the presence of H,0,'"”’. The sulfonyl
— functionalized task specific ionic liquids ( entries 10
~15) are usually used in acidic catalysis. Here we
discover that they can be used in oxidation catalysis in
combination with Na, WO, 2H, O with higher efficiency
than [ Bmim ] [ HSO, ] and [ Bmim ] [ H, PO, ]. The
yields of those 6 kinds of ionic liquids are quite simi-
lar. [ (CH,),SO,HMim ][ H,PO, ] gave the best re-
sults. Apart from the aforementioned reason, other un-
clear effects may determine the dissimilar activities of
different ionic liquids. Further work should be done to
understand the current catalyst system well. The mech-
anism of this catalytic oxidation system is in progress
now.

As always in research involving in catalysis, at-

tention must be paid to the vital issue of catalyst integ-

rity, recovery and recycling. As Na, WO, 2H, O and
[ (CH,),SO,HMim ] [ H,PO, ] gave the best catalytic
result, we selected them to investigate the reusability of
this catalyst system. Recycle experiments were carried
out with cyclohexanol oxidation as the model reaction.
After completion of the reaction, the product and unre-
acted substrate, if any, were extracted with ethyl ace-
tate for several times. Under the present reaction con-
ditions, since the amount of H,0, was in excess, there
should be some tungsten peroxide complex mentioned
above or other species which were not clear yet in the
solution. So it was washed several times with saturated
aqueous Na, S, 0, to decompose the remaining H, O,
Na, WO, and ionic liquid retain in water. After evapo-
ration of water accompanied with the addition of aque-
ous H, O,, the recycle reaction was carried out in a
procedure described in the experimental part with the
catalyst imbedded in water. From table 2, we can see
that even after 5 catalytic cycles, there was no appa-
rent loss of catalytic activity. To sum up, it established

the reusability of the catalyst system.
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Table 2 Recycle of the catalyst for the oxidation

of cyclohexanol

Round Yield (%)
1 87.51
2 85. 89
3 86.36
4 84.49
5 84.75

Reactions were carried out under the same

conditions as Table 1.

Having obtained these results, the scope of this
catalyst system for alcohol oxidation was surveyed for a
range of substrates (Table 3). Oxidation of secondary
alcohols afforded the corresponding ketones in excellent
(entriesl , 2 and 5) and medium (entries 3, 4 and 6)
yields. The oxidation of the benzyl alcohol (entry 7)
with 3. 0 equivalents of H, O, afforded benzaldehyde,
benzoic acid and small amount of benzyl benzoate.
Whereas when 4. 0 equivalents of H, O, was used and

the reaction time prolonged for another 4 h (entry 8) ,

Table 3 Oxidation of Various Alcohols catalyzed by Na, WO, 2H,0 and [ (CH,),SO,HMim | [ H,PO, ] at 363 K

Entry Substrate Conversion Substrate/H, 0," l?r?duCt Time
(%) (Selectivity, mol% ) (h)
1 2 — propano 1~100 2/3 acetone (99.1) 8
2 2 — butanol ~100 2/3 butanone (99.3) 8
3 2 — pentanol 55.4 2/3 2 — pentanone (96.0) 8
4 3 — pentanol 53.1 2/3 diethyl ketone (94.5) 8
5 sec — phenylethanol 100 2/3 acetophenone (100) 8
6 diphenyl carbinol 69.8 2/3 diphenyl ketone (100) 8
7 benzyl alcohol 87.2 173 benzaldehyde (52.4) 8
benzoic acid (39.2)
8 benzyl alcohol 100 1/4 benzoic acid (95.2) 12
9 1 — hexanol 2.9 1/4 hexanal (100) 12
10 1 - octanol 1.0 1/4 octanal (100) 12

Reactions were carried out under the same conditions as Table 1. * molar ratio

the conversion and selectivity of benzoic acid increased
evidently to achieve 100% and 95. 2% respectively.
Compared with primary aromatic alcohol, the results
for the oxidation of primary aliphatic alcohols were not
satisfactory. Even 4. 0 equivalents of H, O, were
charged and the reaction time was 12 h, the conver-
sions were very low (entries 9 and 10). Interestingly,

their selectivity to corresponding aldehydes was 100% .

3 Conclusions

In summary, we utilize commercially available so-
dium tungstate and acidic ionic liquids to develop an
efficient catalyst system for oxidation of a variety of pri-
mary and secondary alcohols with H, 0, at 363K. The

present catalytic system is inexpensive, easy to handle

and environmentally benign. In addition, it is reusable

and exhibits consistent activity upon recycling.
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