JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

CAAlRERCIT]

ELSEVIE Journal of Molecular Catalysis A: Chemical 192 (2003) 295-302 _———
www.elsevier.com/locate/molcata

Selective oxidation of ethylbenzene with air catalyzed
by simplew.-oxo dimeric metalloporphyrins under mild
conditions in the absence of additives

Cancheng Guqg Qingjing Peng, Qiang Liu, Guofang Jiang

College of Chemistry and Chemical Engineering, Hunan University, Changsha 410082, China
Received 9 March 2002; received in revised form 23 July 2002; accepted 23 July 2002

Abstract

The paper reported the catalysis of simplexo dimeric metalloporphyrins for the selective oxidation of ethylbenzene with
air under mild conditions in the absence of additives. Two sinpptexo dimeric metalloporphyrings-oxo-bis(tetraphenyl-
porphinato)iron [TPPFeD andp.-oxo-bis(tetraphenylporphinato)manganese [TPRI@nkere used as catalyst in the oxi-
dation of ethylbenzene with air under mild condition. The results show that the products of ethylbenzene oxidation catalyzed
by [TPPFe}O or [TPPMn}O with air are acetophenone aaephenylethanol exclusively und@r > 60°C and atmospheric
pressure and in absence of any additive. [TPRI@ri$ an active catalyst with high selectivity and turnover number of 2134 for
oxidation of ethylbenzene by air when temperature reacts &€ 70he kinetic study shows that the ethylbenzene oxidation is
zero-order for oxygen and first-order for ethylbenzene. The activation energy of the reaction is 72.7 kJ/mol. Comparing with
the corresponding monometalloporphyrins TPPFeCl and TPPMNCI, [TP®Reld [TPPMnjO have the better catalytic
activity for ethylbenzene oxidation with air without any additive under mild conditions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction oxidation of hydrocarbon compounfi&]. A number

of reports have described that metalloporphyrins can

In recent two decades, the catalysis of metallopor- catalyze the monooxygenation of alkane and alkene

phyrins for alkene epoxidation and alkane hydrox- based on the complex oxygen donor system, such as
ylation under mild conditions has widely received Oz-zinc, Q—ascorbic acid, @-NaBH;, etc.[47-62]
considerable attentiofi]. A new approach to oxida- Also there are many papers reporting that oxidation
tion of alkane and alkene by PhlO, NaCIO; G, etc. of alkane and alkene can be finished by novel metal-
catalyzed by metalloporphyrins under mild condition loporphyrins, such as polyhalogen-metalloporphyrins
have made great succg2s-45]. Use of air as oxygen  with air apart from the reduc¢63—-81] These obser-
source in alkane and alkene oxidations catalyzed by vations have understandably simulated considerable
metalloporphyrins has raised great prospect to the interest in the applications for selective oxidation of

hydrocarbon with air under mild conditions.
"+ Corresponding author. Tel+86-731-8821314: In alkane o_xid_ations, work over th_e I_ast several
fax: +86-731-8821667. decades has indicated thatoxo dimeric iron por-
E-mail addresscccguo@hnu.net.cn (C. Guo). phyrins are either inactive or have very low activity.
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Recently, our work82—85]showed that simplg.-oxo Pyrrole was redistilled before use. Ethylbenzene
bisiron and bismanganese porphyrins could catalyze was purified by rectification before use. Other reagents
the hydroxylation of cyclohexane with PhlO, and that all were analytical or commercial chemical grade. Or-
w-0xo bismetalloporphyrins have higher activity than ganic solvents were purified by standard procedures.

monometalloporphyrins. Some other wg#6,63,36]
testified thatw-oxo dimeric iron(lll) porphyrins in
the perhaloporphyrin series were active catalysts for
alkane oxidation with air. The work of Ellis and Lyons
showed that both iron(lllj.-oxo iron dimers and fer-
ryl(Illl) species coexist for the catalytic oxidation of
hydrocarbon with dioxygen by perhaloporphinatoiron
series[46,63], and the work of Moore et al. declared
that p-oxo iron complexes of electron-deficient iron
porphyrin complexes derived their activity for air
oxidation of alkanes from conversion of theoxo
dimer to the corresponding iron hydroxo complex
[86]. But the catalysis of simplg-oxo dimers for the
alkane oxidation with air has not been reported up to
now. In order to gain an insight into the catalysis of
simplep.-oxo dimeric iron and manganese porphyrins
for the inert hydrocarbon bond oxidation with air un-
der mild conditions and in absence of any additive,
we synthesized two simplg-oxo dimers,u-0xo-bis
(tetraphenylporphinato)iron [TPPR€} andw.-oxo-bis
(tetraphenylporphinato)manganese [TPPMh] and
studied their catalysis for the oxidation of ethylben-
zene with air without additives under mild conditions.
The results indicate that simple-oxo dimeric iron

2.2. Synthesis of metalloporphyrins

TPPH was prepared according to the literature
[87,88] purified with neutral AJO3 column. TPPM-
nCl, [TPPMnpO, TPPFeCl, and [TPPFg&) were
synthesized from the literatuf89-91] All the com-
pounds were characterized by element analysis, IR and
UV spectrometer. TPPFeCl.4gH28N4FeCl, calcd. C,
75.06; H, 4.01; N, 7.92%; found: C, 75.10; H, 3.85;
N, 7.90%; IR (KBr):vee—cl, 380 cnml; UV-Vis (ben-
zene): 418.8, 507.2, 572.4, 652.8, 685.6 nm. TPPM-
NCl: Cy4H28N4MNCI, calcd. C, 75.16; H, 4.01; N,
7.97%; found: C, 75.32; H, 3.95; N, 7.80; IR (KBr):
vMmn—cl, 320cnml; UV-Vis (benzene): 477.2, 533.6,
585.2, 620.4 nm. [TPPF&D: CggHssNgFe0, calcd.
C,78.11; H,4.17; N, 8.28%; found: C, 78.09; H, 4.23;
N, 8.05%; IR (KBr):vreo-Fe, 870, 895 crmt; UV-Vis
(benzene): 407.6, 570.0, 611.2nm. [TPPjD]
CggHs6NgMn» 0O, calcd. C, 78.21; H, 4.18; N, 8.29%;
found: C, 77.81; H, 4.16; N, 8.45%; IR (KBr):
VMn—O—Mn, 876, 849 cml; UV-Vis (benzene): 418.2,
472.7, 578.3, 616.2 nm.

and manganese porphyrins can catalyze air to oxidize 2.3. Oxidation of ethylbenzene catalyzed by

ethylbenzene to acetophenone amghenylethanol
with high regioselectivity under mild conditions un-
der which no reaction occurs when peoxo dimer
catalyst is used. Comparing with monometallopor-
phyrins, p-oxo dimeric metalloporphyrins have the
better catalysis for the hydrocarbon oxidation again.

2. Experimental

2.1. Instruments and reagents

metalloporphyrins

Ethylbenzene oxidations with air in this paper were
carried out using the following procedures unless oth-
erwise specified. To a mixture of ethylbenzene (30 ml)
and metalloporphyrin (10mg) in a 50 ml of capped
three-necked flask equipped with condenser and tem-
perature gauge was reacted with air (0.G6h con-
tinuously.

The flask was incubated by warmed sulfuric acid.
The temperature of sulfuric acid was controlled by
a temperature controller. The change ranges of the

Gas chromatography was performed on a Shimadzu temperatures of the mixtures were0.5°C. The

GC-16A spectrometetH NMR were recorded on

oxidation products were analyzed by GC-MS spec-

AC-80 spectrometer. IR spectra were obtained on a trometer and GC spectrometer for qualitative analysis
PE-783 spectrometer. Visible spectra were recorded onand quantitative analysis, respectively. Yields were
a PE L-17 spectrometer. A PE-2400 elemental analy- calculated based on the input moles of ethylbenzene.
sis meter was used. Mass spectra were measured orSamples for dynamics analyses were regularly col-
Class-5000 GC-MS spectrometer. lected from reactant system at intervals of 15min
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by micro-injector. Quantitative calculations used an
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oxidation with air is a radical chain oxidation cat-

internal standard method. The standard material wasalyzed by simplgu.-oxo dimeric metalloporphyrins.

1,4-dichlorobenzene.

3. Results and discussion

3.1. Oxidation of ethylbenzene with air catalyzed
by u-oxo bismetalloporphyrins

Oxidation of ethylbenzene with air catalyzed by
w-0xo dimeric metalloporphyrins [TPPMstD or
[TPPFe}O yields acetophenone andphenylethanol
when T > 60°C at the atmosphere pressure
(Scheme )L The reaction products are exclusively the
a-oxidation products.

This fact showed that air oxidation of ethylbenzene
could be catalyzed by simplg-oxo dimeric metal-
loporphyrins under mild conditions, and perhalopor-

3.2. Comparison of the catalytic power @foxo
bismetalloporphyrins with monometalloporphyrins

For the purpose of comparing the catalytic power
of p-oxo dimeric metalloporphyrins with monomet-
alloporphyrins, we studied the catalysis of two
pw-oxo dimeric metalloporphyrins [TPPFE£& and
[TPPMnpO and two monometalloporphyrins TPPM-
nCl and TPPFeCl for ethylbenzene oxidation with
air. Monometalloporphyrins TPPMnCIl and TPPFeCl
were found to have the same catalysis for the oxida-
tion of ethylbenzene with air under same conditions
asp.-oxo dimeric metalloporphyrins. But the different
metalloporphyrins had the different catalytic power
for ethylbenzene oxidation with air. The researches
showed that the different metalloporphyrins needed

phyrins and reducers were not necessary. GC-MS the different temperatures at which metalloporphyrins
analysis showed that the by-products of above reac- catalyzed the ethylbenzene oxidation with air. If the
tion were styrene and benzaldehyde. The by-productsreaction temperatures were lower than the necessary
were so small that the selectivity afoxidation prod- temperature, no products in ethylbenzene oxidation
ucts were greater than 99% when the temperature were formed even if the oxidation lasted 48h. The
was lower than 90C. But the by-products increased necessary temperatures were 40, 45, 50 antiC60
when the reaction temperature was higher than®0  for [TPPFe}O, TPPFeCl, [TPPMiJO and TPPMnCI
Perhaps this is due to the elimination op® from separately. Comparing witf.-oxo manganese por-
a-phenylethanol and oxidation of styrene, respec- phyrin dimer, the oxidation catalyzed kyoxo iron
tively [92]. The comparative research indicates that porphyrin dimer needed the lower reaction tempera-
ethylbenzene can't be oxidized by air under same ture to run the reaction. The other catalytic properties
conditions whenu-oxo dimeric metalloporphyrins or  of four kinds of metalloporphyrins in ethylbenzene
monometalloporphyrins were absent, and the reaction oxidation at 85C were listed inTable 1

which is running will terminate immediately when One can see fronTable 1that the total yield of

a small amount of hydroquinone, a common radical the oxidation by the dimeric iron porphyrin is higher
inhibitor, was added to the reaction system. HPLC than those by the dimeric manganese porphyrin when
analyses for the reactants at°f showed that there  the reaction is run for about 2h, and the time of
existed the dimeric metalloporphyrins when the oxida- reaching maximum vyield for iron porphyrin dimer is
tion carried out 2 h. These show that the ethylbenzene much faster than the one for manganese porphyrin

CH,CHs
CH CH3 C_CH3

&8

-0 xo-metalloporphyrins

1 atmosphere T > 60‘33

Scheme 1.
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Table 1
Effects of metalloporphyrins on oxidation products

[TPPMnLO TPPMnNCI [TPPFelO TPPFeCl
Maximum yield time (h) 20 23 5 6
Ethylbenzene conversions 8.08 6.48 3.73 5.41
Maximum yield of acetophenone (%) 4.89 3.62 1.97 291
Maximum vyield of a-phenylethanol (%) 3.19 2.86 1.76 2.50
Ketone/alcohol (mol/mol) 3.76 3.10 2.74 2.85
Total turnover number (mol/mol) 2024 783 878 642
Total yields at 2h (mmol) 3.33 2.30 7.68 5.61

Reaction temperature is 8&6. The flow rate of air is 0.06 fth. Ethylbenzene is 30 ml. Catalysts are 10 mg.

dimer. This indicated that-oxo iron porphyrin dimer 3.3. Effects of the flow rate of air

has higher activity thap.-oxo manganese porphyrin

dimer. But the finally total yield of the reaction The flow rate of air influences the yields (see

catalyzed by iron dimer is lower than manganese Table 9. The best flow rate of air is about 0.05 .

dimer. Comparing with the corresponding monomet- When the flow rate is below 0.05%h, the total yields

alloporphyins,u-oxo dimeric metalloporphyrins had  are increasing with the increasing of the flow rate of

the higher total yields and turnover numbers. These air. But when the flow rate is higher than 0.08/im

proved that u-oxo metalloporphyrin dimers had the total yields are increasing with the length of time

higher activity than monometalloporphyrins for the and have no relationship with the flow rate of air. This

ethylbenzene oxidation with air. showed that the air oxidation of ethylbenzene was in-
Whether p-oxo dimeric metalloporphyrins or  fluenced by the diffusion rate of air when the flow rate

monometalloporphyrins, the conversions of the oxida- of air is small than 0.05 Ath, and that the oxidation

tion catalyzed by manganese porphyrins were greaterreaction was controlled by the kinetic factors.

than those by iron porphyrins. Probably, it came from

the fact that the self-oxidation of iron porphyrins is 3.4, Effects of the partial pressure of oxygen

faster than manganese porphyrins during the catal-

ysis procesq93]. This was further proved by the The yields of dioxygen oxidation of the ethylben-

monitor of reactants with UV-Vis. We found from  zene for the different partial pressure of oxygen are

the analyses for the reactants with UV-Vis that the [isted inTable 3 One can see that the partial pressure

absorbance of iron porphyrins in the ethylbenzene of oxygen has no effect on the reaction rate when the

oxidation system disappeared faster than one of man-partial pressure of oxygen is larger than 0.21. This

ganese porphyrins. shows that the ethylbenzene oxidation is zero-order
Table 2

Effects of air flow rate on ethylbenzene oxidafion

Air flow rate Total acetophenone angphenylethanol (mmol)

m3/h

( ) 15min 30min 5min 60 min 75 min 90 min 105 min 120 min
0.02 0.59 1.18 1.76 2.36 2.95 3.53 4.11 4.70
0.03 0.74 1.48 2.21 2.96 3.69 4.43 5.17 5.90
0.04 0.82 1.64 2.44 3.29 4.09 4.92 5.73 6.54
0.05 0.85 1.70 2.53 3.38 4.22 5.08 5.92 6.76
0.06 0.85 1.69 2.54 3.38 4.29 5.04 5.87 6.68
0.08 0.84 1.68 2.53 3.36 4.20 5.03 5.88 6.72

aReaction temperature is 8&. Ethylbenzene is 30 ml. Catalyst is 10 mg.
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Table 3
Effects of partial pressure of oxygén
p.p.of’ (atm) Total acetophenone (mmol)

15min 30 min 45 min 60 min 75min 90 min 105 min 120 min
1.00 0.43 0.86 1.28 1.68 2.09 2.50 2.85 3.25
0.80 0.45 0.87 1.28 1.71 2.11 2.51 2.89 3.30
0.60 0.43 0.85 1.27 1.68 2.09 2.49 2.88 3.25
0.40 0.44 0.87 1.29 1.71 2.09 2.50 2.88 3.28
0.21 0.43 0.88 1.29 1.71 2.12 2.55 2.89 3.32

aReaction temperature is 88. The flow rate of air is 0.06 #h. Ethylbenzene is 30 ml. Catalysts are 10 mg.
bp.p.o.: partial pressure of oxygen.

reaction for the partial pressure of oxygen when air benzene was 6.0 M, there was no product when the

is used as the oxidant, and means that air is the suit- reaction was run for 2 h.

able oxidant for ethylbenzene oxidation catalyzed by  Suppose that the concentration of ethylbenzene is a

p-0xo dimers. constant during the reaction due to its low conversion.
Therefore, the amount of productss|) has direct pro-

3.5. Relationship between oxidation rates and the ~ POrtion to reaction timetf this is:

concentration of ethylbenzene
ng =1t

A number of different concentration sample of  processing the experiment dataFiiy. 1 with least
ethylbenzene in biphenyl were used to study the in- square means gets the relationship between the con-

fluences of the concentration of ethylbenzene on the centration of ethylbenzene and the reaction rates as in
oxidation reaction. The changes of the yields of the Fig. 2 From the following kinetic relationship:

ethylbenzene oxidation with the time at the different
concentration of ethylbenzene are indicatedriig. 1 r=kCy and Inr —nlnCa =Ink
Studies showed that no oxidation product was
formed in initial 30 min when the concentration of Wwe can getr = 1.017. So, the kinetic equation is
ethylbenzene was 6.4 M. If the concentration of ethyl- r = kCa. The ethylbenzene oxidation is first-order
reaction for the concentration of ethylbenzene.

n/mmol B
3.5 095 -
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3 -
: 09 |
25 - 1 -
g
2 b Eoss
15 - g
S 08 -
1 £
-
05 r 075
O 1 1
0 30 60 90 120 150 0.7 :
t/min 6 6.5 7 75 8

M
Fig. 1. Change of oxidation yields with time at the different

ethylbenzene concentration: (1) 6.4M; (2) 6.8M; (3) 7.1M; (4) Fig. 2. Relationship between the reaction rates and the ethylben-
7.5M; (5) 8.0 M. Zene concentrations.
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Table 4
Effects of temperature on oxidation prodicts

Temperature°C)

60 65 70 75 80 85 90 95 100
Maximum yield time (h) 75 91 72 50 30 20 12 8 5
Ethylbenzene conversions (mol%) 3.39 6.33 6.53 6.62 6.70 6.84 7.90 8.25 9.53
Maximum yield of acetophenone (mol%) 3.08 4.94 5.15 5.06 4.97 4,92 4.66 4.46 4.31
Maximum yield of a-phenylethanol (mol%) 0.31 1.39 1.38 1.36 1.33 1.30 1.28 1.25 1.22
Total turnover number (mol/mol) 1120 2091 2157 2187 2213 2260 2510 2726 3148

aThe flow rate of air is 0.06 Ath. Ethylbenzene in biphenyl is 8 M. Catalysts are 10 mg.

The hydrocarbon oxidation catalyzed kyoxo system is 70C, and the optimum temperature of
dimeric metalloporphyrins first from an active [TPPMnLO/PhlIO system is 40C [84]. This showed
high-valence metal-oxygen positive radical intermedi- that the stability ofp-oxo dimeric manganese por-
ate, then this radical attracts a hydrogen atom of hydro- phyrin in [TPPMnpO/O, system is greater than one in
carbon to form an alkyl radical. The speed-determined [TPPMnpbO/PhlO system during the catalysis process.
step of the oxidation is one of above two st¢p2].

The fact that the ethylbenz'ene oxidation is first-order 5 7 Effects of reaction temperatures on the
reaction for the concentration of ethylbenzene shows
that the speed of ethylbenzene oxidation with air is
determined by the step of the active high-valence
metal-oxygen positive radical intermediate attracting
a hydrogen atom of hydrocarbon.

reaction rates

The reaction temperatures influence the reaction
rates of the ethylbenzene oxidation. Changes of the to-
tal yields of acetophenone ardphenylethanol with
reaction time at the different temperatures were shown
in Fig. 3. The reaction rates increased with the increase
of the reaction temperatures. There was the Arrhenius

3.6. Effects of temperatures on oxidation yields

The catalyst [TPPMBJO was used to study the ef-
fects of temperatures on the yields of the ethylben-
zene oxidation. The changes of the oxidation yields 11 r
of ethylbenzene with the changes of the reaction tem- 10
peratures are listed ihable 4

Results showed that there existed the optimum
temperature for the air oxidation of the ethylbenzene
catalyzed by [TPPMBJO. With the increasing of tem-
perature from 60 to 70C, the maximum yields were
increasing, but when the temperature increased from
70 to 100°C, the maximum yield was decreasing con-
tinuously. As for the selectivity of the oxidation, the
selectivity of a-oxidation products were greater than
99% when the temperature was lower thari@0With
the increasing of reaction temperature, the selectivity
of a-oxidation products decreased. These proved fur-
ther that in the reaction system of ethylbenzene oxi-
dation catalyzed by [TPPMaD with air there existed t/min
the competing reaction betwee_n the self-oxidation Fig. 3. Influences of the temperatures on the oxidation yields: (1)
of [TPPMnpO and the catalysis of [TPPMsD. 333K; (2) 338K; (3) 343K; (4) 348K; (5) 353K; (6) 358K; (7)
The optimum temperature of [TPPMiQ/O 363K; (8) 368K; (9) 373K.

el

n/mmol

O = N W R N NN ®®

0 30 60 90 120 150
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1 1 L J
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1/ T(K/ 1000)

Fig. 4. Relationship between the rate constants and the reaction

temperatures.

relationship as indicated ifig. 4 between the ob-
served rate constank)(and reaction temperaturé)(
Its linear coefficient is-0.9978. FronFig. 4, we can
obtain the following mathematical equation:

Ink = —-8744/T + 1537

Its apparent activation energy is 72.66 kJ/mol.
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