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Abstract—Kinetics of the oxidation of cyclohexane under Gif type conditions have been studied. A kinetic mode]
is proposed, which is in agreement with the experimental results obtained. The rate equation showed the first order
with respect to cyclohexane. A temperature-dependence study of the reaction rate affords an activation energy of

14.3 kcal/mol.
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INTRODUCTION

The Cytochrome P-450 monooxygenase is a heme-containing
porphyrin which is capable of oxygenating hydrocarbon readily
in a catalytic way, yielding alcohols from alkanes and epoxides
from alkenes at ambient conditions. Its physiological significance
and unique mechanism have attracted much interest of many chem-
ists and biochemists. The reaction systems using synthetic met-
alloporphyrins and several oxygen sources have served as mod-
els for Cytochrome P-450 monooxygenase enzymes. (Groves et
al. (1979] first found that (5,10,15,20-tetra phenyl porphinato) iron
(III) chloride catalyzes the oxygen atom transfer from indosoben-
zene to olefin. Since then, many model systems have been propos-
ed which could mimic the metalloporphyrin-catalyzed oxidations
and their reaction mechanisms also have been discussed [ Traylor,
1981; Sugimoto, 1988; Ojima, 1990: Archakov, 1990]. An important
fraction of this work has focused on the study of the kinetics
and mechanism of these oxygen-transfer reactions. Amongst sev-
eral different models, Barton et al. developed a family of new
biomimetic systems which allowed the oxidation and functionali-
zatioin of saturated hydrocarbons under mild reaction conditions
(ambient temperature, atmospheric pressure, nearly neutral pH)
[Barton, 1983; About-Jaudet, 1990; Barton, 1992]. The systems
are collectively called “Gif systems”. All of them involve a pyri-
dine, acetic acid (or other carboxylic acid), and a hydrocarbon.
They are oxidized with an iron-based catalyst, an oxidant and
an electron source. The two most practical members of the Gif
family are Gif IV (FeCl:-4H,0 as a catalyst, dioxyger: from air
as a oxidant and zinc powder as an electron source) and GoAgg
II (FeCly-6H;0 as a catalyst, and hydrogen peroxide as a com-
bined oxidant and electron source). Gif system was originally de-
signed to emulate the non-heme enzymatic oxidation of al-
kanes.

According to a mechanism proposed by Barton [1992], the acti-
vation of saturated hydrocarbon by the Gif system can be repre-
sented by the following three steps.

(1) Activation of dioxygen molecule, formally as an Fe =0 spe-

'To whom correspondence should be addressed.

., Cyclohexane

188

cies,

(2) Activation of hydrocarbon through insertion of the Fe(V)=0
species into a carbon-hydrogen bond and

(3) Insertion of dioxygen into a carbon-iron bond, and formation
of ketone or alcohol from the alkyl hydroperoxide intermediate.

Many reports have been published with respect to mechanism
and rate determining step for epoxidation of alkenes with metallo-
porphyrins and various oxidants. Two main conflicting ideas exist
regarding the rate determining step; the formation of metal oxo
porphyrin complexes [Nolte, 1986; Dicken, 1986; Traylor, 1988]
and the decomposition of metallooxetines [Collman, 1985; Ama-
tsu, 1988].

However, there is no report on the kinetic study for Gif system.
Thus, we carried out the reaction kinetic study to understand
the rate determining step in this new biomimetic system and com-
pared the reactivity of various cocatalysts. The activation energy
was also obtained.

EXPERIMENTAL

The oxidation of cyclohexane under GoAgg I conditions was
examined in a batch reactor. Experimental methods used throug-
out this work was as reported previously [ Barton, 1990]. Quanti-
tative analysis of reaction mixture was performed on a Shimazu
model 14A gas chromatograph equipped with a FID and using
diisopropylbenzene as an internal standard.

1. General Procedure for GoAgg Il Reaction

Cyclohexane, pyridine, acetic acid and the corresponding iron
catalyst were placed in a 125 ml Erenmeyer flask. These are pre-
sented in the corresponding Tables as footnotes. The reaction
was initiated by addition of hydrogen peroxide (30% in water).
The reaction mixture was stirred vigorously under air at room
temperature for 16 hr.

2. General Work-up Procedure

Reaction mixture (2 ml) was chilled in an ice-salt mixture and
H.SO, [4 ml, 25% (v/v)] was slowly added with stirring. Then
the mixture was extracted (3 X2 ml) with ethylether and the acid-
ic ethyl ether layer was washed successively with 10 ml of 5%
(w/v) NaHCO; solution and brine. The dried (MgSQ,) ethylether



Biomimetic Oxidation 189

z 8}

2 ¢ 0.46 mmole
= + 0.23 mmole
-_g 6 o 0.11 mmole
4

o

=

L=

-— 4

<

=

2

s

T 2

-

o

3

=

2 0

-

Rx.Time(min)

Fig. 1. Effect of FeCl;- 6H,O concentrations in the GoAgg Il reaction
of cyclohexane.
(R.x. temp.: 15C, cyclohexane: 9 mmole, H,Q,: 10 mmole, acetic
acid: 35 mmole, pyridine: 30 ml)

layer was mixed with a solution of an internal standard and analy-
zed by G.C.

RESULTS AND DISCUSION

In GoAgg II oxidation system, reaction rate is affected by var-
ious factors such as concentrations of FeCls, H,O. and acetic acid
from the following equation.

RH+H.0, ——EL—’

- —> Ketone + Alcohol + H,0O
acetic acid

The mechanism of this reaction can be represented by the fol-
lowing equation

R]\ R
" ~H,0 RJ/CHE N
Fe'"+HOOH — Fe "OOH —— Fe*'=0 ——— Rz-(I:H
Fe-OH

‘Qﬁ* Ketone and Alcohol

The effects of each factor were studied to investigate the rate
determining step in this biomimetic system.
1. The Influence of Iron Catalyst

Lee et al. [1994] have studied the effect of the iron compounds
on the activities and alcohol/ketone selectivity of the Gif system
for biomimetic oxidation of cyclohexane. They have obtained the
new experimental results for various iron compounds.

Reactivity was affected by various counter-ion Z group of iron
compound Z-Fe. When Z group is the more electron withdrawing,
the reactivity is increased in the GoAgg reaction. FeCly, as a cata-
lyst, showed good results.

Thus, FeCl; was selected as a catalyst in this study and the
effect of the amounts of iron catalyst on the GoAgg II oxidation
was investigated.

As shown in Fig. 1, the conversion of cyclohexane increased
with the increase of iron catalyst.

2. Effect of the Concentration of Hydrogen Peroxide

The influence of hydrogen peroxide for the reaction rate in

Table 1. Effect of peroxide concentration on the conversion of cyclo-
hexane in the GoAgg Il system

_Peroxide concentration (%) Conversion (wt%)

30 ) 12

15 115
6 10.4
1.8 32

*Reaction Condition: reaction temp. (15C) cyclohexane (9.0 mmole),
FeCl;-6H,O (1 mmole), picolinic acid (0.9 mmole), pyridine (30
mmole), acetic acid (35 mmole).
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Fig. 2. Effect of amounts of acetic acid in the GoAgg 1l reaction of
cyclohexane.
(Rx. temp.: 15C, FeCl;-6H,0: 1 mmole, cyclohexane: 9 mmole,
H.0.: 10 mmole, pyridine: 30 ml)

the GoAgg II reaction was shown in Table 1. There is no strong
dependence of total cyclohexane conversion on the concentration
of hydrogen peroxide. However, the reaction rate decreases re-
markably when the concentration falls a certain limit.

The effect of the amounts of acetic acid on the GoAgg II oxida-
tion was studied. As shown in Fig. 2, the conversion of cyclohex-
ane remains constant as far as the amount of acetic acid is main-
tained above 5 mmole. The rapid decomposition of hydrogen per-
oxide seems to result when the concentration of acetic acid falls
below 5 mmole.

3. Effect of Cocatalyst

Mansuy [1982] examined the effect of a cocatalyst by using
imidazole in the hydroxylation of cyclohexane with porphyrin.
They reported that imidazole gave good effects in the oxidation
of hydrocarbons.

Barton also reported that picolinic acid derivatives increased
reaction rates in the Gif oxidation of cyclododecane [12]. Thus,
the effects of various cocatalysts containing imidazole were exa-
mined in the GoAgg Il reaction. As shown in Fig. 3, picolinic
acid showed the greatest reaction rate enhancement, followed by
4,5-imidazole dicarboxylic acid. But imidazole having the excellent
results in the porphyrin system showed the lower yield than with-
out cocatalyst. A similar trend was observed for the effect of the
cocatalyst on the decomposition rate of hydrogen peroxide.

4. Effect of Reaction Temperature
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Fig. 3. Effect of various ligands in the GoAgg Il reaction of cyclohex-
ane.
(Rx. temp.: 15C, FeCl;-6H,O0: 1 mmole, ligand: 0.9 mmole,
cyclohexane: 9 mmole, H,0,: 10 mmole, AcOH: 35 mmole,
pyridine: 30 ml)
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Fig. 4. Effect of reaction temperature in the GoAgg II reaction of cy-
clohexane.
(FeCl;-6H,0: 1 mmole, picolinic acid: 0.9 mmole, cyclohexane:
9 mmole, H:0,: 10 mmole, AcOH: 35 mmole, pyridine: 30 mb)

In order to determine the optimum temperature for the oxida-
tion of cyclohexane to cyclohexanone and cyclohexanol, series
of tests were carried out at different temperatures ranging from
—5C to 25C.

The rate of oxidation increased with reaction temperature in
the range from —5C to 25C as shown in Fig. 4. However, the
yield of ketone and alcohol was reduced considerably upon further
increasing reaction temperature above 25C as shown in Fig. 4.

The high reaction temperatures resulted in the increasing de-
composition of hydrogen peroxide.

Hence, it can be deduced that the optimum reaction tempera-
ture for the formation of ketone and alcohol is about 15T.

5. Reaction Kinetic Study

From these results, it was evident that the reaction rate was

largely related to the consumption of hydrogen peroxide. Decom-
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Scheme 1. Proposed reaction kinetic model of GoAgg Il reaction.
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Fig. 5. Test of first order equation for GoAgg Il system.
(Rx. temp.: 15C, FeCl3*6H;0: 1 mmole, ligand: 0.9 mmole,
cyclohexane: 9 mmole, H;0;: 10 mmole, AcOH: 35 mmole,
pyridine: 30 ml).

position of peroxide can be divided into two competing paths.
One is the self decomposition (k») to decrease the yield. The other
step (ki) is the decomposition of iron peroxide to the products
via iron oxo species as shown in Scheme 1.

Reaction yield of cyclohexanone and cyclohexanol in the GoAgg
II reaction using the hydrogen peroxide is determined by reaction
rate constants k, and k,. k» can be neglected when enough amount
of acetic acid is added. Life time of O=Fe(IV) and O=Fe(V) was
reported to be smaller than 1 sec [Chin, 1980; Balch, 1985].
Bruice studied kinetics and mechanism of the epoxidation of al-
kene using manganese(Il) porphyrin and proposed the rate deter-
mining step to be the oxygen transfer with formation of high
valent manganese-oxo porphyrin species [Dicken, 1986]. Also,
many researchers proved that rate determining step is the forma-
tion of metal oxo porphyrin complexes in the oxidation of hydro-
carbons using porphyrin as a catalyst [ Nolte, 1986; Dicken, 1986;
Traylor, 1988]. Thus, we can suppose that k, step is rate determin-
ing step of the overall reaction. In order to increase the yield
and reaction rate, values of rate constant k; and k; must be in-
creased.

Hence, the primary role of cocatalyst in the reaction system
appears to accelerate the step, k; to generate oxo-metal from inter-
mediate Fe-OOH. The reaction rate showed the similar trend to
that of decomposition rates of hydrogen peroxide under the same
conditions.

If we assume a steady state concentration for the Fe(V)=0
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Table 2. Reaction rate constants for various ligands in the GoAgg Il
reaction of cyclohexane

Ligand k (hr O
Without ) 0.044
Picolinic acid 1.14
4,5-Imidazole dicarboxylic acid 037
Imidazole 0.0042

*Reaction condition: reaction temperature (15C), cyclohexane (9
mmole), FeCl;+6H,0 (1 mmole), acetic acid (35 mmole), ligand (0.9
mmole). pyridine (30 ml)

Table 3. The reaction rate constants at different reaction temperature
in the GoAgg II reaction of cyclohexane

Rx. temp. Reaction rate constants (hr 1)
-5 0.18
0 0.40
5 0.78
15 114

*Reaction condition: cyclohégne (9 mmole), FeCl,-6H,0 (1 mmole),
acetic acid (35 mmole), picolinic acid (0.9 mmole)
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Fig. 6. Temperature dependency of reaction rate for the conversion
of cyclohexane in the GoAgg Il reaction.
(FeCly-6H.0: 1 mmole, picolinic acid: 0.9 mmole, cyclohexane:
9 mmole, H:0.: 10 mmole, pridine: 30 ml)

species, the rate equation can be expressed as first order with
respect to the substrate (cyclohexane). Experimental results ob-
tained from various catalysts satisfied with the first order equation
as shown in Fig. 5.

Cyclohexane + Fe(V)=0 — Cyclohexanone + Cyclohexanol
—r.=k [Cyclohexane]

f]n[ C‘*]:kt: 1st order reaction
C.4(l

In Table 2, reaction rate constants with the picolinic acid is
26 folds greater than the case without cocatalyst.

Also, reaction rate constants obtained from the Fig. 5 are shown
in Table 3. The activation energy obtained from an Arrhenius
plot in Fig. 6 was 14.3 kcal/mole.
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CONCLUSIONS

Effects of varying concentrations of iron, hydrogen peroxide
and cocatalyst on the rates of the GoAgg Il reaction have been
examined. From the experimental results, we propose a kinetic
model for this reaction.

The cocatalyst may accelerate the step that generates the Fe(V)
= () species from the precursor Fe-OOH, compzring with a reac-
tion without cocatalyst.

The rate equation can be represented as a first order reaction
with respect to cyclohexane. The activation energy value obtained
is 14.3 kcal/mole.
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