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Oxidation of Alkenes with Hydrogen Peroxide Catalyzed
by Iron Porphyrins Immobilized to Imidazole Groups
in a Hydrophobic Environment on a Modified Silica Surface
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A biomimetic model of a monooxygenase enzyme was designed and synthesized on a silica surface using
a facile procedure, for the purpose of direct functionalization of hydrocarbons. Immobilization and isolation
of simple and bulky forms of iron tetraphenylporphyrin was accomplished by coordinative ligation to anchored
imidazolyl groups in hydrophobic cavities formed by alkyl chains attached to the surface. The synthesized
catalyst was dispersed in an aqueous solution with alkenes. The substrates were catalytically epoxidized by
H20O2 as the oxygen donor in the presence of imidazole. The high catalytic activity for the epoxidation of
alkenes is discussed with respect to the characteristics of the novel catalyst structure and of the applied reaction

system.

In recent years, much attention has been focused
on mimicking monooxygenase enzymes, such as cy-
tochrome P450, which oxidizes lipophilic hydrocarbons
with the use of dioxygen and NADPH or a single
oxygen donor."? The direct functionalization of hy-
drocarbons under mild conditions is an industrially
important target and is also of biological interest.
Groves et al. first reported that (5,10,15,20-tetraphen-
ylporphinato)iron(III) chloride (FeTPPCI) catalyzed
oxygen atom transfer from iodosylbenzene (PhIO) to
alkanes and alkenes.® Since that time, numerous syn-
thetic metalloporphyrin catalysts using single oxygen
donors have been developed.*—'% In particular, Traylor
et al. have synthesized [5,10,15,20-tetrakis(2,6-dichlo-
rophenyl)porphinato]iron(III) chloride (FeTDCPPC]I)
which shows an extremely high turnover number for
alkene epoxidation. They suggest that the substitu-
tion of bulky and highly electronegative? atoms on the
phenyl rings in FeTPPCI may be responsible for the
prevention of aggregation and the increased stability to
oxidative destruction of the porphyrin molecule.

By contrast Mansuy et al. found that metallopor-
phyrins oxidize alkanes and alkenes in the presence of
imidazole and either H,O or alkyl hydroperoxides.'5'®)
The epoxidation of alkenes by HoO2 with FeTDCP-
PCl in the absence of imidazole has also been reported,
recently.!” H,0, is a very attractive oxygen donor be-
cause it is inexpensive and because the oxidized prod-
ucts may be easily separated from the oxidant residue.
These characteristics suggest a potential advantage of
such a system for preparative oxidation and have stim-
ulated recent progress of highly active catalytic systems
of manganese porphyrins and HyQ,.18 21

Another attempt to use porphyrin catalysts for
preparative reactions involves the immobilization of
them on inorganic supports such as silica, alumina and
montmorillorite.?2~2% By attaching the porphyrins to
such supports, the catalyst efficiency is enhanced as well
as the selectivity when PhIO is used as the oxygen
donor.

The prosthetic group of native cytochrome P450 is
a simple iron protoporphyrin(IX) structure which is
bound to a cysteine thiolate group of the protein chain.
The active center is buried in a hydrophobic environ-
ment within polypeptide chains; it catalyzes the epox-
idation of cyclohexene by a-cumyl hydroperoxide and
the hydroxylation of cyclohexane and adamantane by
the same.? The purposes of the present work are to 1)
build a biomimetic model of the active site which is co-
ordinatively immobilized in a hydrophobic pocket and
2) to model the catalytic oxidation of hydrocarbons at
the active site. We describe the procedure for immo-
bilization and isolation of the bulky form of iron por-
phyrin on a silica surface that yields a hydrophobic re-
action site on the porphyrin plane. We also describe
the epoxidation of alkenes with catalyst by HxOs in the
presence of imidazole.

Experimental

Capillary column gas chromatography was performed on
a Shimadzu GC-9A instrument with flame-ionization detec-
tor. Visible spectra were measured on a Photal MCPD-
110 spectrophotometric system. FT-IR spectra were ob-
tained on a JEOL JIR 3510 instrument. Solid-state 2°Si
CP/MAS NMR spectrum was measured at JEOL Co. Ltd.
Elemental analyses were performed on a Yanagimoto MT-5
instrument.

Materials. Amorphous silica powder, Aerosil 200
(specific surface area, 200 m?g~!) was obtained from
Nippon Aerosil Co., Ltd., and dried under vacuum at 110 °C
overnight before use. All reagents or solvents were purchased
commercially and used as supplied except where stated.
Toluene and benzene were purified by standard methods
and subsequently distilled from CaHy. Bis(pyridine)(phthal-
ocyaninato)iron(II) (FePcpy2) was obtained by the re-
crystallization of phthalocyaninatoiron(Il) (FePc) in pyr-
idine. FeTPPCI was prepared by a previously reported
procedure.?® All alkenes were passed through basic alumina
prior to use.

Preparation of Catalyst. Aerosil 200 (90 g) was dis-
persed in toluene to which N-[3-(triethoxysilyl)propyl]imida-
zole (1.15 g) was added. Refluxing overnight and removal of



2386

solvent under vacuum produced the support-anchored silica,
S-1. Elemental and quantitative FT-IR analyses indicated
the supports (3-imidazolylpropylsilyl groups, IPS) loading
of 4.5%1072 mmol g™ of silica.

S-1 (61.2 g) was dispersed in pyridine, to which FePcpy2
(1.81 g) was added under an argon stream. The mixture
was refluxed overnight with stirring. The solid collected by
filtration was washed with pyridine and then acetone until
the filtrate became colorless. Drying at 50 °C under vacuum
gave a pale blue solid, S-2 (Amax=450, 590 (sh), and 650
nm). The loading level of iron phthalocyanine monopyridine
(FePcpy) complex on S-2 was estimated to be 2.9x1072
mmol g~?! of silica by elemental analysis.

S-2 (15.0 g) was dispersed in CH2Clz, to which
dodecyltriethoxysilane (2.5 g) was added under argon
stream. After stirring for 1 h and removing CH2Cl; under
vacuum, the container was evacuated, sealed, and heated
for 24 h at 150—160 °C. The same process was repeated
twice. It was then opened, cooled, and washed with ace-
tone and CH3Cl;y resulting in a pale blue solid, S-3. The
visible spectrum of S-3 (Amax=660 nm), however, exhibited
absorptions corresponding to the FePc complex rather than
to S-2, other bisadducts of bases,?” or p-oxo dimers.2® A
detailed description of the coordination state of iron could
not be determined from the adsorption spectra. Therefore
we assumed an FePc structure® in this work, and calcu-
lated an FePc loading of 1.6x1072 mmol g~ of silica on S-
3.

Removal of the FePc complex on S-3 by Soxhlet extrac-
tion with pyridine for 72 h yielded a white solid, S-4. Ele-
mental analysis showed the attachment of 4.13x10~! mmol
dodecylsilyl (DDS) groups per gram of silica.

S-4 (5.2 g) was dispersed in benzene, to which FeTPPCIl
(70 mg) was added, again under argon. After refluxing 48 h
with stirring, the solid was collected by filtration and washed
with CH2Clz until the filtrate turned colorless. The dark
green solid obtained, S-5, had a loading of iron tetraphenyl-
porphyrin (FeTPP) complex of 1.1x1072 mmol g~ of silica
as determined from the quantitative analysis of iron.

By the same procedure, S-2 (14.8 g) was modified to S-6,
on which octadecylsilyl (ODS) groups and FePc complex
(1.4x1072? mmol g™ of silica) were loaded. Soxhlet extrac-
tion of S-6 with pyridine for 96 h yielded S-7, on which
4.15x10™! mmol ODS groups per gram of silica were at-
tached. A final loading of FeTPPCI on S-7 yielded the
product S-8, with an FeTPP complex loading of 9.1x1073
mmolg~! of silica.

Oxidation of Alkenes. The catalyst (4x10~% mmol)
was dispersed in 4 ml of deionized water, to which sub-
strate (0.3—0.4 mmol), imidazole (0.4 mmol), and H2O-
(0.4 mmol) were added. The vial containing the mixture
was sealed with a septum and shaken at 150 strokes/min
and 40 °C using a Bio-shaker for a desired reaction time.
For anaerobic assays, manipulations were done in a glove
box.

After reaction, decane was added to the mixture as a GC
internal standard. The mixture was then extracted with
diethyl ether and filtered for GC analysis. Each oxidation
reaction was repeated two to four times.
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Results

Preparation of Catalyst. An amorphous sil-
ica was employed for the experiment. 2°Si-solid state
NMR spectrum of the silica showed the presence of
81% single hydroxyl and 19% geminal hydroxyl groups
on the surface. Thus it was assumed that the sur-
face was composed predominantly of the 111-face of
(-cristobalite model, in which there are 4.6 single hy-
droxyl groups nm~2 located 0.5 nm apart in a hexagonal
array.3%31)

For the active center, we have chosen FeTPPCI, so
that our results may be compared with published data.
IPS bearing an imidazolyl group was used for the for-
mation of the support. It is anchored to silanol func-
tions on the silica surface and immobilizes the FeTPP
complex by coordinative bonds. In order to isolate the
immobilized iron porphyrin, alkanes (DDS and ODS
groups) were selected as fence molecules because of their
resistance to oxidation.

Synthetic pathway of the catalyst is shown in Fig. 1.
The attachment of a dilute concentration of support,
IPS, gave a loading of 3.0% of total silanols on the 111-
face model. By treatment with FePcpy,, a concentra-
tion of FePcpy complex equal to 1.9% of total silanols
was immobilized on the supports. However, anchoring
of alkylsilyl groups caused a reduction of the amount
of FePc complex to 1.1% of total silanols. Several at-
tempts to vary the loading of FePc complex yielded
nearly identical final loadings after the attachment of
fence molecules.

Removal of FePc complex was done by Soxhlet ex-
traction using pyridine. The complete elimination of
FePc complex was confirmed by elemental analysis and
quantitative analysis of iron. As a final step, FeTPPCI
was inserted into the cavity, and occupied 69 and 66%
of the cavity enclosed with DDS and ODS groups, re-
spectively. The formation of u-oxo dimer was ruled out
based on examination of the visible spectrum of the cat-
alyst (Fig. 2).

Oxidation of Alkenes. Substrates for the oxi-
dation reaction were trans--methylstyrene (MS), cis-
stilbene (SB), and cis-cyclooctene (CO). Prior to the
oxidation study, we examined the effect of pyridine, N-
methylimidazole, and imidazole addition on the epoxi-
dation of MS and found that the most efficient acceler-
ation of the reaction occurred with imidazole. The oxi-
dation rate was dependent on the amount of imidazole.
Under aerobic conditions, the yields of oxide and benz-
aldehyde from MS increased with increasing imidazole,
up to slightly more than 1/2 equivalent of imidazole in
H;0, (Table 1, Entries 5—7). As a result, equal mol
of imidazole in HyO5 was added for the epoxidation of
substrates.

The results of oxidation of alkenes are shown in Ta-
bles 1, 2, and 3. In this reaction system, no reaction
product was detected in the absence of either catalyst
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Fig. 2. Visible spectrum of S-5.

or H,O,. The material balance was over 97% in all
experiments.

Oxidation of MS (Table 1) demonstrated the remark-
able differences between aerobic and anaerobic condi-
tions. Large quantities of benzaldehyde were produced
in the presence of oxygen (Entries 1 and 3). In the
absence of oxygen, the formation of aldehyde became
insignificant but a slight decrease in the yield of oxide
occurred (Entries 2 and 4). Oxidation of SB (Table 2)
yielded predominantly cis-oxide as well as small amount
of benzaldehyde, trans-stilbene oxide and benzophe-
none. The catalyst which has DDS fences seems to
be more efficient for epoxidation of SB. The removal of
oxygen decreased the yields of by-products. The con-
version of CO (Table 3) was considerably lower than
the other two substrates and was not improved by ex-

Table 1. Oxidation of trans-B-Methylstyrene by Im-
mobilized FeTPP Complex and HyO2®

Product yieldb)
Entry Catalyst Imidazole® Atmosphere Oxide Benzaldehyde

1 S-5 0.4 Aerobic 144 88
2 S-5 0.4 Anaerobic 121 9
3 S-8 0.4 Aerobic 120 69
4 S-8 0.4 Anaerobic 111 8
59  S-8 0  Aerobic 8 14
69  S-8 0.2  Aerobic 78 49
79 S.8 0.4  Aerobic 98 51

a) Alkene/H20z2/catalyst=0.4 mmol/0.4 mmol/4x10~*
mmol in H2O (4 ml) at 40 °C for 4 h. b) Yields based

on equivalents of catalyst used. ¢) Mmol. d) Reaction
time; 2 h.
tending the reaction time.
Discussion

Polymer-supported manganese tetraphenylporphyrin
has been reported as a model for cytochrome P450.3?
The enhancement of catalytic activity by site isolation is
described for the epoxidation of cyclohexene. However,
a decrease in the epoxidation rate attributable to diffu-
sion limitations or shielding of the metalloporphyrin has
been observed when a cross-linked polymer was used as
the support. The present work attempts to solve this
problem which is often seen in such polymer-supported
catalysts by the construction of enzyme-like three di-
mensional structures consisting of a metal complex in a
microenvironment on a silica surface.

Creation of Active Site on Silica Surface. In
order to build an active site on the silica surface, it was
necessary to consider the approximate maximum size
of the molecules which function as support, protection
groups for the open space, fence and FeTPPCIl.
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Table 2. Oxidation of cis-Stilbene by Immobilized FeTPP Complex and HyO2®
Product yield®
Entry Catalyst Atmosphere cis-Oxide trans-Oxide Benzaldehyde Benzophenone
1 S-5 Aerobic 97 7 9 6
2 S-5 Anaerobic 99 6 5 5
3 S-8 Aerobic 74 6 6 5
4 S-8 Anaerobic 79 5 4 3
a) Alkene/H;05/imidazole/catalyst=0.3 mmol/0.4 mmol/0.4 mmol/4x10~% mmol in HoO (4 ml)
at 40 °C for 4 h. b) Yields based on equivalents of catalyst used.
Table 3. Oxidation of cis-Cyclooctene by Immobi- H

lized FeTPP Complex and HyOy®

Entry Catalyst Atmosphere Oxide yield”
1 S-5 Aerobic 54
2 S-5 Anaerobic 47
3 S-8 Aerobic 36
4 S-8 Anaerobic 40

a) Alkene /H20O2 /imidazole / catalyst = 0.4 mmol/0.4
mmol/0.4 mmol/4x10~4 mmol in H20 (4 ml) at 40 °C
for4h. b) Yields based on equivalents of catalyst used.

The maximum lateral and perpendicular extensions
of an FeTPPCI molecule are approximately 1.8 and
0.45 nm, respectively. The substrates are oxidized on
the upper porphyrin plane. To create a hydrophobic en-
vironment there, it is required that the fence molecules
being long enough to shield the supported iron por-
phyrin. The maximum distance from the Si to the N of
the imidazole structure in IPS is estimated to be 0.75
nm. The length of the coordination bond is about 0.2
nm;3® therefore the maximum distance from Si to the
mean plane of the porphyrin is roughly calculated to be
0.95 nm, which corresponds to the length of a heptylsi-
lyl group. As a result, the DDS and ODS groups were
chosen as fence molecules in this work.

The catalytic activity is significantly affected by the
iron porphyrin loading. Both the highest loading of
iron porphyrin and complete isolation must be achieved
concurrently. However, if there is a high density of an-
chored alkylsilyl groups on the surface, the imidazolyl
groups of the supports will be buried and shielded under
the fences formed by the alkylsilyl groups. In addition,
the space between the fences will be too small to accept
the large porphyrin molecule. Therefore, prior to the
introduction of the fence, we tried to secure sufficient
space in the vicinity of the support so that it would be
capable of receiving the iron porphyrin which would be
loaded during the last synthetic stage. Such an area
was protected from reaction with alkylsilyl groups by
temporary ligation of FePcpy complex to the support.

If we assume that the highly mobile support3® ro-
tates about the Si-C; axis with a distance from C; to
Fe of 0.65 nm, then the FePcpy complex ligating to
the support sweeps out a projected circle of roughly
2.5 nm maximum diameter, in which a maximum of 24
silanols are present on the 111-face model (Fig. 3). Be-
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Fig. 3. Swept out area of FePcpy complex.

cause a DDS group is placed on approximately every
third silanol site under these experimental conditions,
at least eleven alkylsilyl groups are required to encircle
the area. That approximates a hexagonal arrangement
with two alkylsilyl groups on a side. Consequently the
most efficient site isolation seems to be accomplished by
creating an extended packing distribution of the spher-
ical projection of the FePcpy complex and three al-
ternate sides of the hexagonal fence (Fig. 4). A single
FePcpy complex must accompany the sum of silanols
covered by it (24), and those needed for binding the 6
alkylsilyl fence groups (18); this corresponds to 2.4% of
total silanol sites on 111-face model.

OH OH

Fig. 4. Ideal maximum packing of FePcpy and fences.
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As described before, however, the packing of alkylsi-
lyl groups has excluded some of FePcpy complex and
caused a decrease in the loading level to 56% of the
ideal value. This decrease in loading may be due to
nonidealities of the actual surface of amorphous silica
such as the arrangement of silanol groups which emerge
from the surface, and/or decomposition of coordination
bonds followed by removal of the complex during the
packing of fences.

The loading of DDS groups after removal of FePc
complex was 38% of the available silanol sites. Available
silanol sites include those that were not already occu-
pied holding the supports or protected by the FePc
complex. Highly packed fences surround the cavity
(Fig. 5).

In the study of immobilization of iron deuteroporphy-
rin(IX) dimethyl ether chloride by coordination to imid-
azolyl groups in a flexible polymer, the iron centers have
been shown to possess two axial ligands.>® But one is
readily exchangeable and may be replaced by solvent.
On the synthesized catalyst, the FeTPP complex is
thought to be isolated by the coordinative ligation on
one axial imidazolyl group, as is its accompanying CI~.
The similarity of the visible spectra of the catalyst and
FeTPPCI is comparable to the findings of Traylor et
al. using chelated protoheme.3®

Oxidation of Alkenes by Synthesized Catalyst.
The oxidation of alkenes was performed in aqueous so-
lution, because it is assumed that lipophilic substrates
are condensed on the surface due to hydrophobic inter-
actions as in the native enzyme®) and occupy the cavity
containing the active center.

In the study of the epoxidation of alkenes with iron
and manganese porphyrin by alkyl hydroperoxide in the
presence of imidazole, Mansuy et al. suggest that the
heterolytic cleavage of hydroperoxide to give high va-
lent metal oxo species occurs in the presence of imi-
dazole.?® Groves et al. investigated the effect of imi-
dazole addition on the oxidation of cis-G-methylstyrene

Fig. 5. Cavity formed by synthesis on silica surface.
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with manganese porphyrin by H,O45 and suggested that
heterolysis of H;O5 is predominant, independent of the
presence of imidazole.’” The increased yield of epox-
idation products has been attributed to the effect of
imidazole ligation promoting heterolysis as well as to
the function of the general base catalyst.?® Labeque
and Marnett have reported the stereospecific epoxida-
tion of SB to cis-oxide in the presence of imidazole with
FeTPPCI by alkyl hydroperoxide, but reported non-
stereospecific oxidation in the absence of imidazole.3®
They attributed the results to the change from homo-
lysis to heterolysis due to the ligation of imidazole and
to its role as a general base catalyst.

The fact that cis-oxide is obtained as a main product
from SB in this work (Table 2) is consistent with the
findings of Labeque and Marnett and indicates that the
heterolysis of HoO- yielding active iron oxo species pre-
dominates. The heterolytic cleavage of the O-O bond
is also proposed by Traylor et al. in their kinetic study
using imidazolyl group chelated iron porphyrin chloride
and Hy0,.3 On the other hand, although the iron cen-
ters have an axial imidazole ligand in this catalyst, the
improvement in yields of oxides produced from alkenes
were primarily due to the addition of imidazole. The
function of imidazole as a general base catalyst is ap-
parently quite important for the epoxidation of alkenes
in this reaction system.

The high yield of benzaldehyde from MS under aer-
obic conditions is a characteristic aspect of this work
(Table 1). In the presence of PhIO, iron porphyrins
are known to catalyze MS or styrene to oxides with
a high selectivity either in the presence or in the ab-
sence of oxygen.*® Fontecave and Mansuy have shown
a huge production of benzaldehyde from styrene and
a loss of stereospecificity in the epoxidation of SB by
PhIO with non-porphyrin iron catalyst.#’) They at-
tributed these findings to the formation of alkene de-
rived free radical intermediates. Groves et al. have re-
vealed that large quantities of benzaldehyde as well as
cinnamaldehyde are yielded in the epoxidation of cis-3-
methylstyrene with manganese porphyrin catalyst un-
der aerobic conditions.>” The alkene carbon radical is
proposed as the intermediate which is trapped by oxy-
gen and produces an alkylperoxyl radical. However, in
the same report, when H,Os is used in the presence
of imidazole, they suggest that the formation of active
species different from those leading to such radical chain
reactions are responsible for aldehyde production.

Among the several intermediates in the proposed
mechanisms for alkene epoxidation,*?*%® another, ca-
pable of participating with oxygen, is involved in the
alkene carbocation radical pathway. Castellino and
Bruice suggested such an intermediate in the epoxida-
tion of SB with electronegatively substituted FeTP-
PCl by PhIO.*» The product distribution and reaction
behavior in the present work (Table 2) are almost iden-
tical with those results. The single exception is the for-
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mation of dibenzophenone as a rearrangement product
instead of the diphenylacetaldehyde and deoxybenzoin
identified by them. It seems likely that the same inter-
mediate accounts for the high yield of benzaldehyde in
the presence of oxygen.

A catalyst which immobilizes and isolates simple and
fragile FeTPP complex demonstrates a high activity
for the epoxidation of alkenes by H,O in the presence
of imidazole. This improvement of catalytic activity
is partly due to the formation of a hydrophobic envi-
ronment in the area surrounding the active site. The
hydrophobic nature of the catalyst and the condensa-
tion of lipophilic substrates previously mentioned ap-
parently inhibit contact between the active center and
H203; H2 O3 is repelled by surrounding paraffinic fences
and is only slightly soluble in the alkene phase. The low
concentration of HoO2 near the active site may inhibit
the decomposition of FeTPP complex. It may also
hinder the prevention of epoxidation of alkenes by the
formation of hydroperoxyl and alkoxyl radicals derived
from the reaction between iron oxo species and hydro-
peroxide.*>4®) However, the activity of the catalysts of
the present work is still far from those of synthetic met-
alloporphyrins. Further research is in progress.
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