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Abstract—Mandelic acid and some aryl substituted derivatives were oxidised under molecular oxygen and a catalytic amount of Bi(0).
The corresponding aldehydes and/or the carboxylic acids were obtained selectively depending on the nature of the substituent. Aldehydes and
a-keto acids were oxidised under the same Bi(0)/O2 system and a-keto acids were proposed as intermediates in the formation of benzoic acid
derivatives. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The most general utilisation of mandelic acid and its
derivatives in industrial applications concerns their oxi-
dation, which allows the access to aromatic aldehydes.1 In
particular, hydroxy- and alkoxy-substituted aldehydes
constitute important products, used in the field of flavours
and perfumes.2,3 Mandelic acid derivatives are also used as
intermediates in the field of agrochemicals, pharmaceuticals
and in cosmetology.4 – 6 Thus, piperonal (heliotropin) or
vanillin are obtained from the oxidation of 3,4-methylene-
dioxymandelic acid7 or 4-hydroxy-3-methoxymandelic acid
(or VMA), respectively, (Scheme 1).1,8,9

The oxidation of mandelic acids can afford different
oxidation products: the corresponding aldehyde, the car-
boxylic acid and the a-keto acid. A large variety of

stoichiometric oxidation systems have been reported for this
decarboxylative oxidation of mandelic acids to the corre-
sponding aldehydes.10 Among the catalytic reactions, Fe(II)
and Cu(II) systems with H2O2 or S2O8

22 as the oxidants,11,12

Cr(V)13 or KMnO4
14 with HClO4, or Cu(II)/O2 systems

have been described.15

The oxidation of mandelic acids can also afford the
corresponding benzoic acids or the arylglyoxylic acids.
Thus, phenylglyoxylic acid has been obtained from the O2

oxidation of mandelic acid in the presence of Cu(II),16 Pd/C,
or Pt/C catalytic systems.17 The oxidation to benzoic acid
derivatives has been reported with Ce(IV) or Mn(II) in the
presence of bromide ions, with Ru(VI)/Fe(III) or with
Co(III)/O2 systems.18 – 20

Despite these numerous studies, there has been no
systematic study undertaken concerning the oxidation of
mandelic acids. We present here systematic mechanistic
considerations of this reaction with a bismuth-based
catalytic system.

We have shown that some Bi(III) complexes such as Bi(III)-
mandelate, in the presence of molecular oxygen, presented
an interesting catalytic activity towards the oxidation
and the oxidative C–C bond cleavage of epoxides and
a-ketols.21 – 23 More recently, metallic bismuth powder has
also been reported as an efficient catalyst for the oxidation
of these families of compounds, including the oxidation of
a-hydroxy acids.24

The use of other bismuth derivatives in the oxidation of
mandelic acids has been limited to the stoichiometric
utilisation of sodium bismuthate25 and of bismuth nitrate26

leading to benzaldehydes and benzoic acids, respectively.
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Scheme 1. Oxidative decarboxylation of VMA.
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On the other hand, bismuth (III) derivatives have been
described in the last years as possessing interesting Lewis
acid character, able to catalyse, for example, the deprotec-
tion of acetals27 and S,S-acetals,28 the isomerisation of
epoxides,29 the sulfonylation reaction,30 the acetylation and
benzoylation of alcohols31 the Mukaiyama aldol reaction,32

the Diels–Alder reaction,33,34 as well as other organic
transformations.35

In the present study, we summarise our results on the bi-
catalysed oxidation of differently substituted mandelic
acids, benzaldehydes and phenylglyoxylic acids, in order
to get a better understanding of the factors that govern the
reaction chemoselectivity, and in order to propose plausible
mechanistic pathways and intermediates for the oxidation of
the various substrates examined.

2. Results and discussion

The oxidation of mandelic acids (or one of its aryl
derivatives), 1, can afford benzaldehydes, 2, arylglyoxylic
acids, 3, and/or the benzoic acid derivatives, 4. As shown in
Scheme 2, the oxidative decarboxylation of 1 may directly
afford 2, which, in turn can be oxidised to 4 (path (a)). In an
alternative pathway (path (b)), the alcohol oxidation of 1
may lead to keto acid 3, which can be either decarboxylated
to 2 or undergo an oxidative decarboxylation to 4.

During the oxidation of differently substituted mandelic
acids in the presence of Bi(0)/O2 as the catalytic system,
we observed that the nature of the substituents on the aryl
ring was chemoselectively influencing the outcome of the

reaction (Eq. (1)).

ð1Þ

As shown in Table 1, whereas the oxidation of unsubstituted
mandelic acid, 1a led to the selective formation of benzoic
acid, 4a, the oxidation of 4-hydroxy-3-methoxymandelic
acid, 1d, afforded the corresponding aldehyde, 2d, in high
selectivity. In a recent study,36 we could distinguish
between two types of substitution on the aryl ring able to
strongly influence the reactivity and the selectivity of the
oxidation of mandelic acid derivatives. Thus, the presence
of electron-withdrawing substituents allowed the selective
formation of benzoic acids, 4. In contrast, mandelic acid
derivatives possessing an hydroxy substituent at the 2- or
4-positions of the aryl group tended to favour the formation
of the corresponding benzaldehydes, 2.

To complete this study, we examined the reactivity of four
model compounds, differently substituted in the aromatic
ring, under oxidative catalytic conditions, using the system
Bi(0) under molecular oxygen. The oxidations were carried
out in DMSO/AcOH as the reaction medium at 1258C, with
10 mol% of catalyst with respect to the substrate. Under
these conditions, the commercially available and non-toxic
Bi(0) powder could be dissolved and an homogeneous
yellow solution was obtained. A Bi(III)/Bi(0) redox couple
was operating as the catalytic system, able to activate O2 at

Scheme 2. Pathways for the oxidation of mandelic acid derivatives catalysed by Bi(0)/O2 system.

Table 1. Oxidation of mandelic acid derivatives catalysed by Bi(0)/O2 system

Substrate R1 R2 Time Conversion (%) Yields (%) /conversion 2þ4 Selectivity 2/4

1a H H 24 h 54 81a 7:93
1b OMe H 6 h 77 100 38:62
1c CF3 H 24 h 97 100 1:99
1d OH OMe 40 min 97 100 87:13
1e OH H 6 h 100 98 77:23

a Phenylglyoxylic acid 3a was also obtained in 19% yield.
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atmospheric pressure. Model compounds chosen were
mandelic acid, 1a, 4-methoxymandelic acid, 1b, 4-trifluoro-
methylmandelic acid, 1c, and 4-hydroxy-3-methoxyman-
delic acid, 1d. We examined as well, the oxidation of the
corresponding benzaldehydes, 2a–d, and arylglyoxylic
acids, 3a–c. The oxidation of 4-hydroxy mandelic acid 1e
was also examined, for comparison.

2.1. Oxidation of mandelic acid, benzaldehyde and
phenylglyoxylic acid

Under the standard reaction conditions, the oxidation of
mandelic acid, 1a, led, after 24 h to a 54% conversion.
Among the compounds formed, the major product was
benzoic acid, 4a, obtained with a selectivity of 75%.
Benzaldehyde, 2a and phenylglyoxylic acid, 3a were
obtained in 6 and 19% selectivity, respectively, (Table 2).

Both 2a and 3a being possible intermediates in the
formation of 4a, their oxidation was run under the same
conditions. Benzaldehyde was converted into benzoic acid
in only 15% after 24 h. In contrast, the oxidation of
phenylglyoxylic acid, 3a afforded, under the same con-
ditions, 85% conversion with exclusive formation of 4a.

These results indicated that benzaldehyde 2a is not a
plausible intermediate in the oxidation of 1a to 4a (Scheme
2). However, the keto acid, 3a, constitutes an intermediate
compatible with the oxidation kinetics. The kinetic
evolution of the oxidation of a 1:1 mixture of 1a and 3a is
presented in Figure 1. The reaction was followed by NMR,
after treating aliquot samples from the reacting mixture.

As shown in Figure 1, the keto acid 3a is oxidised at a higher
rate than 1a. This is in agreement with a mechanism
following path (b) in Scheme 2.

2.2. Oxidation of 4-methoxymandelic acid, 4-methoxy-
benzaldehyde and 4- methoxyphenylglyoxylic acid

The kinetics of the Bi(0)/O2 oxidation reactions of 4-methoxy-
mandelic acid, 1b, 4-methoxybenzaldehyde, 2b, and
4-methoxyphenylglyoxylic acid, 3b, are presented in Figure
2. Both 4-methoxymandelic acid and 4-methoxyphenyl-
glyoxylic acid reacted at similar rates, and faster than the
aldehyde, 2b. Conversions and selectivities in 4-methoxy-
benzoic acid, 4b, are presented in Table 3.

The oxidation of 1b led, after 6 h, to a 77% conversion into
a mixture of aldehyde 2b and carboxylic acid 4b with a
selectivity 2b:4b of 38:62. It is to be noted that 3b was not
isolated from the oxidation of 1b. The oxidation of 3b
afforded selectively 4b in 98%.

The aldehyde 2b being only slowly oxidised to 4b, the
formation of 4b from 1b is essentially due to its oxidation

Table 2. Oxidation of mandelic acid, 1a, benzaldehyde, 2a and
phenylglyoxylic acid, 3a, catalysed by Bi(0)/O2 system for 24 h reaction

Substrate Conversion (%) Products formed
and selectivity

2a 3a 4a

1a 54 6 19 75
2a 15 – – 100
3a 85 – – 100

Table 3. Oxidation of p-methoxymandelic acid, p-methoxybenzaldehyde
and p-methoxyphenyglyoxylic acid catalysed by Bi(0)/O2

Substrate Time (h) Conversion (%) Products formed and
selectivity

2b 3b 4b

1b 6 77 38 – 62
2b 24 32 – – 100
3b 24 80 2 – 98

Figure 1. Oxidation of a mixture of mandelic acid and phenylglyoxylic acid (1:1) catalysed by Bi(0)/O2.

Figure 2. Oxidation of p-methoxymandelic acid, p-methoxybenzaldehyde
and p-methoxyphenyglyoxylic acid catalysed by Bi(0)/O2.
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via the keto acid 3b, following path (b) in Scheme 2,
according to the data in Table 3.

In the oxidation of 1b, the aldehyde 2b, present with a
selectivity of 38%, is not issued from the keto acid
intermediate. The aldehyde should be directly formed
from 1b by an oxidative decarboxylation reaction, as
shown by path (a) of Scheme 2. In the case of the oxidation
of 1b, the two possible oxidation pathways (a) and (b) of
Scheme 2 seem to be operating simultaneously, with an
approximate ratio of 1:2.

2.3. Oxidation of 4-trifluoromethylmandelic acid, 4-tri-
fluoromethylbenzaldehyde and 4-trifluoromethylphenyl-
glyoxylic acid

Figure 3 presents the kinetic evolution of the Bi(0)-
catalysed oxidation of 4-trifluoromethylmandelic acid, 1c,
4-trifluoromethylbenzaldehyde, 2c, and 4-trifluoromethyl-
phenylglyoxylic acid, 3c. The results indicate that the
oxidation of the keto acid 3c occurs at a much higher rate
than that of 1c, and a relatively slow oxidation of aldehyde
2c can be observed.

It can be concluded that 3c is an intermediate in the
oxidation of 1c to 4c, and 3c is not isolated in the reaction.
Table 4 indicates the results of the oxidations of 1c–3c.
After 1 h reaction, the keto acid 3c is almost completely
converted and the carboxylic acid 4c is formed with a
selectivity of 98%. This result is compatible with the
oxidation of 1c to 4c via 3c as the intermediate.

The aldehyde 2c is practically not formed in the oxidation of
either 1c or 3c. The aldehyde is only slowly oxidised to 4c,

and it does not constitute an intermediate in the oxidation of
1c to 4c. Thus, the oxidation of 4-trifluoromethylmandelic
acid, 1c follows almost exclusively path (b) in Scheme 2.

2.4. Oxidation of 4-hydroxy-3-methoxymandelic acid
and 4-hydroxy-3-methoxybenzaldehyde

The oxidation of 4-hydroxy-3-methoxymandelic acid or
vanillic mandelic acid, 1d, and of 4-hydroxy-3-methoxy-
benzaldehyde or vanillin, 2d, was carried out by the
Bi(0)/O2 system. In the case of the 4-hydroxy-3-methoxy
substituted derivatives, several attempts to prepare the keto
acid derivative, 3d, were unsuccessful.

The oxidation of 1d was completed in 1 h and occurred at
a much higher rate than that of 2d. The oxidation of 2d
afforded a conversion of only 25% after 24 h. As shown in
Table 5, the oxidation of 1d to 2d occurs very selectively at
the first stages of the reaction. However, in the reaction
medium, 2d undergoes a slow oxidation to 4d, and therefore
the aldehyde selectivity decreases with time.

The oxidation of 1d led selectively to the aldehyde 2d.
However, and in the absence of intermediate 3d, we cannot
conclude weather 2d is formed by a direct oxidative
decarboxylation of 1d (path (a), Scheme 2) or by the
decarboxylation of the keto acid intermediate (path (b)).
The carboxylic acid 4d is formed from the slow oxidation of
aldehyde 2d. As in the case of 1d, 4-hydroxymandelic, 1e,
led to the preferential formation of aldehyde 2e in 77%
selectivity (Table 1).

2.5. Proposed mechanisms

The above results indicate that in the case of the oxidation of
1a–c, the formation of the corresponding carboxylic acid 4
is issued from a first oxidation of the a-hydroxy acid, 1 to
the corresponding a-keto acid, 3, followed by a second
step of oxidative decarboxylation to 4. These successive
oxidation steps are catalysed by the system Bi(0)/O2 in
DMSO/AcOH. It has been recently reported, that under
the reaction conditions, the initial Bi(0) is dissolved in the
medium and forms a Bi(III) complex, which constitutes the
active oxidation species.24 In each oxidation step, the redox
couple Bi(III)/Bi(I) should be operating. The recycling of
the Bi(III) species is effected by molecular oxygen.

A proposed catalytic cycle for the transformation of
mandelic acids 1 to their corresponding benzoic acids 4 is
shown in Scheme 3. The nature of the intermediates Bi(III)
or Bi(I) species, or the mode of coordination of O2 are not
yet known.

Figure 3. Oxidation of p-trifluoromethylmandelic acid, p-trifluoromethyl-
benzaldehyde and p-trifluoromethylphenylglyoxylic acid catalysed by
Bi(0)/O2.

Table 4. Oxidation of p-trifluoromethylmandelic acid, p-trifluoromethyl-
benzaldehyde and p-trifluoromethylphenylglyoxylic acid catalysed by
Bi(0)/O2

Substrate Time (h) Conversion (%) Products formed
and selectivity

2c 3c 4c

1c 24 97 1 – 99
2c 24 37 – – 95
3c 1 90 2 – 98

Table 5. Oxidation of VMA and vanillin catalysed by Bi(0)/O2

Substrate Time Conversion (%) Products formed
and selectivity

2d 3d 4d

1d 20 min 69 99 – 1
40 min 97 87 – 13
24 h 100 61 – 31

2d 24 h 25 – – 68
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According to Scheme 3, a first oxidation of Bi(0) to Bi(III) is
followed by the coordination of 1 to form a proposed
intermediate A. Other mechanisms are also possible for
the alcohol oxidation reaction, either concerted or non-
concerted. A redox reaction of A affords Bi(I) and the keto
acid 3. Further Bi(I) reoxidation to Bi(III) allows the
oxidative decarboxylation of the carboxylate intermediate B
to form the carboxylic acid 4 and CO2. The proposed
mechanism involving the passage 3 to 4 in Scheme 3 has

some similarities with the a-keto acid oxidation mecha-
nisms proposed by dioxygenase enzymes and their iron
synthetic models.37

This type of catalytic cycle is selectively operating in the
case of mandelic acid and of mandelic acids substituted by
electron-withdrawing substituents in the aryl ring.

The kinetic and preparative-scale results also indicated the

Scheme 3. Catalytic cycle proposed for the oxidation of mandelic acids, 1 to their corresponding benzoic acids, 4.

Scheme 4. Catalytic cycle proposed for the oxidation of mandelic acids, 1 to their corresponding benzaldehydes, 2.
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possibility, for substrates such as 1b and 1d to undergo a
direct oxidative decarboxylation to the corresponding
aldehydes 2. A catalytic cycle for the aldehyde formation
is proposed in Scheme 4.

In this case, intermediate A does not undergo alcohol
oxidation, but the cleavage of the C–C bond with loss of
CO2 and direct formation of derivatives 2, with recycling of
the Bi(III) species.

This catalytic cycle is preferred in the case of mandelic
acids possessing hydroxy substituents on the 2- or
4-positions of the aryl ring. The possible participation of
quinoid-type intermediates of type C (Scheme 5) can also be
considered and has already been proposed.38 The mecha-
nism shown in Scheme 4 should be partially operating in the
case of electron-donating substituents, such as the methoxy
group, as in the oxidation of 1b.

Two different mechanistic pathways are therefore operating
in the oxidation of differently substituted mandelic acids.
To complete this study, a Hammett-type correlation was
obtained from the kinetic data with the Bi(0)/O2-catalysed
oxidation of mandelic acid substrates. The results are
presented in Table 6 and in Figure 4.

A different slope in the Hammett correlation was obtained
for electron-rich and for electron-poor substrates, in
agreement with different operating mechanisms.

On the other hand, parallel competitive reaction studies
were carried out on the oxidation of some p-substituted
mandelic acid derivatives. In a first competition experiment
a 1:1 mixture of 4-trifluoromethylmandelic acid and
unsubstituted mandelic acid were reacted under the standard
reaction conditions for 24 h. The results are shown in Figure
5. It could be observed that mandelic acid under these
competitive conditions reacted slightly faster than alone,
no keto acid was present after 24 h (see Table 1 for
comparison) and the selectivity towards benzoic acid was of
85%.

A slightly lower reactivity was observed for 4-trifluoro-
methylmandelic acid in this competitive experiment, with a
final selectivity in 4-trifluoromethylbenzoic acid of 88%.
Overall, the oxidation of a mixture of the two derivatives
afforded the same products with slight kinetic differences,
but in a less selective process.

A second competitive experiment was carried out with a 1:1
mixture of 4-trifluoromethylmandelic acid and 4-hydro-
xymandelic acid for 5 h, and the results are presented in
Figure 6. In this reaction, an electron-poor substrate reacting
through path (b) in Scheme 2, according to the mechanism
proposed in Scheme 3 was reacted together with a 4-OH
substituted mandelic derivative, that was mainly affording
the corresponding aldehyde according to Schemes 4 or 5.

The results obtained indicated that the rate of conversion of
the 4-hydroxymandelic acid slowed down, and that of
4-trifluoromethylmandelic acid slightly increased. For both
compounds the selectivity towards the corresponding
aldehydes increased. Thus, the conversion of 4-hydroxy-
mandelic acid was of 57% after 6 h with a ratio 2e:4e of
89:11. For 4-trifluoromethylmandelic acid a conversion of
57% was reached after 5 h and the ratio 2c/4c was of 35:65.
This competitive experiment with two substrates reacting
through differently reaction pathways indicated that there is
a strong influence of the presence of one substrate on the
reactivity and the selectivity of the other one.

3. Conclusions

We report for the first time a systematic study on the
oxidation of differently substituted mandelic acid deriva-
tives, 1 with a Bi(0)/O2 catalytic system. The oxidation of 1
can afford either the corresponding carboxylic acids 4 or
the aldehydes 2. We could show that the formation of
acids 4 could involve the intermediate passage through the

Scheme 5. Proposed quinoid-type intermediates for mandelic acids possessing hydroxyl substituents on 2- or 4-positions of the aryl ring.

Table 6. Reaction half-time, rate constants and s values39 for mandelic acid
oxidations (see Eq. (1))

R Substrate t1/2 (h) K (s21)£105a log (k/k0) s

H 1a 22 0.88 (k0) 0 0
p-OMe 1b 3 6.42 0.86 20.28
p-CF3 1c 5 3.85 0.64 0.53
p-OH 1e 2 9.63 1.04 20.38
p-Cl 1f 15 1.28 0.16 0.24
m-Cl 1g 7 2.75 0.49 0.37

a The rate constant was taken as: k¼ln 2/t1/2.

Figure 4. Hammett representation for the oxidation of p-substituted
mandelic acid derivatives (Eq. (1)).
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corresponding keto acid intermediates, 3. Aldehydes 2 are
obtained through a different mechanism, the direct oxidative
decarboxylation. With the Bi(0)/O2 catalytic system, the
choice of one or other mechanism is essentially governed by
the nature of the substituent on the aryl ring of 1. Thus,
electron-withdrawing groups in the aryl moiety selectively
orientate towards the formation of the corresponding
carboxylic acids, via the keto acid intermediates. In sharp
contrast, when –OH or other electron-donating groups are
present as aryl substituent(s), particularly at the 2- and
4-positions, the formation of the aldehyde 2 is preferred and
the reaction rates are increased.

4. Experimental

The commercially available products were used without
further purification. The reactions were carried out under
atmospheric pressure of molecular oxygen. Mandelic acid
or its derivatives (1a–d) (2 mmol), was dissolved in DMSO
(5 mL) in the presence of Bi(0) powder (0.2 mmol) and
3 mmol of AcOH (50% aqueous solution). The mixture was
stirred at 1258C for 24 h or until the complete consumption
of the starting material, which was followed by HPLC
and/or by 1H NMR. The crude reaction mixture was
hydrolysed with 5 mL aqueous 1 M HCl solution saturated
with NaCl, and extracted with ethyl acetate (5£10 mL).
Organic phases were collected and washed twice with an

aqueous 0.1 M HCl solution saturated with NaCl, dried over
MgSO4 and filtered off. The products were analysed by
HPLC and 1H NMR and their spectral data compared to
those of authentic samples.
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