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ABSTRACT: Four porous metalloporphyrinic framework materials,
[(CH3)2NH2][Zn2(HCOO)2(MnIII−TCPP)]·5DMF·2H2O (1;
H6TCPP = tetrakis(4-carboxyphenyl)porphyrin), [(CH3)2NH2]-
[Cd2(HCOO)2(MnIII−TCPP)]·5DMF·3H2O (2), [Zn2(HCOO)-
(FeIII(H2O)−TCPP)]·3DMF·H2O (3), and [Cd3(H2O)6(μ2-O)(Fe

III−
HTCPP)2]·5DMF (4) were synthesized by heating a mixture of MIIICl−
H4TCPP (M = Mn and Fe) and M′ (M′ = Zn or Cd) nitrate in a mixed
solvent of DMF and acetic acid. Compounds 1−3 are built up from
M′2(COO)4 paddle-wheel subunits bridged by MIII−TCPP and formate
ligands to form their 3D connections. The formate pillar heterogeneously
connects with M and M′ cations in 1 and 2 and homogeneously joins M′
cations in 3. The μ2-O bridged FeIII−HTCPP dimer performs as a
decadentate ligand to link 10 cadmium cations for the formation of an
interesting 3D coordination network of 4. The four porphyrinic frameworks present interesting catalytic properties in the
selective epoxidation of olefins, oxidation of cyclohexane, and intermolecular aldol reaction of aldehydes and ketones.

■ INTRODUCTION

Metal−organic frameworks (MOFs) are a remarkable class of
porous materials with intriguing structural patterns and
fascinating properties.1 Compared with traditional inorganic
zeolites, the pore dimensions and properties of MOFs are
predictable and controllable with designed building synthons.2

The variable modular constituents lead to a variety of MOFs
with great potentials for a number of applications in the fields
of luminescence, gas storage, sensing, and magnetics.3−6 It is an
interesting topic to develop useful platforms for heterogeneous
catalysis by uniformly dispersing homogeneous catalysts on the
channel walls of porous MOFs.2 As an emerging class of porous
materials, the advantage of crystalline MOF catalysts over
conventional inorganic catalysts lies in the clearly demonstrated
framework−functionality relationship. Among the reported
heterogeneous catalysts, the porosity of MOFs and the
accessibility of active metal sites are demonstrated significantly
important for chemical transformations.7,8

Because of their unique biological and chemical characters,
metalloporphyrins represent a remarkable class of constituent
elements in a variety of synthetic materials with a range of
applications.9 The remarkable catalytic ability of metal-
loporphyrins makes them be an ideal class of building synthons
for crystal engineering of functional MOFs as a unique chemical
platform for biomimetic catalysis with heme analogues in
control over porous ambient.10,11

Attracted by the high biomimetic catalytic efficiency of
metalloporphyrins, we have synthesized a series of functional

porphyrinic MOFs.11 To further understand the structure−
property relationship, herein we report four 3D metal-
loporphyrinic MOFs [(CH3)2NH2][Zn2(HCOO)2(MnIII−
T C P P ) ] · 5 D M F · 2 H 2 O ( 1 ) , [ ( C H 3 ) 2 N H 2 ] -
[Cd2(HCOO)2(Mn I I I−TCPP)] ·5DMF ·3H2O (2) ,
[Zn2(HCOO)(FeIII(H2O)−TCPP)]·3DMF·H2O (3), and
[Cd3(H2O)6(μ2-O)(Fe

III−HTCPP)2]·5DMF (4) with interest-
ing catalytic properties for selective oxidation of hydrocarbons
and intermolecular aldol reaction of aldehydes and ketones.

■ EXPERIMENTAL SECTION
Materials and Methods. All of the chemicals were obtained from

Sinopharm Chemical Reagent Limited Company and were used
without further purification. Tetrakis(4-carboxyphenyl)porphyrin
(H6TCPP), MnIIICl−H4TCPP, and FeIIICl−H4TCPP were synthe-
sized according to the literature.12 IR spectra were recorded from KBr
pellets on a FTS-40 spectrophotometer. Thermogravimetric analyses
(TGA) were carried out under nitrogen on a NETZSCH STA 409
PC/PG instrument at a heating rate of 10 °C/min. GC-MS was
recorded on a SHIMADZU GCMS-QP2010. SEM images were
recorded on a Philips XL30ESEM equipment. Elemental analyses were
performed on a ThermoFinnigan Flash EA 1112 element analyzer. 1H
NMR spectra were recorded on a 500 MHz spectrometer in CDCl3
solution and the chemical shifts were reported relative to internal
standard TMS (0 ppm).
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S yn t h e s i s o f [ ( CH 3 ) 2NH 2 ] [ Zn 2 ( HCOO ) 2 (Mn I I I−
TCPP)]·5DMF·2H2O (1). A mixture of MnCl−H4TCPP (20 mg,
0.023 mmol) and Zn(NO3)2·6H2O (20 mg, 0.067 mmol) in a mixed
solvent of DMF (10 mL) and acetic acid (1 mL) was sealed in a screw
cap vial and heated at 80 °C for five days. Deep-brown crystals of 1
were filtered, washed with EtOH and ethyl ether, and dried in the air.
Yield: 15 mg (51%). Compound 1 is slightly soluble in water but very
stable in common organic solvents, such as DMF, THF, CH2Cl2,
EtOH, and acetone , and so for th . Ana l . Ca lcd for
C67H73N10O19Zn2Mn (%): C, 53.36; H, 4.88; N, 9.29. Found (%):
C, 53.34; H, 4.72; N, 9.16. IR (KBr pellet): ν/cm−1 = 3408 (m), 1701
(w), 1605 (s), 1547 (m), 1386 (s), 1348 (w), 1205 (w), 1177 (w),
1139 (w), 1100 (w), 1070 (w), 1011 (m), 870(w), 830 (w), 802 (w),
777 (w), 718 (w), 668 (w), 632 (w), 610 (w), 580 (w), 489 (w), 406
(w).
S yn t h e s i s o f [ ( CH 3 ) 2NH 2 ] [ C d 2 (HCOO ) 2 (Mn I I I−

TCPP)]·5DMF·3H2O (2). A mixture of MnCl−H4TCPP (20 mg,
0.023 mmol) and Cd(NO3)2·4H2O (20 mg, 0.065 mmol) in a mixed
solvent of DMF (10 mL) and acetic acid (1 mL) was sealed in a screw
cap vial and heated at 80 °C for five days. Deep-brown crystals of 2
were filtered, washed with EtOH and ethyl ether, and dried in the air.
Yield: 15 mg (40%). Compound 2 is slightly soluble in water but very
stable in common organic solvents, such as DMF, THF, CH2Cl2,
EtOH, and acetone , and so for th . Ana l . Ca lcd for
C67H75N10O20Cd2Mn (%): C, 49.67; H, 4.67; N, 8.65. Found (%):
C, 49.79; H, 4.63; N, 8.69. IR (KBr pellet): ν/cm−1 = 3425 (m), 1654
(m), 1601 (m), 1585 (m), 1536 (m), 1390 (s), 1341 (w), 1278 (w),
1204 (w), 1177 (w), 1140 (w), 1101 (w), 1011 (m), 870 (w), 852
(w), 830 (w), 804 (w), 777 (w), 718 (w), 669 (w), 637 (w), 613 (w),
570 (w), 491 (w).
Synthesis of [Zn2(HCOO)(Fe

III(H2O)−TCPP)]·3DMF·H2O (3). A
mixture of FeCl−H4TCPP (28 mg, 0.032 mmol) and Zn-
(NO3)2·6H2O (30 mg, 0.1 mmol) in a mixed solvent of DMF (6
mL) and acetic acid (0.5 mL) was sealed in a screw cap vial and heated
at 80 °C for five days. Deep brown crystals of 3 were filtered, washed
with EtOH and ethyl ether, and dried in the air. Yield: 28 mg (68%).
Compound 3 is slightly soluble in water but very stable in common
organic solvents, such as DMF, THF, CH2Cl2, EtOH, and acetone,
and so forth. Anal. Calcd for C58H50N7O15FeZn2 (%): C, 54.78; H,
3.96; N, 7.71. Found: C, 53.88; H, 4.12; N, 7.72. IR (KBr pellet): ν/
cm−1 = 3423 (m), 1605 (s), 1544 (m), 1385 (m), 1330 (w), 1203 (w),
1178 (w), 1138 (w), 1101 (w), 1068 (w), 1000 (m), 871 (w), 840
(w), 801 (w), 777 (w), 720 (w), 668 (w), 638 (w), 587 (w), 488 (w).
Synthesis of [Cd3(H2O)6(μ2-O)(Fe

III−HTCPP)2]·5DMF (4). Deep-
brown crystals of 4 were synthesized similar to the procedure of 3,
except Cd(NO3)2·4H2O (31 mg, 0.1 mmol) was used instead of
Zn(NO3)2·6H2O. Deep-brown crystals of 4 were filtered, washed with
EtOH and ethyl ether, and dried in the air. Yield: 26 mg (32%).
Compound 4 is slightly soluble in water but very stable in common
organic solvents, such as DMF, THF, CH2Cl2, EtOH and acetone, etc.
Anal. Calcd for C111H97N13O28Fe2Cd3 (%): C, 53.12; H, 3.90; N, 7.25.
Found: C, 51.86; H, 3.87; N, 7.22. IR (KBr pellet): ν/cm−1 = 3448
(m), 1655 (w), 1584 (m), 1537 (m), 1386 (s), 1203 (w), 1178 (w),
1102 (w), 1070 (w), 999 (m), 873 (w), 852 (w), 798 (w), 779 (w),
719 (w), 668 (w), 575 (w), 487 (w).
Single-Crystal X-ray Data Collections and Structure Deter-

minations. The determinations of the unit cells and data collections
for the crystals of 1, 2, 3, and 4 were performed on an Oxford Xcalibur
Gemini Ultra diffractometer with an Atlas detector. The data of
compounds 1, 2, and 4 were collected using graphite−monochromatic
Mo−Kα radiation (λ = 0.71073 Å) at 293 K, whereas the data of
compound 3 were collected using graphite−monochromatic enhanced
ultra Cu radiation (λ = 1.54178 Å) at 293 K. The data sets were
corrected by empirical absorption correction using spherical harmonics
implemented in SCALE3 ABSPACK scaling algorithm.13 The
structures were solved by direct methods and refined by full-matrix
least-squares methods with the SHELX-97 program package.14 The
solvent molecules in compounds 1−4 are highly disordered which
could not be located successfully from Fourier maps in the refinement
cycles. The scattering from the highly disordered lattice guest

molecules were removed using the SQUEEZE procedure implemented
in the PLATON package.15 The resulting new files were used to
further refine the structures. Because of the poor quality of the crystal
data for compound 4, only part atoms were refined anisotropically.
The compositions of the as-synthesized compounds 1−4 were figured
out based on the elemental analyses, TGA, and single-crystal
structures. The lattice molecules were added to account for the
formulas in the cif files. H atoms on C atoms were generated
geometrically. All nonsolvent atoms were located successfully from
Fourier maps.

Powder X-ray Diffraction Analysis. Powder X-ray diffraction
(PXRD) data were recorded on a RIGAKU D/MAX 2550/PC for
Cu−Kα radiation (λ = 1.5406 Å) at 293 K. A freshly prepared
crystalline sample was mounted on a piece of quartz glass with a round
discal concave for PXRD experiment. To make a comparison, several
very large crystals were selected by hand under a microscope. Every
selected crystal was subjected to single-crystal X-ray diffraction analysis
to determine the unit cell dimensions. The combined single crystals
were crushed by a medicine spoon for subsequent PXRD experiment.

Typical Procedure for Substrate Adsorption Experiments. A
sample of 1 was heated at 90 °C under vacuum for 12 h, which was
immersed in methanol solvent for 6 h at room temperature. The solid
was filtered and thoroughly washed with ethyl ether to remove the
surface adsorbed molecules. The solid was digested by dilute aqueous
hydrochloric acid and extracted with hexane solvent. The identity and
quantity of the adsorbed solvent molecules were determined by
analyzing aliquots of the bulk solution using GC-MS with an external
standard of chlorobenzene.

Typical Procedure for Epoxidation of Olefins. A mixture of catalyst
1 (0.01 mmol), styrene (0.1 mmol), and PhIO (0.15 mmol) in
CH2Cl2 (1.5 mL) was stirred at room temperature for 6 h. The
reaction mixture was filtrated. The recovered solid was washed with
CH2Cl2 for three times and dried, which was subsequently used in the
successive run and PXRD experiment. The identity of the product was
determined by analyzing aliquots of the bulk solution with GC-MS and
compared with the authentic samples analyzed under the same
conditions, whereas the conversion and selectivity were obtained by
GC analysis with a flame-ionization detector (FID) using a capillary
SE-54 column. Every catalytic reaction was conducted for three times,
and the yield is the average result of three runs.

Typical Procedure for Epoxidation of Styrene by Catalyst 1 with
Different Particle Sizes. The samples of solid 1 were respectively
ground in CH2Cl2 at room temperature for 1, 3, 6, and 9 h, whereas
the particle sizes of the resulted solid samples were monitored by SEM
images. The pretreated solid catalyst 1 (0.01 mmol) was added into a
mixture of styrene (0.1 mmol) and PhIO (0.15 mmol) in CH2Cl2 (1.5
mL). After the mixture was reacted at room temperature for 12 h
without stirring, the solid was filtered. The filtrate was subjected to
GC-MS analysis with an FID using a capillary SE-54 column. Every
catalytic reaction was conducted for three times, and the yield is the
average result of three runs.

Study of the Traces of Styrene Oxide Yields versus Reaction
Time Catalyzed by 1. Styrene (0.1 mmol), PhIO (0.15 mmol), and
catalyst 1 (0.01 mmol) in CH2Cl2 (1.5 mL) were reacted at room
temperature under or without stirring. The aliquots were regularly
taken out for GC analysis to determine the yield of styrene oxide.

Typical Procedure for Oxidation of cyclohexane. A mixture of
catalyst (0.01 mmol), cyclohexane (0.1 mmol), and PhIO (0.15 mmol)
in CH2Cl2 (1.5 mL) was sealed in a small Teflon lined screw cap vial
and stirred at room temperature for 6 h. The identity of the products
was determined by analyzing aliquots of the bulk solution with GC-
MS, and compared with the authentic samples analyzed under the
same conditions, whereas the conversion and selectivity were obtained
by GC analysis with an FID using a capillary SE-54 column. The
results are the average results of three runs.

Typical Procedure for Aldol Reaction. A mixture of catalyst (0.005
mmol) and aldehyde (0.05 mmol) in ketone (1 mL) was stirred at 55
°C for 72 h. The mixture was diluted with 2 mL ethyl acetate and
filtered. The recovered solid was washed with EtOH and ethyl ether
and dried, which was subsequently used in the successive run. The
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filtrate was evaporated under reduced pressure at room temperature.
The crude product was passed through a column of silica gel using
petroleum ether and ethyl acetate (V/V = 10:1) as eluent followed by
vacuum evaporation at room temperature. The identity of the product
was determined by 1H NMR spectroscopy, whereas the yield and
diastereomeric ratio (d.r.) were obtained by HPLC analysis using an
Ultimate XB-C18 column (5 μm, 4.6 × 250 mm2). The yield and
selectivity are the average results of three runs.

■ RESULTS AND DISCUSSION
The four metalloporphyrinic MOFs were synthesized by
heating a mixture of MIIICl−H4TCPP (M = Mn and Fe) and

M′ nitrate (M′ = Zn and Cd) in a mixed solvent of DMF and
acetic acid. The disordered solvent molecules were counted
according to elemental analysis, TGA, and single-crystal
structures.
Single-crystal X-ray diffraction analysis revealed that

compounds 1 and 2 are isomorphous, which crystallize in the
tetragonal I4/mmm space group.16 The 3D structure is made
up of a Mn(III)−TCPP metalloligand connected with four
binuclear M′2(COO)4 (M′ = Zn or Cd) paddle-wheel
secondary building units (SBUs) and a formate pillar (Figure
1).17 The formate pillar heterogeneously connects with
M′2(COO)4 SBU and porphyrin MnIII cation in a non-
interpenetrated AB stacking pattern of the 3D net.18 There are
two kinds of channels in the two porphyrinic frameworks with
dimensions of ∼7.74 × 11.79 Å2 along the a and b axes, and
∼11.79 × 11.79 Å2 along the c axis, respectively. Unfortunately,
the axial coordination sites of the manganese(III) cations are
blocked by the formate struts. Hence, the active MnIII sites are
inaccessible to substrate molecules through the opening
channels even though the vacant spaces are 61.4 and 64.0%
for 1 and 2, respectively.19 The porphyrin MnIII cations on the
exterior solid surfaces are the only reachable catalytic sites for
substrate molecules. TGA showed a weight loss of 26.1%
occurred between 30 and 325 °C for 1 corresponding to the
loss of DMF and H2O molecules (expected 26.6%), whereas
the loss of DMF and H2O molecules for 2 occurred between 30
and 322 °C (expected 25.9%, observed 25.8%).
When Mn(III) cation was replaced by Fe(III) cation in the

porphyrin ligand, the formate strut homogeneously links two
Zn2(COO)4 paddle-wheel SBUs to form a AA stacked 3D net
of 3 that crystallizes in the tetragonal P4/mmm space group

Figure 1. (a) Deprotonated Mn−TCPP ligand, (b) view of the
coordination mode of Mn−TCPP and the coordination environments
of M′ and Mn atoms, (c) lamellar network of Mn−TCPP linking up
M′2(COO)4 paddle-wheel SBUs in 1, (d) perspective view of the 3D
porphyrinic framework. Color codes: M′, cyan or light-blue square-
pyramids; Mn, orange; O, red; N, blue; C, gray.

Figure 2. (a) View of the coordination mode of FeIII−TCPP and the
coordination environments of zinc and iron atoms, (b) lamellar
network of Fe−TCPP linking up zinc paddle-wheel SBUs in 3 as
viewed down the c axis, (c) perspective view of the 3D framework of 3
down the b axis showing the 3D opening channels and the well-
dispersed FeIII centers in the channel walls. Color codes: Zn, cyan or
red square-pyramids; Fe, dark-yellow or green square-pyramids; O,
red; N, blue; C, gray.

Figure 3. (a) View of the μ2-O bridged Fe−HTCPP pair and the
coordination mode in 4 (color codes: Cd, green; Fe, cyan square-
pyramids; O, red; N, blue; C, gray), (b) lamellar network of Fe−
HTCPP linking up cadmium polyhedra as viewed down the c axis
(color codes: Cd, red, cyan or yellow polyhedra; Fe, green square-
pyramids), (c) view of the relationship between different lamellae
(represented as different colors) operated by the screw 41 axis along
the a axis, (d) 3D framework of 4 as viewed down the c axis (color
codes: Cd, blue, cyan or green polyhedra; Fe, red square-pyramids; O,
red; N, blue; C, gray).
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(Figure 2). Compound 3 contains two kinds of channels with
dimensions of 8.86 × 16.67 Å2 as viewed along the a and b axis,
and 11.81 × 11.81 Å2 as viewed along the c axis, respectively.
Each iron(III) cation coordinates to four pyrroles of a
porphyrin unit and one water molecule in a square-pyramidal
geometry. As normally observed in the crystal structures of the
heme cofactor in protein and iron-porphyrinic compounds,20

the iron atom is out of the porphyrin plane with the mean
deviation of 0.401 Å. PLATON calculations indicate that 3
contains 67.4% void space that is accessible to the solvent
molecules.19 TGA showed a weight loss of 18.6% occurred
between 25 and 329 °C corresponding to the loss of DMF and
H2O molecules (expected 18.7%).
When cadmium nitrate was used instead of zinc nitrate under

the identical reaction conditions to the synthesis of 3, deep-
brown crystals of compound 4 were formed after five days.
Single-crystal X-ray diffraction analysis revealed that compound
4 crystallizes in the tetragonal I41/acd space group (Figure 3).
Different to the coordination mode in 3, each FeIII−HTCPP
performs as a pentadentate ligand to bridge five cadmium
atoms with three carboxylate groups, whereas the remaining
carboxylate group is protonated (part a of Figure 3). Similar to
that of in 3, the iron atom, which square-pyramidally
coordinates to four pyrroles in the equatorial positions and
one oxygen atom in the axial site, is out of the porphyrin plane
with the mean deviation of 0.5424 Å. Two Fe−HTCPP ligands
are coupled by a μ2-oxo to form a dimer, which is common in
the iron-porphyrin based complexes.21 The porphyrin pair
connects with 10 Cd cations to form a lamellar network (part b
of Figure 3). The porphyrin pairs are operated by the screw 41
axis to form an ...ABCDABCD... stacking pattern (part c of
Figure 3). As a result, the lamellae are stacking into an
interesting 3D framework structure comprising of micropores
to accommodate guest molecules (part d of Figure 3).
Calculations showed that the effective void space for the
solvent molecules is 49.3% of the crystal volume. TGA chart
indicates that a weight loss of 18.7% occurred between 30 and
329 °C corresponding to the release of DMF and water
molecules (expected 18.9%).
We have tried to confirm the purity of the bulk crystalline

samples 1−4 by comparing the simulated and experimental
PXRD patterns. However, some diffraction peaks are not well
matched between the simulated and experimental patterns even
though we tried numerous times. To eliminate the impurity
interference, we selected several very large crystals by hand
under a microscope. The selected crystals were subjected to
single-crystal X-ray diffraction study with consistent unit cell
dimensions. The combined single crystals were used for PXRD
experiments. However, there is no obvious improvement for
the PXRD patterns ignoring the crystal size effect. Hence, we
tentatively ascribed these phenomena to the inherent nature of
these porphyrinic frameworks, such as the very strong
background X-ray fluorescence of iron complexes.22

The access of different substrate molecules into the pores of
the activated samples 1−4 was examined by sorption
experiments. After the as-synthesized samples were activated
at 90 °C under vacuum for 6 h, the solvent free samples were
immersed in various solvents for 6 h at room temperature to
study the guest inclusion property of 1−4. GC-MS analysis
indicates that the activated 1−4 can readily take up reasonable
amount of different solvent molecules such as methanol,
ethanol, acetonitrile, and benzene molecules as shown in Figure
4.

Figure 4. Illustration of the sorption ability of 1, 3, and 4 per formular
unit as probed by GC-MS.

Table 1. Selective Epoxidation of Olefinsa

aCatalyst (0.01 mmol), substrate (0.1 mmol), and PhIO (0.15 mmol)
in 5 mL CH2Cl2 were stirred at room temperature for 6 h. bOn the
basis of GC-MS analysis, an average value of three runs. cL = MnCl−
Me4TCPP.

dAdditional byproducts formed. e−gCatalyzed by 2, 3, and
4, respectively.

Scheme 1. Oxidation of Cyclohexane Catalyzed by Solid 1
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It has been well established that homogeneous and
heterogeneous metalloporphyrins are efficient catalysts for the
selective oxidation of various hydrocarbons.23 To test the
catalytic ability of the four porphyrinic frameworks, they were
used to oxidize styrene molecules with iodosobenzene (PhIO)
oxidant. It is remarkable that styrene was fully oxidized into its
epoxidized product by 1 and 2 in CH2Cl2 solvent at room
temperature for 6 h (entries 1 and 2 in Table 1). However,
compounds 3 and 4 are not efficient for the oxidation of
styrene (entries 3 and 4 in Table 1). The less efficiency of iron-
porphyrinic MOFs are similar to previous results.24 We also
observed that catalysts 3 and 4 are quickly deactivated by self-
oxidation that is evident from bleaching out the reaction

mixture. Under the same conditions, solid 1 can also oxidize a
number of olefins with different sizes and dimensions (entries

Figure 5. SEM images of 1 after magnetic stirring in CH2Cl2 at 200 rpm for 0 (a), 1 (b), 3 (c), 6 (d), and 9 (e) h, respectively; (f) Comparison of
the catalytic activity of solid 1 with different particle sizes.

Figure 6. Traces of the styrene oxide yields versus reaction time
catalyzed by freshly prepared (blue) and ground-up (red) samples of
1.

Table 2. Aldol Reaction of Aldehydes and Ketones Catalyzed
by Solids 1−4a

entry R1 R2 R3 catalyst yield (d.r.)b

1 4-NO2 Me Me 1 55.0(43:57)
2 4-NO2 Me Me 2 55.0(43:57)
3 4-NO2 Me Me 3 99(73:27)
4 4-NO2 Me Me 4 82(52:48)
5 4-NO2 Me Me FeCl−Me4TCPP 5.3(83:17)
6 4-NO2 Me Me MnCl−Me4TCPP 13.7(57:43)
7 4-NO2 Me Me Zn(NO3)2·6H2O 56.0(66:34)
8 4-NO2 Me Me Cd(NO3)2·4H2O 4.8(60:40)
9 4-NO2 Me Me MnCl2·4H2O 5.4(69:31)
10 4-NO2 Me Me FeCl3·6H2O N.D.c

11 3-NO2 Me Me 3 97(53:47)
12 2-NO2 Me Me 3 96(51:49)
13 2,4-NO2 Me Me 3 99(53:47)
14 4-NO2 −(C2H4)4− 3 96(61:39)
15 4-NO2 −(C2H4)3− 3 91(52:48)
16 4-NO2 Me Me 3 97(53:47)d

aAldehyde (0.05 mmol) and catalyst (0.005 mmol) were stirred in
ketone (1 mL) at 55 °C for 72 h. bYields % and d.r. values were
determined by HPLC using an Ultimate XB-C18 column (5 μm, 4.6 ×
250 mm2), average values of three runs. cNot determined. dThe sixth
cycle.
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3−12 in Table 1). More interestingly, solid 1 can oxidize the
most inert cyclohexane molecules at room temperature with
20.6% substrate conversion (Scheme 1).
To understand the heterogeneous nature of the catalyst

system, a mixture of solid 1 and PhIO in CH2Cl2 was stirred at
room temperature for 12 h. After the solid was removed by
filtration, styrene and additional PhIO were subsequently added
into the filtrate, which was stirred for another 12 h at room
temperature. GC analysis cannot detect a trace of product.
After the solid catalyst was removed by filtration, the
interrupted catalysis (after 45 min) cannot be preceded under
the same conditions, even though additional oxidant was added.
Above experiments thus demonstrate the heterogeneous
catalytic nature of 1. To make a comparison, MnCl−Me4TCPP
was employed as a homogeneous catalyst to oxidize these olefin
molecules. The catalytic efficiency is much inferior to that of
the heterogeneous catalysts in most cases (Table 1). These
results unambiguously supported the heterogeneous behavior
of these solid catalysts.
Catalyst 1 can be simply recovered by filtration, which was

subsequently used in the successive run. However, the
recovered solid lost its catalytic activity very quickly. The
identical PXRD patterns of the recovered and freshly prepared
samples of 1 suggest that the framework structure of the
catalyst remained after the catalytic cycle (Figure S8 of the
Supporting Information). Hence, the inactivation of the
recovered catalyst should be ascribed to the active metal sites
that are blocked by insoluble oxidant and/or insoluble product
during oxidation process.25

Although the manganese(III) sites are well-dispersed in the
porous frameworks, the axial coordination sites are ligated by
the formate pillars in the 3D nets of 1 and 2. Hence, the MnIII

sites in the channel walls are inaccessible to the substrate
molecules, even though their vacant spaces can accommodate
enough amount of solvent molecules.18 Hence, the catalysis
should occur on the exterior solid surfaces of 1 and 2. To
further understand the exterior solid surface prompted process,
we studied the relationship between particle size and catalytic
efficiency.25b The particle sizes of solid 1 were controlled by
grinding duration in CH2Cl2 at room temperature and
monitored by SEM images (Figure 5). To avoid exposing
new surface catalytic sites, the catalytic reaction was performed
without stirring under the otherwise identical conditions. GC
analysis of the supernatants showed that the product yield
increases upon decreasing the particle sizes. We also compared
the catalytic efficiency of the as-synthesized and pretreated
samples. The different reaction rates further demonstrate the
particle-size-effect of the catalysis platform (Figure 6).
Because compounds 3 and 4 are not stable under above

oxidation conditions, we have therefore tried the intermolecular
aldol reaction of aldehydes and ketones to evaluate their
catalytic property.26 The reaction of p-nitrobenzaldehyde and
2-butanone with solid catalyst 3 proceeds smoothly at 55 °C
under solvent free conditions. As shown in Table 2, the
catalytic activity of 3 is the best among the four solid catalysts
(entries 1−4). The yield of aldol product is excellent (99%)
with outstanding product regioselectivity of 100% for 3. The
catalytic efficiency of 3 is also much superior to the constituents
of these porphyrinic MOFs, such as FeCl−Me4TCPP, MnCl−
Me4TCPP, Zn(NO3)2·6H2O, Cd(NO3)2·4H2O, and
MnCl2·4H2O (entries 5−9 in Table 2). We also used
FeCl3·6H2O as catalyst under the reaction conditions (entry
10 in Table 2). However, the catalytic products are a very

complicated mixture that cannot be simply separated and
characterized. Above results suggest that high catalytic activity
of 3 should be attributed to the synergistic effect of the multiple
Lewis acid centers. Because the M′ cations within the pores are
inaccessible to substrate molecules, the catalysis occurs on the
exterior solid surfaces.
Compound 3 can also catalyze the aldol reaction between

various nitrobenzaldehydes and ketones with excellent substrate
conversions (entries 11−15 in Table 2). Catalyst 3 can be easily
recovered by filtration, which was subsequently used in the
successive runs. The recovered catalyst did not decrease the
catalytic activity in the following six runs (entry 16 in Table 2).
To test its heterogeneous nature, compound 3 was stirred in 2-
butanone at 55 °C for 72 h, and the mixture was filtered. p-
Nitrobenzaldehyde was added into the hot filtrate, which was
heated at 55 °C for another 72 h under stirring. HPLC analysis
cannot detect a trace of product, which proved that the present
catalyst platform is heterogeneous in nature.

■ CONCLUSIONS

In summary, we synthesized four metalloporphyrin function-
alized MOFs with interesting catalytic property. Compounds
1−3 are built up from M′2(COO)4 paddle-wheel SBUs bridged
by M−TCPP ligands and formate pillars. According to their
binding affinity, the formate pillar heterogeneously bridges Mn
and M′ (M′ = Zn and Cd) cations in 1 and 2, whereas the
formate pillar homogeneously bridges M′ cations in 3. Despite
the fact that compounds 1 and 2 are highly porous; however,
the substrate molecules cannot access the inner MnIII metal
sites because they are ligated by formate pillars. Hence, the
epoxidation of olefins occurs on the exterior solid surfaces with
excellent conversion and selectivity. Although the porphyrin
FeIII cations are readily available for substrate molecules, the
catalysts are not stable under the epoxidation conditions. We
therefore probed the catalytic property by the intermolecular
aldol reaction of aldehydes and ketones with excellent substrate
conversions for 3. This work complements the current
shortcoming on the issue of the catalysis in the inner pores
or on the exterior solid surfaces of MOF catalysts.
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