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Various metal oxides such as;6g FeO, TiQ, MnO;, MoOs, WOz and ZnO have been used as a catalyst for
Gif-KRICT type cyclohexane oxidation. In this reaction, the conversion of cyclohexane to cyclohexanone and
cyclohexanol and the selectivity ratio of cyclohexanone to cyclohexanol were greatly affected by the acidity of
metal oxides. When metal oxide has more acidic property, the reactivity on oxidation is increased and the for-
mation of cyclohexanone is more favored. From this result, we proposed a new mechanism for the biomimetic
Gif-KRICT oxidation system.

Introduction However, this system is greatly affected by oxidation
states and acidity of metal oxides. To clear these, the effect
The oxidationof saturatedhydrocarbas under mild condi-  of various metal oxides having different oxidation states and
tion has recently become of considerable interest. In natur@cidity on the activity and the selectivity of cyclohexane oxi-
the selective functionalization of non-activated carbon-dation to cyclohexanone and cyclohexanol are reported in
hydrogen bonds takes place via enzymatic catalysis. Amontiis paper.
all the enzymes catalyzing biological reactions, the best
known and the most interesting ones are Cytochrome P- Experimental Section
450! Methane monooxygenaseproyl 4-hydroxylasé,
isopenicillineN-synthasé, y-butyrobetaine hydroxylasand Gif-KRICT System. Cyclohexane, pyridine, acetic acid,
other biologically active systems such as bleomy&iftee zinc, and the corresponding heterogeneous metal oxide
Cytochrome P-450 monooxygenase is a heme containinFeOs, FeO, TiQ, MnO,, MoO;, WG;, and ZnO) catalyst
porphyrin which is capable of oxygenating hydrocarbonwere placed in an 125 mL Erlenmeyer flask. These were
readily in a catalytic way, yielding alcohols from alkanes atstirred vigorously under air (1 atm) at room temperature for
ambient conditions. Despite the considerable efforts given td6 hrs. The detailed reaction procedure was described in
the subject, the use of model systemsivo only produces elsewheré® The reaction mixture was chilled in an ice-salt
lower reactivity on the saturated hydrocarbon oxidation.mixture and 60 ml of 25% (v/v) 23Qs was slowly added
Moreover, in many instances, the important problem ofwith stirring. Then this mixture was extracted X350 mL)
dioxygen activation is bypassed and alternative sources afith ethylether. The combined acidic ethylether layer was
active oxygen such as iodosobenzene or alkyl hydroperoxvashed successively with 75 ml of 5% (w/v) NaH&GO0Iu-
ides of active oxygen are used. tion and brine, and dried over Mgg&Ohe ethereal layer
Bartonet al. have developed a new biomimetic systemswas mixed with an internal standard solution and analyzed
that allow oxidation and functionalization of satured hydro-by gas chromatography on a chromosorb column (5% OV-
carbons under mild reaction conditions (ambient temperal7) equipped with a flame ionization detector.
ture, atmospheric pressure, and nearly neutraf3Hhese Fe/silica Catalyst System.Fe/silica catalyst was prepared
are called Gif systems, and is originally designed to emulatby impregnating silica with iron chloride. The catalyst was
the non-heme enzymatic oxidation of alkanes. Two mostried at 393 K and calcined at 773 K for 4 hrs in air. The cat-
practical members of the Gif system are Gif IV (catalyst:alyst was characterized by XRD, ESCA, andskbauer. It
FeCL-4H,0, oxidant: air, electron source: zinc powder), andwas readily seen that the iron species of the Fe/silica catalyst
GoAgg Il (catalyst: FeGl- 6H,0O, combined oxidant and was existed mainly form of F®;1°
electron source: hydrogen peroxide). However, both Gif IV Acid Strength Measurement. The acid strength was
and GoAgg Il systems are homogeneous reaction. Thesietermined by a titration methétEach dried catalyst (0.1
present the seperation problem of reaction products which)) was weighed with a test tube (10 mL screw cap septum
contain excess of starting material, solvent mixture, and thgials, Pierce Chem. Corp.). As a probe, 5 mL of dry benzene
catalyst. To overcome this, we developed a new heterogdanalytical grade, redistilled and stored over molecular sieve
neous catalyst system, Gif-KRICT syst&hm which active  3A) was added to this test tube and the catalyst sample was
iron catalyst was bound to solid support. This catalyst sysequilibrated with n-butylamine. Indicators were added to the
tem proceeds at a sufficiently high rate and provides an eagprtion of the catalyst suspension and tested with Hammett
means of separation from the reaction mixture. This systerindicators. The end-point was determined by a series of suc-
provides a possibility of industriallization of Gif system. cesive approximations. Ho max values measured are shown
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6 Table 1 The effect of various iron catalysts on the formation of
FeCl: cyclohexanone and cyclohexanol
5 - Selectivity Sequtmty
Conver-  ratio
CuSO0y4 Fe salt Cyclohex- Cyclohex- ~ sion Ketone/
4 anol anone (mole%) Alcohol
.5 (mole%) (mole%)
g, FeTPP 1.33 1.20 2.53 0.90
>
g MnO, FeFTP 0.95 2.98 3.93 3.14
© 2 O\ Fe(CHCOCHCOC 0.77 1.89 2.66 3.83
WOs Hs)2
- Mo0:_TiC: G 1 sw de s
N eCh : : . .
ZnO FesQ 1.10 3.65 4.75 3.31
0 S e Fe(NQ)s 0.89 3.39 4.28 3.80
N 2 4 6 8 10
Acetyl-ferrocene 1.61 2.47 4.08 1.53
H, max

*Reaction condition: Reaction Temp. (26), Reaction Time (16 hr),
Figure 1. Relatlonsh|p between conversion and Homax of various Cyclohexane (20 mmole), Fe compounds (0.005 mmole), Zn (40
metal oxides. mmole), Acetic acid (35 mmole), Pyridine (40 ml). FeTPP: 5,10,15,20-
tetraphenyl-21H,23H-Porphine iron(lll) chloride. FeTFP: 5,10,15,20-
tetra kis (pentafluorophenyl) -21H,23H-Porphine iron(lll) chloride.

FeClz
A Gif IV reactions were conducted in the presence of various

5 - iron catalysts. In the meanwhile, Iron-porphyrin catalysts
were compared with the various iron catalysts. As shown in
Table 1, FeTFP with fluorine showed the higher conversion
47 and On/Ol ratio. Porphyrin catalysts showed the similar
CuS04 trends as those of iron catalysts having different counter-ions
‘& affected the cyclohexanone to cyclohexanol ratio in the oxi-
MnO: dation of cyclohexane under Gif IV reaction conditions.
When the counter ion had an electron withdrawing property,
2 1 the relative formation of cyclohexanone was increased.
FeChk and Fed with stronger withdrawing group showed
the higher conversion of cyclohexane to cyclohexanone and
MoO; TiO, cyclohexanol and the higher selectivity ratio of cyclohex-
WOs hn . 70O anone to cyclohexanol. _ _
0 L The Effect of Various Iron Oxides on Gif-KRICT  Sys-

4 2 0 2 4 6 8 10 tem. Direct use of FeGhnd Fed on the cyclohexane oxi-
dation presented the separation problem from the reaction
mixture. Thus, Leet al1® developed the heterogenized Gif-
KRICT system designed iron catalyst supported on solid
support. This heterogenized iron species of Fe/silica existed
mainly in the form of F€s; and counter-ions contained in
in the Figure 1 and 2. The obtained values are similar to thigon catalyst greatly impacted on the conversion and the
reported one&: selectivity ratio in the Gif IV systedf. According to our

earlier resultd? various iron oxides having various oxidation
Results and Discussion states showed different values of conversion of cyclohexane
to cyclohexanone and cyclohexanol and selectivity ratio of
The Comparison of Iron Catalysts with Porphyrin on cyclohexanone to cyclohexanol as shown in Table 2.
the Giflv System. The Gif type oxidation systems of satu- Presently, F€, catalyst showed the best result in this sys-
rated hydrocarbons showed many differences comparetkm.
with the porphyrin system. In the Gif type oxidations, ketone After reaction, these catalysts were filtered, dryed, and
was the major product. Whereas, in the porphyrin systemseused. The results showed these catalysts did not lose their
alcohol was the major product. Therefore, we were morectivity. Therefore, oxidation states of metals play an impor-
concerned about the selectivities toward both alcohol antant role on reactivity and formation of cyclohexanone and
ketone. cyclohexanol.

On/Ol ratio

H, max

Figure 2. Relationship between On/O1 ratio and Homax of various
metal oxides.
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Table 2 The effect of various iron oxides in the Gif-KRICT  [Fe(V)=0]

system
Y = —* Fe-OH + R —— FellD) + HO-R
L electiviy
Selectivity Ratio [Fe(IV)-O
Solid catalyst N ) ; ; i
Cyclohex- Cyclohex Conversion Ketone/ Scheme 1 Possible mechanism for alkane hydroxylation by
anol anone (mole%)  Alcohol Cytochrome p-450.
(mole%)  (mole%)
Fe powder 0.72 0.99 1.71 1.38 /Rl _OH
T Oq -H20 R:-CH2 Fe
Fe/silica 1.02 4.50 5.52 4.41 Fe Fe-OOH Fe=O Ry"CHR,
FeO 2.58 2.47 5.05 0.96
FeO. 0.49 5.06 5.55 10.32 R R v0
1 1
FeOs 0.76 4.10 4.86 5.39 :CH*OH + :C:O

R3 R?
Scheme 2Proposed mechanism by Barton in Gif system.
The Effect of Various Metal Oxides. As shown in previ-
ous results, oxidation states of iron catalysts gave a greatMany researchers have been studied on the mechanism
effect on the formation of cyclohexanone and cyclohexanolwith various Cytochrome p-450 type monooxygenase. They
Subsequently, various metal oxides such a®fd-eO, found this reaction was proceeded via a radical mecha-
Fes0s, MNO,, M0O;, WO;, TiO, and ZnO were tested in this nism1516 A high valent porphyrin-iron oxo complex corre-
system. sponding formally to Fe(V)=0 structure showed resonance
The conversion of cyclohexane to cyclohexanone andorms as in Scheme!l.
cy-clohexanol and the selectivity ratio of cyclohexanone to Barton also proposed that the activation of saturated
cyclohexanol were decreased with decreasing the acidity dfydrocarbons by the Gif system could be represented by the
metal oxides (Table 3). It could be explained the factfollowing three step®
that these results were very well fitted with various acidity (1) Activation of dioxygen molecule, formally as an Fe=0O
values (H max) of metal oxides obtained by titration species
method!® As shown in Figure 1 and 2, when Fe@Ho (2) Activation of hydrocarbon through insertion of the
max: -3.0) catalyst was used in this reaction, the conversioRe(V)=0 species into a carbon-hydrogen bond
and the selectivity ratio showed the highest value. These (3) Insertion of dioxygen into a carbon-iron bond and for-
values were drastically decreased upto M@® max: 2.0).  mation of ketone or alcohol from alkyl hydroperoxide inter-
Therefore these biomimetic oxidation data showed thenediate.
large difference from the catalytic partial oxidation system Those steps were shown in Scheme 2.
which involves redox cycles so-called Mars-van Krevelen The effects of the iron catalysts were already examined
mechanisn#*In this mechanism, lattice oxygen oxidizes the and the counter-ions of iron salts were found to show signif-
organic molecule and leaves a reducing center, that is reoxieant influence on both activity and selectivityBased on

dized by Q. these data, we proposed a new reaction mechanism of bio-
mimetic oxidation system containing various metal oxides
(Figure 3).
Table 3.Effect of various metal oxides in Gif-KRICT system u
Selectivity Seéec.tlwy H /k\ H
, atio oo\ x+1 p/\ H x
Metal oxide Cyclohex- Cyclohex- Conversion Ketone/ "o ¢ Mw k— e
anol anone
(mole%)  (mole%) (mole%)  Alcohol ] /\ H o
FeCt 0.83 450 5.42 5.53 M —"M:0 = Bk
Fe0s 0.76 4.10 4.86 5.39 g NP H J\
cusQ 0.93 2.97 3.90 3.20 ’
MnO; 0.58 1.59 2.17 2.71 o 0: l +2e
WOs 1.19 0.36 1.76 0.30 A ooM” ) ;,OH
MoOs 0.52 0.19 0.65 0.37 H -— M
TiO, 0.67 0.19 0.86 0.28 L~ Reduckg Agent H
Zn0O 0.64 0.15 0.08 0.23 H i\

*. A standard catalyst in Gif reaction to compare with other Figure 3. Proposed new reaction mechanism in biomimetic
metal oxides. oxidation using various metal oxides in the Gif-KRICT reaction.
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When metal oxides (M) are more acidic, the oxometal be- 2.
comes unstable and reacts rapidly with hydrocarbons. There-
fore, the reactivity is substantially increased and the reaction3-
mainly proceeds through palthto produce ketone. On the
other hand, when metal oxides are less acidic, the forme
oxo-metal is stable and reaction proceeds via radical inter-
mediate through path and finally produces alcohol as in

porphyrin mechanism. ®.

7.
Conclusions
8.

The effect of metal oxides on the Gif-KRICT oxidation of
cyclohexane were examined. In this system, we found that®-
the acidity of metal oxides influenced both on activity and
on selectivity. In the presence of strong acidic and high oxi—lo'
dation state metal oxide such as Mrd FeOs, the conver- 1
sion of cyclohexane to cyclohexanone and cyclohexanol angl '
the selectivity ratio of cyclohexanone to cyclohexanolqis
showed larger values.

Based on the experimental results, we proposed a news.
reaction mechanism on biomimetic oxidation using variousl4.
metal oxides. In this, when metal oxides having strong acid-
ity are used, the oxo-metal becomes unstable and reacts rak-

idly with hydrocarbons. 16

References 17.

1. Hayashi, O.; Katagiri, O.; Rothberg,JSAm. Chem. Soc.
1955 77, 5450.

18.

Oei-Suk Park et al.

Woodland, M. P.; Patil, D. S.; Cammack Biochim Bio-
phys. Acta986 110 2330.

Kivirkko, K. I.; Myllyla, R., Pihalajaniemi, TFASEB J
1989 3, 1609.

. Baldwin, J. EJ. Heterocycle. Chemd99Q 27, 71.
. Ziering, D. L.; Pascal, Jr. R. A. Am. Chem. So&99Q

112 834.
Suga, A.; Sugiyama, T.; Otsuka, M.; Ohno, M.; Sugiura,
Y.; Maeda, KTetrahedronl991 47, 1191.

Barton, D. H. R.; Motherwell, W. B.; Gastiger, M.J.
Chem. Soc. Chem. Comm@@81, 41, 731.

Barton, D. H. R.; Lee, K. W.; Mehl, W.; Ozbalik, N.;
Zhang, L.Tetrahedrorl99Q 46, 3753.

Barton, D. H. R.; Doller, D.; Geletii, Y. U.; Csuhai, Tet-
rahedron1991 47, 6561.

Lee, K. W, Kim, S. B.; Jun, K. W.; Shim, E. Kew J. of
Chem 1993 7, 4009.

(@) Benesi, H. AJ. Phys. Chem1957 61, 970. (b)
Johnson, OJ. Phys. Cheml 955 59, 827.

Kim, S. B.; Lee, K. W,; Kim, Y. J.; Hong, S. Bull.
Korean Chem. S0&994 15, 424.

Yamanaka, T.; Tanabe, K.Phys. Chenil975 79, 2409.
Mars, P.; van Krevelen, D. V@hem. Eng. Scil954,3,
41.

Collman, J. P.; Brauman, J. |.; Meunier, B.; Hayashi, T;
Ray-Buck, S. AJ. Am. Chem. So&985 107, 2000.
Garrison, J. M.; Bruce, T. @. Am. Chem. Soit989 111,
191.

Hill, C. L. InActivation and Functionalization of Alkanes
C. L. Hill, Ed.; John Willy & Sons: New York,989,198.
Barton, D. H. R.; Beviere, S.D.; Chavasiri, W.; Csuhai, E.;
Doller, D.J. Am. Chem. So&992 114 2147.




