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Metal-organic frameworks (MOFs) have emerged as a particular
class of functional solid-state materials owing to their unique
attributes, crystalline open structures with periodic dual composition
amenable to bottom-up assembly of judiciously designed molecular
building blocks into a desired framework expanding and/or decorat-
ing a specific blueprint network topology.1 These features have
permitted the assembly of open functional MOFs with modular
compositions and tailorable pores and hence offer great potential
to address some key applications such as hydrogen storage, carbon
dioxide sequestration, enhanced catalysis, smart sensors, and drug
delivery.2

A major impetus to advance MOF applications is the develop-
ment of new pathways and strategies to construct made-to-order
MOFs as platforms suitable for a desired application. Toward this
effort, we developed a new approach for construction of MOFs
based on the assembly of rigid and directional single-metal-ion-
based molecular building blocks (MBBs).3 This approach has
spawned the construction of a new subclass of MOFs, namely
zeolite-like metal-organic frameworks (ZMOFs), based on the
assembly of rigid and directional InN4 tetrahedral building units
(TBUs). ZMOFs are topologically analogous to pure inorganic
zeolites and, similarly, are anionic and chemically stable in aqueous
media, atypical in common MOFs. Additionally, ZMOFs possess
extra-large cavities, which offer great potential for their exploration
in applications pertinent to larger molecules. Here we present the
use of a ZMOF as a platform to anchor and isolate catalytically
active metalloporphyrins, prohibiting their self-dimerization and
oxidative degradation, which allows enhancement of their catalytic
properties.

Metalloporphyrins have widespread applications in catalytic
oxidation, for example, hydroxylation and epoxidation of hydro-
carbons.4 Nevertheless many homogeneous metalloporphyrin-based
catalysts suffer from limited lifetime activity due to the formation
of bridged µ-oxide dimers (hindered access to catalytic sites) and
oxidative self-degradation.5 Therefore, immobilization of metal-
loporphyrins in solid matrices provides a promising approach to
overcome such drawbacks,6 where the macrocycle can be isolated
and its catalytic site protected. Modified mixed oxide surfaces7 and
porous inorganic solids (i.e., zeolites X and Y,8 mesoporous
silicates,9 silica surfaces10) have been investigated as solid-state
matrices to immobilize metalloporphyrins; however, these systems
also are faced with limitations, including aggregation of the catalyst
molecules, limited catalyst loadings resulting in potential non-
periodic distribution, and/or leaching of the catalyst.

A suitable host matrix must possess several attributes: (i) large
cavities, suitable for the encapsulation of one guest porphyrin
molecule per cavity, with relatively reduced openings that prevent
catalyst leaching while allowing diffusion of reactants and products;

(ii) mild synthesis conditions and the presence of framework-
porphyrin directing interactions, for example, electrostatics, permit-
ting the one-step framework construction and encapsulation of the
free-base porphyrin; (iii) maintained framework integrity upon
postsynthesis metalation of the encapsulated porphyrin (e.g.,
framework stability in aqueous media) and under the investigated
catalytic oxidation conditions; (iv) low affinity for the oxidation
products, thus allowing for their diffusion into the bulk solution
and ease of separation (e.g., filtration) from the heterogeneous
catalyst. In fact, our recently synthesized (indium-imidazoledi-
carboxylate)-based rho-ZMOF (topologically analogous to zeolite
RHO) offers great potential to answer such criteria and serves to
simultaneously merge the realms of MOFs and zeolites with the
catalytic properties of porphyrins to forge a unique tunable catalyst
platform. The large voids inside its periodic R-cages and their
anionic nature suggest the ability for encapsulation of cationic
porphyrins. Indeed, reactions of In(NO3)3 · xH2O and 4,5-imid-
azoledicarboxylic acid (H3ImDC) in an N,N′-dimethylformamide
(DMF)/acetonitrile (CH3CN) mixture in the presence of 5,10,15,20-
tetrakis(1-methyl-4-pyridinio)porphyrin tetra(p-toluenesulfonate)
([H2TMPyP] [p-tosyl]4) have yielded dark red cubic-like crystals,
suggesting the presence of the porphyrin, Figure 1.11 The crystals,
insoluble in water and common organic solvents, were washed with
DMF and methanol several times, until no residual porphyrin was
detected in the solution, as evident from the UV-vis spectrum.
The powder X-ray diffraction (PXRD) pattern of the as-synthesized
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Figure 1. (a) Eight-coordinate MBB that could be represented as a TBU,
(b) [H2TMPyP]4+ porphyrin, (c) crystal structure of rho-ZMOF (left),
hydrogen atoms omitted for clarity, and schematic presentation of
[H2TMPyP]4+ porphyrin ring enclosed in rho-ZMOF R-cage (right,
drawn to scale).
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compound matches that of our previously published colorless rho-
ZMOF3 (Supporting Information), confirming the construction of
the intended crystalline framework; the structure is further supported
by single-crystal studies, which confirm identical crystallographic
parameters to rho-ZMOF (cubic, Im3jm, a ) 31.0622(7) Å). The
framework structure is based on 8-coordinate In3+ ions N-,
O-heterochelated by four separate HImDC ligands (InN4(CO2)4

MBB) to give InN4 TBUs. The assembly of the 4-connected TBUs
results in the generation of truncated cuboctahedra (the R-cage is
enclosed by 48 InN4 TBUs), which link together through double
eight-member rings (D8R) to form the rho-ZMOF. The framework
unit cell (volume eight times larger than conventional inorganic
zeolite RHO) is formulated as ([In48(HImDC)96]48-), where the
negatively charged framework is balanced by cationic guest mole-
cules.

The presence of [H2TMPyP]4+ was confirmed by solid-state
UV-vis studies of the fully washed crystalline solid, H2RTMPyP
(H2TMPyP encapsulated in rho-ZMOF, R) (1), where the spectrum
shows the characteristic five absorption bands associated with the
free-base porphyrin (λmax ) 434, 522, 556, 593, 648 nm), Figure
2. Accordingly, the porphyrin was not metallated by In3+ present
in the assembly conditions. It should be noted that the inclusion of
the porphyrin inside the cages of rho-ZMOF could not be verified
by single-crystal XRD due to the lower symmetry of the
porphyrin molecules, C1, compared to the cubic Im3jm symmetry
of the framework, that is, not enough constraints can be exerted
on the multiple possible orientations of the porphyrin molecule
inside the cages, believed to be necessary to induce long-range
order inside rho-ZMOF.

Incubation of 1 in an aqueous solution of Na+ ions showed no
release of the porphyrin, as indicated by UV-vis studies of the
solution. In contrast, smaller cationic molecules, such as acridines,
can be reversibly immobilized (through electrostatic interactions)
inside rho-ZMOF cavities through ionic exchange due to their
smaller dimensions, ca. less than 1 nm.3 Dissolving 1 under strongly
acidic conditions allows release of the porphyrin into solution, which
permits the estimation of the loaded amount of [H2TMPyP]4+ to
be 2.5 wt %, controllable via variable concentration of free-base
porphyrin during synthesis of 1.12 These findings prove the
encapsulation of the free-base porphyrin, and support the absence
of porphyrin leaching, mainly due to the relatively smaller size of
the window openings to the R-cages, that is, D8Rs. In addition,

similar in situ encapsulation conditions to the aforementioned
cationic porphyrin did not permit the encapsulation of neutral nor
anionic porphyrins nor phthalocyanines inside rho-ZMOF, sup-
porting the importance of electrostatic interactions between the
cationic porphyrin and the anionic framework during the simulta-
neous self-assembly and encapsulation processes.

Potential metalation of the free-base porphyrin H2RTMPyP, 1,
will allow for its utilization and exploration as a platform for
metalloporphyrin-based catalysis. Indeed, we have successfully
metallated the encapsulated free-base porphyrin, postsynthesis, by
exposing 1 to various solutions of transition metal ions. Metalation
of 1 by various transition metal cations was accomplished via
incubation of 1 in a 0.1 M methanol solution of the corresponding
metal nitrate at room temperature for up to 24 h. The crystals were
subsequently washed with H2O and methanol several times and
air-dried at 40 °C. The expected metalation was confirmed by
UV-vis studies as indicated by the red-shifted Soret-bands and
collapse of the Q-bands multiplets upon metalation, Figure 2.
Crystals of 1 yield M-RTMPyP, after metalation, where M ) Mn,
Cu, Zn, or Co ions (1a, 1b, 1c, 1d, respectively).

To assess catalytic activity, hydrocarbon oxidation was performed
in the presence of Mn-RTMPyP, 1a. Specifically, the crystalline
solid 1a was explored as a catalyst for cyclohexane oxidation. Under
neat conditions, the oxidation was performed at 65 °C in the
presence of tert-butyl hydroperoxide (TBHP) as the oxidant, chlo-
robenzene as an internal standard, and 1a as the catalyst;13 the
reaction progress was monitored by analyzing aliquots of the bulk
solution using GC-FID. After 24 h, based on the amount of oxidant
present in the initial reaction mixture, a total yield (from cyclo-
hexane to cyclohexanol/cyclohexanone) of 91.5% and a corre-
sponding turn over number (TON) of 23.5 (catalyst loading of 3.8%)
were observed (Figure 3) a noticeably higher yield compared to
other systems of supported metalloporphyrins (zeolites or meso-
porous silicates) (Supporting Information, Table S1). The reaction
products were formed in almost stoichiometric amounts. The yield
% was calculated assuming a 2:1 TBHP to cyclohexane molar ratio,
necessary to produce cyclohexanone through oxidation of the
intermediate cyclohexanol.

The weakly polar hydrocarbon products should have low affinity
for the highly polar rho-ZMOF framework and thus readily diffuse
into the solution. Cyclohexanol and cyclohexanone were the only
observed products, identified through their retention times compared

Figure 2. Diffuse-reflectance, solid-state UV-vis spectra of 1 and its
various metalation products (1a-d).

Figure 3. Cyclohexane catalytic oxidation using 1a as a catalyst at 65 °C.
Yield % based on TBHP, 1 equiv consumed per alcohol produced and 2
equiv consumed per ketone produced.
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to authentic samples, suggesting that the investigated oxidation
reaction is selective toward the formation of this alcohol and ketone
under the conditions employed (i.e., no further oxidation products
were detected).

The solid matrix 1a readily can be separated from the product
solution by simple filtration, a feature unique to heterogeneous solid-
immobilized catalysts that allows for studies of recyclability of the
catalyst/platform. Indeed, 1a is recyclable under the reaction
conditions up to at least the 11th cycle (the reported results in this
study), as 1a retains its crystallinity, reactivity, and selectivity
throughout this number of cycles. Each cycle was run for 24 h,
and then 1a was isolated, washed with methanol, and dried at 40
°C. No leaching of the encapsulated metalloporphyrin was observed
as evident from the UV-vis spectrum of the product solution. In
fact, catalytic activity was observed only when crystals of 1a were
present in the reaction mixture. No catalytic activity was observed
for the control reactions: (1) in the absence of porphyrin and rho-
ZMOF, (2) in the presence of only the rho-ZMOF (no porphyrin),
(3) in the presence of Mn2+-exchanged rho-ZMOF (no porphyrin),
and (4) in the presence of 1 (free-base porphyrin in rho-ZMOF).
These results confirm that the observed catalytic behavior is unique
to 1a, rho-ZMOF impregnated with Mn-metallated porphyrin.

Here we have demonstrated the utilization of our (In-HImDC)-based
rho-ZMOF as a host for large catalytically active molecules, specifically
metalloporphyrins, and its effect on the enhancement of catalytic
activity. To produce a versatile platform (i.e., can be tailored to meet
specific applications), we encapsulated the free-base porphyrin, which
was readily metallated, postsynthesis, by various transition metal ions
to produce a wide range of encapsulated metalloporphyrins. Work is
in progress to explore further potential of these encapsulated metal-
loporphyrins, including other catalytic transformations like cyclopro-
panation and epoxidation of alkenes. In addition, potential modifications
to the encapsulated porphyrin to induce stereoselectivity and to enhance
regioselectivity and/or reactivity are being investigated. Work is
underway to expand this approach to other cationic molecules, which
can permit access to novel functional materials suitable for catalysis,
sensing, etc.
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