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benzils or aldehydes and esters by dioxygen
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Abstract

Heteropolyacids H3+nPMo12−nVnO40 (HPA-n, n = 1–4) catalyze efficiently the oxidation and the oxidative cleavage of
benzoin derivatives in the presence of dioxygen. HPA-2 gave the highest total yields in aldehydes and carboxylic esters by
using primary alcohols as solvents. No oxidative cleavage products were obtained with secondary or tertiary alcohols. HPA-2
catalyzes the oxidation of benzoin to benzil in the presence oft-BuOH or other polar solvents such THF, CH3CN, DME.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metal-catalyzed oxidative cleavage of C–C bond
is widely used in organic synthesis in both aca-
demic research and industrial applications [1,2].
In fact, the catalytic oxidation of cyclohexane by
V(V)–Cu(II) catalyst and nitric acid represents so
far the best industrial method for the production of
adipic acid [1,2]. The oxidative cleavage of ketones
was previously examined using the heteropolyacid
H3+nPMo12−nVnO40 (HPA-2), as a catalyst affording
carboxylic acid derivatives in high yields [3]. On the
other hand, cyclic ketones in alcohols were oxidatively
cleaved in the presence of stoichiometric amount of
oxovanadium(V), VO(OEt)Cl2 and dioxygen to give
the corresponding ketoesters or diesters depending
on the substituent at 2-position [4]. Recently, we
have reported a new route to the catalytic synthe-
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sis of various saturated and unsaturated carboxylic
esters via oxidative cleavage of benzil derivatives
using heteropolyacids of series H3+nPMo12−nVnO40
(n > 1) and dioxygen [5]. The aromatica-hydroxy
ketones were also easily oxidized to the corresponding
a-diketones under homogeneous and heterogeneous
conditions in the presence of aldehyde or aldoacetal
with catalytic amount of Co(II) or Fe(II) complexes
and dioxygen [6]. In addition, the oxidation of ben-
zoins to benzils was studied usingp-benzoquinone
or air in the presence of (FeII (SPh)4]2− and
[FeII (SePh)4]2− [7], Fe(II)-cysteine peptide com-
plexes [8] andt-butylperoxide [9,10]. Recently, am-
monium chlorochromate adsorbed on alumina [11]
or silica [12] was also used to oxidize benzoins to
benzils. We now wish to report an efficient use of the
heteropolyacids of the series H3+nPMo12−nVnO40
(HPA-n, n > 1) [13–15] in the oxidation and ox-
idative cleavage of benzoins to benzils or aldehydes
and carboxylic esters under mild experimental condi-
tions.

1381-1169/01/$ – see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S1381-1169(00)00453-2



284 B. El Ali et al. / Journal of Molecular Catalysis A: Chemical 165 (2001) 283–290

Scheme 1.

2. Results and discussion

The catalytic activity of the heteropolyacids,
H3+nPMo12−nVnO40 (HPA-n, n = 1–4), was ex-
plored using benzoins as substrates. HPA-n catalyze
the oxidation of benzoins in the presence of dioxy-
gen without cleavage of C–C bond leading to the
formation of benzils, or with C–C bond cleavage
forming aldehydes and carboxylic esters or mainly
esters depending on the temperature of the reaction.

2.1. Oxidation of benzoin to benzil by HPA-2 and
dioxygen

The heteropolyacids, HPA-n (n > 1), showed ex-
cellent catalytic activity in the oxidation of benzoin
1a to benzil (Scheme 1, route A). The oxidation reac-
tion was explored with various solvents such as THF,
CH3CN, DME and DMF at room temperature in the
presence of the catalytic system HPA-2/O2. At room
temperature, only traces of benzil was formed with
any of the mentioned solvents. However, the increase
of the temperature to 50◦C leads to a complete con-
version of benzoin to benzil (except for DMF traces
of benzil was found) (Table 1, entries 1–10). Excel-
lent yields and selectivities were also observed with

HPA-1, HPA-3 and HPA-4. However, traces of ben-
zil were formed when H3PMo12O40 or H3PW12O40
(with no vanadium) was used at room temperature or
50◦C to catalyze the oxidation reaction.

2.2. Oxidative cleavage of benzoins by HPA-n and
dioxygen

The oxidative cleavage of benzoin derivatives1a–c
was examined in the presence of HPA-n (n = 0–4) and

Table 1
Oxidation of benzoin1a to benzil by HPA-2 and dioxygena

Run T (◦C) Solvent % Yieldb PhCOCOPh

1 25 t-Bu-OH Traces
2 50 t-Bu-OH 100
3 25 THF Traces
4 50 THF 100
5 25 CH3CN Traces
6 50 CH3CN 100
7 25 DME Traces
8 50 DME 100
9 25 DMF Traces

10 50 DMF Traces

a Reaction conditions: HPA-2 (0.02 mmol), benzoin (2.0 mmol),
solvent (6 ml), 1 atm of O2, 8 h.

b Yield determined by GC using anisol as internal standard,
% yield = mmol of product/mmol substrate× 100.
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Table 2
Oxidative cleavage of benzoin1a with dioxygen in 1-propanol. Effect of various types of catalysta

Run Catalystb T (◦C) Total yieldc (%) Products distributiond (%)

PhCHO PhCOOR′ PhCOOH

1 HPA-2 25 96 45 48 7
2 NaHPA-2 25 Traces – –
3 NH4HPA-2 25 Traces – –
4 HPA-1 25 31 50 48 2
5 HPA-3 25 78 46 48 6
6 HPA-4 25 82 48 48 4
7 HPA-Mo12 50 Traces – – –
8 HPA-W12 50 Traces – – –

a Reaction conditions: HPA (0.02 mmol), benzoin (2.0 mmol), 1-propanol (6 ml), 1 atm of O2, 8 h.
b HPA-2 = H5PMo10V2O40·xH2O; NaHPA-2 = Na5PMo10V2O40·xH2O; NH4HPA-2 = (NH4)5PMo10V2O40·xH2O; HPA-1 =

H4PMo11V1O40·xH2O; HPA-3= H6PMo9V3O40·xH2O; H5PMo10V2O40·xH2O; HPA-4= H7PMo8V4O40·xH2O.
c Yield determined by GC using anisol as internal standard, % yield= mmol of product/2 mmol substrate× 100.
d Determined by GC using anisol as internal standard, %= mmol of a product/6 mmol products× 100.

dioxygen. The study includes the effect of varying the
catalyst, the time of the reaction, and the temperature
(Scheme 1, route B and C).

2.2.1. Influence of the type of catalyst
The oxidative cleavage of benzoin1a (Ar = C6H5)

was studied with various heteropolyacids under at-
mospheric pressure of molecular oxygen at room
temperature for 8 h by using 1-propanol as a sol-
vent (Table 2, entries 1–8). Only traces of aldehyde
and ester were observed when sodium or ammonium
salt of the heteropolyacid HPA-2 was used (Table 2,
entries 2, 3). Furthermore, the heteropolyacids that
contain no vanadium entities such as H3PM12O40
(M = Mo, W) showed no catalytic activity in the
oxidative cleavage at room temperature (Table 2,
entries 7, 8). However, the heteropolyacids of the
series H3+nPMo12−nVnO40·xH2O (HPA-n, n = 1–4)
showed excellent catalytic behaviors in the oxida-
tion of benzoin 1a with dioxygen. For example,
H5PMo10V2O40 (HPA-2) catalyzes efficiently the ox-
idation of benzoin1agiving a total yield of 96% (45%
propylbenzoate, 48% benzaldehyde, and 7% benzoic
acid) (Table 2, entry 1). In addition, HPA-1 (Table 2,
entry 4), HPA-3 (Table 2, entry 5) and HPA-4 (Table 2,
entry 6) gave a total yield of 31, 78 and 82%, respec-
tively, and the excellent selectivities in benzaldehyde
and propylbenzoate were always maintained high. It
seems clear now that the presence of both Bronstëd
acidity and vanadium in the structure of the het-

eropolyacids, H3+nPMo12−nVnO40·xH2O (HPA-n),
enhances their catalytic activity in the reaction of
oxidative cleavage of benzoins. In fact, the catalytic
system HPA-2/O2 at room temperature appears as the
most efficient system in the oxidation of benzoin1a.

2.2.2. Effect of time
The oxidative cleavage of benzoin1a was followed

with time by considering methanol, 1-propanol and
isopentanol as solvents in the presence of HPA-2/O2
at room temperature. The reaction profiles (Fig. 1)
showed clearly a different behavior of alcohols. The
oxidation reaction is slower with isopentanol com-
pared to methanol and 1-propanol. However, the max-
imum total yield of products (98%) was obtained in
all cases between 6–8 h. These results indicate that the
catalytic system HPA-2/O2 is very active independent
to type of primary alcohols.

2.2.3. Effect of temperature
The temperature effect on the oxidative cleavage of

benzoin1awas also carefully investigated. The oxida-
tion reaction was carried in the presence of HPA-2/O2
and 1-propanol and the temperature was varied from
room temperature to 70◦C (Fig. 2). We have found that
the yield of benzaldehyde decreases while the yield of
propylbenzoate ester increases by elevating the tem-
perature from 25 to 70◦C. The reaction was accompa-
nied by the formation of some benzil (5–15%) at tem-
peratures between 45 and 70◦C. We believe that the
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Fig. 1. Reaction profiles for the oxidative cleavage of benzoin
by HPA-2/O2 in the presence of different alcohols. Reaction con-
ditions: HPA-2 (0.02 mmol), benzoin (2.0 mmol), alcohol (6 ml),
1 atm O2, 8 h.

increase in ester formation by increasing the tempera-
ture comes mainly from the oxidative cleavage of ben-
zil formed as intermediate in the reaction and partially
from the esterification of benzoic acid in the presence

Fig. 2. Effect of temperature on the oxidative cleavage of benzoin by HPA-2/1-propanol/O2. Reaction conditions: HPA-2 (0.02 mmol),
benzoin (2.0 mmol), 1-propanol (6 ml), 1 atm O2, 8 h.

of HPA-2 as catalyst and dioxygen (Scheme 1, route
A) [5].

2.3. Oxidative cleavage of benzoins catalyzed by
HPA-2/O2 in the presence of various alcohols

The oxidative cleavage of benzoin derivatives1a–c
catalyzed by HPA-2/O2 was examined at room tem-
perature for 8 h in the presence of different alcohols
(Scheme 1, route C). The results are summarized in
Table 3. Excellent total yields (76–96%) and excellent
selectivity in aldehydes and carboxylic esters were ob-
tained with various primary alcohols (Table 3, entries
1–21). However, almost no products were obtained
when either 2-propanol ort-butyl alcohol was used as
a solvent. In addition, a mixture of acetonitrile (2 ml)
and primary alcohol (4 ml) was used with anizoin1b
and 4,4′-dimethylbenzoin1c due to the low solubility
of 1b andc at room temperature in pure alcohol. Inter-
estingly, the reaction of benzoins1a–cin the presence
of allyl and benzyl alcohols leads to high total yields
(74–92%) (Table 3, entries 22–27). This method rep-
resents an interesting and catalytic route to the syn-
thesis of unsaturated and benzylic aldehydes and car-
boxylic esters. In all cases (Table 3, entries 1–27), the
carboxylic acids (5–12%) are mainly formed by the
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Table 3
Catalytic oxidation of benzoin derivatives1a–c by HPA-2/O2/25◦C in the presence of various alcoholsa

Run Benzoin (1a–c) Alcoholb Total yieldc (%) Products distributiond (%)

PhCHO PhCOOR PhCOOH

1 1a CH3OH 90 46 45 8
2 1b CH3OH 83 48 47 5
3 1c CH3OH 81 47 45 7
4 1a CH3CH2OH 96 45 46 9
5 1b CH3CH2OH 85 48 46 6
6 1c CH3CH2OH 86 47 46 7
7 1a CH3CH2CH2OH 96 45 48 7
8 1b CH3CH2CH2OH 76 46 45 9
9 1c CH3CH2CH2OH 96 47 44 9

10 1a CH3CH2CH2CH2OH 90 46 47 7
11 1b CH3CH2CH2CH2OH 90 47 45 8
12 1c CH3CH2CH2CH2OH 90 48 44 8
13 1a CH3(CH2)3CH2OH 88 46 48 6
14 1b CH3(CH2)3CH2OH 79 45 46 9
15 1c CH3(CH2)3CH2OH 81 47 45 8
16 1a CH3CH(CH3)CH2CH2OH 90 47 48 5
17 1b CH3CH(CH3)CH2CH2OH 82 46 44 10
18 1c CH3CH(CH3)CH2CH2OH 80 45 47 8
19 1a CH3(CH2)5CH2OH 87 45 46 9
20 1b CH3(CH2)5CH2OH 78 45 43 12
21 1c CH3(CH2)5CH2OH 80 44 46 10
22 1a CH2=CHCH2OH 90 45 44 11
23 1b CH2=CHCH2OH 92 46 42 12
24 1c CH2=CHCH2OH 76 45 46 9
25 1a PhCH2OH 74 44 46 10
26 1b PhCH2OH 74 46 45 9
27 1c PhCH2OH 74 47 44 9

a Reaction conditions: HPA-2 (0.02 mmol), benzoin (2.0 mmol), 1 atm of O2, room temperature (25◦C), 8 h. For1a: alcohol (6 ml), for
1b and c: alcohol (4 ml), CH3CN (2 ml).

b 1a = C6H5-CO-CHOH-C6H5, 1b = p-CH3O-C6H4-CO-CHOH-C6H4-p-OCH3, 1c = p-CH3-C6H4-CO-CHOH-C6H4-p-CH3.
c Yield determined by GC using anisol as internal standard, % yield= mmol of product/2 mmol substrate× 100.
d Determined by GC using anisol as internal standard, %= mmol of a product/6 mmol products× 100.

hydrolysis of esters or by the cooxidation of aldehy-
des formed.

In addition, the oxidative cleavage of benzoin1a
was also carried out at room temperature in the pres-
ence of various alcoxyalcohols. The reaction was cat-
alyzed by HPA-2/O2 to form, in addition to benzalde-
hyde, some interesting functionalized carboxylic es-
ters (Eq. (1)) (Table 4, entries 1–6).

(1)

3. Proposed mechanism

The proposed mechanism for the oxidative cleav-
age of benzoin by HPA-n and dioxygen is described
(Scheme 2). Many studies have shown that VO2

+
is formed in isolated form or within heteropolyacids
(Eq. (2)) [16–21]. Recently, the13P and51V NMR
spectra of the reaction of benzene hydroxylation with
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Table 4
Catalytic oxidation of benzoin1a by HPA-2/O2 in the presence of various alcoxyalcoholsa

Run Alcohol Products distributionb (%)

Total yieldc (%) PhCHO (%) PhCOOR′′ (%) PhCOOH (%)

1 CH3OCH2CH2OH 87 45 46 9
2 CH3CH2OCH2CH2OH 78 45 43 12
3 CH3CH2OCH2CH2OCH2CH2OH 80 44 46 10
4 CH3OCH(CH3)OCH2CH2OH 90 45 44 11
5 CH3CH2CH2CH2OCH2CH2OH 92 46 42 12
6 CH3(CH2)2CH2OCH2CH2OCH2CH2OH 76 45 46 9

a Reaction conditions: HPA-2 (0.02 mmol), alcohol (6 ml), benzoin (2.0 mmol), 1 atm of O2, room temperature (25◦C), 20 h.
b Determined by GC using anisol as internal standard, %= mmol of a product/6 mmol products× 100.
c Yield determined by GC using anisol as internal standard, % yield= mmol of product/2 mmol substrate× 100.

hydrogen peroxide confirm the formation of VO2
+

which is probably converted into VO(O2)+ in the pres-
ence of H2O2 [24,25]. We also believe that VO2+ (A)
is the key and active species formed under dioxygen
in the oxidative cleavage of benzoin derivatives in the
presence of alcohols. VO2+ is added to benzoin to
form the alcoxyvanadium(V) intermediateB. The ho-
molytic cleavage ofB in the presence of H+ gives alde-
hyde, the radicalC and H2O and the vanadium(IV)
intermediate VO2+ (D). The formation of radical in
this reaction was confirmed by the addition of the rad-
ical inhibitor, 2,6-di-tert-butyl-p-cresol, to the reac-

Scheme 2.

tion mixture of HPA-2/O2/1-propanol/benzoin; the to-
tal yield decreased from 96 to 12%. The vanadium(V)
cation VO2

+ reacts with radicalC in the presence of
alcohol (ROH) to form the carboxylic ester, H+, and
VO2+ (D). The vanadium(IV) species VO2+ returns
into the heteropolyanions either by an electron transfer
(Eq. (3)) or by association with the lacunary species
HPA (n − 1) (Eq. (4)) [16–21]. Eventually, VO2+ is
reoxidized by O2 inside HPA-n (Eq. (5)).

HPA-n � VO2
+ + HPA-(n − 1) (2)

VO2+ + HPA-n + H2O � VO2
+ + H(HPA-n) (3)
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VO2+ + HPA-(n − 1) + H+ � H(HPA-n) (4)

4HPA-(n − 1) + O2 � 4HPA-n + H2O (5)

4. Experimental

Alcohols, alcoxyalcohols and benzoins (1a andb)
are commercially available materials and were used
without further purification. The benzoin1c was pre-
pared according to the literature method [22]. The
heteropolyacids H4PMo11V1O40, H5PMo10V2O40,
H6PMo9V3O40 and (NH4)5PMo10V2O40 were pre-
pared according to the literature method [13–15],
however, H7PMo8V4O40, was prepared according to
Brégeault method [13–15]. The solid FT-IR of the
synthesized heteropolyacids did not show clear dif-
ferences and the bands between 800 and 1100 cm−1

confirmed the presence of the Keggin-type structure
[23]. The analysis of the prepared heteropolyacids is
as follows:

Na0.5H3.5PMo11VO40, 30H2O. Calculated: P, 1.33;
Mo, 45.25, V, 2.18; Na, 0.49. Found: P, 1.35; Mo,
46.1; V, 2.26; Na, 0.45 (Mo/P = 11.02, V/P = 1.02,
Mo/V = 10.8).

Na0.5H4.5PMo10V2O40, 30H2O. Calculated: P,
1.35; Mo, 41.95; V, 4.45; Na, 0.50. Found: P, 1.31;
Mo, 41.61; V, 4.35; Na, 0.20 (Mo/P = 10.25, V/P =
2.02, Mo/V = 5.08).

Na0.5H5.5PMo9V3O40, 15H2O. Calculated: P, 1.75;
Mo, 43.74; V, 7.74; Na, 0.58. Found: P, 1.58; Mo,
44.7; V, 7.5; Na, 0.11 (Mo/P = 9.14, V/P = 2.88,
Mo/V = 3.17).

Na0.1H6.9PMo8V4O40, 10H2O. Calculated: P, 1.69;
Mo, 41.91; V, 11.13; Na, 0.13. Found: P, 1.73; Mo,
42.5; V, 11.36; Na, 0.25 (Mo/P = 7.92, V/P = 3.99,
Mo/V = 1.98).

4.1. General procedure for the oxidative cleavage of
benzoin derivatives 1a–c1a–c1a–c

HPA-2 (0.02 mmol) was added to a mixture of
benzoin1a (2.0 mmol) and 1-propanol (6 ml) and the
reaction mixture was stirred under 1 atm of dioxy-
gen for 8 h at room temperature. The progress of
reaction was monitored by GC by using anisol as
internal standard. The conversion and the total yield
of products were determined by GC and GC-MS.

All products gave excellent1H and 13C NMR
spectra.

5. Conclusion

The results show a new and potential use of the
heteropolyacids, H3+nPMo12−nVnO40 (HPA-n, n =
1–4), as catalysts in the chemistry of oxidation. The
benzoins are easily oxidized with or without C–C bond
cleavage. The reaction provides a simple and highly
efficient catalytic method for synthesis of aldehydes
and carboxylic esters in the presence of primary alco-
hols under very mild conditions.
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