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bstract

A new kind of Co–Na heterodinuclear polymer complex based on Salen Schiff base and crown ether has been successfully prepared by
ondensation polymerization. Its catalytic behavior for aerobic oxidation of cyclohexene, alkylbenzenes and linear aliphatic olefins was studied
n the absence of any solvents or reducing agents under mild conditions. The oxidation of cyclohexene catalyzed by the above catalyst proved
o be a simple and efficient method for obtaining 2-cyclohexen-1-one (C O) and 2-cyclohexen-ol ( OH) in a high selectivity. Kinetics of the

xidation was also investigated. The results showed that the aerobic oxidation of cyclohexene catalyzed by Salen-crown ether heterodinuclear
olymer complex follows a radical chain aerobic oxidation mechanism. This oxidation system is also efficient in the oxidation of alkylbenzenes
nd linear aliphatic olefins, which afforded corresponding benzylic oxidation products and epoxides, respectively.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Oxidative functionalization of hydrocarbons into useful
rganic compounds is of an immense interest in the area of
ransition metal complexes mediated reactions over the past
ecades [1,2]. In this regard, metalloporphyrins have been used
xtensively owing to their direct relationship to enzymatic oxi-
ation with cytochrome P-450 [3–5]. Parallel to the porphyrin
hemistry, the same catalytic reactions are mimicked by various
ransition metal complexes, in particular Schiff base complexes,
ecause of cheap and easy synthesis, and chemical and thermal
tability of them [6–9].

Catalytic oxidation of hydrocarbons have been carried out
sing a variety of oxidants such as PhIO, NaOCl, H2O2, alkyl
ydroperoxides, percarboxylic acids, magnesium monoperox-

phthalate and molecular oxygen. Among these oxygen donors,
olecular oxygen is becoming an increasingly important

xidant both in industry and academic research. As a cheap,
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nvironmentally clean and readily available oxidant, molecular
xygen has received much attention in the recent years. One of
he most interesting trends are known as the direct reaction of
ydrocarbons with molecular oxygen catalyzed by halogenated
etalloporphyrins with electron withdrawing groups, such as

he Lyon’s system [10,11]. However, there are only a few papers
oncerning the catalytic oxidation of hydrocarbons with molec-
lar oxygen in the presence of Salen Schiff base as catalyst
ithout the use of sacrificial co-reductant [12]. One reason is

hat the Salen Schiff base complexes with low molecular weight
re easy to be degraded or dimerized to �-oxy-metal species,
hich leads to deactivation of the catalytic species. In order

o overcome the above problems, two strategies are commonly
mployed. One is to anchor the catalyst to an inert organic or
norganic solid supports. The other is to encapsulate the catalyst
n microporous solids such as zeolite. The proportion of active

etal sites is often low in the polymer-supported systems, and
atalytic activity is also low.
In order to isolate catalytic active centers of complex
atalysts without decreasing the proportion of active metal
ites, the polymeric metal complexes were employed, such as
olymeric porphyrin complexes [13], coordination polymers

mailto:wangrmcn@sohu.com
mailto:wangrm@nwnu.edu.cn
dx.doi.org/10.1016/j.molcata.2006.07.049
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Scheme 1. Preparation of the heterodinu

nd polynuclear Schiff base complexes [14]. It has been
evealed that the heterogenezation of homogeneous catalysts
s a good way to render them practicable and improve stability
nd selectivity because of polymer environment. They can also
e recovered and reused. Therefore, application of polymer
omplexes in organic transformation has been receiving
ttention.

Recently, a few papers have reported that benzo-crowned
chiff base complexes showed significantly improved dioxy-
en affinities and biomimetic catalytic performance com-
ared to the uncrowned analogues. Co-complexation of a
ard cation close to the transition-metal center is believed
o play an important role in perturbing its oxygen-binding
roperties [15–17]. However, to our knowledge, there are no
eports about the polymer Salen Schiff bases complexes which
ombine crown ethers in the polymer chain. After success-
ully synthesizing Co–Na heterodinuclear Salen-crown ether
olymeric complexes [P-SalPhen-dSdB18C6-(Co–Na)] which
erived from the condensation of 2,4-dihydroxybenzaldehyde
ith bis(chlorosulfonyl)dibenzo-18-crown-6 [18], we have also

ynthesized the heterodinuclear Salen-crown ether polymeric
omplex [P-Salen-BsdB18C6-(Co–Na)] by condensation poly-
erization of 2,4-dihydroxybenzaldehyde with ethylenedi-

mine and bis(chlorosulfonyl)dibenzo-18-crown-6 (Scheme 1).
erein, details of preparation, characterization and catalytic
xidation behavior of this new heterodinuclear polymeric
omplex [P-Salen-BsdB18C6-(Co–Na)] are reported. It is
hown that this complex catalyzes efficiently the oxidation
f cyclohexene, alkylbenzenes and linear aliphatic olefins
ith molecular oxygen without any solvents or reducing

gents.

. Experimental

.1. Materials
Both dibenzo-18-crown-6 and 2,4-dihydroxybenzaldehyde
ere obtained from Aldrich. Cyclohexene was purified by frac-

ional distillation just before use. Other reagents and metals salts
ere commercially available.

2

t

Salen-crown ether polymeric complex.

.2. Physical measurements

IR spectra were recorded in KBr disks with an Alpha-centauri
T-IR spectrophotometer. XPS (small area X-ray photoelectron
pectroscopy) data were recorded with the PHI-5702 Multi-
echnique System (Power Source by Mg K� line and Ag 3d5/2
WHM ≤ 0.48 eV). The thermal analysis was recorded on a
himadzu DT-40 Thermal Analyzer (10 ◦C/min). Scanning elec-

ron micrograph (SEM) was obtained using a Hitachi S-450
canning electron microscope. The oxidation reaction products
ere determined and analyzed by a Shimadzu GC-16A gas

hromatograph-QP-1000A GC/MS system.

.3. Synthesis

.3.1. Synthesis of Co(di-OHSalen) (1)
The Co(di-OHSalen) (1) was synthesized using Co2+ as tem-

late. Firstly, 2,4-dihydroxybenzaldehyde (1.38 g, 10 mmol) and
thylenediamine (0.3 g, 5 mmol) were dissolved in propanol
ith stirring, and then the solution of Co(OAc)2·4H2O (1.225 g,
mmol) in 10 mL of water was added. Under N2, the mixture
as stirred at 60 ◦C for 8 h. The product was filtered and washed
y H2O and alcohol three times, respectively. After vacuum dry-
ng, the reddish brown powder was obtained with a yield of 76%.

.3.2. Synthesis of bis(chlorosulfonyl)dibenzo-18-crown-6
2)

Bis(chlorosulfonyl)dibenzo-18-crown-6 (2) was prepared
rom dibenzo-18-crown-6 [19,20]. The reagent of HSO3Cl
23.3 g, 0.2 mol) was added dropwise to the chloroform solu-
ion of dibenzo-18-crown-6 (3.6 g, 0.01 mol) cooled in an ice-
ath under Ar. The reaction mixture was stirred for 9 h at
oom temperature, and then poured into ice. Then the organic
hase was dried by CaCO3. After filtration, the filtrate was
vaporated in vacuum to dryness and recrystallized from ethyl
cetate/acetonitrile to provide white powder, yield of 54%.
.3.3. Synthesis of P-Salen-BsdB18C6-(Co–Na) (3)
The P-Salen-BsdB18C6-(Co–Na) (3) was successfully syn-

hesized using interfacial condensation polymerization [21].
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wing to the phase transfer ability of crown ether, the conden-
ation polymerization and coordination of sodium ion occurred
t the same time at a high rate. The chloroform solution of
is(chlorosulfonyl)dibenzo-18-crown-6 (0.557 g, 1 mmol) was
dded dropwise into the NaOH solution (0.4 mol/L, 5 mL) of
o(di-OHSalen) (0.357 g, 1 mmol) with vigorously stirring.
fter the reaction for 2 h at room temperature, the crude product
as isolated by filtration, and washed separately with H2O and

cetone. The black polymer complex (3) was obtained with a
ield of 82% after vacuum drying.

.4. Procedure of oxidation

The oxidation of organic substrate by atmospheric pressure
f molecular oxygen was carried out using a straightforward
pparatus. In a typical oxidation reaction, 2 mL of substrate and
iven amount of catalyst (P-Salen-BsdB18C6-(Co–Na)) were
dded to a glass reactor (10 mL). The reactor was filled with
olecular oxygen using the gauge glass, and the atmosphere
as discharged out of the glass reactor with the gas outlet tube.
he mixture was heated to a constant temperature in an oil bath
nd stirred with a magnetic stirring bar. The consumption of
xygen was measured and calculated by the gauge glass. At the
nd of the reaction time, liquid samples were removed from the
eactor vessel and analyzed by GC and GC-MS techniques.

. Results and discussion

.1. Characterization

.1.1. The IR spectra
The IR spectrum of P-SalEten-bSdB18C6-(Co–Na) was mea-

ured and compared with that of the monomer [22]. The absorp-
ion of S O double bond of symmetrical stretching vibration
ppeared at 1118 cm−1, and the asymmetrical stretching vibra-
ion at 1362 cm−1. The stretching vibrations of C N and Ph O
ond appeared at 1630 and 1227 cm−1, respectively. The weak
bsorption peaks at 466 and 527 cm−1 are attributed to the Co N
nd Co O bonds, respectively. The CH2 O CH2 absorption
eaks shifted from 1268, 1174 and 1088 cm−1 to 1263, 1180 and
036 cm−1, respectively, indicating that sodium ion is coordi-
ated to oxygen in crown ether.

.1.2. X-ray photoelectron spectroscopy
In order to confirm the coordination of polymer ligand with

obalt and sodium ions, the Co–Na heterodinuclear polymer
omplex (P-Salen-BsdB18C6-(Co–Na)) and monomer (Co(di-
HSalen)) were characterized by XPS [23]. It was found that

he binding energies of Co(2p1/2) and Co(2p3/2) of P-Salen-
sdB18C6-(Co–Na) were 795.5 and 780.6 eV, respectively, and

hose of Co(di-OHSalen) were 796.1 and 780.2 eV, respectively.
n P-Salen-BsdB18C6-(Co–Na), the Co2p binding energies of
he complex increased by 0.5 eV compared with those of the

obalt acetate (Co(2p1/2): 795.0 eV, Co(2p3/2): 779.6 eV). These
esults indicate that the charge on the cobalt atoms decreased
hen the complex was formed. Furthermore, compared to the
inding energy of Na(2s1/2) of NaCl, the chemical shift of that of

3

t

lysis A: Chemical 260 (2006) 280–287

-SalPhen-bSdB18C6-(Co–Na) was about 0.7 eV from 1072.5
o 1071.8 eV. All these results indicate that cobalt and sodium ion
ere successfully introduced into the framework of the polymer.
The contents of C, H and N was measured with the elemental

nalyzer, being found to be C% (45.5), H% (4.0), N% (3.1). They
ere similar to the calculated values of unit formula (P-SalPhen-
SdB18C6-(Co–Na): C36H34N2O14S2CoNaCl + 3H2O): C%
45.3), H% (4.2), N% (2.9). It also showed that water molecule
as absorbed on to the polymeric metal complex.

.1.3. Scanning electron microscopy
The morphologies and surface image of the monomer and P-

alen-Bsdb18C6-(Co–Na) were further examined with scanning
lectron microscopy. Fig. 1 reveals their surface images. It shows
hat monomer was crystal and the polymer complex was different
rom the monomer.

.1.4. Thermal stability of the polymeric Schiff base
omplexes

Thermal stability of the P-Salen-BsdB18C6-(Co–Na) was
tudied using TG-DTA analysis, which showed that the poly-
er complex decomposed above 300 ◦C.

.2. Oxidation of cyclohexene by O2

Cyclohexene (4) was chosen as a model substrate because
oth allylic oxidation and epoxidation are possible. It was found
hat oxidation preferentially happened in the activated allylic

H bond, which afforded 2-cyclohexene-1-one (C O) (5), 2-
lohexene-1-ol ( OH) (6) and 2-cyclohexen-1-hydroperoxide
OOH) (7). Only a little cyclohexene epoxide was formed

Scheme 2).
In order to understand how the products are formed and

hanged, the oxidation of cyclohexene with molecular oxy-
en was performed without any solvents or additional addi-
ives. The distribution of products in the period of the cat-
lytic oxidation is demonstrated in Fig. 2. The contribution of
he epoxide was not taken into account because its yield was
ery low. In the first instance, owning to the presence of high
oncentration of 2-cyclohexen-1-hydroperoxide ( OOH), the
otal selectivity for 2-cyclohexen-ol ( OH) and 2-cyclohexen-
-one (C O) was relatively low. But the total selectivity for
lcohol ( OH) and ketone (C O) increased slowly along with
ecreasing selectivity for 2-cyclohexen-1-hydroperoxide. After
he reaction for 8 h, hydroperoxide ( OOH) was decomposed
ompletely. The selectivity for alcohol ( OH) was always higher
han that of ketone (C O). It can be deduced that 2-cyclohexen-
l ( OH) and 2-cyclohexen-1-one (C O) as main products of
he reaction derived from the decomposition of 2-cyclohexen-
-hydroperoxide ( OOH), and its mechanism is consistent with
he classic Haber–Weiss radical-chain sequence mechanism
hich we will discuss later.
.3. Kinetics study of the oxidation of cyclohexene

A further series of experiments was carried out in order to
est the effect of temperature, substrate ratio and additives on
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the selectivity was effected by temperature (Fig. 4). At 50 C,
the selectivity for 2-cyclohexen-1-one (C O), 2-cyclohexen-ol
( OH) and 2-cyclohexen-1-hydroperoxide ( OOH) was 23.4,
25.2 and 46.5%, respectively. At 70 ◦C, the total selectivity for
Fig. 1. Images of monomer and polymer

he catalytic oxidation of cyclohexene by the polymer complex
P-Salen-BsdB18C6-(Co–Na)).

.3.1. Effect of temperature
The oxidation of cyclohexene was found to be very slow at

oom temperature (25 ◦C). It was also difficult to initiate the
eaction if the temperature was below 50 ◦C. Better results of
atalytic oxidation are obtained in the temperature range of

0–80 ◦C. Fig. 3 shows the relationship between the conver-
ion and the reaction time at different reaction temperatures. It
hows that the conversion increased substantially with increas-
ng temperature from 50 to 70 ◦C. It is interesting to note that

cheme 2. Aerobic oxidation of cyclohexene catalyzed by P-Salen-BsdB18C6-
Co–Na).

F
h

lex under scanning electron microscopy.

◦

ig. 2. Oxidation products distribution with reaction time. Conditions: Cyclo-
exene, 2 mL; Cat., 1.0 mg; Temp., 70◦ C, 1 atm O2.
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Table 1
Effect of the amount of catalyst on aerobic oxidation of cyclohexene

Amount of
catalyst (mg)

Conversion (%) Selectivity (%)

Exo C O OH OOH

0.5 82.8 5.6 39.5 42.5 8.6
1.0 87.8 2.1 42.2 50.6 –
1.5 91.4 1.8 41.4 51.3 –
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reductant could not prompt the activity of the catalyst and the
ig. 3. Effect of temperature on catalytic activity of the polymer complex. Con-
itions: Cyclohexene, 2 mL; Cat., 1.0 mg; 1 atm O2; 12 h.

OH and C O increased to 92.8%, and OOH nearly disap-
eared, which indicated that raising the reaction temperature
romoted the decomposition of hydroperoxide and facilitate
eaction. So it is necessary to raise the reaction temperature
n order to initiate the reaction to afford 2-cyclohexen-1-one
C O) and 2-cyclohexen-ol ( OH) in high concentrations. But
he reaction rate decreased when the temperature was higher
han 70 ◦C. Cyclohexene is easy to be vaporized if the tem-
erature is higher than 70 ◦C. Then the catalytic active center
s difficult to establish contact with the substrate and oxy-
en together, resulting in low catalytic activity. Furthermore,
e studied the catalytic activity of monomer cobalt complex
o(di-OHSalen) in the oxidation of cyclohexene at optimum

emperature; the conversion was less than 65%. The selectiv-
ties were as follows: C O (38.5%), OH (49.2%), epoxide
6.8%). Namely, the catalytic activity of Co(di-OHSalen) was
ower than that polymeric metal complex (P-Salen-BsdB18C6-
Co–Na)), while it was similar in the selectivity for the polymer
omplex.
.3.2. Effect of the amount of catalyst used on the reactivity
The oxidation was carried out at 70 ◦C by varying the amount

f catalyst. The results are shown in Table 1. It was observed

ig. 4. Effect of temperature on product selectivity. Conditions: Cyclohexene,
mL; Cat., 1.0 mg; 1 atm O2; 12 h.

c
o
o
c

F
C

.0 86.2 1.6 40.1 52.8 –

onditions: Cyclohexene, 2 mL; 1 atm O2; 70◦ C; 12 h.

he conversion of cyclohexene increased from 82.8 to 91.4%
hen the amount of catalyst was increased from 0.5 to 1.5 mg.
urther increasing the amount of catalyst, however, resulted in

he decrease in the conversion to 86.2%. This phenomena may
e due to fast decomposition of 2-cyclohexen-1-hydroperoxide
OOH) acting as radical intermediate in the presence of excess

f the catalyst.

.3.3. Effect of the additives
The catalytic activity of P-Salen-BsdB18C6-(Co–Na) is sen-

itive to additives. We investigated the effect of three types of
dditives, organic acid, base and co-reductant (Fig. 5). When
trace of acetic acid (0.1 mL) was added to the oxidation sys-

em, the rapid oxygen consumption was observed at the begin-
ing of oxidation. But the reaction rate decreased quickly after
h. The conversion was only 72.5%, and the selectivity for 2-
yclohexen-1-ol ( OH) increased slightly. This indicates that
cetic acid caused decomposition of the catalyst. The pyridine
ade the catalytic efficiencies very low (52.5% conversion),
hich is attributed to the donor nitrogen atom of pyridine with
igh ability to coordinate with center metal of transition metal
omplex, inducing a significant decrease in the redox poten-
ials [24]. To our surprise, the addition of isobutanal as co-
onversion decreased to 77.8%. It indicates that the presence
f isobutanal maybe causes a kinetic barrier for the approach
f active intermediate species toward the catalytically active
enter.

ig. 5. Effect of the additives on the product selectivity. Conditions: Sub., 2 mL;
at., 1.0 mg; additive, 0.1 mL; 1 atm O2; 70 ◦C; 12 h.
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. Mechanism

The aerobic oxidation of alkanes and alkenes catalyzed by
alogenated porphyrin has been studied in detail [10,25]. It has
een concluded that the reaction involves the formation and
ecomposition of alkyl peroxide and carries on a radical-chain
equence mechanism. Subsequently, a series of Salen derivatives

earing electronegative substituents and their corresponding
ron(III) complex was examined on catalytic properties in
he oxidation of cyclohexene using molecular oxygen as
xidant [12]. The results indicated that all the observations

(
w
o
d

Scheme 3. The classic Haber–Weiss radical-chain sequence mechanism of wh
lysis A: Chemical 260 (2006) 280–287 285

or Salen Schiff base complex point to the same radical chain
uto-oxidation mechanism as previously established for the
etallporphyrin-catalyzed oxidation of different hydrocarbons,
here the primary role of the metal is to catalytically decompose

he hydroperoxide by alternate reduction and oxidation.
In order to obtain more evidence to confirm that the aerobic

xidation of cyclohexene catalyzed by P-Salen-BsdB18C6-

Co–Na) is also a radical chain aerobic oxidation mechanism,
e investigated the effects of radical initiator and inhibitor
n the catalytic reaction. An induction period was observed
uring the early stages, where negligible conversion is obtained.

ich applied to aerobic oxidation of cyclohexene catalyzed by PSalenCo.
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Scheme 4. Aerobic oxidation of alkyl benzene catalyzed by P-Salen-BsdB18C6-
(Co–Na). Conditions: Sub., 2 mL; Cat., 1.0 mg; 110 ◦C; 1 atm O2; 12 h.
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t represents the time required for the formation of the free
adicals in the oxidation of cyclohexene catalyzed by P-Salen-
sdB18C6-(Co–Na) in the absence of any radical initiators.
ddition of tert-butyl hydroperoxide (about 0.05 mL) substan-

ially accelerated the oxidation during early stages of reaction.
t indicates that the peroxide ( OOH) served only to shorten
he induction period. Conversely, the oxidation was inhibited,
r stopped completely if appropriate radical traps were added to
he reaction system. If 10 mg of hydroquinone, free-radical trap,
as added into the oxidation system with P-Salen-BsdB18C6-

Co–Na), the induction period elongated to about 4 h (versus
a. 0.5 h under normal conditions), and the conversion of cyclo-
exene was only 12.4% after 12 h. The oxidation was stopped
ompletely if the amount of hydroquinone exceeded 20 mg.
he same phenomena were observed by addition of asafetida
nd thiourea. Overall, the results of these inhibitor studies are
onsistent with the radical-chain autoxidation pathway [12,26].

Following the classic Haber–Weiss radical-chain sequence
echanism [27–29], the aerobic oxidation of cyclohexene cat-

lyzed by P-Salen-BsdB18C6-(Co–Na) [Abbr. as PSalenCo] is
roposed as Scheme 3. The main function of catalyst [PSalenCo]
s to serve as electron-transfer chain initiator, Co2+/Co3+, step
b), and resultant alkylhydroperoxide oxidizer (Co3+/Co2+), step
f). In contrast to base, acid can promote the decomposition of
ydroperoxide. In steps (a) and (b), adding acetic acid can accel-
rate the reaction rate at the beginning of oxidation and make
he selectivity for 2-cyclohexen-1-ol ( OH) raise slightly. As
he reaction rate decreased with the time owning to the decrease
n substrate amount in the process of oxidation, we considered
hat the concentration of substrate in the reaction mixture dom-
nates over the reaction rate in the propagation period (step
). The chain termination is dominated by the classic Russell
etraoxide intermediate pathway, step (g). In this pathway, two
yclohexenyl peroxy radicals combine to the resultant tetraox-
de intermediate. Then it is decomposed to 2-cyclohexen-1-ol

OH) and 2-cyclohexen-1-one (C O). Based on this mecha-
ism, the yield of 2-cyclohexen-1-ol ( OH) is higher than that of
-cyclohexen-1-one (C O), which is consistent with our results.
he alkyl hydroperoxide decomposition mechanism does not
irectly address the origin of epoxides, which may be formed
ia different mechanisms.

.1. Catalytic aerobic oxidation of alkylbenzenes

The possibility of oxidizing primary alkyl substituents
ttached to an aromatic framework was examined by study-
ng the catalytic oxidation of toluene, ethylbenzene and cumene
Scheme 4). Under dioxygen, the reaction mainly took place on
he benzyl carbon of the alkylbenzenes. In the catalytic oxida-
ion of cumene (12) the conversion was 59.1% and the products
electivity for cumene hydroperoxide (CHP) (13) and 2-phenyl-
-propanol (PP) (14) were 37.5 and 56.8%, respectively. The
xidation of ethylbenzene (15) was carried out in similar con-

itions. The conversion was 24.6% with product of �-methyl
enzyl alcohol (16) (60.7%) and of acetophenone (17) (38.3%).
ut toluene cannot be oxidized. Furthermore, we monitored the
olecular oxygen adsorption rate and found the reaction rate of

S
a
w
p

cheme 5. Aerobic oxidation of linear aliphatic olefins catalyzed by P-Salen-
sdB18C6-(Co–Na). Conditions: Sub., 2 mL; Cat., 1.0 mg; 1 atm O2; 12 h;
00 ◦C for (18) and 110 ◦C for (19).

umene was always higher than that of ethylbenzene. The induc-
ion period in the oxidation of ethylbenzene was about 2 h. How-
ver, it was very short for cumene. These results indicate that
ethyl groups substituted for the benzylic hydrogens can stabi-

ize the benzyl radical which can induce radical propagation.

.2. Catalytic oxidation of linear aliphatic olefins

The activity of the P-Salen-BsdB18C6-(Co–Na)/O2 system
owards linear aliphatic olefins was examined using 1-octene,
-decene and 1-dodecene as substrate without any solvents or
acrificial reductants. In the case of linear aliphatic olefins, the
llylic hydrogen was not predominantly active. Therefore, epox-
de was formed. Compared to cyclohexene and alkylbenzenes,
he lower activity and selectivity were obtained. 1-Octene (18)
nd 1-decene (20) showed 31.4 and 22.7% conversion with 56.1
nd 82.0% of selectivity for corresponding epoxides (19, 21),
espectively. However, only trace quantity of 1,2-epoxide was
etected for 1-dodecene. It suggested that the longer the alkyl
hain of olefin, the more obstructed the access to the active center
f catalyst (Scheme 5).

. Conclusions

A new kind of heterodinuclear polymer complex based on

alen Schiff base and crown ether is successfully synthesized
nd applied to catalytic aerobic oxidation of hydrocarbons,
hich utilizes molecular oxygen as the oxidant at atmospheric
ressure and mild temperature in the absence of any solvents
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