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ABSTRACT: meso-Tetra(N-methyl-4-pyridyl)porphine tetratosylate
(TMPyP) templates the synthesis of six new metal—organic materials
by the reaction of benzene-1,3,5-tricarboxylate with transition metals,
five of which exhibit HKUST-1 or tbo topology (M = Fe, Mn, Co, Nj,
Mg). The resulting materials, porph@MOMs, selectively encapsulate
the corresponding metalloporphyrins in octahemioctahedral cages and
can serve as size-selective heterogeneous catalysts for oxidation of
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Metal—organic materials (MOMs) are composed of metals or
metal clusters (“nodes”) coordinated to multifunctional organic
ligands (“linkers”),"* and they can offer unparalleled levels of
permanent porosity. Indeed, there are numerous MOMs with
Brunauer—Emmett—Teller (BET) surface areas in the 3000—
6000 m?/ g range.3 Furthermore, the modular nature of MOMs
and their use of known coordination chemistry afford
enormous diversity of structures* and properties.””’ The
versatility of MOMs is exemplified by the manner in which
porphyrins, which are widely used as catalysts and dyes,” can be
incorporated into MOMSs (Scheme 1): porphyrin-walled
MOMs (porphMOMs) are generated from custom-designed
porphyrins that possess coordinating moieties at their

Scheme 1. Ilustration of PorphMOMs and Porph@MOM:s
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MOM:s) are prepared from MOMs that contain polyhedral
cages with the requisite size and shape. Robson,'> Goldberg,"
and Suslick'* pioneered porphMOMs, and they continue to
attract attention for their utility in gas storage and/or
catalysis.'>”'” MOMs based upon multiple polyhedral
cages””! offer excellent platforms for the development of
heterogeneous catalytic systems, since in principle, cages with
the requisite symmetry and size to accommodate a catalytic
metalloporphyrin in a “ship-in-a-bottle” fashion can be
connected to pores that facilitate ingress of substrate and
egress of product. However, porphyrin encapsulation has been
reported in only three structurally characterized MOMs: a
discrete pillared coordination box (porph@MOM-1),** a
zeolitic metal—organic framework (MOF) that exhibits rho-
zeolite topology (porph@MOM-2),>> and the prototypal
polyhedral MOM, HKUST-1 (porph@MOM-3).>* HKUST-1
is formed via assembly of benzene-1,3,5-tricarboxylate (BTC)
anions and Cu?* (HKUST-1-Cu),*' Zn?** (HKUST-1-Zn),*
Fe?*/Fe** (HKUST-1-Fe),*® or Ni** (HKUST-1-Ni)*’ cations
and is well-suited to serve as a platform for catalysis since its
topology affords three distinct polyhedral cages. Indeed,
HKUST-1-Cu selectively encapsulates polyoxometalate anions
in its octahemioctahedral cages and exhibits size-selective
catalysis of ester hydrolysis.”® However, the tbo topology of
HKUST-1 requires “square paddlewheel” nodes that are not
readily accessible for metals other than Cu** and Zn*".
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In this contribution, we address the dearth of porph@
MOMs by exploring whether porphyrins can serve as templates
for their generation. Template-directed synthesis has been
widely explored in the context of zeolites® but remains
underexplored in the context of MOMs. Two recent examples
include a study by Bajpe et al.>® on the templating effect of
Keggin ions upon the formation of HKUST-1-Cu and a study
by Bannerjee and co-workers®" on template-induced structural
isomerism. The latter studies inspired us to investigate how
meso—tetra(N—methyl—4—pyridy1)gorphine tetratosylate
(TMPyP), a widely studied catalyst,** might serve as a template
for the formation of octahemioctahedral cages and thereby
generate new variants of HKUST-1. We present herein the
solvothermal synthesis, structural characterization, and catalytic
properties of six such porph@MOMs: [Fe,,(BTC)4(S),,]-
Cl¢-xFeTMPyPCly, (porph@MOM-4),
[Co,,(BTC)4(S)1,]-xCoTMPyPCl, (porph@MOM-5),
[Mn,,(BTC)4(S),]-*MnTMPyPCl; (porph@MOM-6),
[Niyo(BTC)35(8)24]-*NiTMPyP-(H;0) (4_s,) (porph@MOM-
7), [Mgio(BTC)s(S)s4]-xMgTMPyP-(H;0) 4-4,) (porph@
MOM-8), and
[ans(OH)4(BTC)12(5)15]'xZHTMP}’P'(H3O)(4—4x) (porph@
MOM-9), where « is the percent loading of porphyrin and S
represents the solvent. The crystal structures revealed that
metalloporphyrins are indeed selectively trapped within
octahemioctahedral cages.

B EXPERIMENTAL SECTION

General Information. All reagents were purchased from Fisher
Scientific or Frontier Scientific and used without further purification.
Solvents were purified according to standard methods and stored in
the presence of molecular sieves. Thermogravimetric analysis (TGA)
was performed under nitrogen on a TA Instrument TGA 2950 Hi-Res.
Powder X-ray diffraction (PXRD) data were recorded on a Bruker D8
Advance X-ray diffractometer operated at 20 kV and S mA using Cu
Ka radiation (4 = 1.5418 A) with a scan speed of 0.5 s/step (6°/min)
and a step size of 0.05°. Calculated PXRD patterns were generated
using Powder Cell for Windows version 2.4 (Kraus and G. Nolze,
BAM Berlin, 2000). UV spectra were measured on a PerkinElmer
Lambda 35 UV—Vis—NIR spectrometer. GC—MS data were obtained
on an HP 6890 series GC system equipped with a 5971A mass-
selective detector. Surface areas were measured on an ASAP 2020
surface area and pore size analyzer and a QUADRASORB Sl four-
station surface area and pore size analyzer.

Synthesis of Porph@MOM-4. FeCl,-4H,0 (238.8 mg, 1.20 mmol),
BTC (126.0 mg, 0.60 mmol), and TMPyP (8.4 mg, 0.0063 mmol)
were added to a 19.5 mL solution of N,N-dimethylformamide (DMF)
(16.5 mL) and H,0 (3.0 mL) in a 20 mL scintillation vial. The
reaction mixture was heated to 85 °C for 12 h. Dark-red cubic crystals
of porph@MOM-4 were harvested and washed with methanol (yield:
20% based on FeCl,-4H,0).

Synthesis of Porph@MOM-5. CoCl,-4H,0 (47.6 mg, 0.20 mmol),
BTC (21.0 mg, 0.10 mmol), and TMPyP (2.8 mg, 0.0021 mmol) were
added to a 3.5 mL solution of DMF (3.0 mL) and H,0 (0.5 mL) in a
7 mL scintillation vial. The reaction mixture was heated to 85 °C for
12 h. Dark-red cubic crystals of porph@MOM-$ were harvested and
washed with methanol (yield: 15% based on CoCl,-4H,0).

Synthesis of Porph@MOM-6. A similar procedure as for porph@
MOM-S was used, with CoCl,-4H,0 replaced by MnCl,-4H,0 (38.4
mg, 0.20 mmol). Dark-red cubic crystals of porph@MOM-6 were
harvested and washed with methanol (yield: 6% based on
MnCl,-4H,0).

Synthesis of Porph@MOM-7. Ni(OAc),4H,0 (83 mg, 0.03
mmol), BTC (10.5 mg, 0.05 mmol), and TMPyP (2.0 mg, 0.0015
mmol) were added to a 2.4 mL solution of DMF (2.0 mL) and H,O
(0.4 mL) in a 7 mL scintillation vial. The reaction mixture was heated
to 85 °C for 48 h. Red octahedral crystals of porph@MOM-7 were
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harvested and washed with methanol [yield: 66% based on
Ni(OAc),4H,0].

Synthesis of Porph@MOM-8. Mg(OAc),4H,0 (6.4 mg, 0.03
mmol), BTC (10.5 mg, 0.05 mmol), and TMPyP (2.0 mg, 0.0015
mmol) were added to a 2.4 mL solution of DMF (2.0 mL) and H,O
(0.4 mL). The mixture was sealed in a Pyrex tube under vacuum and
heated to 85 °C for 12 h. Black cubic crystals of porph@MOM-8 were
harvested and washed with methanol [yield: 31% based on
Mg(OAc),4H,0].

Synthesis of Porph@MOM-9. Zn(NO;),6H,0 (59.5 mg, 0.20
mmol), BTC (21.0 mg, 0.10 mmol), and TMPyP (2.8 mg, 0.0021
mmol) were added to a 3.5 mL solution of N,N-dimethylacetamide
(DMA) (3.0 mL) and H,O (0.5 mL) in a 7 mL scintillation vial. The
reaction mixture was heated to 85 °C for 24 h. Black block crystals of
porph@MOM-9 were harvested and washed with methanol [yield:
62% based on Zn(NO,),-6H,0].

Single-Crystal X-ray Diffraction. Data for crystals of porph@
MOM-S, -6, and -9 were collected at the Advanced Photon Source on
beamline 15ID-C of ChemMatCARS Sector 15 [A = 0.40663 A, T =
100(2) KJ. The data for the remaining porph@MOMs were collected
on a Bruker AXS SMART APEX/CCD diffractometer using Cu Ka
radiation [4 = 1.5418 A, T = 100(2) K]. Indexing was performed using
APEX2 (difference vectors method). Data integration and reduction
were performed using SAINT-Plus 6.01. Scaling and absorption
correction were performed by a multiscan method implemented in
SADABS.>® Space groups were determined using XPREP as
implemented in APEX2. The structures were solved using SHELXS-
97 (direct methods) and refined using SHELXL-97 (full-matrix least-
squares on F?) as contained in the APEX2 and WinGX v1.70.01
program packages.** For all structures, the metal atoms of the
porphyrin core were located via difference Fourier map inspection and
refined anisotropically. Site occupancy was determined through
refinement. In porph@MOM-7 and -9, the contribution of disordered
porphyrin organic parts and solvent molecules was treated as diffuse
using the SQUEEZE procedure implemented in PLATON,* whereas
for porph@MOM-4, -5, and -6, non-hydrogen atoms of the
porphyrins were refined isotropically using geometry restraints. For
the coordinated solvents, only O atoms were refined. The contribution
of disordered solvent molecules and cations was treated as diffuse
using the SQUEEZE procedure implemented in PLATON.

Procedure for Catalysis Reactions. Crystals of porph@MOM-4
(10.0 mg) were immersed in acetonitrile for 48 h, filtered, and placed
in a solution of olefin (1.0 mmol), aqueous tert-butyl hydroperoxide (t-
BuOOH) (195.0 uL, 1.5 mmol), 1,2-dichlorobenzene (internal
standard, 50.0 yL), and acetonitrile (5.0 mL). The reaction mixture
was heated at 60 °C for 10 h and monitored by GC—MS (HP-SMS
column, 5% phenyl methyl siloxane, 30 m X 0.25 mm X 0.25 pum;
injector temperature 250 °C). Method for styrene: hold for 1 min at
50 °C, then rise to 120 °C at 7 °C/min; detector temperature, 170 °C;
carrier gas, He (1.1 mL/min). Styrene, 4.7 min; benzaldehyde, 6.1
min; 1,2-dichlorobenzene, 7.5 min; styrene oxide, 8.2 min; benzoic
acid, 11.8 min. Method for trans-stilbene: hold for 1 min at 100 °C,
then rise from 100 to 180 °C at 2 °C/min, and finally hold at 180 °C
for 3 min; detector temperature, 170 °C; carrier gas, He (1.1 mL/
min). Benzaldehyde, 2.52 min; 1,2-dichlorobenzene, 6.5 min; benzoic
acid, 7.1 min; stilbene, 27.1 min; stilbene oxide, 27.6 min. Method for
triphenylethylene: hold for 1 min at 50 °C, rise to 160 °C at 10 °C/
min, then rise from 160 to 200 °C with 2 °C/min, and finally hold for
1 min at 200 °C; detector, 170 °C; carrier gas, He (1.1 mL/min).
Benzaldehyde, 5.7 min; 1,2-dichlorobenzene, 6.5 min; benzoic acid, 7.6
min; benzoic acid butyl ester, 9.6 min; diphenylmethanone, 15.6 min;
triphenylethylene, 33.7 min. After the catalytic reaction, the reaction
solution was filtered and the filtrant recycled. Reaction with an
equivalent molar amount of commercial FeTMPyP and a control
reaction without catalyst were conducted under the same conditions.

B RESULTS AND DISCUSSION

Structural Description of Porph@MOM-4, -5, and -6.
The reaction of M(II)Cl, (M = Fe, Co, Mn) with BTC and
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Figure 1. (right) Polyhedral cage framework of porph@MOM-4, -5, and -6 containing three distinct cages: large rhombihexahedral cages (pink),
medium-sized octahemioctahedral cages (turquoise), and small tetrahedral cages (green). (middle) TMPyP cation encapsulated in the

octahemioctahedral cage. (left) Structures of BTC and TMPyP.

TMPyP in DMF and H,O afforded dark-red cubic crystals of
porph@MOM-4, -S, and -6 that adopt space group Fm3m with
a = 26.597(2), 26.572(2), and 26.429(1) A, respectively. All
three compounds are isostructural with HKUST-1 and
therefore exhibit the twisted boracite (tbo) topology based
upon 3-connected BTC ligands and 4-connected [M,(COO),]
square paddlewheels. The tbo structure can be interpreted from
two viewpoints, the “polyhedral” approach and the “net”
approach. In the polyhedral approach, the entire framework can
be disassembled into three polyhedral cages with 1:1:2
stoichiometry (Figure 1): rhombihexahedral, octahemioctahe-
dral, and tetrahedral, respectively. The octahemioctahedral cage
is the only cage that is suited for encapsulation of
tetrasubstituted porphyrin molecules, since its O, symmetry
matches the porphyrin’s D, symmetry (as a subgroup) and the
spherical cavity (diameter ~13 A) is a good size fit for the
porphyrin ring of TMPyP (diameter ~10 A). Moreover, the
four N-methyl-4-pyridyl groups in TMPyP can extend through
four of the six square windows of the cage (~9 A X 9 A,
measured from the center of one paddlewheel to the adjacent
paddlewheel). The TMPyP molecules are disordered over three
positions [Figure S1 in the Supporting Information (SI)]. The
rhombihexahedral or nanoball***’ cage also possesses O
symmetry, and its internal diameter is ~15 A. However, the
internal volume is reduced by axially coordinated solvent
molecules. There are no such issues with the octahemioctahe-
dral cage because the coordinated solvent molecules are
oriented toward the exterior of the cavity (Figure S1). The
tetrahedral cage possesses T; symmetry, which cannot be
matched to the symmetry of the porphyrin, and its internal
cavity (~6 A diameter) is too small to accommodate
porphyrins. The HKUST-1 framework can also be interpreted
using the net approach. The BTC ligand contains 1,3-
benzendicarboxylate (1,3-BDC) moieties in which each
carboxylate group bends at ~4° with respect to the plane of
benzene ring. This enables the BDC moieties to form four
kinds of nanoscale secondary building units (nSBUs):>®
triangle, hexagon, 1,3-alternate-square, and cone-square (Figure
S2). These nSBUs can further self-assemble into discrete
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polyhedral or infinite networks: triangle nSBUs together with
cone-square nSBUs form nanoballs (i.e., the rhombihexahedron
cages); triangle nSBUs together with hexagon nSBUs form a
2D kagomé net; 1,3-alternate-square nSBUs and cone-square
nSBUs form an undulating square grid. All of these structures
are known to exist when 1,3-BDC links square-paddlewheel
moieties.”” Figure 2 shows how square paddlewheels can serve
as pillars to link the 2D square grid or kagomé nets into 3D
networks. Figure 2 also reveals how TMPyP molecules lie in
the interlayer region in a sandwich fashion. Moreover, as shown
in Figure 3, the FO electron density map clearly indicates how

Figure 2. The two pillared-layer linking modes in porph@MOM-4, -5
and -6: (left) pillared grid; (right) pillared kagomé. Paddlewheels serve
as pillars and are illustrated in pink polyhedral mode.

the porphyrin moieties are located within the octahemioctahe-
dral cages of porph@MOM-4, -5, and 6%

Structural Description of Porph@MOM-7 and -8. The
reaction of Ni(OAc), with BTC and TMPyP under conditions
similar to those used for porph@MOM-S afforded red
octahedral crystals of a new variant of HKUST-1. Porph@
MOM-7 exhibits a structure having the same space group and
tbo topology as HKUST-1-Ni. but its unit cell parameter a =
27.478(2) A (Figure S3) is larger than that of HKUST-1-Ni
[26.5941(7) A). The reason for the difference is that whereas
HKUST-1-Ni*’ was formed from square paddlewheels, the 4-
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Figure 3. (left) FO electron density map indicating the position of the
porphyrin moieties in porph@MOM-4, -5 and -6. (right) Model of
the location of porphyrin moieties. The map was plotted using MCE
version 2005 2.20 at 0.46 el/A3 level.*

connected molecular building blocks in porph@MOM-7 are
modeled to be a combination of dimetallic [M,(u,-H,0)-
(C0OO0),] and monometallic [M(COO),]*” 4-connected nodes
with 1:2 stoichiometry (Figure 4 and Figure S4). Data
refinement and electron density maps (Figure SS) confirmed
that the metalloporphyrin moieties are located within the
octahemioctahedral cages, as expected. Reaction of Mg(OAc),
with BTC and TMPyP in sealed Pyrex tubes afforded porph@

Figure 4. Simulated porphyrin cation in the octahemioctahedral cage
in porph@MOM-7.

MOM-8, a compound with a PXRD diffractogram closely
matching that of porph@MOM-7 (Figure S6).

Structural Description of Porph@MOM-9. The reaction
of Zn(NO;), with BTC and TMPyP in DMA and H,O
afforded black block crystals of porph@MOM-9 in the
orthorhombic space group Cmmm with a = 19.653(3) A, b =
44.127(6) A, ¢ = 14.543(2) A, and V = 12612(3) A’. Porph@
MOM-9 also contains octahemioctahedral cages, but they are
sustained by two zinc molecular building blocks (Figure S left):
[Zn,(COO),] paddlewheel moieties and trimetallic [Zn;(u;-
OH)(COO0)¢]" clusters.*’ Linking the resulting octahemiocta-
hedral cages with BTC ligands results in a novel 3,3,4,4,6-
connected net (Figure S7) with Schlifli symbol
{4-6*},{4-8°},{4>6"8%},{6>8*}{8°},. Because the trimetallic
[Zn;(1;-OH)(COO)4]” building blocks are anionic, the
resulting framework is anionic. Data refinement and electron
density maps (Figure 6) confirmed that cationic metal-
loporphyrin moieties are located within the octahemioctahedral
cages in a stoichiometry that balances the charge of the anionic
framework. Removal of solvent molecules would create an
accessible free volume of ~6986 A® (55% of the volume of the
unit cell).*
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Figure S. (left) The two molecular building blocks in porph@MOM-
9. (middle) Porphyrin cation located in an octahemioctahedral cage.
(right) Space-filling model of porph@MOM-9 projected along the ¢

axis.

Figure 6. (left) FO electron density map indicating the possible
position of the porphyrin cations in the unit cell of porph@MOM-9
using MCE version 2005 2.20 at 1.30 el/A3 level. (right) Structure of
the ZnTMPyP molecule.

UV-Vis Spectral Studies. Metalloporphyrins exhibit
characteristic UV—Vis Soret bands. To verify further the
presence of metalloporphyrins in porph@MOM-4—9, their
UV—Vis spectra were collected. Samples of each porph@
MOM were dissolved in water by adding one drop of dilute
HCI and diluted to adjust the absorbance to below 1. As shown
in Figure 7, porph@MOM-4—9 exhibit prominent bands at
~400, ~438, ~464, ~426, ~429, and ~441 nm respectively,
which are consistent with the reported Soret bands for the

corresponding metalloporphyrins.”>***
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Figure 7. UV—Vis spectra of TMPyP (black), porph@MOM-4
(orange), porph@MOM-$ (red), porph@MOM-6 (cyan), porph@
MOM-7 (green), porph@MOM-8 (blue), and porph@MOM-9
(pink) in aqueous solution.

Templating Effect and Variable Loading of TMPyP.
Template-directed synthesis is a promising strategy for
preparation of MOMs with structures that are otherwise hard
to obtain.*>** Porph@MOM-1, -2, and -3 can be generated in
the absence of porphyrins; to validate the templating effect of
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TMPyP in the syntheses of porph@MOM-4—9, we attempted
these syntheses via a series of parallel experiments in which
varying amounts of TMPyP were present. Porph@MOM-4—9
could not be prepared in the absence of porphyrin. Rather,
either the previously reported structures [My(HCOO)-
(BTC),(DMF)g4], (M = Mn, Co)***” (Figures S8 and S9) or
unknown crystalline phases (Figures S6 and S10—S12) were
obtained. Different proportions of TMPyP facilitated variable
loading of metalloporphyrins, as exemplified by porph@MOM-
4. Crystals of porph@MOM-4 were prepared using different
TMPyP/BTC ratios, and the porphyrin loadings were
calculated using UV—Vis spectroscopy versus a reference
aqueous solution of FeTMPyP. TMPyP loadings of 14—88%
were observed (Figure S13).

Catalysis Study. The “ship-in-a-bottle” encapsulation of
metalloporphyrins observed in porph@MOM-4—9 prompted
us to explore whether they would exhibit catalytic activity.
Porph@MOM-4 (50% loading as determined by UV—Vis
spectroscopy; Langmuir surface area = 263 m?/g; Figure 8) was
selected to evaluate olefin oxidation, a classic reaction of heme
enzymes.48 As illustrated in Figure 9 and Table S1, conversion
of styrene (42 A X 7.0 A cross section) reached ~85%
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Figure 8. Ar sorption isotherm of porph@MOM-4 at 87K.

[turnover frequency (TOF) = 269 h™'] after 10 h, compared
with only ~35% conversion using an equivalent amount of
Fe(II)TMPyP in solution. Styrene oxide and benzaldehyde
were identified as the major products (30 and $57%,
respectively). This is consistent with the selectivity reported
by Maurya.* In contrast, trans-stilbene (4.2 A X 11.4 A cross
section) was only ~40% converted under the same conditions
(TOF = 126 h™'), compared with conversion of ~34% for
FeTMPyP in solution. Stilbene oxide was the major product
(70% selectivity). The conversion of triphenylethylene (9.0 A X
11.4 A cross section) by porph@MOM-4 was <5% (TOF = 15
h™') under the same conditions, whereas FeTMPyP in solution
exhibited ~14% conversion with diphenylmethanone and
benzaldehyde being the major products. The reaction solutions
were filtered after the catalytic reaction, and the filtrate showed
no detectable metalloporphyrin species via UV—Vis. The
filtrant was recycled, and even after seven 10 h cycles, we
observed >55% conversion of styrene (Figure 10). These
observations are consistent with the oxidation reaction
occurring in the cages of porph@MOM-4, since the pores
(~9 A X 9 A) in porph@MOM-4 are the windows of the
octahemioctahedral cages.
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Figure 9. Catalytic effect of porph@MOM-4 vs FeTMPyP upon
substrates of different size (styrene, trans-stilbene, and triphenyl-
ethylene), revealing size selectivity consistent with the pore size of
porph@MOM-4.
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Figure 10. Catalytic activity toward styrene oxidation exhibited by
recycled porph@MOM-4 as measured by GC—MS.

H CONCLUSION

We have reported herein that porphyrins template the
formation of octahemioctahedral cages assembled from BTC
ligands and transition metals. Five new variants of HKUST-1
nets and a new polyhedral-based net (porph@MOM-9) that
encapsulate metalloporphyrins were thereby synthesized and
characterized. Should the templating effect of porphyrins be
general in nature, it would offer a new route to functional
MOMs, and we are systematically exploring this possibility in
our laboratories.

B ASSOCIATED CONTENT

© Supporting Information

Crystal data (CIF); IR, TGA, and PXRD data; structure figures;
and tables and figures showing catalysis results. This material is
available free of charge via the Internet at http://pubs.acs.org.
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