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Abstract

Air oxidation of cyclohexene to cyclohexene oxide, 2-cyclohexene-1-one and 2-cyclohexene-1-ol
proceeded using 5,10,15,20-tetraphenyl porphyrinatochromium(l11)chloride (Cr(I11)(tpp)Cl) as a metalloporphyrin
and insoluble zinc powder as a reductant. The role of Cr(tpp)Cl was investigated by adding 1-methyl-
imidazole (1-Melm) and 3,5-di-tert-butyl-p-hydroxyl-toluene (BHT) to this system. In this oxidation mechanism,
a superoxide ion coordinating to Cr(I11)(tpp)Cl was first produced via the reduction process of the Cr(l1l)
porphyrin-O, coordination compound to Cr(Il)porphyrin-O, compound by zinc powder, and second, the
superoxide ion coordinating to Cr(l11)(tpp)Cl abstracted hydrogen from one of two allyl positions of cyclohexene,

initiating radical -chain auto-oxidation.
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1. Introduction

Many attempts have been made using
metalloporphyrin as a model complex, in order to
elucidate the activity of a monooxygenase such as
cytochrome P-450. Many model systems were roughly
divided into two types according to the method of
generation of active oxygen species. In one type, the
system contains an activated dioxygen molecule
produced by reducing O, with a metal porphyrin and a
reducing agent as well as an activating reagent such as
benzoic anhydride[1-5]. In the other type, the system
contains an oxygen donor (such as iodosylbenzene

Cr porphyrin, radical-chain auto-oxidation, activated superoxideion

and hydrogen peroxide) and a metal porphyrin[6]. An
active high-valence oxometalloporphyrin complex is
an important intermediate in both types of systems,
because it produces oxidation products by reacting
with the substrate.
dioxygen-activated

We have reported the

reductive  epoxidation  of
cyclohexene (1) using Mn(ll)porphyrin as the
catalyst, zinc powder as the reductant and benzoic
anhydride as the activating reagent[3,4]. On the other
hand, the superoxide ion (O, ), obtained by reducing
O, with Co(Il)porphyrin, abstracted hydrogen from
aldehyde, and also added to the double bond of olefin,
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resulting in the auto-oxidation of aldehyde and olefin
[7.8].

We report here on the ability of Cr(ll)(tpp) to
air-oxidize cyclohexene, as shown in Scheme 1, about

Oo+© @

Scheme 1

which little is known.
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The redox potentia of Cr(l1/11)(tpp) is highly
negative compared with those of Mn(l11/11)(tpp) and
Co(l1/1D(tpp)[9]. Therefore, if a superoxide ion
coordinating to Cr(I1)porphyrin is produced via
the Cr(ll)porphyrin-O, coordination compound and
the ion behaves as an active oxygen species in the air
oxidation of a substrate such as olefin, it may have
considerably high reactivity for oxidation compared
with superoxide ions produced via Mn(l1)(tpp)-O, and
Co(Ih)(tpp)-O, coordination compounds, because the
superoxide ion coordinating to Cr(lI1)porphyrin has
higher electronic energy than those coordinating to
Mn(l1D(tpp) and Co(lll)(tpp). On the other hand,
because the reduction of Cr(I11)(tpp) to Cr(l)(tpp) is
very difficult, Cr porphyrin does not have as high a
catalytic ability for the decomposition of alkyl
hydroperoxide as halogenated Fe porphyrin[10].

2. Experimental

5,10,15,20-Tetraphenyl porphyrinatochromium(l11)
chloride  (Cr(lI)(tpp)Cl), 5,10,15,20-tetraphenyl-
porphyrinatomanganese(l11)chloride (Mn(l11)(tpp)Cl),
and 5,10,15,20-tetraphenyl porphyrinatocobalt(l1)
(Co(I)(tpp)) were synthesized and purified by
reported methods[11]. Acetonitrile and cyclohexene
were distilled after dehydration using calcium hydride
and molecular sieves (3A), respectively. 1-Methyl-
imidazole (1-Melm) was distilled under reduced
pressure in an N, atmosphere after dehydration with
molecular sieves (3A). They were stored on molecular

seves (3A). 3,5-Di-tert-butyl-p-hydroxyl-toluene
(BHT) was recrystallized from ethanol-water solution
(1:4 by volume). Tetrabutylammonium perchlorate
(BusNClQy4) was obtained as precipitate by mixing the
agueous solution of corresponding bromide with
concentrated perchloric acid, and it was recrystallized
from ethyl acetate-hexane solution (1:4 by volume).
BHT and Bus;NCIO, were used after drying in vacuo
at room temperature.

The oxidation of cyclohexene was carried out as
follows. The air-eguilibrated acetonitrile suspension
(10.5 cm®) containing soluble Cr(111)(tpp)Cl, insoluble
zinc powder (50 mg, 7.3x102 M), and soluble
cyclohexene (0.5 cm®, 0.47 M) was stirred with a
magnetic stirrer at a constant rate at 30°C. The
gquantitative analysis and identification of the
oxidation product of cyclohexene were performed
using a Yanako GC-8A gas chromatograph with a
silicon DC 550 column. The amount of consumed
zinc powder was determined by ethylenediamine-
tetraacetic acid (EDTA) titration[3]. Cyclic voltam-
metry was performed using a glassy carbon disk (3
mm diameter) as the working electrode, a Pt coil as
the counter electrode, and Ag/0.1 M AgNO; in
acetonitrile solution as the reference electrode at
25 °C. Potential control was carried out using a
Hokuto Denko HA-301 potentiostat and a Hokuto
HB-104 function generator. Cyclic
voltammograms were recorded on a Rikadenki RW-
21 X-Y recorder. Haf-wave potentials (Ey,) were
estimated as the average of cathodic and anodic peak
potentials. The electrode potential and the half-wave
potential were described on the basis of the half-wave
potential of the ferrocene/ferrocenium ion (Fc'/Fc).
The electronic absorption spectra were measured

Denko

using a Hitachi U-3200 spectrophotometer.

3. Results and discussion
For an air-equilibrated acetonitrile suspension
containing 7.3x10°M zinc powder and 0.47M
cyclohexene (1), though no oxidation product of
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Fig.1 Dependence of amount of oxidation products
(epoxide (2) (o ), 1-one (3) (), and 1-ol (4) (O )) on
concentration of Cr(tpp)Cl in air-equilibrated
acetonitrile suspension containing 7.3x10°M  zinc
powder and 0.47M cyclohexene at 30°C (reaction
time: 24 hr).

cyclohexene was obtained after stirring its solution for
24hr, oxidation products such as cyclohexene oxide
(epoxide) (2), 2-cyclohexene-1-one (1-one) (3), and
2-cyclohexene-1-ol (1-ol) (4) were obtained as the
oxidation products of cyclohexene by adding
Cr(I1D(tpp)Cl into this system. The dependence of
amount of the oxidation products on the concentration
of Cr(I1IN(tpp)Cl, [Cr(tpp)Cl], is shown in Fig. 1. The
amount of the oxidation products saturated above
4.3x10“M Cr(tpp)Cl. Electronic absorption spectra of
the reacting solution showed a disappearance of Cr
porphyrin after the oxidation reaction.

Because alylic oxidation products such as 1-one (3)
and 1-ol (4)were obtained as the main products, this
oxidation may proceed by a radical reaction in which
hydrogen abstraction from allyl positions of
cyclohexene (1) is the initiation reaction[12]. No
oxidation product was obtained when either O, or zinc
powder was not included. However, even when the
oxidation proceeded
conditions, the amount of zinc consumed was
extremely slight, and could not be determined. These
results suggest that Cr(tpp)Cl
but as an initiator for producing a species which

reaction under  optimum

acts not as a catalyst
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causes the radical-chain reaction. Since the selectivity
of epoxide (2) was considerably smaller in our system
(3%) than in the Co(ll)porphyrin system(13%)
reported by Ohkatsu and Tsurutg[8], the initiation
reaction mechanism may be different between the two
systems, although the radical-chain
involved in these oxidation reactions.
3,5-Di-tert-butyl-p-hydroxyl-toluene (BHT) (5) was
added to this system as aradical inhibitor, to examine
whether this oxidation reaction was a radical reaction

reaction is

or not. The dependence of the amount of oxidation
products on the concentration of BHT (5), [BHT], is
shown in Fig. 2. Since the amount of oxidation
products decreased abruptly upon adding a dlight
amount of BHT, it was confirmed that this oxidation is
a radical reaction, although the effect of BHT as a
radical inhibitor must be discussed carefully.
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S
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Fig.2 Effect of addition of BHT (5) on the amount
of oxidation products (epoxide (2) (o ), 1-one (3)
( ), and 1-0 (4 (O)) in an air-equilibrated
acetonitrile suspension containing 4.3x10™*M Cr(tpp)
Cl, 7.3x10°M zinc powder, and 0.47M cyclohexene at
30 (reactiontime: 24 hr).

It has been reported that in the dioxygen-activated
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Fig.3 Effect of addition of 1-Melm on electronic
absorption spectra of 1.0x10*M  Cr(tpp)Cl in
acetonitrile  solution a  room  temperature.
Concentration of 1-Melm: OM (solid line), 0.5x10™M
(broken line), and 1.0x10*M (dotted line).

reductive epoxidation of olefin using Mn(ll1)
porphyrin catalyst, the coordination of dioxygen to
Mn(ll)porphyrin was prevented by the addition of a
large amount of nitrogen base such as 1-Melm, which
inhibits the epoxidation of olefin[2,4]. A similar effect
of ligands has been reported in the system in which a
superoxide ion produced via the Co(ll)porphyrin-O,
coordination compound initiation of the auto-
oxidation of aldehyde[13]. Hence, 1-Melm was added
to our oxidation system to examine whether the
coordination of dioxygen to Cr porphyrin is essentia
or not. Fig. 3 shows the dependence of the electronic
absorption spectra of Cr(l11)(tpp)Cl on [1-Melm] in an
acetonitrile solution. The electronic absorbance at the
absorption peak of 610 nm obtained in Cr(lll)
porphyrin acetonitrile solution rapidly increased upon
the addition of 1-Melm until the molar ratio of
[1-Melm] to [Cr(l11)(tpp)Cl] became unity where the
absorption spectra showed an isosbestic point at
around 602 nm, but the absorbance did not increase at
all with any further addition. This result indicates that
the 1-Melm readily coordinates to Cr(l1l) ions in
Cr(I11)(tpp)Cl, and the Cr(I11)porphyrin exists only as
Cr(I1D(tpp)(CI)(1-Melm) even when the molar ratio
of [1-Melm] to [Cr(lI1)(tpp)Cl] is more than unity in
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Fig.4 Effect of addition of 1-Melm on amount of
oxidation products (epoxide (2) (o ), 1-one (3)
(), and 1-0l (4) (O)) in air-equilibrated acetonitrile
suspension containing 4.3x 10% M  Cr(tpp)Cl,
7.3x10°M zinc powder, and 0.47M cyclohexene at
30 (reactiontime: 24 hr).

the solution[14]. Fig. 4 shows the dependence of the
amount of oxidation products on [1-Melm]. The
amount of oxidation products was decreased
considerably by such a coordination. These results
suggest that the coordination of dioxygen to
Cr(l1lporphyrin is essentia for the formation of
active oxygen species such as superoxideion [7,8,13].

Cr(111/11) and O,/O, ~ pairs showed Ey, values of
-1.4V vs Fc'/Fc and -1.3V in the acetonitrile solution,
respectively. The standard redox potential of the
Zn?*1Zn pair is -1.5V vs Fc'/Fc in the acetonitrile
solution[15]. Although zinc powder can thermo-
dynamically reduce O, to O, ', the oxidation of
cyclohexene did not proceed in the system without
Cr(tpp)Cl. The reason for this may be either that the
reduction of O, to O, by zinc powder is very slow or
free O, " does not exhibit the initiation activity for the
oxidation, where free O, 'means that O, " is not bound
by the coordination to Cr(tpp)Cl. Furthermore,
Co(Ih)(tpp) and Mn(Il)(tpp) did not exhibit the
initiation activity under the experimental conditions
adopted in this study.
system for cyclohexene (1) is reactive compared with
the other systems.

That is, our air-oxidation
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In summary, the coordination of dioxygen to
Cr(11D(tpp)Cl occurs first in the oxidation of
cyclohexene(l). Next, the reduction of the Cr(lIl)
(tpp)Cl-dioxygen coordination compound (Cr(l11)(tpp)
Cl-O,) to Cr(l1)(tpp)-O, proceeds in the presence of

zinc powder, and subsequently, Cr(lll)(tpp)-O,  is
formed by intramolecular electron transfer from the
Cr(I(tpp) part tothe O, part.  Although it is known

that the O, formed from Co(l1)(tpp)-O, adduct has
electrophilic reactivity[8], we believe that the

binding O,  in Cr(ll)(tpp)-O, ~ has nucleophilic
reactivity because of the large electron-donating

power of Cr(ll)(tpp), and the binding O, " abstracts
hydrogen from one of the two allyl positions of

cyclohexene (1), thus initiating the radical-chain auto-
oxidation. The system proposed in this study is
summarized in Scheme 2.

Acknowlegements
We wish to thank Professor Syuichi Matsui (Fukui
National College of Technology, Japan) for helpful
suggestions and discussion.

References

[1] E. I. Karasevich, A. M. Khenkin and A. E. Shilov, J.
Chem. Soc., Chem. Commun., 731-732 (1987).

[2] W. Y. Lu, J. F. Bartadli, P. Battioni and D. Mansuy,
New J. Chem., 16 ,621-628 (1992).

[3] Y. Suzuki, Y. Koseki, K. Takahashi, S. Matsui and T.
Komura, Bull. Chem. Soc. Jpn., 67, 847-853(1994); Y.
Tsuda, K. Takahashi, T. Yamaguchi, S. Matsui and T.
Komura, J. Mol .Catal., A:Chem.,, 130, 285-291
(1998).

[4] Y. Tsuda, K. Takahashi, T. Yamaguchi, S. Matsui, T.
Komura and |. Nishiguchi, J. Mal. Catal., A:Chem.,
138, 145-153 (1999).

[5] S. E. Creager and R. W. Murray, Inorg. Chem., 26,
2612-2618 (1987).

[6] J. T. Groves, T. E. Nemo and R. S. Myers, J. Am.
Chem. Soc., 101, 1032-1033 (1979); P. Battioni, J. P.
Renaud, J. F. Bartoli, M. R.- Artiles, M. Fort and D.
Mansuy, J. Am. Chem. Soc., 110, 8462-8470
(1988).

[7] Y. Ohkatsu and T. Osa, Bull. Chem. Soc. Jpn., 50,
2945- 2949 (1977).

[8] Y. Ohkatsu and T. Tsuruta, Bull. Chem. Soc. Jpn., 51,
188-191 (1978).

-51 -



http://bigjohn.fukui-nct.ac.jp/journal/

[9] S. K. Cheung, C. J. Grimes, J. Wong and C. A.
Reed, J. Am. Chem. Soc., 98, 5028-5030 (1976).

[10] M. W. Grinstaff, M. G Hill, J. A. Labinger and H. B.

Gray, Science, 264, 1311-1313 (1994); A. Bottcher, M
W. Grinstaff, J. A. Labinger and H. B. Gray,
Catal., A:Chem., 113, 191- 200 (1996).

[11] A. D. Adler, F. R. Longo and J. D. Finarelli, J. Org.
Chem,, 32, 476 (1967); A. D. Adler, F. R. Longo, F.
Kampas and J. Kim, J. Inorg. Nucl. Chem., 32,
2443-2444 (1970); D. A. Summerville, R. D. Jones, B.
M. Hoffman and F. Basolo, J. Am. Chem. Soc., 99,

J. Mol.

8195-8202 (1977).

[12] W. Nam, H. J. Kim, S. H. Kim, R. Y.N. Hoand J. S.
Valentine, Inorg. Chem., 35, 1045-1049 (1996).

. [13] Y. Ohkatsu, O. Sekiguchi and T. Osa, Bull. Chem.
Soc. Jpn., 50, 701-705 (1977).

[14] Y. Aoyama, in : Jikken Kagaku Kohza 27, Seibutu
Yuuki, ed. The Chemical Society of Japan, p. 14
(Maruzen, Tokyo, 1991).

[15] Denki Kagaku Binran, ed. Denki Kagaku Kyokai, p.
75 (Maruzen, Tokyo, 1985).

Cr(lI
1 2 3
! 410-8501 3600
*tsuda@numazu-ct.ac.jp
2 916-8507
3 920-1192
2- -1- 2-
-1-
Cr(lll) Crd 1D (tpp)Ch) Zn
Cr 1- (1-Melm) 3,5- -tert-
-p- (BHT)
Cr(lll cr(iin Zn Cr(lll) Cr(lD)
cr(iiny ;)

cr(in 0,

Cr

-52 -



