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Abstract The oxidation of 1H-indene and 1,2-dihydro-

naphthalene with hydrogen peroxide in the presence of

Mn(III) or Fe(III) substituted Keggin-type polyoxotung-

states is described. The products obtained depend on the

catalyst and reaction conditions. Ring cleavage was

observed, affording dialdehydes under mild and environ-

mentally friendly conditions. Other main products were the

a-hydroxy-ketones. The resulting epoxides seem to be

intermediates to other oxygenated products.
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1 Introduction

Keggin-type polyoxometalates have been used as catalysts

or catalyst precursors in oxidative transformations, like

epoxidation of olefins, hydroxylation of saturated hydro-

carbons, alcohol oxidation and others [1–9]. In particular,

transition metal mono-substituted Keggin-type hetero-

polytungstates [XW11M(H2O)O39](n-m)- (X = P, Si, etc.),

in which a transition metal cation, Mm?, is coordinated to

the binding sites of a lacunary heteropolyanion

[XW11O39]n-, have been used since the 1980s in the

oxidation of several types of substrates with a variety of

oxidants [9–11]. Following our interest on the use of

polyoxotungstates as catalysts for oxidative transforma-

tions of organic compounds [12–18], we report here the

oxidation of 1H-indene (1) and 1,2-dihydronaphthalene (2)

with hydrogen peroxide, in acetonitrile, in the presence

of tetrabutylammonium (TBA) salts of [XW11MIII

(H2O)O39]n-, X = P, Si, B and M = Mn, Fe (abbreviated

XW11M). The hydrogen peroxide/acetonitrile system is an

attractive option on environmental and economic basis.

Hydrogen peroxide is considered a cheap, readily available

reagent, giving water as the only by-product [19–21].

Among others, 1H-indene and 1,2-dihydronaphthalene

have been thoroughly studied as model compounds in

asymmetric epoxidation [22–26]. The described reactions

usually do not proceed much further than the formation of

the corresponding epoxides. Here we describe the forma-

tion of several oxygenated products, including those

obtained through C–C or C=C bond cleavage in mild

conditions. This type of ring opening cleavage is usually

obtained with stronger oxidants like potassium permanga-

nate, periodic acid, sodium or potassium periodate, and

lead tetraacetate [27, 28]. To our knowledge, no previous

studies on the oxidation of the chosen substrates have been

reported in the presence of Keggin-type metal substituted

polyoxotungstates.

2 Experimental

2.1 Reagents and Synthetic Procedures

Acetonitrile (Panreac), 30% (w/w) aqueous hydrogen per-

oxide (Riedel de-Häen), 1H-indene (Aldrich), and 1,2-

dihydronaphthalene (Fluka) were used as received. All
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other reagents and solvents obtained from commercial

sources were used as received or distilled and dried

using standard procedures. The salts TBA4[PW11M

(H2O)O39] � nH2O (n = 0, 1), TBA4H[SiW11M(H2O)O39]

and TBA4H2[BW11M(H2O)O39] � H2O, M = MnIII or

FeIII, were prepared and identified according to previously

described procedures [12–14, 29]. 1,2-epoxyindane and

1,2-epoxy-1,2,3,4-tetrahydronaphthalene were prepared by

the epoxidation of 1H-indene and 1,2-dihydronaphthalene,

respectively, with hydrogen peroxide using Mn(TDCPP)Cl

(TDCPP = meso-tetrakis-2,6-dichlorophenylporphyrin) as

catalyst [30]. These epoxides were separated from the

reaction media by extraction with dichloromethane and,

after evaporation of the solvent, used directly in the cata-

lytic experiments. The identification of the pure epoxides

prepared by this process was done by 1H and 13C NMR.

2.2 General Oxidation Procedure

In a typical experiment, the substrate (1.0 mmol), the cat-

alyst (3.0 lmol), the required amount of 30% (w/w)

aqueous H2O2, and acetonitrile (3.0 mL) were stirred at

80 �C. The reactions were followed by GC analysis and

were stopped when products yields remained constant after

two successive GC analyses. The percentages of each

compound in the reaction mixtures were estimated from the

corresponding chromatographic peak areas, using 1-hexa-

nol as internal standard. Blank reactions were carried out

for both substrates, in the absence of polyoxotungstate,

without the formation of products detectable by GC.

2.3 Instruments and Methods

1H and 13C NMR spectra were taken in CDCl3 solutions,

using a Bruker Avance 300 spectrometer at 300.13 and

75.47 MHz, respectively. The chemical shifts are express as

d (ppm) relatively to tetramethylsilane (TMS) as internal

reference. Thin layer chromatography was performed on

silica gel (Merck silica gel 60 F254, 70–230 mesh). GC–FID

analysis were performed using a Varian 3900 chromato-

graph, whereas GC–MS analysis were performed using a

Finnigan Trace GC/MS (Thermo Quest CE instruments)

both using helium as the carrier gas (35 cm/s) and a fused

silica Supelco capillary column SPB-5 (30 m 9 0.25 mm

i.d.; 25 lm film thickness). Gas chromatographic condi-

tions were as follows: 70 �C (1 min); temperature rate:

18 �C/min; final temperature: 260 �C; injector temperature:

260 �C; detector temperature: 260 �C.

Aliquots were taken from the reaction mixtures, at reg-

ular intervals, for peroxide determination by titration with

ceric sulfate [31]. The efficiency of usage of hydrogen

peroxide was calculated by the following formula

(see Schemes 1 and 2): [(amount of 1a ? amount of

1d ? 2 9 (amount of 1b ? amount of 1c)]/(amount

of H2O2 used) or [(amount of 2a ? amount of 2b ? amount

of 2e ? 2 9 (amount of 2c ? amount of 2d)]/(amount of

H2O2 used).

2.4 Product Chromatographic Separation

and Characterization

For the chromatographic separation of the oxidation

products, final reaction mixtures were poured into water

and extracted with dichloromethane. The organic phase

was dried with anhydrous sodium sulfate and concentrated

using a rotary evaporator. The washed reaction mixtures

were then separated by silica gel thin layer chromatogra-

phy, using dichloromethane as eluent. By this procedure

the pure compounds 1b–d (Scheme 1), 2c–e (Scheme 2)

were obtained in separated fractions. Compounds 1b, 1c,

2c and 2d were identified by GC-MS and NMR analysis,

whereas 1d and 2e were identified by GC-MS. The identity

of the epoxides 1a and 2b was confirmed by comparing its

mass spectrum with the information available from the GC-

MS database and also by GC co-injection of samples of the

compounds prepared by the process described in Sect. 2.1.

Compound 2a was identified by GC-MS analysis and by

GC co-injection of a commercially available standard.

1,2-Epoxyindane (1a) [32–34]—1H NMR (CDCl3) d
(ppm): 2,99 (dd, 1H, H-3, J = 2.5 and 18.0 Hz), 3.23 (d, 1H,

H-3, J = 18.0 Hz), 4.14 (t, 1H, H-2, J = 2.5 Hz), 4.27 (d,

1H, H-1, J = 2,5 Hz), 7.18–7.31 (m, 3H, H-4,5,6), 7.52 (d,
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1H, H-7, J = 7.2 Hz). 13C NMR d: 34.6 (C-3), 57.6 and 59.1

(C-2, C-l), 125.1, 126.0, 126.2, 128.5, 140.8, 143.5 (C–Ar).

2-(2-Oxoethyl)Benzaldehyde (1b)—1H NMR (CDCl3) d
(ppm): 4,16 (d, 2H, CH2, J = 1.0 Hz), 7.55–7.61 (m, 3H,

H-3,4,5), 7.86 (dd, 1H, H-6, J = 1.8 and 7.2 Hz), 9.82

(t, 1H, Ar–CH2–CHO, J = 1.0 Hz), 10.06 (s, 1H, Ar–CHO).

MS (EI) m/z (rel. int., %): 148 (M• ?, 8), 147 (9), 120 (98),

119 (93), 105 (5), 91 (100), 65 (36).

2-Hydroxyindan-1-one (1c) [35]—1H NMR (CDCl3) d
(ppm): 2.86 (s, 1H, OH), 3.02 (dd, 1H, H-3, J = 5.0 and

16.6 Hz), 3.60 (dd, 1H, H-3, J = 7.9 and 16.6 Hz), 4.54

(dd, 1H, H-2, J = 5.0 and 7.9 Hz), 7.42 (t, 1H, H-6,

J = 7.5 Hz), 7.47 (d, 1H, H-4, J = 7.5 Hz), 7.65 (dt, 1H,

H-5, J = 1.0 and 7.5 Hz), 7.78 (d, 1H, H-7, J = 7.5 Hz).

MS (EI) m/z (rel. int., %): 148 (M•?, 100), 147 (57), 131

(22), 120 (30), 119 (77), 105 (38), 91 (88), 65 (28).

1,2-Dihydroxyindane (1d)—MS (EI) m/z (rel. int., %):

150 (M•?, 41), 132 (78), 131 (52), 119 (17), 107 (71), 104

(100), 103 (50), 91 (33), 77 (40), 65 (16).

1,2-Epoxy-1,2,3,4-Tetrahydronaphthalene (2b) [32,

36]—1H NMR (CDCl3) d (ppm): 1.77 (dt, 1H, H-3,

J = 5.4 and 14.1 Hz), 2.41 (dd, 1H, H-3, J = 6.4 and

14.1 Hz), 2.54 (dd, 1H, H-4, J = 5.4 and 14.9 Hz), 2.78

(dt, 1H, H-4, J = 6.4 and 14.9 Hz), 3.73 (s broad, 1H, H-

2), 3.85 (d, 1H, H-1, J = 2.7 Hz), 7.09 (d, 1H, H-5,

J = 7.2 Hz), 7.22–7.25 (m, 2H, H-6,7), 7.39 (dd, 1H, H-8,

J = 1.6 and 7.1 Hz). 13C NMR d: 21.8 (C-3), 24.3 (C-4),

52.7 (C-1), 55.1 (C-2), 126.0 (C-6), 128.4 (C-7), 129.5 (C-5

e C-8), 132.5 (C-4a), 136.6 (C-8a).

2-(3-Oxopropyl)Benzaldehyde (2c) [37]—1H NMR

(CDCl3) d (ppm): 2.80 (dt, 2H, Ar–CH2–CH2–CHO,

J = 0.9 and 7.5 Hz), 3.36 (t, 2H, Ar–CH2–CH2–CHO,

J = 7.5 Hz), 7.33 (d, 1H, H-3, J = 7.7 Hz), 7.44 (dt, 1H,

H-5, J = 1.3 and 7.7 Hz), 7.53 (dt, 1H, H-4, J = 1.6 and

7.7 Hz), 7.82 (dd, 1H, H-6, J = 1.6 and 7.7 Hz), 9.83 (t,

1H, Ar–CH2–CH2–CHO, J = 0.9 Hz), 10,17 (s, 1H, Ar–

CHO). 13C NMR d: 25.7 (Ar–CH2–CH2–CHO), 45.0 (Ar–

CH2–CH2–CHO), 127.1 (C-3), 131.4 (C-5), 133.9 (C-4),

134.6 (C-6), 142.7 (C-1 and C-2), 193.1 (Ar–CH2–CH2–

CHO), 201.2 (Ar–CHO). MS (EI) m/z (rel. int., %): 162

(M•?, 8), 144 (35), 133 (77), 118 (85), 116 (100), 105 (58),

103 (42), 91 (75), 77 (80), 65 (31).

2-Hydroxytetralin-1-one (2d) [38]—1H NMR (CDCl3)

d (ppm): 1.98–2.12 (m, 1H, H-3), 2.50–2.58 (m, 1H, H-3),

3.00–3.22 (m, 2H, H-4), 3.93 (s broad, 1H, OH), 4.39 (dd,

1H, H-2, J = 5.4 and 13.5 Hz), 7.28 (dd, 1H, H-5, J = 0.9

and 7.6 Hz), 7.35 (t, 1H, H-7, J = 7.6 Hz), 7.53 (dt, 1H, H-

6, J = 1.3 and 7.6 Hz), 8.04 (dd, 1H, H-8, J = 1.3 and

7.6 Hz). 13C NMR: 27.7 (C-4), 31.8 (C-3), 73.8 (C-2),

126.9 (C-7), 127.5 (C-8), 128.9 (C-5), 130.4 (C-4a), 134.1

(C-6), 144.3 (C-8a), 199.6 (C-1). MS (EI) m/z (rel. int., %):

162 (M•?, 76), 144 (66), 119 (30), 118 (100), 116 (75), 115

(43), 105 (23), 103 (25), 91 (41), 90 (90), 89 (73), 77(49).

1,2-Dihydroxytetralin (2e)—MS (EI) m/z (rel. int., %):

164 (M•?, 26), 148 (1), 147 (12), 146 (44), 145 (19), 131

(10), 119 (100), 115 (28), 91 (38), 77 (15), 65 (14).

3 Results and Discussion

The oxidation of 1H-indene and 1,2-dihydronaphthalene

were carried out in homogeneous phase using an excess

of hydrogen peroxide (molar ratio H2O2/substrate = 4.0

and 9.8), in acetonitrile at 80 �C, in the presence of cata-

lytic amounts of the Keggin-type anions [XW11MIII

(H2O)O39]n- (X = P, Si, B, M = Fe, Mn). The obtained

conversion of the substrates and the distribution of oxida-

tion products depended on the catalyst and on the amount

of hydrogen peroxide used.

3.1 Oxidation of 1H-Indene

The oxidation of 1H-indene (1) yielded the products shown

in Scheme 1, namely the epoxide 1a, the diol 1d, the

hydroxy-ketone 1c and the dialdehyde 1b. Some results are

presented in Table 1. The best conversions obtained were

found for H2O2/substrate = 9.8, and were obtained with

PW11Mn (100%) after 5 h of reaction, followed by

BW11Fe (91%), BW11Mn (88%) and PW11Fe (63%) after

7 h of reaction (Table 1, entries 7, 1, 3, and 5, respec-

tively). With 4.0 mmol of oxidant per 1.0 mmol of

substrate, those catalysts afforded 41–50% of conversion

(Table 1, entries 2, 4, 6, and 8). The silicon polyoxotung-

states, SiW11Fe and SiW11Mn, were the less efficient

catalysts (entries 9, 10, 11, and 12, respectively).

The experimental conditions selected for these studies

were based on preliminary data obtained with BW11Fe.

Reactions carried out at room temperature in the presence

of this catalyst (3.0 lmol), and using H2O2/sub-

strate = 9.8, gave only 7% of substrate conversion after

24 h of reaction. Reactions with H2O2/substrate = 9.8

carried out at 80 �C but with lower amount of catalyst

(1.5 lmol) yielded 65% of conversion (against the 91% of

entry 1, Table 1). On the other hand, when H2O2/sub-

strate = 2.0 and 3.0 lmol of catalyst were used, 45% of

conversion was registered after 7 h.

Figure 1 illustrates the conversion and yield versus time

for all products during the oxidation of 1H-indene with

H2O2/substrate = 9.8 in the presence of BW11Mn and

PW11Fe. The results obtained with BW11Mn are repre-

sentative of what was found for other catalysts, that is, the

di-aldehyde (1b) and hydroxyindanone (1c) are always the

major products along the reaction course. The case of

PW11Fe is particular in which there is only one major

product, 1c, which is obtained with 61% selectivity after 7

h. With H2O2/substrate = 4.0, there are, usually, three
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main products (1b–d) while the epoxide 1a is always a

minor product (Table 1). Again PW11Fe was different,

affording 1c as major product. It was found that, usually,

the diol 1d is obtained with higher selectivity when less

oxidant was used.

According to the results presented in Table 1, higher

values of conversion seem generally to be associated with a

higher consume of oxidant. When 9.8 mmol of H2O2 were

added per mmol of substrate, 100, 91 and 88% of 1H-

indene conversion were registered for PW11Mn, BW11Fe

and BW11Mn, corresponding to 70, 82 and 62% of

hydrogen peroxide consumed (entries 7, 1 and 3, respec-

tively), with 26, 21 and 26% peroxide efficiency. For

H2O2/substrate = 9.8 the calculated efficiency of usage of

hydrogen peroxide at the end of the reaction were in the

range 16–27%. The highest value obtained (41%) corre-

sponded to reactions with H2O2/substrate = 4.0 and

PW11Fe (entry 6, Table 1). On average, the anions with Fe

were associated with higher H2O2 efficiency than those

with Mn.

In order to understand the formation of the reaction

products and to identify possible reaction intermediates, the

oxidation of 1,2-epoxyindane (1a) was carried out under

the same conditions used for 1H-indene in the presence of

BW11Mn, using H2O2/substrate = 9.8. The epoxide 1a was

obtained through the previously reported highly selective

oxidation of 1H-indene in the presence of a metallopor-

phyrin [30]. The catalytic oxidation of 1a occurred

Table 1 Oxidation of 1H-indene with hydrogen peroxide catalyzed by Mn(III) or Fe(III) substituted polyoxotungstates after 7 h of reactiona

Entry Catalyst Initial

H2O2 (mmol)

Consumed

H2O2 (mmol)

Conversionb (%) Selectivityb (%)

1a 1b 1c 1d

1 BW11Fe 9.8 8.0 91 8 38 47 7

2 4.0 3.3 50 6 30 34 30

3 BW11Mn 9.8 6.1 88 8 40 43 9

4 4.0 3.9 44 10 24 35 31

5 PW11Fe 9.8 4.6 63 10 19 61 10

6 4.0 1.7 41 10 14 58 18

7 PW11Mn 9.8 6.9 100c 8 49 33 10

8 4.0 3.8 47 5 28 34 33

9 SiW11Fe 9.8 3.3 33 16 31 31 22

10 4.0 0.5 11 21 39 20 20

11 SiW11Mn 9.8 5.2 47 9 42 38 11

12 4.0 4.0 15 8 36 29 27

13 Without catalyst 9.8 n.d.d – – – – –

14 4.0 n.d.d – – – – –

a Reaction conditions: substrate (1.0 mmol), catalyst (3.0 lmol) and hydrogen peroxide (4.0 or 9.8 mmol) were stirred at 80�C in 3.0 mL of

CH3CN
b Determined by GC analysis
c Results obtained after 5 h of reaction
d Not determined
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Fig. 1 Time dependence of the
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products for 1H-indene

oxidation in the presence of (a)

BW11Mn and (b) PW11Fe with

9.8 mmol of H2O2. Substrate:

1.0 mmol; catalyst: 3.0 lmol;

acetonitrile: 3.0 mL; 80 �C
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smoothly with high conversion (87%) after 3 h and affor-

ded 1c (76%) as the major product, followed by 1b (9%)

and 1d (2%) (Fig. 2). These results suggest that, in the

catalytic oxidation of 1, 1a is an important precursor of 1c,

which can be obtained through the oxidation of the ben-

zylic position of 1d, under the current conditions.

Apparently, the formation of 1b in the catalytic oxidation

of 1 cannot be attributed only to the oxidative cleavage of

1d, which arises from 1a as an intermediate in 1H-indene

oxidation (see Sect. 3.3); 1b may also derive directly from

1H-indene by the oxidative cleavage of the carbon-carbon

double bond. Oxidative cleavage of 1,2-diols, in order to

afford aldehydes or ketones, is an important reaction in

organic synthesis. In accordance with the literature [27],

the dialdehyde 1b can be obtained from the 1,2-diol 1d

with lead tetraacetate. Oxidative cleavage of carbon–car-

bon double bonds to carbonyl compounds is also a very

frequently used method in synthetic organic chemistry [37,

39–42].

3.2 Oxidation of 1,2-Dihydronaphthalene

The oxidation of 1,2-dihydronaphthalene (2) with H2O2 in

the presence of the Mn(III) or Fe(III) substituted poly-

oxotungstates afforded the products depicted in Scheme 2.

As for 1H-indene oxidation, it was studied the influence of

the different reaction conditions (polyoxotungstate used,

amount of oxidant added and reaction time) upon the

percentages of conversion and the distribution pattern of

the oxidation products (Table 2).

As found for the 1H-indene, conversions obtained in the

oxidation of 1,2-dihydronaphthalene increased when the

oxidant/substrate molar ratio passed from 4.0 to 9.8. By

comparing the results obtained with catalysts with the same

heteroatom X, it is clear that the Mn polyoxotungstates

usually gave higher values of conversion than the corre-

sponding Fe complexes (Table 2).

In fact, in the presence of 9.8 mmol of hydrogen per-

oxide per mmol of substrate, the BW11Mn and PW11Mn

anions were the more active catalysts, affording total

conversion of the substrate after 5 and 4 h of reaction

(entries 3 and 7, Table 2, respectively) and SiW11Mn

reached 91% of conversion after 7 h of reaction (entry 11,

Table 2). When H2O2/substrate = 4.0, the more active

catalysts were again BW11Mn and PW11Mn, which gave

97 and 90% of conversion after 7 h of reaction (Table 2,

entries 4 and 8). Note that, in all cases, the values of

conversion are almost unchanged after 12 h of reaction. In

the case of the iron polyoxotungstates, the boron complex

gives the higher conversion of 2, independently of the

quantity of H2O2 used.

Figures 3 and 4 illustrate the conversion and/or yield of

all products during the oxidation of 2 with H2O2/sub-

strate = 9.8, in the presence, respectively, of iron and

manganese polyoxometalates (X = P, B). Iron complexes

(Fig. 3) clearly favor the formation of 2d (selectivity: 46–

51%), whereas manganese complexes (Fig. 4) give rise to

high yields of naphthalene 2a, resulting from the oxidative

dehydrogenation of 2. For instance, in the case of BW11Mn

(Fig. 4b), the oxidative dehydrogenation product 2a is

always the major one, whereas BW11Fe (Fig. 3b) origi-

nates 2d as the main product in the same reaction

conditions. It should be noted that for H2O2/sub-

strate = 9.8 the yields of the epoxide 2b and of the 1,2-diol

2e are always low.

The catalytic oxidation of 2b, prepared by the method

referred for the 1H-indene, in the presence of PW11Mn,

occurred with high conversion (90% after 3 h), affording

2d (49%) as the major product, followed by 2c (22%) and

2e (20%) (Scheme 2, Fig. 5). Based on these results, we

may presume that epoxide 2b is an important precursor in

the catalytic oxidation of 2, under the current conditions.

Formation of 2c apparently proceeds from the oxidative

cleavage of 2e, which arises from 2b as an intermediate in

1,2-dihydronaphthalene oxidation. Finally, 2d can be

obtained through oxidation of the benzylic position of 2e.

3.3 Comparison of Reaction Pathways

Comparison of the oxidation of 1,2-epoxyindane (1a) and

1,2-epoxy-1,2,3,4-tetrahydronaphthalene (2b) indicated a

possible common reaction course (Scheme 3) in the oxi-

dation of 1H-indene (1) and 1,2 dihydronaphthalene (2).

Based on the results, it can be concluded that the dialde-

hydes obtained (1b and 2c) presumably proceed from the

oxidative cleavage of the corresponding diol, which arises
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Fig. 2 Yield of products 1b, 1c and 1d in 1,2-epoxyindane (1a)

oxidation in the presence of BW11Mn with 9.8 mmol of H2O2.

Substrate: 1.0 mmol; catalyst: 3.0 lmol; acetonitrile: 3.0 mL; 80 �C
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Table 2 Oxidation of 1,2-dihydronaphthalene with hydrogen peroxide catalyzed by Mn(III) or Fe(III) substituted polyoxotungstates after 7 h of

reactiona

Entry Catalyst Initial

H2O2 (mmol)

Consumed

H2O2 (mmol)

Conversionb (%) Selectivityb (%)

2a 2b 2c 2d 2e

1 BW11Fe 9.8 9.2 96 16 7 19 51 7

2 4.0 3.8 86 31 8 15 29 16

3 BW11Mn 9.8 4.4 100c 39 6 22 28 5

4 4.0 3.6 97 26 5 20 37 12

5 PW11Fe 9.8 3.7 85 19 7 19 46 8

6 4.0 1.4 63 18 9 20 48 5

7 PW11Mn 9.8 5.2 100d 32 6 19 34 8

8 4.0 3.8 90 27 4 20 28 22

9 SiW11Fe 9.8 3.8 75 17 12 23 36 13

10 4.0 0.8 36 23 12 23 27 15

11 SiW11Mn 9.8 5.8 91 17 7 24 42 10

12 4.0 4.0 20 23 5 20 31 20

13 Without catalyst 9.8 n.d.e – – – – – –

14 4.0 n.d.e – – – – – –

a Reaction conditions: substrate (1.0 mmol), catalyst (3.0 lmol) and hydrogen peroxide (4.0 or 9.8 mmol) were stirred at 80 �C in 3.0 mL of

CH3CN
b Determined by GC analysis
c Results obtained after 5 h of reaction
d Results obtained after 4 h of reaction
e Not determined
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Fig. 3 Conversion and yield of

all products for the oxidation of

1,2-dihydronaphthalene (2) in

the presence of (a) PW11Fe and

(b) BW11Fe, using 9.8 mmol of

H2O2. Substrate: 1.0 mmol;

catalyst: 3.0 lmol; acetonitrile:

3.0 mL; 80 �C
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from the related epoxide as an intermediate in 1H-indene or

1,2-dihydronaphthalene catalytic oxidation (Scheme 3).

Additionally, 2-(2-oxoethyl)benzaldehyde (1b) seems to be

formed mainly by the oxidative cleavage of 1H-indene (1)

carbon–carbon double bond. In fact, when the independent

oxidation reactions of 1 and 1a are compared (Fig. 6), we

can conclude that the oxidation of 1a contributes less to the

yield of 1b than the oxidation of 1. So, 1b seems to be the

result of two reaction pathways: (a) the oxidative cleavage

of 1d, which arises from 1a as an intermediate in 1H-

indene oxidation and (b) directly from 1H-indene by the

oxidative cleavage of the carbon–carbon double bond

(Scheme 3). Both reaction pathways have also to be con-

sidered for the formation of 2-(3-oxopropyl)benzaldehyde

(2c), as may be deduced from the comparison of the out-

come of the oxidation of 2 and 2b, in separate reactions

(Fig. 7). In this case, in the conditions of Fig. 7, the most

important pathway seems to be the oxidative cleavage of

the carbon–carbon bond of 1,2-dihydroxytetralin (2e).
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Fig. 5 Yield of products 2c, 2d and 2e in the oxidation of 1,2-epoxy-

1,2,3,4-tetrahydronaphthalene (2b) in the presence of PW11Mn with

9.8 mmol of H2O2. Substrate: 1.0 mmol; catalyst: 3.0 lmol; aceto-

nitrile: 3.0 mL; 80 �C
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Fig. 6 Comparative yield of products 1b, 1c and 1d in 1H-indene (1)

and 1,2-epoxyindane (1a) oxidation reactions in the presence of

BW11Mn with 9.8 mmol of H2O2 after 3 h. Substrate: 1.0 mmol;

catalyst: 3.0 lmol; acetonitrile: 3.0 mL; 80 �C
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Fig. 7 Comparative yield of products 2c, 2d and 2e in 1,2-

dihydronaphtalene (2) and 1,2-epoxy-1,2,3,4-tetrahydronaphthalene

(2b) oxidation reactions in the presence of PW11Mn with 9.8 mmol of

H2O2 after 3 h. Substrate: 1.0 mmol; catalyst: 3.0 lmol; acetonitrile:

3.0 mL; 80 �C
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Finally, hydroxy-ketones 1c and 2d can be obtained

through the oxidation of the benzylic position of the cor-

responding diol. In the catalytic oxidation reaction of 2, the

oxidative dehydrogenation product 2a was also observed,

as a competitive pathway in the oxidation of 1,2-dihydro-

naphthalene (Scheme 3).

4 Conclusions

The oxidation of 1H-indene, 1,2-dihydronaphthalene, 1,2-

epoxyindane and 1,2-epoxy-1,2,3,4-tetrahydronaphthalene

with hydrogen peroxide, in the presence of catalytic

amounts of tetrabutylammonium salts of manganese(III) or

iron(III) substituted Keggin-type polyoxotungstates was

studied. The percentages of conversion and selectivity for

1H-indene and 1,2-dihydronaphthalene oxidation reactions

were found to be dependent on the polyoxotungstate used,

on the amount of oxidant added and on the reaction time. In

general, polyoxotungstates studied gave rise to relatively

high conversions and the formation of several oxygenated

products was observed.

The oxidation of 1 and 2, respectively, yielded two or

three main products after 5–7 h of reaction, when a 5-fold

excess of H2O2 (in relation to the stoichiometric amount

needed for the most oxidized products) was used. These

were, respectively, the hydroxy-ketones 1c and 2d and the

di-aldehydes 1b and 2c, together with naphthalene (2a),

obtained by oxidative dehydrogenation of substrate 2.

Through the study of the oxidation of the epoxides 1a and

2b, it was possible to understand the sequential formation

of the diverse products found and propose the series of

oxidative steps depicted in Scheme 3.

The oxidative cleavage of carbon–carbon bonds of 1,2-

diols and the oxidative cleavage of C=C bonds of olefins to

afford carbonyl compounds, that originated the formation

of 1b and 2c, are very important reactions in synthetic

organic chemistry. Here we report the oxidative cleavage

of 1,2-diols carbon–carbon bond and the oxidative cleav-

age of carbon–carbon double bond of olefins to carbonyl

compounds under mild and environmentally friendly con-

ditions, using hydrogen peroxide as oxidant.
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