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The PEG radical originating from the thermal/oxidative

degradation of PEG in dense CO2 was successfully applied

to the oxygenation of benzylic hydrocarbons under organic

solvent-free conditions. In addition, in our study, dense CO2

could improve the oxygenation reaction.

The selective catalytic oxygenation of hydrocarbons with O2

as the terminal oxidant is a fundamental industrial technology,

and its success largely depends on the use of metal catalysts to

promote both the rate of reaction and selectivity to partial

oxidation products.1 The Wacker oxidation of alkenes to

carbonyl compounds catalyzed by palladium salts,2 the

production of ethylene oxide from ethylene in the presence

of silver salts,3 and terephthalic acid from p-xylene catalyzed

by manganese and cobalt salts4 are representative commercial

processes. Recently, Ishii, Recupero, Sheldon and others have

developed an elegant and effective system for C–H bond

oxygenation, even under mild conditions, by hydrogen

abstraction from N-hydroxyphthalimide (NHPI).5 However,

in order to maintain the solubility of NHPI and activity of the

catalytic system, the oxygenation reaction is generally carried

out in CH3COOH or toxic PhCN. Despite the usefulness of

this method for the oxidation of C–H bonds, the development

of new and environmentally more benign catalytic systems for

oxidation is a sustained goal in organic synthesis.6

Polyethylene glycol (PEG) and its derivatives are commonly

known to be inexpensive, thermally stable, have an almost

negligible vapor pressure, and be toxicologically innocuous

and environmentally benign media for chemical reactions and

phase transfer catalysts.7 We have also developed several

methodologies for organic transformations using PEG as a

solvent or support for a catalyst.7d–g On the other hand, the

oxidative thermal degradation of PEG8 was also encountered

because PEG is susceptible to free radical oxidative attack in

the presence of O2 at elevated temperatures over 70 1C. In this

respect, PEG and O2 can react to form PEG peroxide in excess

air through a so-called random chain scission process.

Recently, we reported that the PEG radicals from oxidative

degradation could be used to induce the oxidation of benzylic

alcohols.9 We would like to disclose here that the PEG radical

originating from the thermal/oxidative degradation of PEG in

dense CO2 was also successfully applied to the oxygenation of

benzylic hydrocarbons under organic solvent-free conditions.

We first chose the oxygenation of ethyl benzene to investigate

this PEG radical chemistry, and carried out a reaction

with 0.7 mmol PEG-1000 (molecular weight: 1000 Da) and

2.5 MPa O2 at 100 1C for 12 h. Under these conditions, no

oxidation product was detected (Table 1, entry 1). However, a

catalytic amount of Co(OAc)2, remarkably, could promote the

reaction, and thus a 15% yield of acetophenone with excellent

selectivity was achieved (Table 1, entry 2), concomitant with

1-phenylethanol (2%). The reaction was further improved by

adding 7.5 MPa CO2 (Table 1, entry 3), presumably due to the

unusual ‘‘expanded effect’’ of PEG in dense CO2, due to the

lowered melting points, raised diffusion rates and lowered

solvent viscosity.7,10 Indeed, as judged by visual inspection

through a window-equipped high-pressure reactor, we found

that PEG and its derivatives are expandable with CO2.

In addition, a lower temperature led to a decrease in

yield (Table 1, entry 5). Moreover, PEG and O2 (Table 1,

entries 4 and 6) were found to be indispensable for this

transformation. These facts indicate that PEG oxidative/thermal

degradation plays a critical role in the oxygenation of ethyl

benzene to acetophenone, and that ‘‘PEG/O2/CO2’’ possibly

serves as a radical initiator, oxidant and solvent, which makes

this methodology efficient and more environmentally friendly.

Note that metal salts could promote this radical reaction.

We next screened commercially available metals salts (Table 1,

entries 7–13). The results show that Co and Mn salts, which

could accelerate the generation of free radicals,5a generally

improved the yield of acetophenone (Table 1, entries 7–9),

while the other salts, such as of Cu, Ni and Pd, demonstrated

no positive effect on the oxygenation reaction (Table 1, entries

10–13). Moreover, acetates showed generally higher activities

than halides in this study (Table 1, entries 3, 7–9). In order to

understand this process in more depth, parallel experiments

were conducted with and without Co(OAc)2 in the oxygenation

of ethyl benzene, and the spent PEG was detected by ESI-MS

techniques (Fig. S1 in the ESIw). The results hint that

Co(OAc)2 indeed accelerates the oxidative degradation of

PEG, as previously reported,12 and that it was also beneficial

for the oxygenation reaction (Table 1, entries 1 and 2). Based

on these results, Co(OAc)2 in this study can be assumed to

have acted as an initiator for generating PEG radicals and to

have promoted the decomposition of intermediate hydro-

peroxides into the product, as similarly reported in radical

reactions catalyzed by NHPI in the presence of Co(OAc)2.
5

Moreover, when the reaction was carried out at an elevated
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temperature (120 1C), the yield of the desired product could be

further improved up to 65% (Table 1, entry 15). However, in

order to differentiate the activity of the substrates and to

validate whether the oxidation could be performed under

milder conditions, 100 1C was selected as the reaction

temperature for further investigations. On the other hand,

the oxygenation reaction was completely suppressed by

TEMPO (2,2,6,6-tetramethyl-piperidine-1-oxyl), which supports

the free radical process (Table 1, entry 14).

Since the oxygenation might be initiated by PEG radicals

from the oxidative degradation of PEG, we next evaluated the

effect of the molecular weight of PEG on the oxygenation of

ethyl benzene (Table 2). Indeed, molecular weights from

300–6000 gave a similar yield under otherwise identical

conditions. However, PEG-20 000 was inactive (Table 2,

entry 5), presumably due to the increased mass transport

limitation of gaseous O2 in highly viscous long chain PEGs.13

Notably, the effect9 of the molecular weight of the PEG

(Table 2) and the influence9 of the quantity of PEG on the

reaction support the notion that the degraded PEG accumulates

and cannot interfere with the reaction.

The generality of this methodology was evaluated under

typical reaction conditions, as shown in Table 3. A variety of

benzylic C–H bonds could be oxygenized into their corres-

ponding oxygenated products (Table 3). Substrates favorable

for forming relatively stable radicals showed a high reactivity,

and selectively gave carbonyl compounds as major products.

In particular, fluorene, 1,2,3,4-tetrahydronaphthalene and

acenaphthene furnished moderate to high yields (Table 3,

entries 1–3), possibly due to their relatively active C–H bonds

being affected by ring strain and more stable radicals being

formed in situ. Ethyl benzene, cumene and butyl benzene could

also be oxidized with a high selectivity, although with a low

reactivity so far (Table 3, entries 4–6). Even toluene and its

derivatives successfully underwent benzylic C–H oxidations to

generate the corresponding carboxylic acids in reasonable

yields, alongside aldehydes as major by-products (Table 3,

entries 7–9). We were pleased to find that this method was

applicable even to cycloalkanes; for example, cyclohexane

gave an 8% conversion to afford 4% cyclohexanone and 3%

cyclohexanol (Table 3, entry 10). Nevertheless, the current

industrial process shows just 3–7% conversion of cyclohexane

at 160 1C.14

Based on aforementioned findings, a plausible mechanism

for this protocol may be considered to involve a PEG radical

formed in situ during the thermal degradation of PEG.8b A

mechanistic scheme is therefore proposed, as delineated in

Scheme 1. The reaction of PEG with O2 is prone to generate

PEG radicals, which induce the C–H bond oxygenation. The

radical process could also be promoted by Co(OAc)2. The

proposed radical mechanism is supported by evidence, including

the production of trace amounts of formylated products of the

degraded PEG (Fig. S1), a broadening PEG molecule weight

distribution (Fig. S2 in the ESIw), the generating of a peroxide

intermediate, as detected by a KI/starch test, detected radical

Table 1 Screening reaction conditions for the oxidation of ethyl benzenea

Entry Metal salt T/1C Conversion (%) Yield of acetophenone (%)b

1c None 100 0 0
2c Co(OAc)2 100 17 15
3 Co(OAc)2 100 24 22
4d Co(OAc)2 100 0 0
5 Co(OAc)2 80 16 15
6e Co(OAc)2 100 0 0
7 CoCl2�6H2O 100 12 11
8 MnCl2�4H2O 100 12 11
9 Mn(OAc)2�4H2O 100 14 13
10 CuCl 100 0 0
11 CuCl2�2H2O 100 0 0
12 PdCl2 100 0 0
13 NiCl2�6H2O 100 5 5
14f Co(OAc)2 100 3 0
15 Co(OAc)2 120 66 65

a Reaction conditions: 1.93 mmol ethyl benzene, 2% metal salts, 0.7 mmol PEG-1000, 2.5 MPa O2, 7.5 MPa CO2, 12 h.
b Yield based on GC-MS,

using biphenyl as an internal standard. c Without CO2.
d In the absence of O2.

e CH3COOH was used in place of PEG, as in the principal

industrial methods employing simple cobalt salts as homogeneous catalysts.11 f In the presence of TEMPO (0.193 mmol).

Table 2 The oxidation of ethyl benzene in different molecular weight
PEGsa

Entry PEG Conversion (%) Yield (%)b

1 300 23 21
2 600 23 21
3 1 000 24 22
4 6 000 25 23
5 20 000 0 0

a Reaction conditions: 1.93 mmol ethyl benzene, 2% mmol Co(OAc)2,

0.7 mmol PEG-1000, 2.5 MPa O2, 7.5 MPa CO2, 100 1C, 12 h.
b Yields

were determined by GC-MS with respect to an internal standard

(biphenyl).
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species from electron paramagnetic resonance experiments

(Fig. S3 in the ESIw), and the suppressing effect of TEMPO

on the reactions (Table 1, entry 14).

In conclusion, the PEG radical, from the oxidative

degradation of PEG, has been successfully used to oxygenate

benzylic hydrocarbons in a mild and environmentally-friendly

manner; dense CO2 further improved the oxidation reaction.

These findings provide a useful example to further develop

free radical chemistry starting from PEG thermal oxidative

degradation. Further broadening of this protocol to other

organic reactions that require radical chemistry and the

possibility of PEG recycling are currently being investigated.

Given further time for in-depth investigations, the free radical

chemistry of PEG thermal degradation will become an even

more powerful tool for organic synthesis.
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20672054, 20872073), the 111 Project (B06005) and the

Committee of Science and Technology of Tianjin.

Experimental

Safety warning

Experiments using large amounts of compressed gas, especially

molecular O2 and supercritical fluids, are potentially hazardous

and must only be carried out using the appropriate equipment

under rigorous safety precautions. In particular, CO2 is

introduced into the substrate-loaded reactor before O2 is

added. In other words, the following order should be used:

O2 after CO2 after substrate to avoid an explosive regime; in

addition, there could be peroxides in the present reaction

system. The exact level of risk associated with the handling

of oxidized PEG is currently unknown.

Experimental procedure

All experiments were carried out with substrate (1.93 mmol),

PEG-1000 (0.7 g, 0.7 mmol) and Co(OAc)2 (10 mg, 3%) in a

25 mL autoclave equipped with an inner glass tube. 3 MPa

CO2 and 2.5 MPa O2 were introduced into the autoclave and

heated to the reaction temperature. The final pressure was then

adjusted to the desired pressure at the reaction temperature by

introducing an amount of CO2. The mixture was stirred

continuously for the designed reaction time. Then, the reactor

was placed into ice water, and CO2 was released slowly by

passing it through a cold trap containing diethyl ether to

absorb the trace amount of reactant and product entrained

by the CO2. After depressurization, diethyl ether was added

into the reactor. The products were then extracted by diethyl

ether and analyzed by a gas chromatograph (Shimadzu-2014)

equipped with a capillary column (HP-5 30 m � 0.25 mm)

using a flame ionization detector. The structure and purity

of the products were further identified using NMR

(Bruker-300 MHz, Varian-400 MHz), GC-MS (HP G1800A),

HPLC-MS (LCQ Advantage) and GC-HPLC by comparing

retention times and fragmentation patterns with those of

authentic samples. The EPR experiments were performed on

a Bruker EMX-6 instrument.
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