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Abstract
This paper reports cyclopentane, cyclohexane and cyclooctane oxidation in the presence of N-hydroxyphthalimide or 4-dode-
cyloxycarbonyl-N-hydroxyphthalimide in combination with Co(II) and Fe(II) salts using  O2/CO2 mixture (0.5 MPa  O2, 
9.5 MPa  CO2). The studies demonstrated that the application of  scCO2 in cyclohexane and cyclooctane oxidation processes 
results in higher conversion and yield of respective ketone and alcohol in comparison to processes performed using air under 
pressure (0.7 MPa).
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Introduction

Carbon dioxide can be used as an alternative solvent or rea-
gent. Usage of  CO2 as a solvent is very promising because it 
is not toxic, it is not corrosive, its critical parameters are mild 
(304.2 K, 7.38 MPa) and it can be easily separated from a 
post-reaction mixture by modifying the temperature or pres-
sure (Mayadevi 2012). Its use in aerobic oxidation reactions 
is of particular note; carrying out these strongly exothermic 
processes in a  CO2 environment is very safe because of its 
excellent heat transfer and conductive properties. Moreo-
ver,  CO2 does not undergo subsequent oxidation reactions, 
which in the case of using organic solvents, is responsible 
for huge solvent losses. These features make its usage even 
more attractive in modern chemical processes that are in 
accordance with the principles of ‘green chemistry’.

The oxidations of cyclopentane (Suzuki et al. 2007), 
cyclohexane (Ishii et  al. 1996; Iwahama et  al. 1998), 
cyclooctane (Mitra et al. 2013) and cyclodecane (Staudt 
et al. 2013) to the desired alcohols, ketones or dicarboxylic 
acids have been reported. The crucial issue was to achieve 
high selectivity to desired products. The most important in 
terms of tonnage of product is the oxidation of cyclohexane 

to the cyclohexanone: cyclohexanol (K:A) mixture (global 
production equals 7 million t/year), which in industry is 
performed using air, solvent-free conditions and a Co(II) 
and/or Fe(II) salt (0.5–2.0 MPa, 140–180 °C). To achieve 
high selectivity (ca. 75–85%) to K:A mixture, the process 
is performed at a very low conversion (5–7%) (Krzyszto-
forski et al. 1986). Therefore, new catalysts and methods to 
enhance the process are an active area of research.

In recent years, the oxidations of cycloalkanes in the pres-
ence of N-hydroxyphthalimide (NHPI) and transition metal 
salts, mainly Co compounds, have been described (Ishii et al. 
1996). The activity of NHPI in the oxidations of hydrocar-
bons is related to the generation of the phthalimide N-oxyl 
radical (PINO) in the system, which can efficiently abstract 
a hydrogen atom from the oxidized compound (Fig. 1). The 
PINO radical is generated in situ by peroxyl radicals as well 
as transition metals salts such as Co(II) (Chen et al. 2014).

The application of NHPI in the oxidation of cyclic 
hydrocarbons allows the reaction to be run at a consider-
ably lower temperature and causes an increase in selectiv-
ity to the desired products (Hermans et al. 2007). However, 
due to limited solubility of NHPI in hydrocarbons, solvents 
such as acetic acid (AcOH), acetonitrile or benzonitrile are 
used. For example, the oxidation of cyclohexane in AcOH 
at 100 °C in the presence of Co(II) was not observed (Ishii 
et al. 1996). Under the same conditions in the presence of 
NHPI/Co(II) system, the cyclohexane conversion was 46% 
and the main reaction products were cyclohexanone and 
adipic acid, obtained with selectivities of 32 and 38%, resp. 
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Interestingly, the type of the catalyst system and the solvent 
makes it possible to obtain a particular product with higher 
selectivity. For example, with the NHPI/Co(III) system in 
acetonitrile, at a low temperature of 75 °C, the main product 
of cyclohexane oxidation (conversion of 13%) is cyclohex-
anone, obtained with 78% selectivity. In contrast, with the 
NHPI/Mn(III) system, in acetic acid, at 100 °C, the main 
product is adipic acid (selectivity 77%, conversion 44%). 
Oxidizing cyclooctane, in the presence of NHPI/Co(III), a 
mixture of cyclooctanone, cyclooctane-1,4-dione and octan-
edioic acid was obtained, and the products were generated 
with selectivities of 50%, 16% and 16%, respectively and 
93% conversion (Ishii et al. 1996).

Attempts were made to eliminate solvent from the NHPI-
catalysed oxidation of hydrocarbons. Oxidations of cyclo-
pentane, cyclohexane and cyclooctane were carried out 
under solvent-free conditions using lipophilic derivatives of 
NHPI (Sawatari et al. 2001) or NHPI (Hermans et al. 1996) 
supported on a solid carrier in combination with a Co(II) or 
Mn(II) salt. For example, by using lipophilic 4-dodecyloxy-
carbonyl-N-hydroxyphthalimide (NHPI-C12)/Co(II)/Mn(II), 
at 100 °C, after 14 h conversion of 1.6, 4.5, 8.9 and 11.4% 
were obtained for cyclopentane, cyclohexane, cyclooctane 
and cyclododecane resp. The main products were respective 
alcohols (in yield of 0.2, 1.3, 2.6 7.2%, resp.) and ketones 
(0.7, 2.8, 6.1, 7.2%, resp.). Using the NHPI/Co(II)/Mn(II) 
system, the authors obtained significantly lower conversions 
of cycloalkanes and productivities of alcohols and ketones 
as compared to the reaction for lipophilic NHPI-C12. When 
NHPI immobilized on silica was applied in the oxidation of 
cyclohexane, a maximum conversion of 4.5% was obtained. 
The products contained cyclohexanol, cyclohexanone, adipic 
acid and glutaric acid.

To date, limited number of studies on the oxidation of 
cyclic hydrocarbons in supercritical carbon dioxide have 
been reported. In previous report (Kerry et al. 2007), the oxi-
dation of cyclohexane using NHPI/Co(II)/Mn(II) in  scCO2 

was described (155 °C, 2.0 MPa  O2
−, 14.0 MPa  CO2, 8 h). 

It was determined that it is necessary to add polar AcOH 
to the system, and without this additive, the reaction did 
not proceed. The major product of the reaction was adipic 
acid, which was produced with 95% of selectivity from 55% 
conversion of the raw material. An oxidation of cyclooctane 
with oxygen in  scCO2 in the presence of acetic aldehyde 
has also been described (Theyssen and Leitner 2002). For 
example, when the process was carried out at 52 °C for 26 h, 
27.6% cyclooctane conversion was achieved, and the post-
reaction mixture mainly contained cyclooctanone, cyclooc-
tanol, and cyclooctane-1,4-dione, which were obtained in 
selectivities of 66.9%, 8.5% and 7.8%, respectively. The use 
of  scCO2 in the two works described above, allowed signifi-
cant improvements in the selectivities of the reactions for the 
generation of adipic acid or cyclooctane-1,4-dione.

Experimental

Materials

Cyclopentane, cyclohexane, cyclooctane, N-hydroxyph-
thalimide, Co(II) 2-ethylhexanoate and Fe(II) 2-ethylhex-
anoate were commercially available. 4-Dodecyloxycar-
bonyl-N-hydroxyphthalimide was prepared according the 
known procedure (Kasperczyk et al. 2014).

General procedure of cycloalkane oxidation using 
air under pressure

Cyclic alkane (20 ml) and Co(II) and Fe(II) 2-ethylhex-
anoates (0.1 ppm) were placed in a 100-ml pressure reactor 
made of Hastelloy C-276 steel. The oxidation was carried 
out with air at 0.7 MPa for 1 h at 150 °C and 1000 rpm. 

Fig. 1  Mechanism of the oxida-
tion of cyclohexane using NHPI
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After the reaction was finished the mixture was cooled to 
5 °C and the pressure was slowly reduced.

General procedure of cycloalkane oxidation using 
oxygen in supercritical  CO2

Cyclic alkane (20  ml) and Co(II) and Fe(II) 2-ethyl-
hexanoates (0.1 ppm) were placed in a 100-ml pressure 
reactor made of Hastelloy C-276 steel. After heating the 
reaction mixture to 60 °C, liquid carbon dioxide metered 
with a Jasco PU-2080-CO2 pump was added. After reach-
ing 150 °C and the specific  CO2 pressure, an appropriate 
amount of oxygen was introduced into the reactor. The 
oxidation was carried out for 1 h at 150 °C and 1000 rpm. 
After the reaction was finished the mixture was cooled to 
5 °C and the pressure was slowly reduced.

Analysis of the post‑reaction mixture

The contents of the corresponding ketone and alcohol in 
the oxidation product mixture were determined by gas 
chromatography using an Agilent Technologies 7890C 
chromatograph equipped with an FID and an autosam-
pler (ZB-5HT column 30 m × 0.25 mm × 0.25 µm, helium 
as the carrier gas, injector temperature: 200 °C, detector 
temperature: 250 °C). Toluene was used as an internal 
standard.

Determination of the acid number

A 1 g portion of the sample to be analysed was weighed with 
a precision of 0.00001 g and was placed in a 100-ml coni-
cal flask, and 25 ml of ethanol neutralized with NaOH was 
added. The contents of the flask was titrated with 0.01 M 
NaOH in the presence of phenolphthalein.

Results and discussion

Herein, the oxidations of cyclic alkanes by oxygen using 
NHPI or its lipophilic derivative NHPI-C12 in combina-
tion with transition metals salts as the catalysts in  CO2 
under pressure was studied. Cyclopentane, cyclohexane 
and cyclooctane were used as raw materials. A mixture of 
lipophilic salts, namely, the 2-ethylhexanoates of Co(II) 
and Fe(II) (0.1 ppm), was used as the co-catalysts. Previ-
ous reports have suggested that these salts dissolve well in 
non-polar systems. Additionally, when an Fe(II) salt is used 
in combination with a Co(II) salt, the ratio of the ketone 
to alcohol products increases. Ketones are the more valu-
able products because they are more applicable in the direct 

synthesis of the corresponding dicarboxylic acid or lactam, 
e.g., adipic acid and ɛ-caprolactam in the case of cyclohex-
anone. For the comparison, reactions without  CO2 were also 
carried out. In these cases, air was used as the oxidizing 
agent instead of oxygen for safety reasons.

As expected, the main products obtained in studied reac-
tions under the applied conditions are the corresponding 
ketones and alcohols (K:A). Dicarboxylic acids, products 
of the over-oxidation of K:A, were formed in small amounts. 
The conversion and yields of K:A were determined by GC 
and the total content of acids was determined based on acid 
number (AN) of the post-reaction mixtures.

First, the effects of NHPI and its lipophilic derivative 
NHPI-C12 were studied in the oxidation of cyclohexane 
using air or an  O2/CO2 mixture (Table 1, entries 5–20). It 
was determined that NHPI positively influenced the degree 
of conversion of the raw material only in the reactions that 
were carried out in  CO2 under pressure (entries 5–12). NHPI 
is very poorly soluble in cyclohexane (its solubility is lower 
than 0.00069 g in 100 g of cyclohexane at 150 °C under 
0.8 MPa of pressure). The presence of non-polar  CO2 is not 
expected to influence the solubility of NHPI in the studied 
systems. In the presence of  scCO2, the contact between the 
solid NHPI, gaseous oxygen and hydrocarbon is expected 
to be more effective.

The catalytic effects of lipophilic NHPI-C12 were 
observed in oxidations performed both with and without 
 CO2 (entries 13–20). As expected, noticeably higher degrees 
of conversion were obtained in reactions carried out in the 
presence of NHPI-C12 than in those with NHPI under the 
same conditions. Depending on the amount used, lipophilic 
NHPI-C12- most likely dissolves completely or in large part 
into the reaction mixture. We believe that the conversion 
decrease in the oxidation of cyclohexane when increasing 
amounts of NHPI-C12 were used (from 0.1 to 1% mol.) in 
the absence of  CO2 (entries 15,16) may be a result of the 
negative influence of the presence of solid, non-dissolved 
catalyst on the reaction. We observed such an effect before 
in the oxidations of other hydrocarbons (Kasperczyk et al. 
2014). In the oxidation of cyclohexane using NHPI-C12 
under  CO2, the yield of products increased as the amount 
of catalyst increased over the whole tested range of catalyst 
loadings (0.05–1 mol %, entries 17–20). This result indi-
cates that  scCO2 has a positive influence on the solubility of 
lipophilic NHPI-C12 and improves the contact between the 
catalyst and reagents.

The positive effects of NHPI and NHPI-C12 on the 
ketone/alcohol ratio were observed for processes carried 
out in supercritical carbon dioxide as well as those con-
ducted without  CO2. This is most likely caused by the 
catalytic effect of the applied N-hydroxyimides on the oxi-
dation of cyclohexanol to cyclohexanone, which has been 
described previously (Iwahama et al. 1998). Researchers 
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demonstrated the catalytic impact of the NHPI/Co(III) 
system in the reaction of oxidation of alcohols (such 
as: 2-octanol, 1-octanol, 1-hexanol, 2-methyl-1-pen-
tanol, cyclohexanol, cyclooctanol) and diols (such as: 
cyklohexyl-1,2-diol, cyclohexyl-1,4-diol, pentyl-1,5-diol) 
to the corresponding carbonyl compounds (Iwahama et al. 
1998).

It was determined that NHPI and NHPI-C12 can detrimen-
tally increase the acid value to a small degree. The highest 

observed acid value (17.5 mg KOH/g, entry 20) means that 
the total yield of dicarboxylic acids, in this case adipic, glu-
taric and succinic acids, was approximately 1.2 mol  % (2.2 
wt %).

Next, the oxidations of cyclopentane and cyclooctane 
were carried out under similar conditions (entries 1–4 and 
21–24). Loadings of 0.1 mol % N-hydroxyimides, NHPI or 
NHPI-C12 were used because in the case of the oxidation 
of cyclohexane, further increases in the catalyst loading 

Table 1  Aerobic oxidation of cyclic alkanes in the presence of an NHPI/Co(II)/Fe(II) system in supercritical  CO2

Entry Cycloalkane Catalyst
[% mol] Systema Convb

[%]
Yieldc [mol %]

K:Ae ANf

[mgKOH/g]Alcohol Ketone Σd

1 NHPI 0.1 Air 1.8 0.8 0.7 1.5 0.9 2.6

2 NHPI 0.1 O2 / scCO2 1.1 0.4 0.6 1.0 1.5 4.6

3 NHPI-C12 0.1 Air 2.8 1.0 1.3 2.3 1.3 3.1

4 NHPI-C12 0.1 O2 / scCO2 2.0 0.5 1.4 1.9 2.8 7.6

5 NHPI - Air 4.0 1.6 1.6 3.2 1.0 1.9

6 NHPI 0.05 Air 3.8 1.3 1.9 3.2 1.5 1.7

7 NHPI 0.1 Air 3.8 1.2 1.9 3.1 1.6 2.3

8 NHPI 1 Air 3.9 1.4 1.8 3.2 1.3 3.2

9 NHPI - O2 / scCO2 6.0 2.6 2.8 5.4 1.1 6.2

10 NHPI 0.05 O2 / scCO2 4.0 1.5 2.2 3.7 1.5 9.0

11 NHPI 0.1 O2 / scCO2 10.2 3.9 5.7 9.6 1.5 5.0

12 NHPI 1 O2 / scCO2 1.0 4.4 4.8 9.3 1.1 8.4

13 NHPI-C12 - Air 4.0 1.6 1.6 3.2 1.0 1.9

14 NHPI-C12 0.05 Air 6.0 2.5 2.3 4.8 0.9 3.7

15 NHPI-C12 0.1 Air 6.8 2.8 2.8 5.6 1.0 3.3

16 NHPI-C12 1 Air 4.9 1.2 2.7 3.9 2.3 9.9

17 NHPI-C12 - O2 / scCO2 6.0 2.6 2.8 5.4 1.1 6.2

18 NHPI-C12 0.05 O2 / scCO2 6.8 2.7 3.5 6.2 1.3 5.6

19 NHPI-C12 0.1 O2 / scCO2 12.0 4.1 6.9 11.0 1.7 7.7

20 NHPI-C12 1 O2 / scCO2 15.5 5.3 9.4 14.7 1.8 17.5

21 NHPI 0.1 Air 11.2 4.9 4.5 9.4 0.9 2.6

22 NHPI 0.1 O2 / scCO2 39.1 12.0 20.1 32.1 1.7 12.1

23 NHPI-C12 0.1 Air 11.8 5.4 4.7 10.1 0.9 2.1

24 NHPI-C12 0.1 O2 / scCO2 50.2 13.2 27.3 40.5 2.1 14.3

Cycloalkane − 20 ml, Co(II) 2-ethylhexanoate—0.1 ppm, Fe(II) 2-ethylhexanoate—0.1 ppm, 150 °C, 1 h
a Air 0.7 MPa or  O2/CO2 0.5/9.5 MPa
b Conversion = Σn (product, GC)/n (hydrocarbon, loaded)
c Yield mol  %, the maximum standard uncertainty is 0.09
d Total yield mol  % of alcohole and ketone
e Ketone to alcohole ratio (mol  %/mol  %)
f Acid number, The maximum standard uncertainty is 0.3
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resulted in minor increases in K:A yield and unfavourable 
increases in the acid number. When less-reactive cyclopen-
tane was used as the starting material, the use of  scCO2 
only led to an increase in the ketone/alcohol ratio and an 
undesirable increase in the acid number. The best results 
were obtained in the case of the oxidation of cyclooctane 
(entries 21-24). Significant increases of conversion and the 
yields of cyclooctanone and cyclooctanol were achieved 
when N-hydroxyimides-catalysed reactions were performed 
under  scCO2.

The effect of temperature, pressure of  O2 or  CO2 and time 
of reaction on the cyclohexane oxidation in the presence 
of NHPI-C12/Co(II)/Fe(II) system has been also established 
(Table 2).

It has been shown that in the studied range of temperature 
120–150 °C the cyclohexane conversion increased from 0.8 
to 6.8%. Simultaneously AN of products was also slightly 
increased. It has been observed that increase of oxygen pres-
sure from 5 to 15 MPa influenced the subsequent reactions: 
desired alcohol oxidation to ketone (K:A increase) but also 
undesired over-oxidation to acids (AN increase). In contrast, 
when  CO2 pressure increased the rates of alcohol to ketone 
oxidation as well as over-oxidation decreased, as an effect 
of system dissolution.

The studied reactions were performed in two-phase sys-
tems. It is known that  CO2 is completely miscible with oxy-
gen under supercritical conditions, but substrates did not 
dissolve entirely in  scCO2 under applied conditions (addi-
tionally, the system could contain a solid particles of an 
insoluble catalyst). However, obtained results indicated that 
the use of  scCO2 in 2-phase system caused the significant 
increase of conversion of cyclohexane and cyclooctane in 
oxidation reactions using oxygen and NHPI or NHPI-C12 
and Co(II)/Fe(II) as catalysts. The positive influence of the 
use of  scCO2 in two-phase system on the oxidation reaction 
rate by enhancement of mass transfer rate has been previ-
ously reported (Beckman 2003).

The rate of oxidation reaction with oxygen in  scCO2 in 
single-phase system, when catalyst is soluble, is usually 
higher in comparison to two-phase system, because reaction 
proceeds in kinetically controlled regime instead of transport 
controlled regime. However, in order to obtain single-phase 
system the amount of cycloalkane must be reduced or signif-
icantly higher pressure is needed which adversely affects the 
process economy (Beckman 2003). In our study, the amount 
of cyclohexane was reduced from 20 to 1 ml (Table 2, entry 
13). Unfortunately the conversion obtained was very low. It 

Table 2  Aerobic oxidation of cyclohexane in the presence of NHPI-C12/Co(II)/Fe(II) system in supercritical  CO2

Cyclohexane − 20  ml, Co(II) 2-ethylhexanoate—0.1  ppm, Fe(II) 2-ethylhexanoate—0.1  ppm, 4-dodecyloxycarbonyl-N-hydroxyphthalimide 
0.05% mol, 150 °C, 1 h
a Conversion = Σn (product, GC)/n (hydrocarbon, loaded)
b Yield mol  %, the maximum standard uncertainty is 0.09
c Total yield mol  % of alcohole and ketone
d Ketone to alcohole ratio (mol  %/mol  %)
e Acid number, the maximum standard uncertainty is 0.3
f Cyclohexane − 5 ml
g Cyclohexane − 1 ml

Entry Temp [°C] O2 [MPa] scCO2 [MPa] Time [h] Conv [%]a Yield [mol  %]b K:Ad AN 
[mgKOH/
g]eAlcohol Ketone Σc

1 120 5 95 1 0.8 0.1 – 0.1 – 1.7
2 130 5 95 1 2.0 0.7 1.1 1.8 1.6 2.1
3 140 5 95 1 6.6 1.5 4.5 6.0 3.0 2.8
4 150 5 95 1 6.8 2.7 3.5 6.2 1.3 5.6
5 150 10 95 1 7.1 1.3 4.7 6.0 3.6 7.6
6 150 15 95 1 7.0 1.1 4.6 5.7 4.2 7.4
7 150 5 105 1 5.6 3.0 2.3 5.3 0.8 7.0
8 150 5 85 1 6.7 2.2 3.4 5.6 1.5 5.8
9 150 5 95 1.5 9.1 1.8 2.3 4.1 1.3 3.9

10 150 5 95 2 11.2 1.1 1.6 2.7 1.5 5.7
11 150 5 95 0.5 3.0 1.5 1.5 3.0 1.0 2.0
12f 150 5 95 1 3.0 1.1 1.2 2.3 1.1 9.0
13g 150 5 95 1 0.5 0.3 0.1 0.4 0.3 22.2
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could be a result of very low concentration of cyclohexane 
or presence of insoluble catalyst.

The most prominent feature of this reaction is the simple 
separation of the catalyst and solvent from the post-reac-
tion mixture. After carrying out oxidation using the NHPI/
Co(II)/Fe(II)/CO2 system,  CO2 can be separated together 
with the air through degassing. When the post-reaction mix-
ture is cooled, high quantities of catalyst (NHPI) crystallize, 
and the catalyst can be efficiently separated by filtration (in 
a recovery of 85% in the case of cyclohexane oxidation). In 
contrast, NHPI-C12 is completely soluble in post reaction 
mixture. Separation method based on extraction or adsorp-
tion must be elaborated.

Conclusions

The studies reported herein on the oxidation of cycloal-
kanes catalysed by Co(II)/Fe(II) and N- hydroxyimides, 
NHPI and NHPI-C12, demonstrated that under  scCO2 con-
ditions (0.5 MPa  O2 and 9.5 MPa  CO2), higher conversion of 
cyclohexane and cyclooctane as well as yields of the corre-
sponding ketone and alcohol were obtained compared to the 
reactions performed using air (0.7 MPa). Additionally, the 
selectivity to cyclohexanol and cyclohexanone was higher in 
 scCO2 system. High selectivity is of particular importance 
for the economy of the process.

The catalytic effect of NHPI on the oxidation of cycloal-
kanes in the presence of Co(II)/Fe(II) salts was observed 
only when the oxidations were carried out under  scCO2. In 
contrast, the use of lipophilic NHPI-C12, which is more solu-
ble in non-polar media, allows noticeably higher conversions 
of raw material in reactions both with and without  CO2. A 
positive influence of the addition of NHPI or NHPI-C12 on 
the increase of ketone/alcohol ratio was observed. Higher 
yields of the ketone and alcohol were obtained when the 
oxidation of the cycloalkane was carried out in presence of 
NHPI-C12 than in the presence of the NHPI in combination 
with Co(II)/Fe(II) in  scCO2. However, the use of the NHPI/
Co(II)/Fe(II)/CO2 system ensured the facile separation of 
not only the  CO2 from the post-reaction mixture but also 
the NHPI.
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