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INTRODUCTION

Anisaldehyde is an important perfume in fragrance and

can also be used as an intermediate for synthesis of anisic acid,

anisonitrile, porphyrins and other pharmaceutical products1,2.

The conventional processes for the production of anisaldehyde

employ KMnO4, MnO2 or K2Cr2O7 as oxidants3. Heavy metals

in these oxidants and large amount of sulfuric acid used in the

process may cause environmental problems. Many new pro-

cesses have been developed for the production of anisaldehyde

from anethole, including oxidation by ozone4, manganese

dioxide3, hydrogen peroxide5, PhI(OAc)2 
6 and electrochemical

oxidation3,7. Biological transformation8,9 has also been succe-

ssfully applied for the synthesis of anisaldehyde. However,

these processes still need to be improved for industrial appli-

cation.

Hydrogen peroxide is a green oxidant with high content

of active oxygen and water is the sole byproduct10. It has been

applied for oxidation of unsaturated hydrocarbons to epo-

xides11,12 and aldehydes13, alcohols to ketones and aldehydes

to acids10. Application of the environmental friendly H2O2 is a

hotspot for synthesis of anisaldehyde from anethole5.

Vanadium is an effective component for many catalysts

that can activate H2O2 and catalyze H2O2 oxidation of alcohols,

olefins and their derivatives14,15. Vanadium(IV) complexes of

aromatic carboxylic acids can effectively catalyze H2O2 oxida-

tion of anethole to anisaldehyde with 100 % conversion and
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73.5 % selectivity for anisaldehyde5. We have reported that

anethole can be selectively oxidized to anisaldehyde by H2O2

with a recyclable and reusable catalyst ferric vanadate

(FeVO4)
16. The process was under mild conditions (5 h at 40 ºC)

with 100 % conversion for anethole and 73.4 % selectivity for

anisaldehyde. Investigation on the reaction mechanism would

be helpful for the development and improvement of the anisal-

dehyde production process. In the present paper, the reaction

kinetics and mechanism have been explored. The results

indicate that it is a homogeneous catalytic system with free

radical reaction mechanism and the high active diperoxy-

orthovanadate ion generated from FeVO4 and H2O2
17 is the

actual oxidant. Epoxide has been found as the reaction inter-

mediate. The reaction follows pseudo-first order rate equation.

A plausible reaction mechanism has been proposed based on

the experimental results.

EXPERIMENTAL

Anethole, ferric nitrate nonahydrate, ammonium meta-

vanadate, hydrogen peroxide (30 %), 1,4-dioxane, styrene and

styrene epoxide are all AR grade from commercial and used

without further purification. The FeVO4 catalyst was synthe-

sized as previously reported17.

General procedure: A typical experiment for selective

oxidation of anethole by H2O2 was performed as follows:

anethole (0.4 g, 2.7 mmol), FeVO4 (0.004 g, 0.017 mmol),
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solvent (15 mL) and 30 % H2O2 (1.5 mL, 14.7 mmol) were mixed

in a 100 mL round-bottomed flask equipped with magnetic

stirrer and condenser . The mixture was stirred at 40 ºC for

5 h. After removal of the catalyst by centrifuge, the products

in solution were analyzed by GC and/or GC-MS. To investigate

oxidation of styrene or styrene epoxide for the reaction system,

anethole was replaced with the same molar amount of styrene

or styrene epoxide under the above reaction condition.

The oxidation products of anethole were analyzed on SP

6890 (Rainbow Chemical Instrument Co. Ltd., China)

equipped with a SE-54 capillary column (30 m × 0.25 mm ×

0.25 µm). N2 was used as the carrier gas with flow rate of 1.0

mL/min. The injector and FID detector were held at 250 ºC.

The oven was held at 160 ºC. The injected volume was 1 µL.

GC/MS analysis was performed on a Perkin Elmer Clarus 500

GC-MS instrument. Separation was achieved on ELite - 5MS

capillary column (30 m × 0.25 mm × 0.25 µm, Perkin Elmer,

USA). The oven was held at 150 ºC with injector and detector

held at 250 ºC. The Chemical composition and solubility of

the catalyst in the reaction mixture were determined by ICPS-

6300 series ICP-AES spectrometer (ThermoFisher Scientific,

USA). Cyclic voltammogram was measured on CHI760D

electrochemical workstation (shanghai, China). The CV runs

were recorded from -1.6 V to +1.5 Vrespective to Ag/AgCl as

reference electrode at scan rate of 0.1 V/S and the sensitivity

(A/V) is 1e-5.

The integration method was taken for kinetic measure-

ment. General procedure is as follows: Anethole (0.4 g, 2.7

mmol), FeVO4 (0.004 g, 0.017 mmol), solvent (15 mL) and

30 % H2O2 (1.5 mL, 14.7 mmol) were mixed in a 100 mL round-

bottomed flask equipped with magnetic stirrer and condenser.

The mixture was heated at 298, 303, 308 and 313 k. The

concentration of anethole at different reaction times was deter-

mined by GC. The reaction order was found according to the

linear relationship between ln (1/CA) - t (first order reaction)

or 1/CA - t (second order reaction).

RESULTS AND DISCUSSION

It has been found that H2O2 cannot oxidize anethole

directly in the absence of catalyst and FeVO4 could effectively

catalyze the oxidation reaction, but amorphous FeVO4

demonstrated better catalytic performance than the catalyst

with calcination. When the catalyst was mixed with H2O2 in

dioxane, the supernatant became light yellow. If the supernatant

was mixed with anethole, the conversion of anethole and the

yield of anisaldehyde were the same as that in the presence of

FeVO4. Therefore, this reaction system is in fact a homo-

geneous reaction.

It was well known that under neutral and basic conditions,

vanadium(V) could form peroxovanadate complex with

hydrogen peroxide via. 1-4 coordinated peroxide ligands.

Under acidic conditions, addition of hydrogen peroxide to VO2
+

gives the red oxomonoperoxo VO(O2)
+ and the yellow

oxodiperoxo VO(O2)2
– species18-21. VO(O2)2

– is favored by low

acid and high hydrogen peroxide concentrations22. The low

acidic system (pH 3-5) and the yellow color of solution for

the investigated catalytic system in the present paper indicated

VO(O2)2
– is the main specie of vanadium(V) in the reaction

mixture, which was also verified by UV spectrometry. Since

anethole cannot be oxidized by hydrogen peroxide directly, it

is reasonable that VO(O2)2
– is the actual oxidant. It can also be

verified by cyclic voltammogram (Fig. 1). The reduction current

increased from 0.3 to 0.8 × 10-6A after introduction of ammonium

metavanadate or FeVO4 at -0.5 V, it is very clear the oxidation

performance of H2O2 was significantly enhance in the presence

of vanadium(V).
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Fig. 1. Cyclic voltammogram for different systems. CV conditions: Init

E(V) = -1.6 , High E(V) = 1.5, Low E(V) = -1.6, Init P/N = P, Scan

Rate (V/S) = 0.1, Segment = 2, Smpl Interval (V) = 0.001, Quiet

Time = 2, Sensitivity (A/V) = 1e-5. H2O2: 1.5 mL 30 % H2O2 in 15

ml dioxane; Ferric vanadate/H2O2: 0.017 mmol ferric vanadate and

1.5 mL 30 % H2O2 in 15 mL dioxane; ammonium metavanadate/

H2O2: 0.017 mmol ammonium metavanadate and 1.5 mL 30 % H2O2

in 15 mL dioxane

As determined by ICP-AES spectrometry, the concen-

trations of vanadium and iron in the hydrogen peroxide/dioxane

mixture were only 0.79 and 0.33 ppm, respectively. Therefore,

the concentration of VO(O2)2
– in the supernatant is very low,

the high conversion of anethole indicates that it has very strong

oxidation capacity for the oxidation of olefins. On the other

hand, the decrease of catalytic performance for the catalyst

after calcinations could be attribute to decrease of the solubility

of the crystallized catalyst so as to lower the concentration of

VO(O2)2
–.

While 0.023 mmol NH4VO3, V2O5 and NH4Fe(SO4)2·12H2O

were employed as the catalysts, the conversion of anethole

were 100, 98.5 and 18 % and the corresponding selectivity

for anisaldehyde were 70, 54 and 61 %, respectively. The

results indicated that vanadium(V) is the main active

component of the FeVO4 catalyst, but comparing with NH4VO3

and V2O5, the introduction of ferric ion has also contribution

to improve the selectivity for anisaldehyde. This may be due

to that high VO(O2)2
– concentration which may cause over

oxidation, which is unfavorable for high selectivity of

anisaldehyde. FeVO4 has low solubility in the reaction mixture,

thus the concentration of the oxodiperoxo complex in the

mixture was very low so as to avoid over oxidation of anisal-

dehyde to anisic acid and other byproducts.

The effect of reaction time on the conversion of anethole

and selectivity for anisaldehyde at 40 ºC was shown in Fig. 2.
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Fig. 2. Effect of reaction time on the conversion and selectivity at 40 ºC.

Reaction conditions: 0.017 mmol FeVO4 , 2.7 mmol anethole , 1.5

mL 30 % H2O2 in 15 mL dioxane

As shown in Fig. 2, anethole was almost completely con-

verted in 2 h, but the selectivity for anisaldehyde increased

with prolonging reaction time and reached maximum in 5 h.

Then, the selectivity decreased gradually. These results indi-

cated that a reaction intermediate was formed. It could be

converted to anisaldehyde and the formed anisaldehyde could

also be over oxidized to anisic acid so as to decrease its selec-

tivity (the yield of anisic acid was 5.5 and 6.7 %, respectively

after 6 and 7 h).

The reaction mixture has been analyzed by GC/MS and it

was found that anisaldehyde is the main product with anethole

epoxide, anisic acid, p-methoxyphenylacetone and 1-(4-

methoxypheny)-2-hydroxy-propanone as the by-products. It

has been reported that for most olefins oxidized by hydrogen

peroxide, epoxide is the reaction intermediate23. To verify

whether epoxide is the reaction intermediate for this oxidation

reaction, anethole has been replaced with the same molar

amount of styrene or styrene epoxide. It was found that benzal-

dehyde is the main product for styrene oxidation with small

amount of 1-phenylethane-1,2-diol, 2-hydroxy-1-phenyl

ethanone and benzoic acid in the reaction system. When the

same molar amount of styrene epoxide was used to react with

hydrogen peroxide under the same reaction conditions, similar

result was found. Therefore, it is reasonable that epoxide is

the reaction intermediate.

The FeVO4 promoted H2O2 oxidation system has been

found effective for various substrates, but the structure of subs-

trate demonstrates significant effect on the oxidation results.

For example, when anethole, α-methyl styrene, p-methyl-

styrene, styrene, 4-chlorostyrene and cinnamaldehyde have

been used as substrates, the corresponding conversions were

100, 62, 55, 39, 34 and 5 %, respectively. The results indicate

that the oxidation reaction is an electrophilic process. High

electron density of the double bond of substrate is beneficial

for the oxidation reaction.

Electrophilic oxidation of olefins catalyzed by peroxides

of transition metals (Mo, V, W, Ti etc.) has been reported in

the following ways24-27:
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Usually these peroxides demonstrated good catalytic

performance for such reactions. However, Mo, W and Ti com-

pounds didn’t demonstrate any catalytic effects for the oxidation

of anethole by H2O2 as vanadium compounds. Therefore, the

oxidation reaction may undergo in different way.

The oxodiperoxo complex has been reported as a versatile

oxidant for oxidation and oxygenation reactions with radical

or electrophilic mechanisms28. As discussed before, electrophilic

oxidation couldn’t explain the poor catalytic performance of

Mo, W and Ti compounds. To investigate the oxidation reaction

mechanism, the free radical scavenger 2,2-diphenyl-1-picryl-

hydrazyl-hydrate (DPPH) has been employed. When 0.047

and 0.060 g DPPH were added to the mixture, the corres-

ponding conversion of anethole was 65 and 44 %, respectively.

The dramatic decrease of conversion indicates it is a free radical

reaction.

In order to investigate the catalytic nature of the present

system, the reaction kinetics was also studied using the integra-

tion method. Good linear relationship was observed between

ln(1/CA) - t, which indicated that the oxidation reaction follows

the pseudo-first order rate equation. The rate constants at 298,

303, 308 and 313 K were determined as 0.2451, 0.6970, 0.9700

and 2.407 h-1, respectively. They were apparently increased

with raising reaction temperature. The calculated activation

energy Ea from the slope of ln k-1/T was 107.37 KJ/mol.

The oxidation of anethole by H2O2 in the presence of

FeVO4 is in fact oxidation of anethole by VO(O2)2
– to anethole

epoxide first. Since the concentration of Vanadium in the

supernatant is only 0.79 ppm, the concentration of VO(O2)2
– is

much lower than that of anethole. However, after the oxidation

reaction, the reduced vanadium(IV) coordinate can be oxidized

by excessive H2O2 to VO(O2)2
– immediately, for the UV absor-

bance of solution at 220 nm for VO(O2)2
– is almost constant

during the oxidation process. Therefore, the concentration of

oxidant VO(O2)2
– could be regarded as constant during the

oxidation process and the reaction rate can only depend on

the concentration of anethole. This could be why the reaction

follows the pseudo-first order rate equation.

Thus, a plausible mechanism was proposed for the

oxidation of anethole by hydrogen peroxide in the presence

of FeVO4 (Fig. 3).

Conclusion

The reaction kinetics and mechanism for catalytic oxidation

of anethole by hydrogen peroxide in the presence of ferric

vanadate under mild conditions (5 h at 40 ºC) has been investi-

gated. The catalytic reaction is a homogeneous system and oxodi-

peroxo VO(O2)2
– is the actual oxidant with free radical reaction

mechanism. Epoxide has been found as the reaction intermediate.

The reaction follows the pseudo-first order rate equation with

the activation energy Ea 107.37 KJ/mol for the reaction.
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Fig. 3. Plausible reaction mechanism
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