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Efficient and recyclable multi-cationic 

polyoxometalate-based hybrid catalyst for 

heterogeneous cyclohexane oxidation with H2O2 

Shuang Xue, Guojian Chen, Zhouyang Long, Yu Zhou*, and Jun Wang* 

A polyoxometalate-based organic-inorganic hybrid was prepared by ionic self-assembly of the 

ionic liquid precursor N,N’-bis-2-aminoethyl-4,4’-bipyridinium dibromide dihydrobromide 

([DPyAM]Br2·2HBr) with the Keggin-structured V-substituted polyoxometalate 

H5PMo10V2O40 (H5PMoV2). The composition, electronic and porous structure of the resultant 

hybrid [DPyAM(H2)]1.25PMoV2 were demonstrated by CHN elemental analysis, 1H NMR, TG, 

SEM, XRD, FT-IR, UV-vis, ESR, and nitrogen sorption techniques. Catalytic tests showed that 

the hybrid was a highly active heterogeneous catalyst for cyclohexane oxidation with hydrogen 

peroxide, giving a yield to KA oil (mixture of cyclohexanol and cyclohexanone) of ca. 29.4% 

with high turnover number (TON) of 2940 using very low catalyst dosage (0.01 mol% vs. 

substrate). The catalyst can be conveniently separated by filtration and reused without 

observing significant decrease in activity. Influences of reaction conditions  were 

systematically investigated and a possible catalysis mechanism was proposed for 

understanding the highly efficient heterogeneous catalytic behavior.  

 

1. Introduction 

Catalysis technology for efficient and selective conversion of 

inactive C-H bonds in saturated hydrocarbons into various 

valuable products is an important issue in chemical industry. 

Though many efforts have been made in this context, 

developing efficient catalysts still remains a major challenge so 

far.1-4 One particularly difficult case is the oxidation of 

cyclohexane into KA oil (mixture of cyclohexanol and 

cyclohexanone); the products are commodity chemicals of large 

demand.5 The industrial process to produce KA oil involves a 

homogeneous cobalt catalyst with a low yield (ca. 4%), which 

needs a considerably high temperature of 150 oC.6,7 For the 

purpose of achieving a sustainable green process, exploration of 

new catalysts is greatly demanded, especially the easily 

isolatable and steadily reusable heterogeneous catalysts. 

A large number of catalysts have been attempted for the 

oxidation of cyclohexane, such as metal oxides, molecular 

sieves, metal substituted polyoxometalates (POMs), 

metalloporphyrin complexes, and so on.8-10 Actually, as a class 

of distinctive inorganic transition metal-oxygen clusters with 

tunable architectures, POMs have been extensively studied as 

the catalysts for many oxidative organic reactions due to the 

inherent redox property of the high valence metal ions in POM 

frameworks, among which oxidation of alkanes has also been 

investigated over POM-based catalysts.11 For the oxidation of 

cyclohexane with H2O2, the Keggin-structured POM-anions 

like [PW11O39]
7-, [PW11Fe(H2O)O39]

4-, and divanadium-

substituted phosphotungstate [γ-H2PV2W10O40]
3- have been 

reported12,13 as promising catalysts. However, most of the early 

reported catalytic systems are homogeneous due to the soluble 

nature of POMs in (highly) polar reaction media. For 

heterogenization of POMs catalysts, tetrabutyl-ammonium 

modified transition metals (V, Cu, Co or Fe) substituted 

polyoxometalates and cesium polyoxotungstates were 

immobilized on MCM-41 or SiO2;
14-16 however, that supporting 

strategy usually involves complex preparation procedures. Up 

to date, it still has a long march to obtain a simply prepared and 

recyclable active heterogeneous catalyst for cyclohexane 

oxidation. 

Herein, a new strategy for enhancing the reactivity of 

cyclohexane oxidation is developed by employing ionic liquid 

cation-paired POM catalyst. In POMs chemistry, incorporation 

of organic units to POM-anions has been an effective approach 

to broaden the utilizations of POM-derived materials,17 wherein 

the functionalized organic ionic liquid (IL) cations are among 

the most effective modifiers to pair POM-anions. By “task-

specific” designing of functional IL-cations for pairing suitable 

POMs, various functionalized IL-POM hybrids have been 

prepared and acted as effective, recoverable and reusable 

catalysts for oxidative organic transformations.18-22 Taking 

account of the well-known highly active Keggin-structured V-

containing POMs for catalyzing oxidative organic reactions, in 

this work we attempt to prepare an IL-cation-paired V-POM-

based organic-inorganic hybrid catalyst for heterogeneous 

oxidation of cyclohexane with H2O2, which to our knowledge 

has not been reported as yet. The ionic liquid precursor N,N’-

bis-2-aminoethyl-4,4’-bipyridinium dibromide dihydrobromide 

is designed and prepared, which reacts with the POM of 

phosphovanadomolybdic acid H5PMo10V2O40 to generate the 

novel IL-cation-paired POM-based ionic hybrid compound. 

Systematical investigations for catalyzing the oxidation of 
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cyclohexane with H2O2 demonstrate the excellent 

heterogeneous behaviors of this newly obtained hybrid. The 

influence of various parameters are measured, such as amounts 

of catalyst, oxidant and solvent, reaction time, and the type of 

IL-cations. Also, the mechanism of the cyclohexane oxidation 

catalyzed by this hybrid catalyst is proposed. 

2. Experimental section 

2.1. Materials and methods 

All the chemicals were analytical grade and used as received. 

The CHN elemental analysis was performed on an elemental 

analyzer Vario EL cube. TG analysis was carried out with a 

STA409 instrument in dry air at a heating rate of 10 oC min-1. 

BET surface area was measured at the temperature of liquid 

nitrogen (77 K) using a BELSORP-MINI analyzer and the 

sample was degassed at 150 oC for 3 hours to a vacuum of 10-3 

Torr before analysis. SEM image was obtained on a HITACHI 

S-4800 field-emission scanning electron microscope. 1H NMR 

spectra were measured with a Bruker DPX 500 spectrometer at 

ambient temperature in D6-DMSO using TMS as internal 

reference. X-ray diffraction (XRD) measurements were 

collected on a SmartLab diffractometer from Rigaku equipped 

with a 9 kW rotating anode Cu source at 40 kV and 20 mA, 

from 5o to 50o with a scan rate of 0.2o s-1. FT-IR spectra were 

recorded on a Nicolet iS10 FT-IR instrument (KBr discs) in the 

region 4000-400 cm-1. Solid UV-vis spectra were measured 

with a SHI-MADZU UV-2600 spectrometer and BaSO4 was 

used as an internal standard. ESR spectra were recorded on a 

Bruker EMX-10/12 spectrometer at the X-band. 

2.2. Synthesis of catalysts 

Keggin-structured double V-containing heteropolyacid 

H5PMo10V2O40 (H5PMoV2) was prepared according to the 

procedure described before.23 The details were as follows. 

MoO3 (16.59 g, 0.115 mol) and V2O5 (2.10 g, 0.0115 mol) were 

mixed with deionized water (250 mL) in a flask reactor 

equipped with a water-cooled condenser and magnetic stirrer, 

which was heated up to 120 oC for reflux under vigorous 

stirring. The concentrated H3PO4 (85 wt%, 1.33 g, 0.0115 mol) 

in water (10 mL) was drop-wise added into the above mixture 

within 30 min. With a further stirring for 24 h, a clear orange-

red solution appeared. After the solution was cooled to room 

temperature, a fine orange powder was produced by vacuum 

drying at 50 oC for 24 h. The final product H5PMoV2 was 

obtained by recrystallizing the powdered solid in deionized 

water and another vacuum drying at 50 oC for 24 h. 

 
Scheme 1 Synthesis of the multi-cationic IL-POM catalyst 

[DPyAM(H2)]1.25PMoV2. 

The preparation of catalyst [DPyAM(H2)]1.25PMoV2 was 

shown in Scheme 1. The ionic liquid precursor, N,N’-bis-2-

aminoethyl-4,4’-bipyridinium dibromide dihydrobromide 

([DPyAM]Br2·2HBr), was prepared according to our previous 

report.24 4,4-Bipyridyl (0.02 mol) and 2-bromoethylamine 

hydrobromide (0.04 mol) were dissolved in acetonitrile (50 mL) 

at 80 oC and keeping for 12 h with stirring. Then, the precipitate 

was filtered, washed with acetonitrile, and dried to afford 

[DPyAM]Br2·2HBr as a yellow solid. Elemental analysis calcd 

(wt%): C 29.71, H 3.92, N 9.90; found: C 29.20, H 3.95, N 9.74. 
1H NMR (300 MHz, D6-DMSO, TMS) (Fig. S1, Supporting 

Information) δ (ppm) = 3.26-3.89 (m, 4H, -CH2), 5.09 (m, 4H, -

CH2), 8.34 (d, 4H, -NH2), 8.99 (d, 4H, -CH), 9.51 (d, 4H, -CH). 

The catalyst [DPyAM(H2)]1.25PMoV2 was synthesized through 

the reaction of above IL precursor and H5PMoV2. 

[DPyAM]Br2·2HBr (1.25 mmol) was added to an aqueous 

solution of H5PMoV2 (1.0 mmol), and then the mixture was 

stirred at room temperature for 24 h. The formed yellow-green 

precipitate [DPyAM(H2)]1.25PMoV2 was filtered and washed 

with water for three times, followed by drying in a vacuum. 

Other analogues of POM salts [aminoethyl-

pyridinium]5PMo10V2O40 ([PyAM]5PMoV2), [N-butyronitrile 

pyridine]5PMo10V2O40 ([PyCN]5PMoV2), [1-butyl-3-

methylimidazolium]5PMo10V2O40 ([MimC4]5PMoV2), [1-

butyronitrile-3-methylimidazolium]5PMo10V2O40 

([MimCN]5PMoV2), [N,N'-bis(carboxymethyl) 4,4'-

bipyridinium]5PMo10V2O40 ([DPyCOOH]2.5PMoV2), [N,N’-

bis(3-cyanopropyl) 4,4’-bipyridinium]5PMo10V2O40 

([DPyCN]2.5PMoV2), [N,N’-dibutyl 4,4’-

bipyridinium]5PMo10V2O40 ([DPyC4]2.5PMoV2) and [1,1’-

(butane-1,4-diyl) bis(3-methylimidazolium)]5PMo10V2O40 

([DMim]2.5PMoV2) were prepared based on similar procedures 

by reacting H5PMoV2 with the corresponding IL precursors, 

using the stoichiometric molar ratio of the precursors. The 

details of the synthesis and structure formulas were described in 

the Supporting Information (Scheme S1). Elemental analysis 

results: calcd for [PyAM]3.1H1.9PMo10V2O40·4H2O (wt%): C 

11.91, H 2.03, N 3.97; found: C 12.05, H 2.15, N 3.89; calcd 

for [PyCN]4.3H0.7PMo10V2O40·H2O (wt%): C 19.50, H 2.11, N 

5.05; found: C 19.47, H 2.09, N 4.86; calcd for 

[MimC4]4.3H0.7PMo10V2O40·2H2O (wt%): C 17.45, H 2.95, N 

5.09; found: C 17.49, H 2.78, N 4.97; calcd for 

[MimCN]3.1H1.9PMo10V2O40 (wt%): C 11.91, H 2.03, N 3.97; 

found: C 12.05, H 2.15, N 3.89; calcd for 

[DPyCOOH]2HPMo10V2O40·6H2O (wt%): C 14.07, H 1.73, N 

2.34; found: C 14.04, H 1.71, N 2.50; calcd for 

[DPyCN]1.4H2.2PMo10V2O40·5H2O (wt%): C 13.55, H 1.81, N 

3.51; found: C 13.56, H 1.62, N 3.47; calcd for 

[DPyC4]2.2H0.6PMo10V2O40·3H2O (wt%): C 19.97, H 2.70, N 

2.59; found: C 20.00, H 2.73, N 2.38; calcd for 

[DMim]2.3H0.4PMo10V2O40·H2O (wt%): C 14.69, H 2.16, N 

5.71; found: C 14.62, H 2.15, N 5.41. 

2.3. Catalytic tests 

The catalytic oxidation of cyclohexane with hydrogen peroxide 

as the oxidant was performed under a magnetic stirring 

thermostatted glass vessel reactor. In a typical experimental 

procedure, the reaction mixtures were prepared as follows: 

cyclohexane (5 mmol), catalyst (2 μmol), acid additive 

(pyrazine-2,3-dicarboxylic acid shorten as 2,3-PDCA, 0.3 

mmol), and 5 mL of acetonitrile was used as solvent. 

Acetonitrile was chosen as the solvent in our system, owing to 

its high resistance to oxidizing agents and also in view of the 

good solubility of the substrate and organic products. Then, 
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aqueous H2O2 (30 wt%, 10 mmol) was drop-wise added into 

the reactor within 30 min (to minimise H2O2 decomposition) 

under stirring, and the reaction time was counted after the 

addition of H2O2. The typical reaction temperature was 80 oC 

and reaction time was 6 h. The hot filtration test for removing 

the solid catalyst was conducted at 0.5 h, with the filtrate being 

further reacted for another 5.5 h. In the experiments with 

radical traps, CBrCl3, butylated hydroxytoluene (BHT, carbon 

radical trap) or Ph2NH (oxygen radical trap) were used in a 

stoichiometric amount relative to substrate or H2O2.
25 

After the reaction, 2.5 mmol of methylbenzene (internal 

standard) was added. Excess of triphenylphosphine (PPh3) was 

added into the obtained mixture before GC analysis, in order to 

reduce the formed cyclohexyl hydroperoxide to the 

corresponding alcohol, and hydrogen peroxide to water, 

following a method developed by Shul’pin.26 Thus, all catalytic 

runs were analyzed after the addition of PPh3 for accurate 

determination of the final oxygenated products, cyclohexanol 

and cyclohexanone. After stirring the final reaction mixture for 

10 min, a sample was taken and then analyzed by gas 

chromatography (GC, Agilent GC 7890B) equipped with a 

hydrogen flame ionization detector and capillary column (HP-5, 

30 m × 0.25 mm × 0.25 μm). Apart from cyclohexanol and 

cyclohexanone, no other products were detected by GC analysis. 

Authentic samples of oxygenated products were used to 

attribute the peaks in chromatograms. 

At the end of the reaction, the catalyst was separated from 

the reaction mixture by filtration and was thoroughly washed 

several times with distilled water and ethanol. Then, the 

catalyst was dried at 80 oC for 4 h in vacuum, and reused in the 

next run. 

3. Results and discussion 

3.1. Structure characterization 

The elemental analysis for the ionic hybrid 

[DPyAM(H2)]1.25PMoV2 finds C: 10.13%, N: 3.14%, and H: 

1.84% (by weight percentage), reasonably in agreement with 

the calculated value of C: 10.30%, N: 3.43%, and H: 1.36%. 

The TG analysis for [DPyAM(H2)]1.25PMoV2 (Fig. 1A) 

demonstrates a stable structure up to 230 oC. The slight weight 

loss at the early heating stage before 230 oC is due to the 

release of moisture and constitutional water, while the drastic 

weight loss above 230 oC is attributed to the decomposition of 

the organic moiety plus collapse of the inorganic Keggin 

structure into P2O5, MoO3, and V2O5. The weight loss of ca. 6.9 

wt% in the range of 230~350 oC is probably due to the 

decomposition of 4,4’-dipyridinium framework, and that of ca. 

7.5 wt% in the range of 350~400 oC is attributed to the 

decomposition of the remaining organic moiety. The total 

weight loss in the range of 230~400 oC is ca. 14.4 wt%, close to 

the data of 15.1 wt% calculated according to the formula 

[DPyAM(H2)]1.25PMoV2. 
1H NMR (300 MHz, D6-DMSO, 

TMS) (Fig. S2) shows δ (ppm) = 3.65 (m, 4H, -CH2), 5.11 (m, 

4H, -CH2), 8.08 (d, 4H, -NH2), 8.89 (d, 4H, -CH), 9.37 (d, 4H, -

CH). All the above results support the chemical structure of 

[DPyAM(H2)]1.25PMoV2 that is composed of the IL-cation 

DPyAM(H2)
4+ and the POM-anion PMoV2

5-. 

The SEM image for [DPyAM(H2)]1.25PMoV2 in Fig. 1B 

shows the rod-like primary particles with sizes in diameter 150-

200 nm and length up to 500-700 nm. These small rods are 

loosely packed to form secondary particles sized in micrometer 

level. Fig. 1C and D display the nitrogen sorption result for 

[DPyAM(H2)]1.25PMoV2. The nitrogen sorption isotherm is 

type IV, suggesting a mesoporous structure. The pore size 

distribution curve presents wide pore size distribution from 

several to dozens of nanometers. The results indicate that 

[DPyAM(H2)]1.25PMoV2 has a moderate BET surface area of 

21.3 m2 g-1 with an average pore diameter of 25.1 nm, 

consistent with that of our previously reported mesoporous IL-

POM hybrid materials20. The specific surface area is mainly 

resulted by the packing of the small rod-like particles reflected 

in the above SEM image. 

 
Fig. 1 TG curve (A), SEM image (B), N2 adsorption-desorption isotherm (C) and BJH pore size distribution (D) of the hybrid [DPyAM(H2)]1.25PMoV2. 
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Fig. 2 XRD patterns (A), FT-IR spectra (B), UV-vis spectra (C) and ESR spectra (D) of a) H5PMoV2, b) fresh [DPyAM(H2)]1.25PMoV2 and c) recycled 

[DPyAM(H2)]1.25PMoV2. 

Spectral characterizations for [DPyAM(H2)]1.25PMoV2 and 

its POM parent H5PMoV2 are illustrated in Fig. 2. In XRD 

patterns (Fig. 2A), pure H5PMoV2 presents a set of diffraction 

peaks belonging to triclinic crystal system.27 Compared to the 

parent, [DPyAM(H2)]1.25PMoV2 preserves the similar strong 

Bragg peaks (2θ = 9.3, 9.8, 18.6, 20.9 and 27.7o) with slight 

shifts of peak locations, suggesting the retaining of the triclinic 

crystal structure.28 Some variations of the latter may arise from 

the slight change of the long-range order of the original triclinic 

crystal lattice for the secondary structure of the POM unit when 

replacing the counter protons of H5PMoV2 with the larger IL-

cations. In FT-IR spectra (Fig. 2B), H5PMoV2 shows the 

vibration bands assigned to the Keggin anion locating at 1061, 

960, 866, and 785 cm-1, corresponding to the asymmetric 

stretching vibration of the central oxygen (P-O) for PO4 

tetrahedron, terminal oxygen (Mo=O), inter- (Mo-Ob-Mo) and 

intra-octahedral oxygen (Mo-Oc-Mo), respectively.29 For 

[DPyAM(H2)]1.25PMoV2, the four Keggin-structured bands are 

apparent, revealing the well retain of the parent POM structure. 

The observations of slight shifts of the peak locations and the 

splitting of P-O vibration into two branches at 1073 and 1059 

cm-1 imply the strong ionic interactions between the IL-cation 

and POM-anion.30 Meanwhile, the ionic hybrid presents several 

characteristic bands index of the organic cations, including C-H 

stretching vibrations (3122 and 3057 cm-1) plus C=C stretching 

vibrations (1559 and 1505 cm-1) in the pyridine ring, C-H 

bending vibrations in methylene (1449 and 1399 cm-1) and C-N 

stretching vibration (1243 and 1188 cm-1).18,31 The IR results 

confirm that the IL-POM hybrid [DPyAM(H2)]1.25PMoV2 is 

composed of the ionic linked IL-cations and Keggin-structured 

POM-anions. 

Moreover, in UV-vis spectra (Fig. 2C), the broad absorption 

band at 400 nm detected for H5PMoV2 is assigned to the charge 

transfer O2-→V5+ in Keggin POM-anion.32 In contrast, for 

[DPyAM(H2)]1.25PMoV2, the band shifts to 310 nm , which can 

be assigned to the stronger charge transfer aided by the 

neighboring IL-cations, as have been previously discribed.33 

The charge transfer behavior in [DPyAM(H2)]1.25PMoV2 is 

further evidenced by comparing the ESR curve of 

[DPyAM(H2)]1.25PMoV2 with that of the parent H5PMoV2 (Fig. 

2D). The ESR signals for H5PMoV2 are silent but those for 

[DPyAM(H2)]1.25PMoV2 are sharp and strong, indicating the 

coexistence of V5+/V4+ species in [DPyAM(H2)]1.25PMoV2.
34 

3.2. Catalytic oxidation of cyclohexane 

The hybrid [DPyAM(H2)]1.25PMoV2 was tested as 

heterogeneous catalyst for the oxidation of cyclohexane by 

aqueous H2O2 (30 wt%) into KA oil (cyclohexanol + 

cyclohexanone) with acetonitrile as the solvent. Scheme 2 

illustrates the oxidation process, in which the oxygenation of 

cyclohexane gives rise to the formation of alkyl hydroperoxide 

as the intermediate product that is further decomposed to yield 

stable products, cyclohexanol and cyclohexanone. 

 
Scheme 2 Oxidation of cyclohexane with H2O2 catalyzed by 

[DPyAM(H2)]1.25PMoV2. 

As shown in Table 1, both the IL precursor 

[DPyAM]Br2·2HBr and the V-free POM counterpart 

H3PMo12O40 cannot give any alkane oxidation products, similar 

to the non-catalysis system (entries 1-3). The parent POM 

catalyst H5PMoV2 offers a considerable total (cyclohexanol + 

cyclohexanone) product yield of 27.8% (entry 4), suggesting 

that the vanadium ions in the POM-anion framework are 

catalytically active centers for this oxidative reaction. 

Nonetheless, H5PMoV2 results in a homogeneous catalysis with 

difficulty in catalyst isolation. The multi-cationic hybrid 

3500 3000 2500 2000 1500 1000 500

1243 1188

13991559

 

 

T
ra

n
s
m

it
ta

n
c
e
 (

%
)

Wavenumber (cm
-1
)

a

b

cB

785

866

960

1061

3122 3057
1505

1449
783

866

947

1073
1059

300 400 500 600 700 800
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

c

b

a

 

 

A
b
s
o
rb

a
n
c
e
 (

a
.u

.)

Wavelength (nm)

c

2800 3200 3600 4000 4400

c

b

a

D

 

 

Magnetic field (G)

10 20 30 40 50

c

b

a

 

 

In
te

n
s
it
y
 (

a
.u

.)

2 Theta/degrees

A

Page 4 of 9RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 S
el

cu
k 

U
ni

ve
rs

ity
 o

n 
10

/0
2/

20
15

 0
8:

12
:3

6.
 

View Article Online
DOI: 10.1039/C4RA15921G

http://dx.doi.org/10.1039/c4ra15921g


RSC Advances ARTICLE 

This journal is ©  The Royal Society of Chemistry 2014 RSC Adv., 2014, 00, 00-00 | 5 

Table 1 Catalytic performance of various catalysts for the oxidation of cyclohexane with H2O2
a 

Entry Catalyst Phenomenon 
Yieldb[%] Total 

TONc C6H11OH C6H10O Total 

1 - - - - 0 - 

2 [DPyAM]Br2·2HBr homogeneous - - 0 - 

3 H3PMo12O40 homogeneous - - 0 - 

4 H5PMoV2 homogeneous 21.5 6.3 27.8 695 

5 [DPyAM(H2)]1.25PMoV2 heterogeneous 25.3 6.6 31.9 798 

6d [DPyAM(H2)]1.25PMoV2 heterogeneous 25.8 3.6 29.4 2940 

7e [DPyAM(H2)]1.25PMoV2 heterogeneous - - 0 - 

a Reaction conditions (unless stated otherwise): cyclohexane (5 mmol), catalyst (2 μmol), 30% H2O2 (10 mmol), 2,3-PDCA (0.3 mmol), CH3CN (5 mL), 80 oC, 

6 h. Yields, TONs are determined by GC analysis (upon treatment with PPh3). 
b Molar yield (%) based on substrate: moles of product (cyclohexanol + 

cyclohexanone) per 100 mol of cyclohexane. c Turnover number: moles of product (cyclohexanol + cyclohexanone) per mol of catalyst. d 0.5 μmol catalyst. e 

In the presence of radical traps (CBrCl3, butylated hydroxytoluene or Ph2NH). 

[DPyAM(H2)]1.25PMoV2 leads to a liquid-solid heterogeneous 

system, exhibiting 31.9% overall product yield with a turnover 

number (TON) of 798 (entry 5), which is slightly higher than 

pure H5PMoV2. The enhanced activity may be due to the 

improved redox property of POM-anions ascribed from the 

variation of the V state in the hybrid as demonstrated by ESR 

spectra.23 

Interestingly, an extremely high TON of 2940 with still a 

considerably high yield of 29.4% can be obtained by charging 

0.5 μmol (0.01 mol% vs. substrate) of the hybrid catalyst into 

the reactor (entry 6). In previous works, the TONs of different 

catalysts for oxidation of cyclohexane were usually in the range 

of 20-200, such as the homogeneous catalyst of di-iron-

containing polyoxometalate γ-SiW10{Fe(OH2)}2O38
6- with TON 

53 and yield ca. 25.3%,35 N,O-ligand-tethered dioxovanadium 

complex [VO2{SO3C(pz)3}] with TON 117 in the presence of 

HNO3,
36 and [VO(acac)2(Hpz)]·HC(pz)3 immobilized on a 

polydimethylsiloxane membrane with TON up to 132.25 

Another typical early example is the hydrotris(pyrazol-1-

yl)methane iron(II) complex immobilized on carbon material,37 

which offered the extremely high TON 5600 when the yield 

was inferior (11%), while TON was greatly lowered to 524 

when the yield was enhanced to 20.8%. Recently, very high 

TONs and/or yields were reported by Pombeiro and coworkers 

over several complexes catalysts,38-40 i.e., the homogeneous 

heterometallic CoIII
4FeIII

2 Schiff base complex (TON: 3570, 

yield: 26%), the Schiff base tetranuclear CuII
2FeIII

2 complex 

(TON: 1100, yield: 44%), and the supported C-scorpionate 

iron(II) complex (yield/TON: 38%/2900 for the 1st run and 

21%/1600 for the 2nd run). From above comparisons, it is drawn 

that the present newly obtained POM-based multi-cationic 

hybrid catalyst [DPyAM(H2)]1.25PMoV2 is a highly active 

catalyst in terms of TON and yield. 

After reaction, the catalyst [DPyAM(H2)]1.25PMoV2 could be 

filtered from the reacted mixture for recovery; and a five-run 

catalyst recycling test was carried out under the optimal 

conditions, with the result shown in Fig. 3. Obviously, the 

reused catalysts exhibit no significant decrease in catalytic 

activity for the oxidation of cyclohexane compared with that of 

the fresh one; it maintains the high yield of ca. 32% and TON 

value of about 800. The XRD pattern (Fig. 2A, curve c) and IR 

spectrum (Fig. 2B, curve c) for the recovered catalyst are 

almost same as the fresh one. Further, the UV-vis spectra for 

the reused catalyst (Fig. 2C, curve c) also illustrates generally 

similar band to the fresh one, with a little redshift. These results 

together with the strong ESR signals for the recycled catalyst 

(Fig. 2D, curve c) reveal the durable structure of our hybrid 

catalyst in this reaction. Furthermore, the elemental analysis for 

the recovered catalyst finds C: 10.43%, N: 3.44%, H: 1.39% 

(weight percentage), very close to the data for the fresh catalyst, 

i.e., no significantly enhanced C content is observed for the 

recycled catalyst. The durable structure and non-detection of 

the possible coke formation for the catalyst account for its 

superior recycling property. 

In order to test the possible leaching of POM active species 

that is usually seen in POM-catalyzed H2O2-mediated oxidation, 

a hot filtration was carried out to remove the solid catalyst at 

the reaction time of 0.5 h, wherein 9% KA oil yield is obtained. 

The reaction was then proceeded for another 5.5 h with the 

filtrate, giving a slightly increased yield of 3%. The result on 

the one hand indicates the heterogeneity of our catalyst, on the 

other hand implies slight leaching of POM sites in the presence 

of H2O2, which may be responsible for the very slow decrease 

in activity during the catalyst recycling. 
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Fig. 3 Catalytic reusability of [DPyAM(H2)]1.25PMoV2 for the oxidation of 

cyclohexane with H2O2. Reaction conditions: cyclohexane (5 mmol), catalyst (2 

μmol), 30% H2O2 (10 mmol), 2,3-PDCA (0.3 mmol), CH3CN (5 mL), 80 oC, 6 h. 

A series of control catalysts were prepared and evaluated 

under the same conditions (Table 2) for the purpose to 

investigate the applicability of different IL-cations on this 

catalytic oxidation. When the tethered amino group on IL 

cation was varied to alkyl, cyano or carboxylic groups, the 

obtained analogous hybrids of [DPyC4]2.5PMoV2, 

[DPyCN]2.5PMoV2 and [DPyCOOH]2.5PMoV2 are still able to 

cause liquid-solid heterogeneous catalytic systems, exhibiting 

the high product yields beyond 30% (entries 1-3). When the 

pyridinium-based IL was replaced with an imidazolium-based 

IL, the resultant hybrid [DMim]2.5PMoV2 also demonstrates the 

similarly high catalytic performance (entry 4). These features 
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Table 2 Oxidation of cyclohexane with H2O2 over the catalysts with the varied IL-cations a 

Entry Structure of IL-cation in catalyst Catalyst Phenomenon 
Yieldb[%] Total 

TONc C6H11OH C6H10O Total 

1 

 

[DPyC4]2.5PMoV2 heterogeneous 24.3 6.0 30.3 758 

2 

 

[DPyCN]2.5PMoV2 heterogeneous 24.9 6.7 31.6 790 

3 

 

[DPyCOOH]2.5PMoV2 heterogeneous 26.3 5.7 32.0 800 

4 

 

[DMim]2.5PMoV2 heterogeneous 25.4 6.9 32.3 808 

5 

 

[PyAM]5PMoV2 homogeneous 19.4 8.1 27.5 688 

6 

 

[PyCN]5PMoV2 homogeneous 22.4 6.0 28.4 710 

7 
 

[MimC4]5PMoV2 homogeneous 21.6 6.9 28.5 713 

8 
 

[MimCN]5PMoV2 homogeneous 23.0 4.7 27.7 693 

a Reaction conditions (unless stated otherwise): cyclohexane (5 mmol), catalyst (2 μmol), 30% H2O2 (10 mmol), 2,3-PDCA (0.3 mmol), CH3CN (5 mL), 80 oC, 

6 h. Yields, TONs are determined by GC analysis (upon treatment with PPh3). 
b Molar yield (%) based on substrate: moles of product (cyclohexanol + 

cyclohexanone) per 100 mol of cyclohexane. c Turnover number: moles of product (cyclohexanol + cyclohexanone) per mol of catalyst. 

indicate a compositional flexibility of the series IL-dication-

paired POM salts in catalyzing this oxidation reaction. 

However, for the monocationic ILs, the obtained hybrids 

(entries 5-8) result in homogeneous catalyses no matter what 

the functional groups are, though the product yields over these 

catalysts are considerably high (around 28%). Therefore, the 

featured structure of the multi- or di-IL-cations endows the 

hybrids to perform as the liquid-solid heterogeneous catalysts, 

while the monocationic counterparts behave homogeneously. In 

principle, the multi- or di-IL-cations have stronger electronic 

interaction with the high valent POM-anions than that of 

monocations,41,42 which may be one major reason for the 

heterogeneous nature of the multi-cationic POM-based hybrid 

catalysts. 

3.3. Influence of reaction conditions 

Towards the optimization of the catalytic processes of 

cyclohexane oxidation over [DPyAM(H2)]1.25PMoV2, the 

effects of a variety of key reaction factors were investigated, 

such as the amounts of catalyst, additive, solvent and H2O2, as 

well as the reaction time. 
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Fig. 4 Effect of the amount of catalyst [DPyAM(H2)]1.25PMoV2 on cyclohexane 

oxidation. Reaction conditions: cyclohexane (5 mmol), 30% H2O2 (10 mmol), 

2,3-PDCA (0.3 mmol), CH3CN (5 mL), 80 oC, 6 h. Yields determined by GC 

analysis (upon treatment with PPh3). 

The effect of the catalyst amount on the overall yield and 

TON is investigated and plotted in Fig. 4. The product yield 

increases drastically in the region of low catalyst concentrations 

(0-0.5 μmol) before reaching a plateau. Afterwards, a slight 
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Fig. 5 Influences of reaction conditions on the oxidation of cyclohexane with H2O2 over the catalyst [DPyAM(H2)]1.25PMoV2. (A) amount of acid additive. (B) molar 

ratio of H2O2 to cyclohexane. (C) reaction time. (D) amount of solvent. Reaction conditions: cyclohexane (5 mmol), 30% H2O2 (10 mmol), catalyst (2 μmol), 2,3-PDCA 

(0.3 mmol), CH3CN (5 mL), 80 oC, 6 h. For each figure there is a specific parameter changed. Yields determined by GC analysis (upon treatment with PPh3). 

decrease happens at the higher catalyst amount over 2 μmol, 

due to the over-oxidation on the too much number of 

catalytically active sites. The highest yield of 31.9% is 

achieved with the catalyst amount of 2 μmol, which 

demonstrates that our system operates efficiently at a rather 

low catalyst loading (0.04 mol% vs. substrate). Such a 

catalyst loading is significantly lower than those commonly 

employed in most of the state-of-the-art systems for the 

oxidation of cyclohexane (up to 2 mol% vs. substrate).43,44 

The TON value is above 3000 at the initial reaction stage, 

and decreases with the increment of the catalyst amount. 

When the catalyst amount is 0.5 μmol, an extremely high 

TON of 2940 with still a considerably high yield of 29.4% 

can be obtained, implying an exceptional activity of this 

hybrid catalyst. 

The effect of the amount of acidic additive pyrazine-2,3-

dicarboxylic acid (2,3-PDCA) on product yield is shown in 

Fig. 5A. The yield increases along with the enhancement of 

2,3-PDCA, and reaches the maximum of 31.9% when the 

amount of 2,3-PDCA raise up to 0.3 mmol. However, an 

excessive amount of 2,3-PDCA results in a decrease in 

yields, which suggests the creation of inactive coordination 

species when the excessive 2,3-PDCA interacts with the 

active metal centers competitively with the oxidant H2O2.
37 

The effect of the amount of H2O2 (Fig. 5B) tells that 

increasing the molar ratio n(H2O2)/n(cyclohexane) up to 2.0 

leads to the maximum product yield. Also, the excess 

amount of oxidant added is not suitable for the retaining of 

the wanted KA oil product, because a reverse effect on the 

yield is observed upon further increasing the oxidant amount 

due to over-oxidation. It should be pointed out that the 

optimal amount of H2O2 for the highest product yield is 

about twice as high as its stoichiometry, which could be 

attributed to the self-decomposition of H2O2. In fact, up to 

date the excess amount of H2O2 (H2O2/substrate: 2:1~5:1) is 

commonly used for oxidation of cyclohexane in previous 

reports.45,46 The influence of the reaction time (Fig. 5C) 

indicates a continuous increase in yields from 19.7% to 

31.9% when the time is from 1 h to 6 h. Further increasing 

the reaction time causes the decline of yields, implying 

occurrence of deep oxidation of KA oil at the too much 

elongated reaction time. The amount of solvent acetonitrile 

in the reaction mixture also significantly affects the yield 

(Fig. 5D). In the absence of acetonitrile, rare products are 

formed. This is understandable because the distinct phase 

separation is observed between the oxidant-involving 

aqueous phase and the organic substrate, which limits 

interactions among substrate, oxidant and catalyst. The yield 

remarkably increases with the raise of the solvent amount up 

to 5 mL, where the maximum yield is achieved. With a 

further addition of the solvent, the yield decreases, 

corresponding to the well-known dilution effect for 

substrates and/or intermediates. 

3.4. Understanding of the catalytic behavior 

The reaction pathway for cyclohexane oxidation has been 

reported and in most cases the reaction goes through a 

radical mechanism.47 In order to examine the general type of 

mechanism involved in our catalytic oxidation of 

cyclohexane, we performed the reaction in the presence of 

radical traps of CBrCl3, BHT or Ph2NH (Table 1, entry 7), 

which shows no product. The result strongly indicates that 

the present oxidation reaction proceeds via a free-radical 

mechanism.45 Accordingly, the possible mechanism of 

[DPyAM(H2)]1.25PMoV2-catalyzed cyclohexane oxidation 

0 2 4 6 8 10 12 14
0

5

10

15

20

25

30

35

 

 

Y
ie

ld
 (

%
)

Time (h)

C

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

35

 

 

Y
ie

ld
 (

%
)

Amount of additive (mmol)

A

0.5 1.0 1.5 2.0 2.5 3.0 3.5
0

5

10

15

20

25

30

35

 

 

Y
ie

ld
 (

%
)

Molar ratio H
2
O

2
/cyclohexane

B

0 1 2 3 4 5 6 7 8
0

5

10

15

20

25

30

35
D

 

 

Y
ie

ld
 (

%
)

Amount of solvent (mL)

Page 7 of 9 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
9 

Fe
br

ua
ry

 2
01

5.
 D

ow
nl

oa
de

d 
by

 S
el

cu
k 

U
ni

ve
rs

ity
 o

n 
10

/0
2/

20
15

 0
8:

12
:3

6.
 

View Article Online
DOI: 10.1039/C4RA15921G

http://dx.doi.org/10.1039/c4ra15921g


ARTICLE RSC Advances 

8 | RSC Adv., 2014, 00, 00-00 This journal is ©  The Royal Society of Chemistry 2014 

with H2O2 is proposed in Scheme 3. In the initial period of 

the reaction, the vanadium active species in the hybrid 

catalyst reacts with H2O2 to generate the hydroperoxyl 

radical HOO·, meanwhile, the high valent vanadium (V) is 

reduced to vanadium (IV), in agreement with the previous 

suggestion31. After that, the second hydrogen peroxide 

molecule attacks the transition state of vanadium (IV) to 

generate the hydroxyl radical HO·, whilst the vanadium (IV) 

is oxidized reversely to the higher oxidation state vanadium 

(V), which thus completes the catalytic cycle. Within the 

cycle, the substrate cyclohexane molecule reacts with the 

resulting radicals HOO· and HO· to give the products of 

cyclohexanol and cyclohexanone via the known further 

route.48,49 

 
Scheme 3 Proposed catalytic mechanism for [DPyAM(H2)]1.25PMoV2-

catalyzed oxidation of cyclohexane with H2O2. 

4. Conclusions 

In this study, we develop a new catalyst by pairing the task-

specifically designed IL-cation of N,N’-bis-2-aminoethyl-

4,4’-bipyridinium with the Keggin-structured vanadium-

substituted polyoxometalate anion PMo10V2O40
5-. 

Systematic characterizations for composition and structure 

demonstrate that the catalyst is the POM-based multi-

cationic hybrid [DPyAM(H2)]1.25PMoV2. In the oxidation of 

cyclohexane with H2O2, the catalyst offers an exceptional 

activity with not only remarkable TON value but also 

relative high yield for KA oil (cyclohexanol + 

cyclohexanone). The featured structure of the multi-cations 

in the hybrid results in its solid-state nature and 

heterogeneous property in this oxidation reaction. Overall, 

the catalyst is stable and keeps constant yield during the 

tested 5 cycles, thus providing an efficient heterogeneous 

catalysis strategy for the oxidation of cyclohexane with 

hydrogen peroxide. 
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