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a b s t r a c t

Three types of magnetic polymer nanospheres immobilizing Mn(III) porphyrins appending p-OCH3, p-H
and p-Cl phenyl substituents (designated as MPNSs(MnMP), MPNSs(MnPP) and MPNSs(MnCP), respec-
tively) were synthesized and their catalytic activities as biomimetic catalysts to hydroxylate cyclohexane
with molecular oxygen were investigated. The catalytic efficiencies of these magnetic nanospheres are
much higher than those of the non-supported Mn(III) porphyrin analogues and follow the order of
MPNSs(MnMP) > MPNSs(MnPP) > MPNSs(MnCP). It is also found that these nanospheres have good mag-
Keywords:
Magnetic polymer nanospheres
Mn(III) porphyrin
H
C

netic responsiveness and thus can be completely recovered by applying an external magnetic field.
Furthermore, they can maintain their catalytic activities after being recycled several times. These results
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. Introduction

Synthetic metalloporphyrins have been extensively used as
atalysts for alkene epoxidation and alkane hydroxylation under
ild conditions since 1979 [1–5]. However, their use in homoge-

eous systems is limited by the drawbacks: the porphyrin ring
s liable to oxidative self-destruction and the metalloporphyrins
re subject to aggregation through �–� interaction. Immobiliza-
ion of metalloporphyrins on solid supports can offer several
dvantages over traditional solution-phase chemistry. For exam-
le, the solid-supported metalloporphyrins have higher stability
nd increased selectivity. Furthermore, they can be recovered from
eaction mixtures and reused. Among the supports that can be
sed to immobilize metalloporphyrins, polystyrene derivatives are
ften employed for their cheapness, ready availability, mechan-
cal robustness, chemical inertness and facile functionalization.

oreover, they can also provide suitable microenvironment for the
accommodation” of porphyrin catalytic centers [6–11]. However,
s for polystyrene supported catalysts, troublesome centrifugation
r filtration is needed to recycle them. Furthermore, it causes a

ecrease in reaction yields and enantioselectivities [12,13]. In over-
oming such problems, magnetic polymer microspheres arouse our
ttention due to their specific surface properties, and relatively
apid and effortless magnetic separation [14–18]. On the other
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and, nanometer-sized catalyst supports have recently attracted
great deal of interest because of their high specific surface area

nd outstanding stability as well as activity in the liquid phase
19–24]. The combination of the easy separation of magnetic poly-

er microspheres and the special properties of nanometer-sized
atalyst supports provides a good opportunity to design and syn-
hesize novel polystyrene supported metalloporphyrins to mimic
he function of P450 enzymes.

In this paper, a series of magnetic polymer nanospheres
mmobilizing Mn(III) porphyrins appending different phenyl-
ubstituents were synthesized and characterized. The magnetic
olymer nanospheres are of core/shell structure in which the core

s composed of numerous Fe3O4 particles and the shell is com-
osed of a copolymer of styrene and Mn(III) porphyrin acrylates.
he catalytic performance of these nanospheres for cyclohexane
ydroxylation with molecular oxygen was compared with that of
on-supported Mn(III) porphyrin acrylates and polystyrene sup-
orted Mn(III) porphyrin. The influence of phenyl-substituents on
he catalytic activity of the nanospheres was also discussed.

. Experimental

.1. Materials
The precursors, 5-(4-hydroxyl)phenyl-10,15,20-trimethoxyphe-
ylporphyrin (HPTMPP), 5-(4-hydroxyl) phenyl-10,15,20-triphe-
ylporphyrin (HPTPP) and 5-(4-hydroxyl)phenyl-10,15,20-trichlor-
phenylporphyrin (HPTCPP) were synthesized in our laboratory

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:ceshjw@163.com
dx.doi.org/10.1016/j.molcata.2008.10.015
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25]. The magnetic fluid used in this work, Fe3O4 particles, was
repared by chemical coprecipitation of ferrous chloride and

erric chloride. The powder X-ray diffraction (PXRD) pattern of
he Fe3O4 particles is available in supplementary materials (Fig.
1). The size of these particles was estimated to be ca. 9 nm
y applying Scherrer’s equation [14]. All other reagents were
urchased.

.2. Physical measurements

Elemental analysis (C, H and N) was carried out on a PerkinElmer
40 Q elemental analyzer. ESI-MS was measured on a Thermo
innigan LCQ DECA XP spectrometer. 1H NMR and 13C NMR spec-
ra were recorded on a Varian INOVA500NB superconducting
ourier transform nuclear magnetic resonance spectrometry with
DCl3 as solvent at room temperature and TMS as internal stan-
ard. The powder X-ray diffraction pattern of Fe3O4 particles was
btained on a D/max 2200 v powder diffraction system using
ickel-filtered Cu K� X-ray source radiation. UV–Vis and IR spec-
ra were recorded on a Shimadzu UV-3150 spectrophotometer and
n Equinox 55 Fourier transformation infra-red spectrometer. The
canning electron microscopy (SEM) analyses were performed with
JSM-6330F field emission scanning electron microscope. The par-

icle sizes were measured by a Mastersizer 2000 laser particle
ize analyzer. An Iris (HR) inductively coupled plasma (ICP)-atomic
mission spectrometer was used to determine the contents of
n(III) porphyrin acrylates and Fe3O4. Magnetic measurements
ere performed by using a XL-7 magnetic property measurement

ystem. Thermal analysis was performed with a Netzsch TG-209
hermogravimetric analyzer.

.3. Catalyst preparation

.3.1. Synthesis of Mn(III) porphyrin acrylates

.3.1.1. Porphyrin acrylates. Porphyrin acrylates including 5-(4-
cryloxy)phenyl-10,15,20-trimethoxyphenylporphyrin (APTMPP),
-(4-acryloxy)phenyl-10,15,20-triphenylporphyrin (APTPP) and 5-
4-acryloxy)phenyl-10,15,20-trichlorophenylporphyrin (APTCPP)
ere synthesized by a method similar to the procedures reported

n literature [26,27]. A typical reaction was conducted as follows. A
ixture of 50 mL CHCl3 and 0.2500 g HPTMPP was stirred at 60 ◦C.

.0 g acrylyl chloride dissolved in 5 mL CHCl3 was added dropwise.
fter 2 h, the mixture was washed with 5% K2CO3 several times
nd then evaporated to dryness. The crude material was purified
n a silica gel chromatograph using CHCl3 and petroleum ether as
luent. APTMPP was obtained as a purple powder. Yield: 0.2128 g
79.2 wt%). ESI-MS [CHCl3, m/z]: 775 ([APTMPP]+) (Fig. S2-1).
H NMR (CDCl3, 500 MHz, the assignments based on H, H-COSY
nd H, C-HMQC experiments, for numbering see Scheme 1): ı
.86 (m, 8H, pyrrole ring), 8.20–8.22 (d, J = 8.5 Hz, 2H, o1 + o2),
.08–8.10 (d, J = 8.6 Hz, 6H, o3 + o4), 7.51–7.52 (d, J = 8.5 Hz, 2H,
1 + m2), 7.22–7.24 (d, J = 8.6 Hz, 6H, m3 + m4), 6.74–6.78 (m, 1H,
a), 6.45–6.51 (m, 1H, Hc), 6.10–6.12 (m, 1H, Hb), 4.03 (s, 9H,
-CH3), −2.73 (s, 2H, pyrrole N–H). 13C NMR (125 MHz, CDCl3): ı
5.50, 112.18, 118.57, 119.73, 119.89, 120.06, 128.05, 131.18, 132.85,
34.51, 135.30, 135.55, 139.87, 150.43, 159.38, 164.64 (Fig. S3).

APTPP was similarly prepared by replacing HPTMPP by HPTPP.
ield: 76.5 wt%. ESI-MS [CHCl3, m/z]: 684 ([APTPP]+). (Fig. S2-2).
H NMR (CDCl3, 500 MHz, the assignments based on H, H-COSY
nd H, C-HMQC experiments, for numbering see Scheme 1): ı

.84–8.88 (m, 8H, pyrrole ring), 8.24–8.26 (d, J = 8.5 Hz, 2H, o1 + o2),
.20–8.22 (d, J = 8.3 Hz, 6H, o3 + o4), 7.75 (m, 6H, m3 + m4), 7.73 (m,
H, p), 7.53–7.54 (d, J = 8.5 Hz, 2H, m1 + m2), 6.75–6.78 (m, 1H, Ha),
.46–6.52 (m, 1H, Hc), 6.11–6.13 (m, 1H, Hb), −2.76 (s, 2H, pyrrole
–H). 13C NMR (125 MHz, CDCl3): ı 118.89, 119.78, 120.23, 120.29,

2
M

S

Scheme 1. Structures of APTMPP, APTPP and APTCPP.

26.68, 127.73, 128.07, 131.24, 132.87, 134.55, 135.32, 139.79, 142.13,
50.51, 164.65 (Fig. S4).

APTCPP was also similarly prepared by replacing HPTMPP by
PTCPP. Yield: 74.3 wt%. ESI-MS [CHCl3, m/z]: 788 ([APTCPP]+).

Fig. S2-3). 1H NMR (CDCl3, 500 MHz, the assignments based
n H, H-COSY and H, C-HMQC experiments, for numbering see
cheme 1): ı 8.81–8.88 (m, 8H, pyrrole ring), 8.18–8.20 (d,
= 8.6 Hz, 2H, o1 + o2), 8.09–8.10(d, J = 8.5 Hz, 6H, o3 + o4), 7.69–7.71
d, J = 8.0 Hz, 6H, m3 + m4), 7.52–7.53 (d, J = 8.6 Hz, 2H, m1 + m2),
.75–6.79 (m, 1H, Ha), 6.46–6.52 (m, 1H, Hc), 6.12–6.14 (m, 1H, Hb),
2.84 (s, 2H, pyrrole N–H). 13C NMR (125 MHz, CDCl3): ı 118.83,

18.90, 119.49, 119.87, 126.99, 128.01, 131.29, 132.96, 134.32, 135.28,
35.46, 139.43, 140.37, 150.59, 164.62 (Fig. S5).

.3.1.2. Mn(III) porphyrin acrylates. Mn(III) porphyrin acrylates
ncluding 5-(4-acryloxy)phenyl-10,15,20-trimethoxyphenyl-
orphyrin Mn(III) (MnAPTMPP), 5-(4-acryloxy)phenyl-10,15,20-
riphenylporphyrin Mn(III) (MnAPTPP) and 5-(4-acryloxy)phenyl-
0,15,20-trichlorophenylporphyrin Mn(III) (MnAPTCPP) were
ynthesized by a reaction of Mn(Ac)2 with corresponding por-
hyrin acrylates. A typical reaction was conducted as follows.
.5 g Mn(Ac)2 and 1 g NaCl dissolved in 40 mL HAc were mixed
ith 20 mL CHCl3 solution of APTMPP (0.3180 g). The mixture was

tirred at 65 ◦C for 8 h. Then, the reaction mixture was washed
ith H2O and 1 M HCl several times. After washing to neutrality
ith H2O, drying over anhydrous Na2SO4 and concentrating via

otary evaporation, the residue was chromatographed on a silica
el column using CHCl3 as eluent. Evaporation of solvent afforded
nAPTMPP as a green powder. Yield: 0.3427 g (96.8 wt%). (Found:

, 68.03; H, 4.38; N, 6.38%. Calc. for C50H36N4O5MnCl·H2O: C,
8.15; H, 4.35; N, 6.36%). ESI-MS [CHCl3, m/z]: 827 ([MnAPTMPP]+)
Fig. S2-4).

MnAPTPP, yield: 95.6 wt%. (Found: C, 71.18; H, 4.09; N, 7.03%.
alc. for C47H30N4O2MnCl·H2O: C, 71.35; H, 4.08; N, 7.08%). ESI-MS
CHCl3, m/z]: 737 ([MnAPTPP]+) (Fig. S2-5).

MnAPTCPP, yield: 96.8 wt%. (Found: C, 61.65; H, 3.40; N, 6.17%.
alc. for C47H27N4O2MnCl4·2H2O: C, 61.86; H, 3.42; N, 6.14%). ESI-
S [CHCl3, m/z]: 841 ([MnAPTCPP]+) (Fig. S2-6).
.3.2. Synthesis of MPNSs(MnMP), MPNSs(MnPP) and
PNSs(MnCP)

The strategy to prepare these nanospheres is shown in
cheme 2. A total of 10.0 g magnetic fluid, 12.0 g styrene,
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Scheme 2. The strategy to prepare MPN

0 mg reactive Mn(III) porphyrin acrylate, 3.0 g divinylbenzene,
.5 g polyvinylpyrrolidone(K-30) (PVP K-30), 0.30 g 2,2′-azo-bis-
sobutyronitrile (AIBN) and 100 mL H2O/C2H5OH were mixed in a
50 mL round-bottomed flask equipped with a reflux condenser.
he mixture was stirred at 70 ◦C for 20–24 h under a N2 atmosphere.
he product was washed with 1 M HCl solution to remove the unen-

losed Fe3O4 and then with acetone to remove the residual Mn(III)
orphyrin acrylate. The final product was separated by applying
n additional magnetic field (0.42 T) and dried for 24 h at 60 ◦C in
acuum.

o
(
s
p

Fig. 1. SEM images of MPNSs(MnMP) (a), MP
MP), MPNSs(MnP) and MPNSs(MnCP).

.4. Catalytic experiments for cyclohexane hydroxylation

Hydroxylation of cyclohexane in the Mn(III) porphyrin–O2–
scrobate system was carried out in a specially constructed
eaction vessel at 30.0 ± 0.1 ◦C [6,7,27–33]. The catalytic system
onsists of catalyst (MPNSs(MnMP), MPNSs(MnPP), MPNSs(MnCP)

r non-supported Mn(III) porphyrin acrylates), co-reductant
3.0 mmol ascrobate, 4.0 × 10−2 mmol thiosalicylic acid), sub-
trate (5.55 mmol cyclohexane), actone/water (9:1, 10 mL) and
ure oxygen (101 kPa). The products were detected by gas

NSs(MnPP) (b) and MPNSs(MnCP) (c).
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nMP) (a), MPNSs(MnPP) (b) and MPNSs(MnCP) (c).

c
s

c
a
a
c

3

3

n
i
M
a
T
c

(
a
r
M
o

v
M
t
3
d

F
M
t
C

F

b
a
p
s
o

u
give us the information that MPNSs(MnMP), MPNSs(MnPP) and
MPNSs(MnCP) degrade at 262, 259 and 260 ◦C, respectively. This
demonstrates that these catalysts are thermally stable up to
Fig. 2. Nanosphere size histograms of MPNSs(M

hromatography (GC-7890II) using p-chlorotoluene as internal
tandard.

The magnetic polymer nanospheres were recovered from the
atalytic system by separating in an external magnetic field (0.42 T)
fter the reaction for 3 h. The hydroxylation of cyclohexane cat-
lyzed by recovered nanospheres was performed under identical
onditions.

. Results and discussion

.1. Characterization of magnetic microspheres

The average diameter and the surface morphology of the mag-
etic microspheres were obtained by SEM whose results are given

n Fig. 1. The SEM images of MPNSs(MnMP), MPNSs(MnPP) and
PNSs(MnCP) (shown in Fig. 1a–c, respectively) show uniformity

nd spherical morphology with an average diameter of ca. 200 nm.
he average diameter of these nanospheres is further quantitatively
onfirmed by the particle size analysis shown in Fig. 2.

Solid state UV–Vis spectra of these three types of nanospheres
Fig. 3) show typical Soret bands of Mn(III) porphyrin at ca. 480 nm
nd Q bands in the region of 550–650 nm. These bands have slight
edshifts (about 2–3 nm) compared with those of unsupported
n(III) porphyrin acrylates (Fig. 3, insert), indicating the existence

f porphyrins in the shell.
IR spectra of these nanospheres are given in Fig. 4 and are
ery similar to each other. Characteristic bands of styrene and
n(III) porphyrin acrylates are shown in the IR spectra of all

hese nanospheres. For example, the bands in the region of
100–2900 cm−1, three peaks at 1601, 1491 and 1446 cm−1 and
ouble peaks at 758 and 700 cm−1 are clearly observed and can

ig. 3. Solid state UV–Vis absorption spectra of MPNSs(MnMP) (straight line),
PNSs(MnPP) (dotted line) and MPNSs(MnCP) (dashed line). Inset: absorption spec-

rum of Mn(III)MP (straight line), MnPP (dotted line) and MnCP (dashed line) in
HCl3.

a

F

ig. 4. IR spectra of MPNSs(MnMP) (a), MPNSs(MnPP) (b) and MPNSs(MnCP) (c).

e attributed to the benzene rings in styrene. Two peaks at 1024
nd 1670 cm−1 attributed to the bands of C–O and C O of Mn(III)
orphyrin acrylate, respectively, are also observed. All these results
uggest that the shell of the nanospheres is composed of copolymer
f styrene and Mn(III) porphyrin acrylates.

Thermostabilities of the nanospheres have been determined by
sing thermogravimetric analysis (TGA). The TG curves (Fig. 5)
lmost 260 ◦C, exhibiting relatively high thermostabilities. The

ig. 5. TG curves of MPNSs(MnMP) (a), MPNSs(MnPP) (b) and MPNSs(MnCP) (c).



78 B. Fu et al. / Journal of Molecular Catalysis A: Chemical 298 (2009) 74–80

Table 1
Contents of Mn(III) porphyrin acrylates and Fe3O4.

Catalyst Mn(III) porphyrin acrylate (wt%)a Fe3O4 (wt%)

MPNSs(MnMP) 0.21% 9.10%
MPNSs(MnPP) 0.29% 11.28%
MPNSs(MnCP) 0.26% 7.29%

a wt% refers to the content of Mn(III) porphyrin acrylates in the nanaospheres.
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ig. 6. Magnetic hysteresis loops of MPNSs(MnMP) (a), MPNSs(MnPP) (b) and
PNSs(MnCP) (c).

rganic parts decompose completely at 485, 448, and 534 ◦C for
PNSs(MnMP), MPNSs(MnPP) and MPNSs(MnCP), respectively.
As is well known, one metal ion is coordinated with one por-

hyrin molecule. Thus, we can calculate the contents of Mn(III)
orphyrin acrylates in the magnetic nanosheres from the contents
f Mn which can be obtained using ICP. Using the same method, the
ontents of Fe3O4 are also calculated according to the contents of
e in the nanospheres. The results are given in Table 1 from which
e can get the quantitative information of the core and shell in the
anospheres.

These nanospheres are superparamagnetic and have excellent
agnetic responsibility which is the key factor for their effort-

ess recovery. Magnetic hysteresis loops (Fig. 6) show that all of
hese magnetic nanospheres exhibit superparamagnetic behav-
or with zero coercivity and remanence because the diameter of
he magnetic Fe3O4 particles used in the preparation of these
anospheres is about 9 nm which is smaller than the critical
article size of Fe3O4 particles [34]. The saturation magnetiza-
ions of MPNSs(MnMP), MPNSs(MnPP) and MPNSs(MnCP) (4.51,

.65 and 4.38 emu/g, respectively) are lower than that of Fe3O4
anoparticles, which are due to the copolymer coating of the Fe3O4
anoparticles in nanospheres [35]. Furthermore, it was experi-
entally observed that these nanospheres dispersed in water are

apidly attracted (<1 min) by a conventional magnet placed close to

a
p
i
h
a

Fig. 7. Illustration of the magnetic separation of MPNSs(MnMP) (a), M
ig. 8. Changes of the turnover numbers of MPNSs(MnMP) (�), MPNSs(MnPP) (�)
nd MPNSs(MnCP) (�) calculated from the reaction products with catalytic time.

he reaction vessel (Fig. 7), demonstrating the efficacy of magnetic
eparation.

.2. Hydroxylation of cyclohexane catalyzed by Mn(III)
orphyrins immobilized on magnetic polymer nanospheres

The hydroxylation of cyclohexane catalyzed by these
anospheres was investigated in the Mn(III) porphyrin–O2–
scrobate system. Usually cyclohexanol and cyclohexanone
re the main products of the oxidation of cyclohexane in the
atelloporphyrin–O2–ascrobate system under mild condi-

ions [6,7,26–32]. The kinetic curves of turnover numbers for
PNSs(MnMP), MPNSs(MnPP) and MPNSs(MnCP) are shown

n Fig. 8, from which we can find that the curves have a sim-
lar trend, enhancing rapidly and reaching maximum values
fter about 3 h. The turnover numbers are unchanged with a
urther increase in the reaction time. These results further sug-
est that the by-products which come from the over-oxidation
f cyclohexanol and cyclohexanone in our reaction system are
egligible and 3 h may be the optimum reaction time in the
xperiments of cyclohexane hydroxylation catalyzed by these
atalysts.

The results of cyclohexane hydroxylation catalyzed by these
anospheres (fresh and recovered) and non-supported Mn(III) por-
hyrin acrylates after reaction for 3 h are listed in Table 2. Controlled
xperiments using styrene-acrylic acid copolymer microspheres
s catalysts were carried out and did not lead to substantial

roduct yields (data not shown). From Table 2, we can eas-

ly find that the three types of nanospheres all have much
igher catalytic activities than non-supported Mn(III) porphyrin
crylates. The total turnover numbers of the nanospheres are

PNSs(MnPP) (b) and MPNSs(MnCP) (c) from the liquid media.



B. Fu et al. / Journal of Molecular Catalysis A: Chemical 298 (2009) 74–80 79

Table 2
The catalytic performance of MPNSs(MnMP), MPNSs(MnPP), MPNSs(MnCP) and Mn(III) porphyrin acrylates to hydroxylate cyclohexane after reaction for 3 h.

Catalystsa Run Product amount/�mol (turnover numberb)

Cyclohexanol Cyclohexanone Total

MPNSs(MnMP) 1 57.9(729) 23.2(288) 81.1(1017)
2 59.3(742) 25.4(317) 84.7(1059)
3 57.9(729) 23.7(296) 81.6(1025)
4 58.5(731) 23.9(299) 82.4(1030)
5 59.2(740) 24.9(310) 84.1(1050)

MPNSs(MnPP) 1 55.2(709) 16.4(211) 71.6(920)
2 54.0(693) 17.8(229) 71.8(922)
3 57.0(732) 16.8(216) 73.8(949)
4 57.6(740) 14.6(187) 72.2(928)
5 63.2(812) 10.3(133) 73.5(945)

MPNSs(MnCP) 1 43.2(540) 15.1(189) 58.3(729)
2 44.2(552) 15.4(192) 59.6(744)
3 42.6(533) 17.3(216) 59.9(749)
4 42.7(534) 17.6(220) 60.3(754)
5 41.1(514) 18.0(226) 59.1(740)
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a Mn(III) porphyrin in the nanospheres and non-supported Mn(III) porphyrin acr
b Turnover number = product (mol)/catalyst (mol).

bout 215–308 times larger than those of non-supported Mn(III)
orphyrin acrylates. As is well known, the hydrophobic microenvi-
onment produced by the protein chain folded around the binding
ite of cytochrome P450 plays an important role in the pro-
ess of hydroxylating substrate [6]. However, metalloporphyrins
s models of cytochrome P450 have limited catalytic activities
o hydroxylate substrate under mild conditions, which may be
aused by the lack of this hydrophobic microenvironment. It is
elieved that the nanospheres provide suitable microenvironment
or the “accommodation” of porphyrin catalytic centers [6–11] and
hus remarkably enhance the catalytic capability of Mn(III) por-
hyrins.

Moreover, it is notable that the catalysis of these magnetic
anospheres to hydroxylate cyclohexane with molecular oxygen

s also more effective than that of other polystyrene-supported
etalloporphyrins whose sizes are about 30–60 mesh under

dentical mild conditions [7,8,28]. The total turnover numbers of
PNSs(MnMP), MPNSs(MnPP) and MPNSs(MnCP) are 54–78 folds

arger than that of polystyrene-supported Mn(III) porphyrin which
e reported previously [8]. It seems that the enhanced activi-

ies of these nanospheres are related to the high specific surface
rea of them. The hydrophobic microenvironment on the surface
f nanospheres may also play a significant role in accelerating
ydroxylation by constructing a reaction field based on the spatial

nteraction with substrate molecules [36].
Interestingly, the turnover numbers of the three types

f nanospheres under identical conditions follow the order
f MPNSs(MnMP) > MPNSs(MnPP) > MPNSs(MnCP) (Table 2 and
ig. 8). We believe that the difference in catalytic activity among
hese magnetic nanospheres is caused by the difference of the
henyl substituents on the porphyrin core. We have reported the
ubstituent effect of non-supported metalloporphyrins on their
iomimetic catalysis with molecular oxygen [29]. Usually, existence
f electron-donating phenyl substituents in the meso position of
orphyrin, such as –OCH3, will increase the electron density of cen-
er metal ions. According to the theory about the catalytic cycle of

ytochrome P450 [6], the increase in electron density of the center
etal ion in metalloporphyrin is in favor of reduction of the metal

on, and coordination and activation of dioxygen as well as forma-
ion of active intermediate hypervalent metal–oxo species, and thus
eads to high catalytic activity of metalloporphyrin. Apparently, the

e
m
t
r
p

) 1.31(1.01) 4.45(3.44)

is 0.08 and 1.29 �mol, respectively.

ubstituent effect also exists in the catalytic process of magnetic
anospheres and the nanospheres with electron-donating p-OCH3
n porphyrin are more efficient catalysts than those with electron-
ithdrawing p-Cl groups. This result is well consistent with our
revious report [29].

It is notable that these catalysts can be completely recov-
red and effectively reused although they are nano-sized. As
hown in Table 2, these catalysts retain their high turnover num-
ers after being reused five times. There is no loss of magnetic
esponsiveness or morphological change after recycle. Meanwhile,
he UV–Vis and IR spectra of these recovered nanospheres did
ot show any substantial change compared with those of the

resh ones. The results above provide strong evidence for the
table catalytic capabilities and chemical properties of these cat-
lysts.

On the basis of these data, we propose that these magnetic
anospheres immobilizing Mn(III) porphyrin are excellent poten-
ial candidates for recoverable and reusable catalysts to model
450 enzymes, irrespective of their substituents. MPNSs(MnMP)
re the ideal ones in the system we studied since the p-OCH3 group
n the porphyrin enhances the catalytic activity of this type of
anospheres.

. Conclusions

We have prepared three types of novel magnetic polymer
anospheres immobilizing Mn(III) porphyrin appending differ-
nt phenyl substituents and have investigated their catalysis to
ydroxylate cyclohexane. These core/shell structured nanospheres
re of an average diameter of ca. 200 nm and have good mag-
etic responsiveness. The turnover numbers of these nanospheres
o hydroxylate cyclohexane are much larger than those of
on-supported Mn(III) porphyrin acrylates or other polystyrene-
upported Mn(III) porphyrins under identical conditions and fol-
ow the order of MPNSs(MnMP) > MPNSs(MnPP) > MPNSs(MnCP).
lectron-donating groups on the periphery of porphyrins can

nhance the catalytic activity of the nanospheres. Moreover, these
agnetic nanospheres can be effectively recovered and can retain

heir high catalytic activity after being recycled five times. These
esults may facilitate the design of new, highly efficient metallo-
orphyrin catalysts.
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