
www.rsc.org/advances

RSC Advances

This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. This Accepted Manuscript will be replaced by the edited, 
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 



1 

 

Catalytic oxidation of cyclohexane by substituted metalloporphyrins: 

experimental and molecular simulation 

Ze Feng; Yujia Xie; Fang Hao
∗
; Pingle Liu

∗
; He’an Luo 

College of Chemical Engineering, Xiangtan University, Xiangtan 411105, China 

Abstract 

A series of meso-substituted metal tetraphenylporphyrins were synthesized and characterized by 

UV–vis, FT-IR and elemental analysis. The experimental results show that cobalt 

tetra(4-nitrophonyl)porphyrin (Co-TNPP) gives better catalytic performance in cyclohexane oxidation. 

The KA oil (cyclohexanol and cyclohexanone) selectivity is 79.54% at the cyclohexane conversion of 

10.43%, and the turnover number reaches to 0.93 ×10
4
. Cyclohexane oxidation catalyzed by 

meso-substituted metalloporphyrins was studied by molecular simulation and experiment. The results 

of molecular simulation performed by Materials Studio show that the substituted electron-withdrawing 

groups in the same central metal porphyrins reduce the HOMO and LUMO energies. The 

metalloporphyrins with lower energy gap have stronger ability to activate the oxygen, the 

metalloporphyrin intermediates with lower energy gap have stronger ability to activate the 

cyclohexane. 
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1. Introduction. 

The oxidation of hydrocarbon is of great industrial and synthetic importance to obtain valuable 

products such as alcohols, ketones and carboxylic acids.
1-3

 Cyclohexane oxidation with air or 

dioxygen is one of these important processes to produce KA oil (cyclohexanol and cyclohexanone) or 

adipic acid, which are the raw materials for the production of nylon-6, nylon-6, 6 and caprolactam.
4-6

 

A large number of different types of catalysts have been tried in this reaction and get a certain 

progress.
7-10

 However, the cyclohexane conversion, KA oil selectivity and the harsh reaction 

conditions leave a lot to be desired. For the industrial cyclohexane catalytic oxidation process, the 

selectivity to KA oil is about 75% at the cyclohexane conversion of 8-10%. 

Early in 1979, metalloporphyrins was used in catalytic oxidation by Groves, like cytochrome P-450, 

metalloporphyrins have been proven to be efficient oxidation catalysts and attracted many researchers’ 

attention.
11-14

 It shows good activities and high selectivity in catalytic oxidation of hydrocarbons. The 

catalytic activity of metalloporphyrin is related to the number of substituents, the electron 

withdrawing ability of the substituents and the species of central metal ion.
15-18

 With the development 

of Quantum chemistry, the frontier molecular orbital theory(FMO) proposed by Fukui became the 

most popular qualitative theory for description of chemical bonding rule.
19, 20

 It holds that the capacity 

of molecular which gain or lose electrons is determined by the energy of HOMO and LUMO. The 

theory of FMO has been used in cyclohexane oxidation catalyzed by metalloporphyrins and it shows 

that the ∆EL-H and EHOMO have effects on the activity of the catalyst.
21, 22
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In this paper. several substituted cobalt, manganese and nickel metalloporphyrins complexes 

(Co-D(p-Cl)D(p-OCH3)PP, Co-D(p-Br)D(p-Cl)PP, Co-TNPP, Mn-TNPP, Ni-TNPP) were synthesized 

and their catalytic performance in cyclohexane oxidation was studied. And the energy of molecular 

orbital of the catalysts and the formed intermediates were studied by using Dmol 3 program density 

functional computer software implemented in the Materials Studio. 

2. Experimental 

2.1  Reagents 

All reagents and solvents used were analytical grade and were obtained from Aladdin Reagent. No 

impurities were found in cyclohexane by GC analysis before use. 

2.2  Synthesis of meso-substituted metalloporphyrins. 

Co-D(p-Cl)D(p-OCH3)PP and Co-D(p-Br)D(p-Cl)PP) were synthesized by referring to the following 

procedures.
17, 23-25

 Co-TNPP, Ni-TNPP and Mn-TNPP was synthesized according to the following 

procedures
26, 27

 (Scheme 1). 1.24 mmol tetra(4-nitrophonyl)porphyrin (TNPP) and 6.21 mmol cobalt 

acetate (or Nickel acetate or Manganese acetate) was added to the 100ml DMF solution and heated at 

reflux, Thin Layer Chromatography was used to monitor the evolution of the reaction. After the 

reaction finished, the mixture was filtered. The metalloporphyrins was purified by column 

chromatography (Neutral aluminum oxide, CH2Cl2: Methanol = 10: 1.5). 

 

Scheme.1  Synthesis of porphyrin and metalloporphyrin 
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2.3 Catalysts characterization 

The porphyrins and metalloporphyrins were characterized by 
1
HNMR (Bruker Avance, 

400MHz,CDCl3).
17

 the TNPP, Mn-TNPP, Ni-TNPP and Co-TNPP were characterized by 

UV–vis(UV-2550 spectrophotometry), FT-IR(Nicolet iS10 spectrometer) and Elemental analysis 

(Vario EL Ⅲ). 

2.4  Procedures for the catalytic test 

Cyclohexane (15.82 g) and catalyst (1.8 mg) were added in a 50 mL autoclave reactor with a 

magnetic stirrer in the absence of solvent. The reactor was sealed and the gas in autoclave was 

replaced with oxygen for two times. Then the autoclave was heated to the setting temperature. After 

the reaction, the reactor was cooled to the ambient temperature and the mixture was dissolved in 

ethanol and the catalyst was removed by filtration. The products of the reaction mixture were 

identified by GC–MS and LC-MS. The acids in the product are mainly the succinic acid, glutaric acid 

and adipic acid. The products of cyclohexanol and cyclohexanone were analyzed by GC using 

chlorobenzene as the internal standard, and the cyclohexyl hydroperoxide and by-products (acid and 

ester) were analyzed by triphenylphosphine and chemical titration. 

3. Results and discussion 

3.1  Characterization of the porphyrins and metalloporphyrins 

The results of elemental analysis of the TNPP, Mn-TNPP and Co-TNPP are shown in Table 1. It can 

be seen from Table 1 that the elemental analysis results of TNPP, Mn-TNPP, Co-TNPP are closely 

coincident with the theoretical value, which means that the porphyrins and metalloporphyrins were 

successfully synthesized, and the purity meet the requirements.  

Table 1  Results of elemental analysis. 
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Porphyrin 

C％％％％ H％％％％ N％％％％ 

Theory Exp Theory Exp Theory Exp 

TNPP 66.50 66.32 3.27 3.18 14.10 14.01 

Mn-TNPP 62.32 62.03 2.83 2.76 13.22 13.11 

Co-TNPP 62.05 61.92 2.82 2.82 13.16 12.93 

 

UV–vis spectra of the TNPP, Mn-TNPP and Co-TNPP are shown in Fig 1. There are one Soret band 

and four Q bands in spectra (a), which are characteristic absorption peaks of porphyrins. Compared 

with the TNPP, the spectra of Mn-TNPP is blue-shifted, the reason is that the Mn(III) ion inserts into 

the free base porphyrin and forms the manganese metalloporphyrin,
28

 and the numbers of Q bands 

decrease from four to two peaks resulted from alteration in the microsymmetry of the porphyrin 

macrocycle from D2h to D4h.
29

 For the UV spectra of Co-TNPP, the Soret band of Co-TNPP is 

red-shifted to 418 nm, and the Q band at 520 nm, 556 nm, 595 nm and 650 nm disappear and the new 

Q band forms at 538nm. Such phenomenon may occur when the porphyrin is changed to metal 

porphyrin.
30

 

 

Fig.1  UV–vis spectra of porphyrins and metalloporphyrins. (a) TNPP, (b) Mn-TNPP, (c) Co-TNPP 
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The FT-IR spectra of TNPP, Mn-TNPP and Co-TNPP are shown in Fig.2. There are two peaks of 

962 cm
-1

 and 3320 cm
-1

 in TNPP, which is the bending and stretching vibrations of N-H in the pyrrole 

ring.
31

 However, these two peaks disappear in the corresponding metal porphyrins, it means that the 

bonds of N-H in the pyrrole have been replaced by the Co-N and Mn-N, this indicates that the metal 

ions successfully embedded into the porphyrin ring. The peaks of 1348 cm
-1

 and 1520 cm
-1

 in the 

spectra are assigned to the symmetric and asymmetric stretching vibration of the –NO2 group, and the 

peak at 825 cm
-1

 shows that the nitro group is in the para position of the benzene ring.
32, 33

 The 

vibration peaks of phenyl in the porphyrin appeare at 1593 cm
-1

 and 3110 cm
-1

. When metal ions 

anchored into the porphyrin ring and formed a new bond, the new M-N bond would affect the 

vibration frequency of Cα-Cβ, Cα-Cm and Cβ-H which is close to the M-H bond, and then some metal 

sensitive zones form.
34

 Compared with the FT-IR spectra of porphyrin, the metal sensitive zone of the 

metalloporphyrin appeared at 475 cm
-1

,1010 cm
-1

, 1075 cm
-1

,1475 cm
-1

 and 2356 cm
-1

, it indicates 

that we the corresponding metalloporphyrins were successfully synthesized. 

 

Fig 2  FT-IR spectra of (a) TNPP, (b) Mn-TNPP and (c) Co-TNPP 

3.2  Catalytic performance 

Several different meso-substituted metal tetraphenylporphyrins were synthesized and applied in 

catalytic oxidation of cyclohexane.
10, 14, 17

 In this paper, meso-substituted metal nitrophonylporphyrins 

were prepared and the catalytic performance of these meso-substituted metalloporphyrins are showed 
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in Table 2. It can be seen from Table 2 that the species of substituents have great effects on the 

catalytic performance. Co-TNPP presents the highest cyclohexane conversion and KA oil yield under 

the same reaction conditions (Table 2. Entries1-3). It has shown that the reaction rate of cyclohexane 

hydroxylation is speeded up by electron-withdrawing groups in the substituted mentalloporphyrins.
35, 

36
 The electron-withdrawing ability are as follows: -NO2 > -Cl > -Br > -OCH3, hence, the cobalt 

tetra(4-nitrophonyl)porphyrin (Co-TNPP) shows better catalytic performance. However, there is a 

special case when the substituts were substituted in the propionate side chains of metalloporphyrin in 

the oxidation of toluene.
37

 The different central metal in the metalloporphyrin has different ionization 

potential.
38-40

 It can be seen from Table 2 (entries 4-6) that the cobalt metalloporphyrin shows the best 

catalytic activity among these metalloporphyrins with same substituents, it gives the the highest 

cyclohexane conversion, KA oil yield and the turnover number. and it is in agreement with  the 

reported literature.
41

 

Table 2.  Results of cyclohexane oxidation catalyzed by different metalloporphyrins. 

Entry Catalyst 

Conversion 

(%) 

K-A 

Selectivity(%) 

K/A 

(mol ratio) 

TON 

(×10
4
)
c
 

1
a
 Co-D(p-Cl)D(p-OCH3)PP 7.20 78.05 0.64 0.59 

2
a
 Co-D(p-Br)D(p-Cl)PP 9.23 74.54 0.61 0.85 

3
a
 Co-TNPP 9.54 77.94 0.58 0.85 

4
b
 Co-TNPP 11.54 74.25 0.83 1.03 

5
b
 Mn-TNPP 9.76 74.70 0.56 0.86 

6
b
 Ni-TNPP 9.23 72.67 0.63 0.81 

Note:  
a
Reaction conditions: cyclohexane 0.188 mol, catalysts 1.8 mg, 155 °C for 1 h, oxygen pressure 1.0 MPa. 
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b
Reaction conditions: cyclohexane 0.188 mol, catalysts 1.8 mg, 150 °C for 2 h, oxygen pressure 1.0 MPa. 

c
The turnover number(TON) is the value calculated by mole product (ketone + alcohol + acid + ester)/mol metalloporphyrin. 

3.3  Molecular Simulation Calculation  

During the process of cyclohexane oxidation with dioxygen catalyzed by metalloporphyrins, the 

mechanism of cyclohexane oxidation was studied and it suppose to form the intermediates of 

peroxo-metal anion(metalloporphyrins=O).
42, 43

 The molecular simulation calculation was carried out 

in order to obtain the information of the ability of different metalloporphyrins to form the above 

mentioned intermediates. The structure of metalloporphyrins were optimized by the Dmol3 module of 

Material Studio 6.1, and then the optimized structures were used to calculate HOMO and LUMO 

energies of metalloporphyrin complexes and the density mixing (Charge 0.2, Spin 0.5) by the BLYP 

general-gradient apporoximation (GGA) in conjunction with the double-numerical basis set. The 

calculation results are shown in Table 3. As to the metalloporphyrins with the same central metal ion, 

the HOMO and LUMO energies decrease with the increment of the electron-withdrawing substituents 

(entries 1-3 in Table 3), and the electron-withdrawing substituent could reduce negative charges, for 

the stronger of the electron-withdrawing substituents, it is easier to reduce the charge density on the 

porphyrin ring, and improve the ability of the central metal ion binding of oxygen. As to the 

metalloporphyrins with the same substituents, the species of central metal ion have great influence on 

the energy of HOMO and have a little effect on the energy of LUMO. It can be found that the energy 

gap of manganese metalloporphyrins is approximately 0.5 eV, which is much lower than that of cobalt 

and nickel metalloporphyrins(entries 3-5). It also can be seen that the energy of HOMO(Mn-TNPP) is 

almost the same as the energy of LUMO(O2), and the energy of LUMO(Mn-TNPP) is most closely to the 

energy of HOMO(O2), this means that it is easier for the electrons to flow between the Mn-TNPP and 

oxygen atoms than that of Co-TNPP and Ni-TNPP.
44, 45

 Hence, the Mn-TNPP have better property of 

activating oxygen. Meanwhile, compared with the LUMO orbit of Co-TNPP and Ni-TNPP, the 

LUMO orbit of Mn-TNPP contains the highest proportion of the a2u orbit, which is beneficial to 

coordinate with oxygen molecule in the mode of side-on.
46

 The formation of porphyrin intermediates 
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may be that the central metal M
Ⅲ

 of the (por)M
Ⅲ

 captures an electronic and forms the (por)M
Π
, and 

the divalent metal reacts with oxygen molecule to form the (por)M
Ⅲ
-OO

-
, then the intermediate of 

(por)M
Ⅲ
-OO

-
 interacts with the (por)M

Π
 and generates an peroxide of (por)M

Ⅲ
-O-O-(por)M

Ⅲ
, the 

intermediates of (por)M
Ⅳ

=O may be formed after breakage of the peroxide bond.
47

 

Table 3  HOMO and LUMO energies and HOMO-LUMO Gap for metalloporphyrins. 

Entry Complex 

HOMO 

(Ha) 

LUMO 

(Ha) 

Energy Gap 

(eV) 

∆E(L(P)-H(O2)) 

(eV) 

∆E(L(O2)-H(P)) 

(eV) 

1 Co-D(p-Cl)D(p-OCH3)PP -0.17433 -0.11176 1.70253 3.81348 0.15863 

2 Co-D(p-Br)PD(p-Cl)P -0.18432 -0.12037 1.74008 3.57920 0.43046 

3 Co-TNPP -0.20615 -0.14124 1.76634 3.01140 1.02464 

4 Mn-TNPP -0.16806 -0.14893 0.52061 2.80231 -0.01200 

5 Ni-TNPP -0.19862 -0.13796 1.65078 3.10073 0.81974 

6 O2 -0.25191 -0.16850 2.26959   

 

The HOMO and LUMO orbits energies of metalloporphyrins=O and cyclohexane were calculated in 

order to obtaion the imformation of the cyclohexane activation ability of the intermediates of 

metalloporphyrins=O. As to the cobalt porphyrins intermediates with different substituents, the 

energies of HOMO oribt decrease with the increment of the electron-withdrawing substituents (entries 

1-3 in Table 4). And the substituent of –Br improves the LUMO energy of Co-D(p-Br)PD(p-Cl)P=O. 

As to the metalloporphyrins=O with different central metal ions, the energy gap of Co-TNPP=O is 

much lower than Mn-TNPP=O and Ni-TNPP=O, this means that it is more easier for the Co-TNPP=O 

to activate the inert cyclohexane, it can also be seen that the HOMO energy of cyclohexane is most 

Page 9 of 18 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



10 

 

closely to the LUMO energy of Co-TNPP=O, and the LUMO energy of cyclohexane is most closely 

to the HOMO energy of Co-TNPP, this means that it is more easier for the electrons of cyclohexane to 

flow to Co-TNPP=O and produce cyclohexyl radical. The results of experiment indicate that 

Co-TNPP presents the best catalytic performance among these metalloporphyrins catalysts under the 

same reaction condition with dioxygen, and the catalytic activity is mainly concerned with the ability 

of the metalloporphyrins=O intermediates to activate the inert cyclohexane. The activation of 

cyclohexane may be that the intermediate of (por)M
Ⅳ

=O interacts with cyclohexane and capture a 

hydrogen atom from cyclohexane to form the cyclohexyl radical and (por)M
Ⅲ

-OH. On one hand, the 

cyclohexyl radical could react with oxygen molecule to form cyclohexyl peroxy radicals, 

cyclohexanol and cyclohexanone, on the other hand, the cyclohexyl radical could react with (por)M
Ⅲ

-OH and the –OH transfer from the central metal ion to cyclohexyl radical to form cyclohexanol, and 

the central metal is reduced to (por)M
Π
.
48

  

Table 4  HOMO and LUMO energies and HOMO-LUMO Gap for metalloporphyrins=O. 

Entry Complex 

HOMO 

(Ha) 

LUMO 

(Ha) 

Energy Gap 

(eV) 

∆E(L(P)-H(C)) 

(eV) 

∆E(L(C)-H(P)) 

(eV) 

1  Co-D(p-Cl)PD(p-OCH3)P=O -0.14467 -0.14363 0.02841 2.90393 5.57884 

2 Co-D(p-Br)PD(p-Cl)P=O -0.16557 -0.11543 1.36409 3.67106 6.14739 

3 Co-TNPP=O -0.17102 -0.17013 0.02400 2.18270 6.29631 

4 Mn-TNPP=O -0.20724 -0.16080 1.26337 2.43659 7.28163 

5 Ni-TNPP=O -0.19086 -0.14330 1.29417 2.91298 6.83604 

6 Cyclohexane -0.25035 0.06036 8.45436   

As to the same central metal ions, the metalloporphyrins with stronger electron-withdrawing 

substituents are easier to adsorb more charges from the porphyrin ring, and thus increase the positive 
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charge of the central metal ion and the activity of metalloporphyrins.
46

 For the metalloporphyrins with 

the same substituents, the atomic of nitro-substituted metal porphyrins are marked in the Fig 3, and the 

Mulliken atomic charges of the M(II) and M(IV) oxo states are shown in Table 5, The manganese ions 

have the highest positive charge (entry 1-3), which indicates that the Mn-TNPP is more easy to 

activate the oxygen molecule. The charge of the central metal ions changes among the 

metalloporphyrin intermediates, the positive charge of cobalt ion increases greatly, while the positive 

charge of manganese ion and the nickel ion increase a little, hence, the positive ion of cobalt in 

metalloporphyrin intermediates are the highest, and the M(IV) oxo states of cobalt metalloporphyrin is 

more easy to activate cyclohexane. The charges of the other elements does not change greatly. 

 

Fig 3  The marked nitro-substituted metalloporphyrin 

Table 5  Mulliken atomic charges of metalloporphyrins and its intermediates 

Entry Complex M N1 N6 C2 C3 C4 C5 

1 Co-TNPP 0.601 -0.503 0.346 -0.252 0.256 -0.015 0.134 

2 Mn-TNPP 0.754 -0.555 0.344 -0.259 0.264 -0.039 0.111 

3 Ni-TNPP 0.595 -0.514 0.346 -0.247 0.259 -0.011 0.145 

4 Co-TNPP=O 0.761 -0.477 0.347 -0.250 0.263 -0.006 0.135 

5 Mn-TNPP=O 0.757 -0.548 0.344 -0.256 0.266 -0.036 0.111 
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6 Ni-TNPP=O 0.605 -0.507 0.345 -0.250 0.256 -0.009 0.145 

 

3.4  Cyclohexane oxidation over Co-TNPP  

The results of cyclohexane oxidation over Co-TNPP under different reaction conditions are shown in 

Table 6. The effects of reaction temperature are shown in entries 1-4 in Table 6. At lower temperature 

of 140 °C, the cyclohexane conversion is 6.48 and the selectivity to KA oil is 85.63%, the selectivity 

to KA oil is obviously decreased with the increment of temperature, the reason may be that the 

product of cyclohexanone and clcohexanol are more-readliy oxidizable than cyclohexane. Entries 2, 5 

and 6 in Table 5 show the effects of reaction time on cyclohexane oxidation catalyzed by Co-TNPP. 

The cyclohexane conversion changes little from 1 h to 3 h, while the selectivity to KA oil decreases 

from 79.54% to 73.87%, it possibly because that cyclohexane oxidation is a radical reaction, after the 

chain initiation reaction, the main reaction would be completed in a short time, and it has no 

significant impact to the conversion of this reaction with the time extending under a relatively low 

temperature and pressure conditions, and the reduction of the selectivity may be attributed to further 

oxidation of cyclohexanone and cyclohexanol. Entries 2, 7 and 8 in Table 6 show the effects of 

reaction pressure on cyclohexane oxidation catalyzed by Co-TNPP. The cyclohexane conversion 

increases markedly and the selectivity to KA oil decreases significantly with the increasement of 

dioxygen pressure. Meanwhile, the TON and K/A mol ratio increase with reaction pressure. 

Table 6  Results of cyclohexane oxidation over Co-TNPP under different reaction conditions. 

Entry Cov(%) KA Sel(%) K/A (mol ratio) TON(×10
4
)

d
 

1
a
 6.48 85.63 0.66 0.57 

2
a
 10.43 79.54 0.65 0.93 

3
a
 9.54 77.94 0.58 0.85 
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4
a
 8.31 77.58 0.57 0.74 

5
b
 11.54 74.25 0.83 1.03 

6
b
 11.45 73.87 0.82 1.02 

7
c
 17.66 61.02 1.12 1.58 

8
c
 19.71 59.74 1.28 1.76 

a
Reaction conditions:cyclohexane (0.188 mol), catalyst (Co-TNPP: 1.8 mg),Time (1.0 h). oxygen pressure (1.0 MPa), Temperature (entry 1-4. 140 °C, 150 °C, 

155 °C, 160 °C) 

b
Reaction conditions: cyclohexane (0.188 mol), catalyst (Co-TNPP: 1.8 mg), oxygen pressure 1.0 MPa, Temperature (150 °C), Time (entry 5-6, 2.0 h, 3.0 h) 

c
Reaction conditions: cyclohexane (0.188 mol), catalyst (Co-TNPP: 1.8 mg), Temperature (150 °C), Time (1.0 h). oxygen pressure (entry 7-8, 1.5 MPa, 2.0 MPa)   

d
The turnover number (TON)= mol product (ketone + alcohol + acid +ester)/mol catalyst. 

4. Conclusion 

A series of meso-subtituted metalloporphyrins were prepared, characterized and applied in 

cyclohexane oxidation with dioxygen. Molecular simulation calculation was carried out by using 

Material Studios 6.1. The calculation results show that the electron-withdrawing groups may reduce 

the energies of HOMO and LUMO orbits. The metalloporphyrins with lower energy gap have stronger 

ability to activate the oxygen. The metalloporphyrin=O intermediates with lower energy gap have 

stronger ability to activate the cyclohexane. The catalytic activity of the metalloporphyrins in 

cyclohexane oxidation with dioxygen is mainly concerned with the ability of the metalloporphyrins=O 

intermediates to activate the inert cyclohexane. 
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The metalloporphyrins and metalloporphyrin intermediates with lower energy gap have stronger 

ability to activate the oxygen and cyclohexane respectively. 
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