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Metal-organic frameworks (MOFs) have attracted significant
attention because of their unique properties as permanently micro-
porous materials.1 The ability to utilize a virtually unlimited range of
organic struts, together with recent advances in purification2a and post-
synthesis manipulation,2b have facilitated the rational design of
materials for many applications, such as gas storage,3 chemical
separations,4 and catalysis,5 to name only a few. Analogues of
homogeneous catalysts can be incorporated into MOF synthesis,
allowing researchers to integrate the selectivity of well-defined, single-
site catalysts into the MOF micropores to perform shape-, size-,
chemo-, or enantio-selective reactions. Moreover, the ability to separate
and reuse a heterogeneous catalyst would be highly attractive in large-
scale reactions, where separation and waste disposal can be costly.

Metalloporphyrins should be ideal catalytic struts in MOFs, given
their rigidity and well-studied catalytic behavior.6 It has proven
surprisingly difficult, however, to create completely suitable por-
phyrinic frameworks, i.e., ones that simultaneously (a) exhibit
permanent microporosity, (b) proffer sizable cavities (by precluding
framework catenation), and (c) offer ready access to catalytic sites
(e.g., by precluding 2D stacking or 3D self-coordination).7 Fur-
thermore, of the several extant frameworks containing metallopor-
phyrin struts, only one has been shown to exhibit catalytic activity.8

Unfortunately, because of the constrained microporous channels
in this structure, catalysis occurred only on the exterior of the
framework. Herein, we report a mixed-ligand strategy for incor-
porating metalloporphyrins into frameworks featuring large pores
that are suitable for catalysis. By using the tetratopic, “octa”-oxygen
ligand 1,2,4,5-tetrakis(4-carboxyphenyl)benzene9 (1) in place of the
more conventional dicarboxylic acids, we took advantage of the
increased chelating ability of 1 to provide greater stability, and thus
permanent microporosity, to the resulting MOF.

Combining Zn(NO3)2 · 6H2O, 1, and (5,15-dipyridyl-10,20-
bis(pentafluorophenyl))porphyrin (2) under solvothermal conditions
(Figure 1) afforded purple block crystals of ZnPO-MOF, a zinc-
based, pillared paddlewheel MOF with the formula [Zn2(1)(Zn-2)].
As expected, the free-base porphyrin 2 was metalated during the
course of the solvothermal synthesis. The crystal structure of ZnPO-
MOF reveals large channels in three directions (Figure 2) that are
occupied by a substantial amount of disordered solvent. Notably,
ZnPO-MOF comprises a single independent framework, suggesting
a high degree of porosity. This is in stark contrast with other pillared
paddlewheel MOFs, where doubly or triply catenated structures are
observed.10

ZnPO-MOF is remarkably robust: the powder X-ray diffraction
patterns of an as-synthesized sample and a sample that had been
subjected to a cycle of evacuation and resolvation were nearly
identical [Figure S3 in the Supporting Information (SI)]. In addition,
thermogravimetric analysis (Figure S2 in the SI) demonstrated that
no pore collapse occurs during the evacuation-resolvation proce-
dure: the evacuated sample took up the same amount of solvent
(∼45 wt %) as the as-synthesized material. A reversible CO2

adsorption isotherm (Figure S4 in the SI) corroborated the
permanent microporosity of ZnPO-MOF and indicated a gas-
accessible surface area of ∼500 m2/g.11

While the preceding experiments are instructive, more helpful
for understanding condensed-phase catalysis would be an assess-
ment of the ability of dissolved reactants to reach potential catalytic
sites. With this in mind, we exposed a sample of ZnPO-MOF to
a solution of 3-pyridylcarbinol (3-PC), a substrate in acyl-transfer
reactions catalyzed by Zn-based supramolecules.12 The exposed
material was then rinsed thoroughly with CHCl3 and dissolved in
D2SO4/D2O. The 1H NMR spectra of the resulting solution revealed
a 1:1 ratio of 3-PC to strut, indicating that all of the (porphyrin)Zn
sites were accessible to the substrate.

To illustrate the catalytic capabilities of ZnPO-MOF, we
employed the acyl-transfer reaction between N-acetylimidazole
(NAI) and 3-PC (eq 1):12

Figure 1. Synthesis of ZnPO-MOF. The stick representation of the unit
cell is shown on the right-hand side (yellow polyhedra ) Zn, red ) O,
green ) F, blue ) N, gray ) C). Solvent molecules, hydrogens, and
disordered atoms have been omitted for clarity.

Figure 2. Space-filling models of the crystal structure of ZnPO-MOF
(solvent omitted) showing channels down the a and b crystallographic axes
(yellow ) Zn, red ) O, green ) F, blue ) N, gray ) C, black ) H): (a)
15 Å × 9 Å channels along the a axis; (b) 11 Å × 9 Å channels along the
b axis. The channels along the c axis (not shown) are 8 Å × 9 Å.
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We observed a 2420-fold rate enhancement relative to the uncata-
lyzed reaction (see the SI). A control experiment with a simpler
MOF, Zn2(p-terephthalate)2(4,4′-bipyridine), showed little cataly-
sis.13

Given the structure of ZnPO-MOF, one can envision at least
three mechanisms by which reaction 1 might be accelerated. The
first is simple Lewis acid (LA) activation: coordination of NAI to
the unsaturated (porphyrin)Zn sites can stabilize a proximal negative
charge (acyl oxygen) in the transition state (see the intermediate in
eq 1). Second, coordination of the reactants to the (porphyrin)Zn
sites can concentrate them within the MOF cavities and increase
the rate of the reaction without changing the activation energy.
Third, by binding complementary pairs of substrates within the
nanoscale cavities, which have a Zn-Zn separation distance of 11.6
Å (see Figure S1 in the SI), ZnPO-MOF might serve to orient
and align the reactants in a fashion that is highly favorable for acyl
transfer. (For closely related reactions catalyzed by discrete
supramolecular assemblies in homogeneous solution, alignment
optimization is known to be important.12)

Depending on the relative distributions of the two substrates
within the cavities (e.g., 1:99, 50:50, 99:1, etc.), we expect
preconcentration to enhance the reaction rate by roughly 2 to 3.5
orders of magnitude. To gauge the importance of preferential
substrate alignment, we extended the study to 2-PC and 4-PC
(Figures S5 and S7 in the SI). The latter presents a different acyl
orientation than 3-PC when bound to the Zn site, while the former
is sterically incapable of binding. Figure 3 shows that there is
surprisingly little sensitivity of the reaction rate to the substrate
isomer structure, indicating that the third mechanism is of relatively
little importance in the MOF-catalyzed acyl-transfer reaction, in
sharp contrast to that observed for supramolecular catalysis.12

To gauge the significance of LA activation, we tested (tetra-
phenylporphyrin)Zn (solution-phase monomer) as a catalyst. As
detailed in the SI (see Figure S6), we observed only ∼22-fold rate
enhancement, suggesting that while LA activation is an important
effect, it is less important than preconcentration. The product of
the two effects (preconcentration and LA activation) experimentally
yields an enhancement of only 2420 rather than 5900 (see the SI),
suggesting that an inhibitory effect may also exist. Additional
studies (see the SI) revealed that the imidazole product (a slightly
stronger Lewis base than the NAI reactant) indeed behaves as a
modest inhibitor, presumably by competing for catalytic Zn sites.

To summarize, we have demonstrated that by appropriate design
of organic building blocks (dipyridyl pillars, robust tetratopic carbox-
ylates), metalloporphyrins can be successfully incorporated into a MOF
possessing the features needed for effective catalysis, i.e., large pores,
permanent microporosity, and fully reactant-accessible active sites.
Proof-of-concept catalysis of an acyl-transfer reaction revealed ∼2400-
fold rate enhancement, dominated by contributions from LA activation
and reactant preconcentration. We hope to report shortly on variants
of ZnPO-MOF featuring other metals as active sites and functioning
catalytically by other mechanisms.
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Brown, C. M.; Neumann, D. A.; Long, J. R. J. Am. Chem. Soc. 2006, 128,
16876–16883. (d) Latroche, M.; Surble, S.; Serre, C.; Mellot-Draznieks,
C.; Llewellyn, P. L.; Lee, H.; Chang, J.; Jhung, S. H.; Ferey, G. Angew.
Chem., Int. Ed. 2006, 45, 8227–8231. (e) Mulfort, K. L.; Hupp, J. T. J. Am.
Chem. Soc. 2007, 129, 9604–9605. (f) Farha, O. K.; Spokoyny, A. M.;
Mulfort, K. L.; Hawthorne, M. F.; Mirkin, C. A.; Hupp, J. T. J. Am. Chem.
Soc. 2007, 129, 12680–12681.

(4) (a) Lee, E. Y.; Jang, S. Y.; Suh, M. P. J. Am. Chem. Soc. 2005, 127, 6374–
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Figure 3. Plot of product concentrations vs time, showing the initial production
of the various isomers of acetoxymethylpyridine (AMP) from N-acetylimidazole
and pyridylcarbinols. The inset shows data at longer times.
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