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The Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone

with H2O2 in a two-phase system, H2O–IL, is a viable

procedure, characterized by synthetically interesting yields,

better than those of the same reaction in H2O–halogenated

solvents.

Introduction

The Baeyer–Villiger oxidation of ketones to esters has been largely

used in organic synthesis, in that it can occur in the presence of

a number of functional groups, is stereoselective, and shows a

regiochemical preference for the migrating group.1 The importance

of the reaction is demonstrated by the large number of papers that,

also recently, dealt with, inter alia, the mechanism,2,3 theoretical

investigations,4–6 the synthesis of a-fluorinated esters,7 and the

stereochemical output.8–10

However, in the classical procedure, the Baeyer–Villiger

oxidation suffered, from the environmental point of view, from

two major drawbacks, because organic peracids and halogenated

solvents had to be used. Thus, many attempts have been made to

move towards greener procedures, as recently reviewed.11 New

oxidant systems were tested, among which enzymes and hydrogen

peroxide were the green choice. Monooxygenases from different

sources12–15 or whole cells16–19 were used, with interesting results,

especially with respect to enantioselective biocatalysis. As for

H2O2, it needs to be activated. Several heterogeneous catalysts,20–24

selenium compounds,25,26 and metal complexes27–29 have been

used. Also, the use of a fluorous biphasic system30 and a nanoflow

system with fluorous lanthanide catalyst31 were reported. Among

metal catalysts, platinum(II) complexes with chelating diphos-

phines gave good results,32 although a chlorinated solvent was still

necessary. To explore the possibility of moving towards a more

sustainable process, we investigated the Baeyer–Villiger oxidation

of cyclohexanone (a substrate that reacted with difficulty with the

Pt(II) catalysts in 1,2-dichloroethane) with hydrogen peroxide,

catalyzed by Pt(II) complexes, in ionic liquids (ILs). In fact, ILs

have been proposed as novel and environmentally benign reaction

media for several organic syntheses.33–36 N-alkylpyridium and

N,N9-dialkyl imidazolium cations coupled with a variety of

inorganic anions have been used as suitable solvents for several

organic reactions as well as in catalytic processes: Friedel–Craft

reactions,37,38 Diels–Alder cycloadditions,39–44 metal-catalyzed

hydrogenations,45–49 epoxidation50–52 and bromination of double

and triple bonds53 are just a few examples in this quite new field.

To the best of our knowledge, only three papers reported Baeyer–

Villiger oxidation in commercial ionic liquids, but one54 used the

dangerous m-chloroperbenzoic acid as oxidant, while cyclohex-

anone was unreactive under the conditions of the second.55 The

third paper reports the heterogeneously catalyzed oxidation of

arylketones.56 In the present investigation ILs with differently

substituted imidazolium cations and with different anions were

tested, with the aim of comparing hydrophobic and hydrophilic

ionic liquids.57
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Results and discussion

The oxidation reactions were carried out mostly at room tempera-

ture, under an inert atmosphere (argon). [Pt(dppd)(m-OH)]2(BF4)2
(dppb 5 1,4-bis(diphenylphosphino)butane) was used as catalyst

(Fig. 1), since it was shown that, the larger the P–Pt–P angle, the

more effective the catalyst.58

Actually, the inert atmosphere is not strictly necessary as far as

the Baeyer–Villiger oxidation is concerned, but is desirable for

prolonging the catalyst life especially in view of a possible recycle.

Cyclohexanone was chosen as the substrate, because its reaction in

the organic solvent gave poor yields due to extensive formation

of 1,19-dihydroxy dicyclohexylperoxide,59 as a parallel undesired

reaction promoted by the acidity of commercial H2O2 solutions.

Therefore any improvement is valuable. In this and similar BV

reactions, the role of the Pt complex is crucial, since, in its absence,

no oxidation occurs.29

The reaction was carried out using the different hydrophilic and

hydrophobic ILs in order to identify, first of all, which system,

homogeneous versus a two-phase one, is superior. The two-phase

option is obviously due, as in the case of the chlorinated solvents,

to the use of aqueous solutions of hydrogen peroxide as primary

oxidant. The ILs were chosen on the basis of their availability and

stability in the presence of an oxidant and water. It is to be noted

that in several cases irreproducible results were obtained by using

different samples of commercial ILs. This fact is likely due to an

insufficient purity of the samples used. Such an aspect has been

already addressed on other occasions by several authors.57

Therefore, in order to have ILs with appropriate purity we

synthesized our solvents with a two step synthesis. The first was a

quaternization reaction between an alkyl substituted imidazole and

an alkyl bromide, to obtain a solid precursor. The second was a

metathesis reaction in which the bromide ion was exchanged with

an appropriate anion able to give a liquid product at room

temperature. Both these steps were executed following literature

procedures60–64 with appropriate modifications.65 Characterization

of ionic liquids was made by 1H NMR and their identity was

confirmed by comparison with literature data.53 In the course of

our study we used 1-butyl-3-methylimidazolium, [bmim+], 1-ethyl-

3-methylimidazolium, [emim+], 1-hexyl-3-methylimidazolium,

[hmim+], and 1-butyl-2,3-dimethylimidazolium, [bm2im
+], cations

and tetrafluoborate, [BF4
2], hexafluorophosphate, [PF6

2], triflate,

[CF3SO3
2], and bis(trifluoromethanesulfonyl)imide anions,

[(CF3SO2)2N
2]. The structures of ILs tested for performing the

title reaction are collected in Fig. 2.

First, the reaction was performed in homogeneous phase, using

butylmethylimidazolium tetrafluoborate and triflate. The results

are in Table 1, together with the reference reaction in chloroform

and the literature for comparison.

The reaction in hydrophilic ILs was faster than that in

chloroform, but gave poor results, likely due to a deactivation of

the catalyst. Thus, hydrophobic ILs were tested, with the same

cation and different anions (Table 2). In this case, the reaction

time was even shorter, yields increased, and Tf2N was the

counterion with best results, with a lactone yield twice that in

chlorinated solvents. Preliminarily, a 31P{1H} NMR experiment

was carried out in order to determine the actual presence of

[Pt(dppd)(m-OH)]2(BF4)2 catalyst in the IL. The complex (22 mg)

was mixed with bmim Tf2N (1 ml) followed by 0.31 ml of

cyclohexanone. Under these conditions the complex is only

sparingly soluble in the IL phase. The NMR spectrum of the ILFig. 1 The Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone.

Fig. 2 Ionic liquids used as solvents for the Pt(II)-catalyzed Baeyer–

Villiger oxidation of cyclohexanone.

Table 1 Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with H2O2 in hydrophilic ionic liquids, at room temperature

Solvent Reaction time/min Yield of lactone (%) Reactants ratioa substr. : H2O2 : cat.

bmim BF4 300 5 200 : 100 : 1.5
bmim OTf 180 4 200 : 100 : 1.5
CHCl3 450 10 200 : 100 : 1.0
CH2Cl2

59 250 ca. 10 200 : 100 : 1.0b

a [cyclohexanone] 5 3 M, [H2O2] 5 1.5 M, [cat] 5 2.3 6 1022 M. b [cyclohexanone] 5 7.5 M, [H2O2] 5 3.75 M, [cat] 5 7.5 6 1023 M,
cat 5 (dppe)PtCF3, dppe 5 diphenylphosphinoethane.

This journal is � The Royal Society of Chemistry 2005 Green Chem., 2005, 7, 262–266 | 263



phase showed the presence of the complex (d 4.7 ppm, 1J P–Pt

3550 Hz).58 After addition of 35% H2O2 (0.13 ml) the mixture

was stirred for 18 h. A new sample of the IL phase was dissolved

in CDCl3. The new spectrum showed, in addition to the

starting complex, the presence of dppb dioxide (d 34.9 ppm) in

approximately a 1 : 1 ratio.

Subsequently, the importance of the cation was checked,

keeping Tf2N as the anion and varying the length and the number

of imidazolium alkyl chains. As can be seen from the results in

Table 3, the different cations affected the reaction time more than

the yield of lactone.

The output of the oxidation was then investigated as a function

of the reactants concentration, while keeping their ratio constant

(Table 4). Also here, the variation of initial concentrations affected

the reaction time more than the caprolactone formation. It should

be pointed out that, under the conditions reported in Tables 1–4,

blank experiments carried out in the absence of catalyst gave no

conversion. Additionally, when in selected experiments carried out

at room temperature conversion of the substrate has been

quantitatively calculated, it has been found that it never exceeds

35% which compares well with literature data.58

Finally, the effect of the catalyst amount, other conditions being

equal, was investigated. The results are collected in Table 5. Of

course, higher percents of the catalyst sped up the reaction.

However, the yields of lactone remained the same, within

experimental error.

To summarize the results, it is possible to say that the

Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with

hydrogen peroxide improves when performed in ionic liquids, not

only in terms of avoiding halogenated solvents, but also in terms of

reduced reaction times and increased yields. The specific

imidazolium cation seems relatively important and the anion

plays a major role, bis(trifluoromethanesulfonyl)imide being the

counterion that consistently gives higher yields.

In order to verify, still at a preliminary stage, the performance of

our methodology with other cyclic ketones, 2-methyl-cyclohex-

anone has been reacted under the conditions described in Table 4,

second entry. The results are promising considering that 50% yield

was obtained using [bmim+][(CF3SO2)2N
2] at room temperature.

Further studies with this and other substrates are warranted.

To complete the investigation of the parameters potentially

affecting the reactivity, an experiment was performed at 40 uC,

Table 2 Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with H2O2 in hydrophobic ionic liquids, at room temperature

Solvent Reaction time/min Yield of lactone (%) Reactants ratioa substr. : H2O2 : cat.

bmim PF6 60 8 200 : 100 : 1.0
bmim Tf2N 60 24 200 : 100 : 1.0
CHCl3 450 10 200 : 100 : 1.0
a [cyclohexanone] 5 3 M, [H2O2] 5 1.5 M, [cat] 5 1.5 6 1022 M.

Table 4 Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with H2O2 bmim Tf2N, with different concentrations,a at room temperature

[ketone]/M [H2O2]/M 102 6 [cat.]/M Reaction time/min Yield of lactone (%)

3.0 1.5 1.50 60 24
0.85 0.5 0.50 120 23
0.48 0.3 0.26 210 18
a Substrate : H2O2 : catalyst 5 200 : 100 : 1.0.

Table 3 Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with H2O2 in different bis(trifluoromethanesulfonyl)imides, at room
temperature

Solvent Reaction time/min Yield of lactone (%) Reactants ratioa substr. : H2O2 : cat.

emim Tf2N 215 16 200 : 100 : 1.0
bmim Tf2N 60 24 200 : 100 : 1.0
hmim Tf2N 60 19 200 : 100 : 1.0
bm2im Tf2N 75 17 200 : 100 : 1.0
a [cyclohexanone] 5 3 M, [H2O2] 5 1.5 M, [cat] 5 1.5 6 1022 M.

Table 5 Pt(II)-catalyzed Baeyer–Villiger oxidation of cyclohexanone with H2O2 in different ILs, with different amount of catalyst, at room
temperature

Solvent Reactants ratioa 102 6 [cat.]/M React. time/min Yield of lactone (%)

bmim PF6 (A) 1.5 60 8
(B) 2.3 30 9

emim Tf2N (A) 1.5 215 16
(B) 2.3 120 15

bmim Tf2N (A) 1.5 60 24
(B) 2.3 30 25

a [cyclohexanone] 5 3 M, [H2O2] 5 1.5 M; (A), substrate : H2O2 : catalyst 5 200 : 100 : 1.0; (B), substr. : H2O2 : cat. 5 200 : 100 : 1.5.
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where the yield in lactone increased up to 47%, within 120 min

(Table 6). The reaction reported in the second entry of Table 6 was

replicated three more times with fresh reagents and identical results

within experimental error. The data so obtained are not reported

in the Table.

Moreover, we attempted a recycle of the IL–catalyst system.

After 2 hours at 40 uC, the reaction mixture was extracted with

diethyl ether, dried under vacuum, added to the same amount of

cyclohexanone and H2O2. From the second run, 31% lactone was

still recovered (see Table 6, second run with the same IL–catalyst

sample).

In conclusion, the Pt(II)-catalyzed oxidation of cyclohexanone

by hydrogen peroxide significantly improved when performed in

ionic liquids, resulting in a reaction that was faster and more

efficient than in organic solvents. It is difficult to attribute such an

improvement to a particular macroscopic property of the ILs used,

because the different imidazolium cations used behaved similarly.

The yield of lactone increased with temperature and, despite the

sensitivity of the catalyst to prolonged exposure to hydrogen

peroxide, recycling of the IL–catalyst system was practicable. It is

reasonable to expect even better results with more reactive ketones.

Experimental

The ionic liquids, synthesized ad hoc, were dried under vacuum

(0.5 mm Hg) at 80 uC for 2–4 h and fluxed with argon before use.

The reaction was followed by gas chromatography, using decane

as the external standard. Response factors for cyclohexanone and

caprolactone were obtained as the slope of the straight line

obtained plotting Areaketone/Areadecane (or Arealactone/Areadecane)

values vs. [ketone]/[decane] (or [lactone]/[decane]) values, obtained

from a number of solutions of known concentration. All measures

were repeated at least three times.

In a typical experiment, the Pt catalyst was weighed in a Schlenk

tube, under argon atmosphere, and was added to 1 mL IL and a

known volume of cyclohexanone, previously fluxed with argon. A

100 mL sample was taken and added to a 1 mL flask contaning a

known amount of decane, dissolved with chloroform, and

examined by GC, in order to obtain the initial concentration of

the substrate. A known volume of titrated 35% H2O2 was added

and the reaction was followed by GC, monitoring the decrease of

ketone and the increase of lactone, until the concentration of the

latter reached a plateau. All the reactions were repeated at least

three times and were reproducible within experimental error.
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