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A polystyrene- based chelate resin, functionalized by tridentate iminodiacetate (ida) moieties, can easily 
immobilize various components by ion exchange or co-ordination. A multi-functionalized chelate resin 
immobilized with both ultrafine platinum particles and Fell ions has been prepared successfully by 
co-ordinating Fell ions to ida moieties after supporting ultrafine platinum particles. Electron transfer 
from the Fell ions to oxygen produced Fell' ions and activated oxygen in the system, while the Fe"' 
ions were reduced again to Fell ions by molecular hydrogen via the platinum particles. The activation 
of oxygen molecules and/or a C-H bond of benzene are essential to the direct oxidation of benzene. 
Thus, benzene has been oxidized directly by activated oxygen to produce p-benzoquinone as the 
main product, indicating that the multi-functionalized chelate resin works like a dioxygenase enzyme. 
The oxidizing species for benzene was concluded to be the Fell-dioxo complex, the co-ordinating 
oxygen of which is activated. 

Much attention has been paid to the oxidation of aromatic 
compounds from the point of view of both organic synthesis and 
enzyme models. In general, it is quite difficult to oxidize an 
aromatic ring directly, especially benzene itself because of its 
resonance stability. However, the standard Gibbs free-energy 
changes for the oxidation of aromatic compounds are negative, 
which means that oxidation can proceed under special 
conditions, especially in the presence of an effective catalyst. The 
activation of molecular oxygen is essential to the oxidation of 
aromatic compounds by using molecular oxygen as an oxidant. 
Therefore, developing a catalyst for the activation of oxygen is 
expected to make the direct oxidation of aromatic compounds 
possible. 

In organisms the enzymes, which work as oxygenase by using 
molecular oxygen as an oxidant, often contain a transition- 
metal ion such as iron or copper. Biomimetic oxidation 
catalysts have been extensively After Groves et a/. 7-9 
elucidated the oxidation process of P-450, which is a 
representative oxygenase having an iron(I1) haem in the 
organism, the oxidation of aromatic compounds by activated 
oxygen generated by metal-porphyrin complexes was investig- 
ated extensively.10-13 Recently, much attention has been paid to 
the synthesis of enzyme-mimic complexes including non-haem 
iron or copper as a reaction In organisms or these 
biomimetic systems, oxidation proceeds by sequential electron 
transfer to the oxygen and continuously by the redox cycle of 
the metal ions contained in the system. The accumulation of 
special components in the resin can help achieve the sequential 
electron transfer and the redox cycle of the metal ions. 

On the other hand, oxidation using Fenton's,20,21 
Udenfriend's 22 ,23  or Hamilton's reagent 24*25 has been 
investigated including an analysis of the me~hanism.,~-,~ In 
parallel with the above reagents, oxidation using semicon- 
d u c t o r ~ ~ ~  such as TiO, or photo sensitizer^^^*^^ has also been 
conducted. 

As an example of the biomimetic system, Tabushi and co- 
w o r k e r ~ ~ ~  substituted the artificial system H,/Pt colloid/Mn- 
porphyrin/O, for the oxidation system in the organism 
NADPH/P-450 reductase/Fe-porphyrin/O, (NADPH = 
nicotinamide-adenine dinucleotide phosphate), and applied it 
to the oxidation of various substrates. Sasaki and co- 
w o r k e r ~ ~ ~ . ~  succeeded in oxidizing benzene directly to phenol 

by hydroxyl radicals generated by feeding hydrogen and oxygen 
to a Si0,-supported Cu"-Pd catalyst. In these artificial systems, 
it has been found that sequential electron transfer from 
hydrogen to the metal ion is achieved, resulting in the activation 
of an oxygen molecule, and that the redox cycle of the metal 
ions promotes the reaction. 

So far we have successfully immobilized ultrafine noble metal 
particles and metal ions simultaneously in a chelate resin 3 6 9 3 7  

and the multi-component biomimetic systems mentioned above 
are quite similar. Electron transfer between components in a 
polymer system is supposed to achieve the activation of oxygen 
molecules. In order to activate oxygen molecules by reduction, 
Fe" ions are employed in the present system because Fe" ions 
co-ordinating to iminodiacetate (ida) moieties are expected to 
have greater reducing powers than the corresponding aqua ions 
due to the electron-donating properties of the ida moieties. On 
the other hand, employing Fe" ions requires the reduction of the 
Fe"' ions generated back to Fe". 

Ultrafine platinum particles can catalyse the evolution of 
hydrogen [equation (I)] and are also expected to catalyse the 

reverse reaction [equation (2)]. We have already found that 

Fe"' ions in a resin are easily reduced to Fe" by hydrogen in 
the presence of ultrafine platinum particles,38 suggesting that 
these particles work as good electron carriers [equation (3)]. 

H, + Ptn0- 2H+ + Ptn2- (3) 

Therefore, the accumulation of platinum particles and Fe" 
ions in a chelate resin ought to make the construction of the 
electron-transfer path from hydrogen to oxygen in a chelate 
resin possible. 

Here we have used a polystyrene-based chelate resin (cr), 
functionalized by iminodiacetic acid moieties as a support for 
platinum particles and Fe" ions. The ultrafine platinum 
particles are produced by the reduction of [Ptc16l2- before the 
complexation of Fe" ions with the chelate resin. Thus, the 
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catalyst system contains two kinds of metal; the platinum 
particles act as the electron carrier from hydrogen to the Fe"' 
ions, whereas the Fe" ions activate the oxygen molecules. 
Benzene was selected as the substrate for oxidation, because the 
direct oxidation of benzene is of great interest not only from the 
point of view of pure science but also of industrial chemistry. In 
this paper, the electron-transfer process from hydrogen to 
oxygen is studied, as well as the dependence of the yield of 
oxidation product on the concentration of Fe" ion and on the 
extent of accumulation of each component. The oxidizing 
species of the system is investigated by measuring the yield of the 
oxidation product at different pH values and by comparing the 
distributions of products in the oxidation of benzene and anisole 
using the present system with those using Fenton's reagent. 

Experiment a1 
Materials.-A chelate resin containing iminodiacetic acid 

moieties (abbreviated as cr, Diaion CR10; mean bead diameter 
0.5 mm, chemical structure as in Scheme 1) was purchased from 
Mitsubishi Chemical Industry Co. It was used in the swollen 
state as received or in the dry state by drying after washing with 
a large amount of ethanol. The extent of cross-linking is 5% 
(w/w), and two thirds of the styrene is functionalized by ida, as 
determined by elemental analysis. One gram of the dry resin 
was determined by pH titration to contain 2.57 mmol of 
iminodiacetic acid moieties. 

The metal salts Fe(S0,)-7H20, Cu(SO4)-5H2O, PdCI, and 
H,PtCl, and 1,l '-dimethyl-4,4'-bipyridinium (methyl viologen) 
dichloride were used as received without further purification. 
Benzene and anisole were of guaranteed grade and used as 
received without further purification. 

Preparation of the Catalyst.-Platinum ions were immobil- 
ized on 2.0 g of the acidic form of the chelate resin (abbreviated 
cr-H; metal free) by contact with H,PtCl, solution (9.2 cm', 
2.17 mmol dm-3). The platinum ions were reduced by an 
aqueous solution of LiBH, (50 cm3, 0.235 rnol dm-3) to produce 
Pt particles (cr-Pt). Then, Fe(S04)-7H20 (0.0556 g) was added 
to the resin, cr-Pt, in water under nitrogen to give the catalyst, 
cr-Pt-Fe", which contained 20 pmol of Pt particles and 2.0 
mmol of Fe" ions in 2.0 g of the resin. 

Copper ions were also used for the activation of oxygen 
molecules instead of Fe" ions. Ultrafine palladium particles 
were also used as the electron carrier. 

Measurements.-The electronic spectrum of [PtC16I2 - in 
the supernatant was measured with a Hitachi model 340 
spectrophotometer. The concentration of Fe" ions in the 
supernatant was measured by atomic absorption spectroscopy 
(AAS) with a Shimadzu AA-646 atomic absorption/flame 
emission spectrophotometer. The amount of metal ion 
complexed was calculated from the discrepancy between the 
amount charged initially and that remaining in the supernatant 
after complexation. 

Scanning electron microscopy (SEM) and electron-probe 
microanalysis (EPMA) on the catalyst were carried out by the 
use of a Hitachi model X-650 micro-scanning X-ray analyser, 
the resolution of the X-ray image being around 100 A. The 
samples used were cr-Pt-Fe" and cr-PtlO-Fe", ten times the 
number of platinum particles being immobilized in the latter. 
The sample beads were cut at around the maximum diameter 
with a stainless-steel knife and then coated with carbon so that 
cross-sections of the beads could be measured by irradiation 
with an electron beam. The metal distributions were evaluated 
from the intensity of the characteristic X-ray. 

Oxidation of Benzene.-The oxidation of benzene was carried 
out as follows: the catalyst (2.0 g, containing 20 pmol of Pt 
particles and 2.0 mmol of Fe" ions), a standard phosphate 
buffer solution (40 cm3) at a specific pH, and benzene (10 cm3) 

CH2C02Na 

molar ratio 4 : 32 : 64 
..__-_________ 

Scheme 1 Chemical structure of the chelate resin 

were mixed under stirring in a 100 cm' flask at 20°C. The 
passage of hydrogen for 30 min was conducted followed by 
oxygen for 15 min and the cycle repeated three times. Then, the 
solution was acidified by adding 0.5 mol dmP3 HCl(l0 cm3). 

To investigate the oxidation products using the hydroxyl 
radical, the oxidation of benzene was carried out with 
Fenton's reagent as well as the chelate resin system. Fenton's 
reagent generates the hydroxyl radical ('OH) according to 
equation (4).20 Thus, benzene (10 m3), H,O, (2.66 mmol) and 

H202  + Fe" + H +  -+'OH + Fellr + H,O (4) 

Fe(SO,).7H2O (2.0 mmol) were added 0.05 mol dm-' H,SO, 
(40 cm3) under nitrogen, and the mixture stirred for 2 h at room 
temperature. 

The oxidation products were measured quantitatively and 
qualitatively with a Nihon Seimitsu Kagaku Co. liquid 
chromatograph equipped with a Merck Lichrosorb HP- 18 
column (10 mm diameter x 250 mm) and a UV detector at 256 
nm. Water-acetonitrile (3:  1 v/v) was used as the eluent. In 
addition to the liquid chromatograph, a gas chromatograph 
with an OV-1 column was used for the product analysis. 

Results and Discussion 
Preparation and Characterization of the Catalyst.--On the 

basis of the electronic spectra of the supernatants, 96% of 
[PtCl,]'- ions were immobilized on the cr-H resin by contact 
with the H,PtCI, solution. Ultrafine platinum particles were 
produced by reduction of the platinum ions by LiBH, as 
shown by a colour change from yellow (cr-[PtC1,I2-) to grey 
(cr-Pt). In the electronic spectra, the cr-[PtCl,]'- has a 
maximum at 260 nm while cr-Pt has a gentle absorption in 
the visible region due to reflection, indicating the reduction of 
platinum ions to the particles. This was confirmed from the 
electronic spectrum of platinum ions eluted by contacting 10 
cm3 of 0.5 mol dm-3 HCl solution with 2.0 g of cr-Pt; more 
than 98% of the immobilized platinum ions were reduced to 
atoms. On the other hand, all of the Fe" ions (2.0 mmol) 
formed complexes with the chelate resin by ion exchange. 

The distributions of Fe" ions and Pt particles in cr-Pt-Fe" 
and cr-PtlO-Fe", which has ten times as many Pt particles as cr- 
Pt-Fe", were measured by EPMA, as shown in Fig. 1. Fig. l(a) 
shows the Fe" distribution in cr-Pt-Fe", whereas Fig. l(b) and 
l(c) show the distributions of Fe" and Pt in cr-Ptl&Fe", 
respectively. The Fe" ions are distributed uniformly in each 
sample, indicating that the Fe" ions co-ordinate to the ida 
moieties by ion exchange. In contrast, Fig. I(c) clearly shows 
that the concentration of Pt decreases with increasing distance 
from the surface of the resin bead, and that the Pt:Fe" molar 
ratios are 5 : 95 at the surface and 0 : 100 at the centre of the resin, 
respectively. Fig. 2 shows the TEM photograph of the cr-Pt- 
Fe" dried from ethanol. The Pt particles are mainly distributed 
on the surface of the resin. These facts indicate that the Pt ions 
approach the surface of the resin by diffusion to form complexes 
with the ida moieties, and find it difficult to move inside 
the resin because cr-H has no anion-exchange ability. The 
distribution of each component during the preparation process 
is illustrated in Fig. 3. 
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[PtCld2- ion 

98 1 

UBH, I 
Pt particle 

Pt particle/ 
Feu ion 

Fig. 3 Distribution of each component during the preparation of the 
catalyst 

AGe / kJ mol ' 
-1 74.77 

( 3 + $ 0 2 -  0 0 0  + H20 447.18 

2 ( 3 + + 0 2 -  + H20 -231.70 

Scheme 2 Standard free-energy changes in the oxidation of benzene 

Table 1 Effect of each chemical species on the oxidation of benzene 

Fe"/ Yield *I 
cr-H/g Pt/pmol mmol Solvent Gas pmol 
2.0 0 0 H*O H,,O, 0 
2.0 20 0 H2O HZ902 0 
2.0 20 2.0 H2O H,,N2 0 
2.0 0 2.0 H * 0  H,, 0, 0.8 
2.0 20 2.0 H2O H,, 0, 5.9 
* Yield of p-benzoquinone from the oxidation of benzene. Benzene = 
10 cm3, solvent = 40 cm3, pH 9.18, room temperature. 

Electron-transfer Process.-Standard frcc-cncrgy changcs in 
the oxidation of benzene are given in Scheme 2; each oxidation 
reaction has a negative AGO value. The activation of 
molecular oxygen and/or the C-H bond of benzene is necessary 
for the direct oxidation of benzene by molecular oxygen. The cr- 
Pt-Fe" catalyst is expected to activate molecular oxygen by 
electron transfer from the Fe" ions. 

The oxidation was conducted at pH 9.18 under various 
conditions to investigate the electron-transfer process in the 
chelate resin and the results are presented in Table 1. It is clear 
that without platinum particles or Fe" ions the chelate resin 
gives no oxidation products. With only platinum particles 
supported on the chelate resin, no oxidation products are 
detected indicating that electron transfer from hydrogen to 
oxygen uia these particles does not proceed. Even if both 
platinum particles and Fe" ions exist in the resin, no oxidation 
products are produced without the passage of oxygen. However 
when Fe" ions and oxygen exist together, then oxidation 
products are detected for the first time. It is clear that Fe" ions 
and oxygen molecules are essential for the direct oxidation of 
benzene in this system. 

The main oxidation product was p-benzoquinone and a small 
amount of Phenol, but no biphenyl was detected. Many catalytic 
systems for dioxidizing benzene have been found so far besides 
the present Here, the oxygen molecules might be 

3 CLm 

Fig. 2 Representative transmission electron micrograph (TEM) of 
the ultrafine platinum particles in slices of the cr-Pt-Fe" beads. The 
magnification factor is 5000 
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activated by electron transfer from the Fe" ions, resulting in 
the generation of the oxidizing species. Since the Fe"' ions, 
produced from oxidation of the Fe" ions, cannot be reduced 
to Fe" ions by molecular hydrogen, the yield ofp-benzoquinone 
is not high in the system without platinum particles. 
Coexistence with the ultrafine platinum particles makes 
electron transfer from hydrogen to the Fe"' ions possible 
because the platinum particles are good electron carriers. 
Therefore, the regenerated Fe" ions could activate the 
oxygen molecules again, resulting in an increased yield of 
p-benzoquinone. 

Fig. 4 shows the yield of p-benzoquinone obtained us. time. 
p-Benzoquinone could only be obtained under an oxygen 
atmosphere. Since the rate of production of p-benzoquinone 
decreases gradually with repetition of the redox cycle, the yield 
is expected to become constant. This will be caused by destruc- 
tion of the resin beads and a decrease in the number of active 
sites. Since the reactions were carried out in a water-benzene 
mixture, the reaction proceeded in two liquid phases. As 
vigorous agitation was expected to increase the rate of reaction, 
this was kept constant throughout. 

The overall electron-transfer process is summarized in Fig. 5. 
The system is similar to the organism system NADPH/P-450 
reductase/Fe-porphyrin/O, .42 

0 50 100 
t Imin 

150 

Fig. 4 Yield ofp-benzoquinone obtained during alternate passages of 
hydrogen for 30 min and oxygen for 15 min 

5 1 H2 >o( cr:x; x Activated oxygen 

H+ 0 2  
Fig. 5 Electron-transfer process from H, to 0, in the chelate resin 
system 

It has been found based on the extended X-ray absorption 
fine structure (EXAFS) measurements of the cr-Fe complexes 
in water (Fig. 6) that the co-ordination number of the Fe" ions 
in cr-Fe" is four, whereas it is six for the Fe"' ions so that every 
Fe" ion has vacant co-ordination sites.43 Oxygen molecules are 
thought to be activated by co-ordination at these vacant sites. 

In order to investigate the path of oxidation of benzene to 
p-benzoquinone, the oxidation was carried out in the absence 
and presence of phenol. The results are presented in Table 2. 
Addition of phenol did not lead to a drastic increase in the 
yield of p-benzoquinone, suggesting that p-benzoquinone is 
produced directly from benzene and not via phenol in the 
present system. Although the selective generation of p- 
benzoquinone is a very interesting aspect, it remains unsolved as 
to why and how p-benzoquinone is generated at present. 

Amount of Fe" Ionsparticipating in Oxidation.-Fig. 7 shows 
the yield of p-benzoquinone against the amount of Fe" ions 
co-ordinating in the chelate resin at pH 4.02 and 9.18. The yield 
of p-benzoquinone increases with increasing amounts of Fe" 
ions at each pH, indicating that increasing amounts of Fe" ions 
participate in the activation of oxygen molecules. 

The accumulation of the ultrafine platinum particles and Fe" 
ions in the chelate resin were determined. Thus 9.2 cm3 of 
aqueous 2.17 mmol dm-3 H,PtCl, solution (20 pmol Pt) and 
1 .O mmol of Fe" ions were allowed to make contact with 1 .O, 1.5 
and 2.0 g of the chelate resin support (cr-H). From the 
electronic spectra 92, 94 and 96% of the [PtC1J2- ions were 
immobilized on 1.0, 1.5 and 2.0 g of the chelate resin, 
respectively, and from the atomic absorption spectra all of the 
Fe" ions were co-ordinated in the chelate resin. The effect of 
accumulation on the yield of p-benzoquinone is illustrated in 
Fig. 8. The yield of p-benzoquinone increases as the Fe" ions 
and platinum particles accumulate, that is, the amount of resin 
support decreases. 

As mentioned above, the Fe" ions are distributed uniformly in 
the resin (Fig. l), while the platinum particles are distributed 
on the surface of the resin only (Fig. 2). Therefore, the Fe" 
ions near the platinum particles are thought to participate in 
all cyclic redox reaction between Fe" and Fe"'. For example, in 
Fig. 2, most of the platinum particles are distributed within 0.4 
pm of the surface of the resin beads (resin diameter is 500 pm). 

Table 2 Effect of addition of phenol on the yield ofp-benzoquinone 

Fe"/ Phenol/ Yield */ 
cr-H/g Pt/pmol mmol mmol Gas pmol 

2.0 20 2.0 0.92 H,, 0, 6.7 

* Yield of p-benzoquinone from the oxidation of benzene. Benzene = 
10 cm3, solvent = 40 an3, pH 9.18, room temperature. 

2.0 20 2.0 - H,, O2 5.9 

0 1 2 3 4 5 6 0  1 2 3 4 5 6 

DistancelA 

Fig. 6 Fourier transformation of the normalized k'-weighted EXAFS spectra of cr--Fe" (a) and cr-Fe"' (b) in water 
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0 

2.0 p. 0 I a 
0.0 A-1 

0.0 1 .o 2.0 3.0 4.0 

Fen/mmol 
Fig. 7 Dependence of the yield of p-benzoquinone on the amount of 
Fe" ions co-ordinating in 2 g of the chelate resin at pH 4.02 (e) and 9. I8 
(0); benzene, 10 cm3; solvent, 40 cm3, room temperature (r.t.) 

5.0 r 

0.0 0.4 0.8 1.2 
(Amount of chelate resi n)-'/g-' 

Fig. 8 Effect of the accumulation of Fe" ions and Pt particles on 
the yield of p-benzoquinone; (amount of chelate resin\;'/g-' indicates 
the extent of the accumulation; benzene, 10 cm3; solvent, 40 cm3; 
pH 9.18; r.t. 

Considehg the uniform distribution of the Fe" ions, then ca. 
0.5% may participate in the oxidation. The results of Figs. 7 and 
8 make it clear that increasing the concentration of Fe" ions 
around the platinum particles causes an increase in the yield of 
p-benzoquinone. This confirms that only the Fe" ions around 
the platinum particles participate in the redox reaction during 
the alternating supply of hydrogen and oxygen, and thAt the 
inner Fen' ions produced by oxidation of the Fe" ions remain 
unchanged. The concentration of the Fe" ions around the 
platinum particles is thus an important factor for improving 
the yield of p-benzoquinone. In other words, the chelate resin 
works to accumulate Fe" ions around the platinum particles. 

Oxidizing Species of Benzene.-Fig. 9 shows the dependence 
of the yield of p-benzoquinone on the pH of the solvent. 
Phosphate buffer solutions at pH 1.68,4.02,6.88,9.18 and 10.02 
were used as the solvent. At a pH of less than 2, the Fe" ions were 
rinsed from the resin to the supernatant. In an acidic or neutral 
solution, the yield ofp-benzoquinone was low. As the solution 
became basic, however, the yield increased drastically. Since 
Fe" - Fell' has a redox potential of -0.771 V in acidic 
solution, and 0.56 V in basic solution (measured as the 
hydroxides), the co-ordination of oxygen to the iron ion and the 
reduction of Fe"' to Fe" are thought to proceed preferably in a 
basic solution, resulting in an increased yield ofp-benzoquinone. 

In general, oxidation of the benzene ring is achieved by 
radical ~ p e ~ i e ~ . ~ ~ * ~ ~ * ~ ~ , ~ ~  In the present system, assuming that 
the oxidizing species are the radicals, they are supposed to be 
generated from a superoxide radical (02*-) produced from the 
reduction of oxygen, as shown in Fig. 10. The superoxide radical 
can generate a hydroperoxy radical ('OOH), from which a 
hydroxyl radical ('OH) can then be generated via hydrogen 
p e r ~ x i d e . ~ ' . ~ ~  Both radicals are active enough to react with 

Q, 

F 2.0 

0.0 
0 2 4 6 8 1 0 1 2  

Fig. 9 Dependence of the yield of p-benzoquinone on the pH of the 
aqueous phosphate solution; cr-R-Fe", 2.0 g; benzene, 10 cm3; solvect, 
40 cm3, r.t. 

PH 

Y O 2  

Fig. 10 Generation of radical species from superoxide ions produced 
by electron transfer from Fe" to oxygen 

F "i 2.0 

0.0 
0.0 0.5 1 .o 1.5 2.0 

Added methyl viologen dication/mmol 
Fig. 11 Additional effect of the methyl viologen dication on the yield of 
p-benzoquinone; cr-Pt-Fe", 2.0 g; benzene, 10 cm'; solvent, 40 cm'; 
pH 9.18; r.t. 

benzene. Although the acidity of the solution promotes the 
generation of these radicals, the present system actually gives a 
higher yield of p-benzoquinone at a high pH rather than at 
neutral pH. This suggests that highly active radical species like 
hydroperoxy and hydroxyl radicals were not generated in this 
system. 

In order to investigate the actual oxidation products using 
the hydroxyl radical, the oxidation of benzene was carried out 
using Fenton's reagent. As a result, 630 pmol of phenol and 3.5 
pmol of p-benzoquinone were obtained. Such a distribution of 
oxidation products strongly suggests that highly reactive 
radical species such as the hydroxyl radical were not produced 
in the chelate resin system. 

On the other hand, it is possible that the superoxide radical, a 
precursor of the hydroperoxy and hydroxyl radicals, works as 
the oxidizing species, even though it is stable in alkaline solution 
and less reactive than the highly active radical species. A methyl 
viologen radical cation, generated from the reduction of the 
methyl viologen dication, can be an effective electron donor to 
oxygen in the present system.45 Thus, 0.5, 1 .O and 1.5 mmol of 
methyl viologen chloride were immobilized in the resin by ion 
exchange by contacting with 2.0 g of cr-Pt-Fe" in water under 
nitrogen. The electronic spectra of the supernatants at 257 nm 
indicated that all of the methyl viologen had been immobilized 
in the resin. The oxidation reaction was carried out at pH 9.18 
to prevent the superoxide radical from changing into other 
radical species or hydrogen peroxide. Hydrogen bubbling made 
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Fig. 12 Generation of active oxygen species and the redox process of the Fe ions 

Table 3 Redox potentials' of MY [Y = edta or (OH,),] 

EOIV 

Metal complex (MY) Y = edta y = (OH,)" 

CU1Y-CU"Y - +0.167(n = 4) 

Cr"Y-Cr"'Y N ---I -0.41 (n = 6 )  
v'Iy-v"'y - 1.03 -0.25 (n = 6 )  

Fe"Y-Fe"'Y +0.12 i-0.77 (n = 6 )  
Mn"Y-Mn"'Y + 1.0 + 1.50 ( n  = 6 )  
C0"Y--Co1"Y + 0.60 +1.82(n = 6 )  

a us. Normal hydrogen electrode (NHE). Ref. 45. 

the resin turn deep blue, as a result of the generation of methyl 
viologen radical cations by electron transfer from hydrogen via 
the ultrafine platinum particles. When hydrogen was replaced 
by oxygen, the deep blue colour disappeared, resulting in the 
production of the superoxide radicals. The effect of adding 
methyl viologen on the yield of p-benzoquinone is presented in 
Fig. 11. The yield does not increase, indicating that the 
superoxide radical does not participate in the oxidation of 
benzene in the present system. 

In order to identify the oxidizing species, anisole was employed 
as the substrate instead of benzene. Although the oxidation of 
anisole with Fenton's reagent gave no ring-oxidized products, 
cr-Pt-Fe" gave a small amount ofp-methoxyphenol, which was 
also detected in the oxidation of anisole with the Fe-porphyrin 
system.I4 It is thought that, as in the Fe-porphyrin system, cr- 
Pt-Fe" generates an active oxidizing iron-dioxo complex from 
reduction after the co-ordination of molecular oxygen to the Fe" 
ion. A speculative redox process with the structure of the active 
oxidizing species is illustrated in Fig. 12. Co-ordination of 
molecular oxygen to the Fe" ion is reasonable, since Fe" ions 
have been found to have some vacant co-ordination 

Other Metals.-The CU" ion was also used as the redox 
catalyst instead of Fe" in the present system. The cr-Pt-Cu" was 
prepared from the contact of 2.0 mmol of Cu(SO4).5H2O with 
2.0 g of cr-Pt in water. As a result of the oxidation of benzene 
over cr-Pt-Cu" at pH 9.18, the colour of the resin did not 
change and no oxidation products were detected. This is 
because Cu" is not reduced to Cu' by the passage of hydrogen. 
In general, the redox potential of the metal ion determines 
whether or not the metal ion in the resin is reduced. Table 3 
gives the redox potentials of metal-ethylenediaminetetraacetate 
(edta) complexes, which have similar structures to metal-ida 
complexes. Co-ordination of the edta ligand makes the redox 
potential more negative than the corresponding aqua 
complexes, indicating that the metal oxidation states are more 
stable in the former. The redox potential of Cu"-edta/Cu'-edta 
is not known because the Cul-edta complex is unstable. 

However, it is estimated that the Cu"-edta complex is hardly 
reduced compared with the Fe"-edta complex since the redox 
potential of the aqua ion is +0.167 V (us. NHE). Moreover, 
structural changes between Cu' and Cu" in the resin are thought 
to be difficult compared with those between Fe" and Fe"'. A 
decrease in the redox potential upon co-ordination of the edta 
ligand is probably caused by increasing electron density at the 
metal ion due to the electron-donating property of edta. In the 
chelate resin system, by considering the co-ordination state and 
the electron-withdrawing capacity of the benzyl group in the 
matrix, the electron-donating capacity of the ida moiety is 
estimated to be about half that of edta. Therefore, the decrease 
in the redox potential of the metal ion in the resin is thought to 
be suppressed by about half that of metal-edta complex. 

Finally, palladium particles were used as the electron 
carrier as well as platinum particles. The ultrafine palladium 
particles were supported in the same way as the platinum 
particles by using 3.33 mol dm--3 of aqueous H2PdC14 
solution. The oxidation of benzene at pH 9.18 gave 4.96 pmol of 
p-benzoquinone, equivalent to 84% in the case of the platinum 
particles. Although palladium particles work as good electron 
carriers to Fe"' ions, they have a lower ability than platinum 
particles to carry electrons. 

Conclusion 
Ultrafine platinum particles and Fe" ions have been 
immobilized successfully in a chelate resin. The present system 
is a biomimetic one, substituting the artificial system H,/Pt 
particles/Fe-ida/02 for the oxidation system in the organism 
NADPH/P-450 reductase/Fe-porphyrin/O,. The oxidation of 
benzene proceeds by sequential electron transfer from hydrogen 
to oxygen and continuously by the redox cycle of co-ordinating 
Fe ions. That the main product of the oxidation of benzene is 
p-benzoquinone indicates that the multi-functionalized chelate 
resin works like a dioxygenase enzyme. The oxidizing species in 
the present system is concluded to be the Fe"4ioxo complex. 
Further elucidation of the oxidizing species will lead to the 
development of artificial enzymes, especially dioxygenase. 
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