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Abstract: One striking feature of enzyme is its controllable ability to trap substrates via synergistic or cooperative
binding in the enzymatic pocket, which renders the shape-selectivity of product by the confined spatial environment. The
success of shape-selective catalysis relies on the ability of enzyme to tune the thermodynamics and kinetics for chemical
reactions. In emulation of enzyme’s ability, we showcase herein a targeting strategy with the substrate being anchored on
the internal pore wall of metal-organic frameworks (MOFs), taking full advantage of the sterically kinetic control to
achieve shape-selectivity for the reactions. For this purpose, a series of binding site-accessible metal metalloporphyrin-
frameworks (MMPFs) have been investigated to shed light on the nature of enzyme-mimic catalysis. They exhibit a
different density of binding sites that are well arranged into the nanospace with corresponding distances of opposite
binding sites. Such a structural specificity results in a facile switch in selectivity from an exclusive formation of the
thermodynamically stable product to the kinetic product. Thus, the proposed targeting strategy, based on the
combination of porous materials and binding events, paves a new way to develop highly efficient heterogeneous catalysts
for shifting selectivity.

Introduction

The importance of shape-selectivity in zeolite catalysis has
been well-recognized in the petroleum and chemical
industries.[1] Strong correlations have been observed be-
tween the catalytic shape-selectivity and the nanoporous
environment. For example, upon encapsulation by zeolite
crystals, the selectivity of the metal catalyst can be improved
since small pores hinder the access of large-sized bulky
substrate to the metal surface, which is known as size-

selectivity; meanwhile, the small pores can inhibit the
formation and diffusion of product with suitable dimension
and shape to achieve shape-selectivity.[2] Generally, for
porous materials, shape-selectivity occurs when, among the
isomeric reaction intermediates formed within a crowded
space, only those with the proper orientations can appear as
major products.
Enzymes have exquisite selectivity, capable of choosing

a single substrate from compounds with a similar structure.[3]

The tertiary protein structures of enzymes suggest that the
molecular-sized substrate binding sites offer them a strong
ability to control the transition between thermodynamics
and kinetics. Their shape-selectivity arises from the differ-
ence between the absolute activation barriers of the
thermodynamic or kinetic pathway; that is, the variation in
absolute barrier heights determines the selectivity. Similarly,
zeolites with a rigid framework have internal voids of
molecular dimensions. Albeit zeolite mimics of enzyme
functions have been well developed,[4] it remains challenging
to design a porous material to strike a balance between
thermodynamic and kinetic control.
Over the past decade, considerable efforts have been

devoted to developing metal-organic framework (MOF)
structures that mimic the enzyme pockets.[5] Various types of
interactions inside pockets have been investigated to high-
light the nature of analogous enzymatic catalysis as well as
to develop highly efficient and specific synthetic catalysts.[6]

For instance, some non-covalent interactions, such as van
der Waals forces,[7] hydrogen bonding interactions,[8] π···π
interactions[9] and halogen bonding interactions,[10] can
modulate the activity inside the micropores for catalytic
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transformations. Recently, coordination-based control has
led to the rapid growth of applications in MOF catalysis.[11]

This is mainly because the unsaturated metal site can
moderately coordinate with a substrate to stabilize the
negative charge in the transition state, enhance the mass
diffusion, and reassemble the starting material close enough
for the catalysis reaction.[12] In this work, we demonstrated
an efficient strategy to enhance shape-selectivity by coupling
coordination-driven binding and steric hindrance controlled
by pore size.
There are significant differences among the surface

catalysis, catalysis in the pockets without binding sites and
catalysis in the binding pockets, when the geometries of
thermodynamic product and kinetic product differ from
each other (kinetic product C1 and thermodynamic product
C2 in Figure 1a–d). When the surface catalysis (route 1), or
catalysis in the pockets without binding sites (route 2) or
catalysis in the binding pockets without steric control
(route 3) occurs, it is difficult to precisely control the shape-
selectivity, especially for the targeted synthesis of kinetic
product (C1). The thermodynamically more stable product
C2 dominates in the final products associated with the lowest
energy barrier. Inspired by the investigations on the steric-

control selectivity assisted by the favorable geometry,[13] we
hypothesize that, if the substrate can be “anchored” on the
internal wall instead of loosely residing in the pocket, the
pore size will only facilitate the formation of products with a
particular shape (Figure 1d); in such way, the thermodynam-
ic control and kinetic control can be reversed via changing
the energy barrier (Figure 1e). Such kind of kinetic control
for high shape-selectivity in heterogeneous systems can be
targeted via creating binding pockets with coordination
“anchoring” sites within highly porous MOFs, as proposed
herein.
In this contribution, a family of metal-metalloporphyrin

frameworks (MMPF-2,[14] MMPF-3,[10,15] MMPF-5[16] and
MMPF-11) featuring catalytic binding pockets are employed
for proof-of-concept studies to illustrate the kinetic control
for shape-selectivity. The results showed that MMPF-11
with appropriate binding pocket size exhibited a high shape-
selectivity and made the Hantzsch reaction produce the
corresponding 1,4-dihydropyridines (1,4-DHPs) as the main
product under mild conditions, which, to the best of our
knowledge, represents the first mutually combining the
thermodynamic control from binding and kinetic control
from the confined pocket to promote shape-selectivity in a
heterogeneous manner.

Results and Discussion

One way to create a binding pocket with controlled size in
MOF can turn to the insertion of judiciously selected pillar
ligands[17] and the coordination “anchoring” sites can be
built on the pore walls by the employment of metal-
loporphyrins as backbones, of which the metal ions within
the porphyrin macrocyles can recognize certain substrates
like some metalloenzymes. Bearing these in mind, we
selected the functionalized triangle pillar (L1=2,4,6-tri(4-
pyridinyl)-1,3,5-triazine) instead of the traditional linear
pillar for insertion into MMPF to control the binding pocket
size. Solvothermal reaction of meso-tetrakis(4-
carboxyphenyl)porphyrin (TCPP), L1 and Co(NO3)2 in N,N-
dimethylformamide (DMF) at 100 °C for 72 h in sealed vials
afforded rod-shaped purple crystals of MMPF-11 with the
empirical formula of [Co4O4(DMF)2](Co-TCPP)3(L1)2·-
(H2O)n, as determined by X-ray crystallography,

[18] elemen-
tal analyses, and thermogravimetric analysis (Figure S1).
Single-crystal X-ray diffraction studies revealed that

MMPF-11 crystallizes in the space group Pbcm. MMPF-11
possesses readily accessible Co metal sites and features
permit-required confined cavities. As shown in Figure 1f,
the hexagonal channel in MMPF-11 consists of two Co
dimer clusters (Figure S2) linked by the square planar TCPP
ligands and triangular L1 pillars. The two-component
assembled unit (L1-Co-TCPP) as bolt locks the 1D hexago-
nal channel of MMPF-11 into separate pockets, thus
resulting in an open cavity at distances of 1.6 nm (Figure S3).
Non-interpenetrated structure for MMPF-11 is important
for shape-selective recognition, due to the need for large
cavities and opening sites to allow the anchoring of reactants
into designed pocket environments. Our attempts to bridge

Figure 1. a)–e) Four mechanistic examples of size-dependent shape-
specificity in the reactions, on the surfaces dominated by the
thermodynamic control (Route 1), inside the pockets without binding
events (Route 2), inside the binding pockets without confined space
(Route 3) or inside the binding pockets fully controlled by the steric
kinetic (Route 4). f) The detailed crystal structure of MMPF-11
including the view of the 1D hexagonal channel in MMPF-11 and 1D
hexagonal channel locked by a composition of L1-Co-TCPP ligand
stacking in parallel that is anchored to channel wall on Co dimer
cluster. L1=2,4,6-tri(4-pyridinyl)-1,3,5-triazine.
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the linear pillars (pyrazine or 4,4’-bipyridine) with the 2D
porphyrin layers via coordinating the Co metal centers
within the paddlewheels did not afford MMPFs with
accessible metal centers.
The purity of bulk MMPF-11 sample was confirmed via

powder X-ray diffraction (PXRD) analysis (Figure S4), the
patterns of which matched well those calculated from the
CIF file. ICP-MS confirmed the proposed metal ratios. The
as-synthesized MMPF-11 has approximately two L1 pillar
attached to Co-TCPP, as quantified by the 1H NMR
spectrum (Figure S5). Thermogravimetric analysis (TGA) of
MMPF-11 (Figure S6) showed a weight loss of 18% between
50 and 241 °C, corresponding to the loss of H2O, ethanol and
DMF molecules. Additionally, TGA traces of MMPF-11
crystals after being activated with supercritical CO2 fluid did
not show significant weight loss up to 420 °C, indicating that
the pores have been fully evacuated while the frameworks
are thermally stable. Furthermore, the permanent porosity
of MMPF-11 was confirmed by CO2 adsorption at 273 K,
which revealed a BET surface area of 590 m2g� 1 (Fig-
ure S7).[19]

In recent years, much attention has been paid to the
synthesis of 1,4-DHPs due to their relevant biological
activity.[20] As shown in Figure 2a, the mechanism is the
nucleophilic addition of -NH2 to an α,β-unsaturated carbonyl
compound. However, it remains challenging to achieve a
high shape-selectivity and make the Hantzsch reaction
produce the corresponding 1,4-DHPs as the main product
under mild conditions.[21] This is because the reaction
proceeds via 1,4 addition and it is difficult to produce 1,4-
DHPs at room temperature. For the first stage, the reaction
occurs via a condensation of the 1,3-dicarbonyl compound
with the aldehyde to yield an α,β-unsaturated carbonyl
molecule (substrate A, as mentioned in Figure 2a) and a
condensation of ammonia with another equivalent of the

1,3-dicarbonyl compound to produce an enamine (substrate
B, as mentioned in Figure 2a). Therefore, the product, 1,4-
DHP (C1) or 1,2-DHP (C2) depends on the enamine
intermediate which favors to attack the carbon atom of the
C=O double bond (C1 in Figure 2a) or the carbon atom of
the C=C double bond (C2 in Figure 2a).
Considering that MMPF-11 (Figure 2b) has Co-meta-

lated porphyrin units in nanospace which are capable of
reversible binding and releasing of the guest molecules, its
catalytic activity was first examined for the Hantzsch
reaction. When α,β-unsaturated carbonyl (Substrate A,
1 mmol) and enamine (Substrate B, 1 mmol) were added to
THF in the presence of MMPF-11 (1 mol%) at room
temperature and 1 bar, the conversion was >99% after
24 h, as estimated from GC-MS analysis. By contrast, only
30% conversion was observed under the same reaction
conditions in the presence of Co-TPP, which was compara-
ble to the blank control reaction (i.e. without any catalyst)
with a conversion of 21%. Some other control experiments
were conducted for MMPF-5 (Figure 2c), MMPF-3 (Fig-
ure 2d) and MMPF-2 (Figure 2e) under the same conditions
(Scheme S1–S2 and Figure S8–S18, see the Supporting
Information for details). MMPF-11, MMPF-5 and MMPF-3
were more active than the others for the Hantzsch reaction.
Given their structural specificity, we ascribed the higher
catalytic activity of MMPF-11, MMPF-5 and MMPF-3 in
comparison with other controls mainly to the high density of
binding sites from Co-porphyrin moieties that are well
arranged into the nanospace.
Based upon the abovementioned results, another control

experiment was carried out using a similar substrate, in
which the pyridine moiety was replaced with benzene
(Table S1 and Figure S19). The replacement of pyridine
with benzene led to a significant drop in the rate of the
reaction, with both reactions only reaching 14% conversion
after 24 h and product ratio of 36 :64. This roughly
confirmed our proposed targeting strategy that the catalysis
requires substrate to bind to the host MMPF-11 with a high
DFT-calculated binding energy of � 58.9 kcalmol� 1 (Ta-
ble S2). During the control experiments, the reaction rate
for 4-pyridinecarboxaldehyde conversion is faster than that
of the enone conversion and 1,4-DHPs yield (Figure S20).
As previously proposed from NMR measurements,[22] the
enamine and enone intermediate indeed participate in the
rate-limiting step (Figure S21). Moreover, MMPF-11 showed
good recyclability for more than four catalytic cycles, giving
conversion over 95% and shape-selectivity 79% under the
same conditions. The consistent PXRD patterns of the
recovered and freshly prepared samples of MMPF-11
suggested the structural integrity of the catalyst after the
catalytic cycle (Figure S2). For the PXRD after catalysis,
there were some decreases in peak intensity compared to
the as-synthesized pattern. This is because, after catalysis,
bulky MMPF-11 crystals were fractured into tiny crystals
after mechanical stirring. We also observed several missing
peaks in XRD, which could be presumably due to the
distortion of crystalline structure at least in some specific
directions.[23]

Figure 2. a) The proposed mechanisms for the synthesis of 1,4-DHP
(C1) via the targeting strategy compared to the formation of 2-aryl-
pyridine (C2). b)–e) The crystal structures of MMPF-11, MMPF-5,
MMPF-3 and MMPF-2.
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It is worth noting that the distance between the Co-
anchoring sites of two opposite porphyrin walls in MMPF-11
is around 1.6 nm and such distance is more favorable for a
shorter isomeric reaction intermediate to allow the effective
formation of 1,4-DHPs (product C1). Therefore, MMPF-11
afforded the products C1 and C2 in a high ratio of 85 :15,
indicating that the pocket imposes geometric constraints to
guide synthetic paths with predictable three-dimensional
shape, as a kinetic control. Figure 2b–d showed the different
pairings of Co-TCPP sites in MMPF-11, MMPF-5, MMPF-3,
and MMPF-2 with their corresponding opposite Co� Co
distances in Table 1. Reasoning that Co� Co distance must
be sufficiently close to assist the formation of the enamine
intermediate in the way illustrated in Figure 2a, we can
figure out the cavities that could not possibly afford the

kinetic target-guided synthesis of C1. Given that van der
Waals forces as the weakest intermolecular forces account
for distances of less than 0.6 nm, the Co� Co distance of
MMPF-11 (16 Å) is still seemingly close enough to facilitate
the transformation of C1 and suppress the production of C2,
thus demonstrating the highest shape selectivity (85%).
Theoretical calculations based on the structures of Co-

porphyrins (I, II, and III in Figure 3a) were performed to
investigate the 3d orbital splitting situation of Co sites.
Notably, DFT results indicated that the axial coordination
leads to the decline of dx2 � y2 and dxy orbitals as well as
simultaneous elevation of dz2 orbitals. The strong interaction
between axial pyridine and Co sites displaces the Co out of
the porphyrin plane and results in decrease of anti-bonding
characters with nitrogen lone pair on the inner ring of
porphyrin, thus stabilizing dx2 � y2 orbitals. However, the
binding between second pyridine and Co sites will not
influence either anti-bonding or bonding characters in the z
direction, leading to an unaffected dz2 orbital and thus a
weak binding to the second pyridine.
In order to verify the binding ability of MMPF-11, soft

X-ray L-edge absorption spectroscopy (soft XAS), a widely
used technology in multi-topic coordination chemistry, has
been applied.[24] Soft X-ray L2,3 XAS spectra (2p-3d) are
presented in Figure 3b for MMPF-11 and metallic Co
standard at the Co L2,3 edges. These two main peaks in the
spectra arise from the spin orbit interaction of the 2p core-
shell, representing transitions from the 2p3/2,1/2 states; the
total intensity of the peaks is proportional to the number of
empty 3d valence states. With the help from soft XAS at the
Co L-edge and resolved crystal structure of MMPF-11, the
Co3+ local square planar environment can be confirmed.
CoN4 is a more reasonable structure which enhances the
binding activity. The coordinatively unsaturated CoIII cen-
ters with low spin state (S=0) has been reported to exhibit a
more favorable binding energy of intermediates due to
coordination between empty Co 3dz2 orbital and lone pair
electrons of N(pyridyl) atom, leading a ~40 kcalmol� 1 high-
er binding energy (Table S2).[25] Figure 3b shows the soft
XAS of MMPF-11 obtained using the TEY-XAS (solid line)
and FY-XAS (dashed line) techniques in the Co L-edge
region. There is no obvious difference between the Co
valence on surface (around 5 nm) and internal surface
(around 100 nm), indicating a consistent reaction environ-
ment for catalysis.
The UV/Visible spectroscopic analysis was performed

primarily on tracking the intermediate species that take part
in the catalytic reaction cycle. Figure S22 showed UV/Vis
absorption spectra of CoIII meso-Tetraphenylporphyrin (Co-
TPP) in CH2Cl2 at room temperature. Co-TPP displayed a
strong Soret absorbance at 410 nm, while there was no
absorbance for 4-pyridinecarboxaldehyde at the same wave-
length. After adding a certain amount of 4-pyridinecarbox-
aldehyde (here denoted as P), a new band appeared at
434 nm, which can be the corresponding intermediate peak
of Co-TPP coordinated with P. This indicated that Co-
metalated porphyrin units are capable of binding the
reactant. To gain further insight into the electrophilicity on
substrate, a mixture of Co-TPP and P in DMSO-d6 causes a

Table 1: Conversion and product ratio of the Hantzsch reaction
catalyzed by different catalysts.

Entry Catalyst Co� Co
distance [Å]

Conversion
[%]

Ratio
(C1 :C2)

1 MMPF-11 16 >99 85 :15
2 Co-TPP – 30 17 :83
3 None – 21 19 :81
4 MMPF-5 22 >99 46 :54
5 MMPF-3 29 >99 42 :58
6 MMPF-2 10 42 20 :80

Figure 3. a) The energy orderings of Co 3d orbitals in (I) square planar
four-, (II) square pyramidal five-, and (III) octahedral six-coordination
modes. Inset: HOMO contours of Co-porphyrin I, II, and III with iso-
values of 0.02 a.u. b) EY-XAS (solid line 5 nm) and FY-XAS (dashed line
100 nm) of MMPF-11 (I and II) and Co standard (III and IV) obtained
in the Co L-edge region. Both spectra were obtained under normal
ultra-high vacuum conditions. c) Progress curves for acyl transfer. The
reaction was monitored by GC.
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shift of � CHO proton signal to a higher field, indicating the
Co-TPP acts as an electron withdrawing group (Figure S23).
However, Co-TPP has no effect on the chemical shift of
benzaldehyde (Figure S24). A mesomeric effect can be used
to explain the shielding observed here, in which the protons
in � CHO group and the meta position are more strongly
shielded than in the ortho and para positions (Figure S25).
Conceptual density functional theory (CDFT) calculations
revealed a lower electrophilicity index of C in aldehyde
group from 0.180 in P alone to 0.097 after binding with Co-
TPP, suggesting the increase of the electron density and
shielding effect (Figure S26). Thereby, the increased elec-
tronic density of � CHO group can reduce the unfavorable
entropy of activation. This greatly promotes the condensa-
tion of the 1,3-dicarbonyl compound with the aldehyde to
afford an α,β-unsaturated carbonyl compound (substrate A,
as mentioned in Figure 2a), which accounts for the signifi-
cant drop in the reaction using benzaldehyde.
A substrate sorption test using a reported method[26] was

utilized to study the guest interaction with those catalysts
including MMPF-11 and ZIF-8, as shown in Figure S27 and
S28. 1H NMR analysis indicated that MMPF-11 still takes up
the largest amount of P substrate even after being
submersed in CDCl3 for 12 h, as compared to ZIF-8 without
opening Lewis site. This suggests a pre-concentration effect
for catalysis through MMPF-11.
The variation of the distance between cofacial Co-

porphyrins promoted us to investigate the catalytic perform-
ance of acyl-transfer reactions in which the catalytic activity
has been related to the framework-topology of porphyrinic
MOFs.[11a] To illustrate the catalytic capabilities of MMPF-
11, the acyl-transfer reaction between N-acetylimidezole
(NAI) and 4-pyridylcarbinol (4-PC) producing 4-
acetoxymethylpyridines (4-AMP) was carried out in
acetonitrile at 50 °C. Control experiments were conducted
for homogeneous Co-TPP, MMPF-5, MMPF-3, MMPF-2
and a blank under the same conditions. As shown in
Figure 3c, MMPF-11 demonstrated the most efficient cata-
lytic activity for the acyl-transfer studied here. We then
compared the Co� Co distances in the porphyrin pairs.
Obviously, the distances in MMPF-5 (22 Å) and MMPF-3
(29 Å) are significantly larger than that in MMPF-11 (16 Å)
and MMPF-2 (10 Å). The preconcentration effects can lead
to the rate enhancement when NAI and 4-PC diffuse into
the MMPF and bind to the Co site within porphyrin rings
via coordination interactions. Due to its proper alignment of
porphyrin linkers, only MMPF-11 should be able to bring N-
acetylimidezole (NAI) and 4-pyridylcarbinol (4-PC) togeth-
er, thus making it more energetically favorable for them to
encounter each other and react (Figure S29).

Conclusion

In summary, we have illustrated a targeting strategy to
enhance shape-selectivity catalysis within MOFs, as exempli-
fied by constructing a series of MMPFs that have readily
accessible metal sites and feature permit-required confined
cavities. The constructed MMPFs showcased how the

achievement from the exclusive formation of thermodynami-
cally more stable product to the kinetic product can be
steadily improved through rational structure design, which
was supported by the systematic experimental and computa-
tional mechanistic studies to reveal the relationships be-
tween crystal structure and catalysis performances. Ongoing
work in our laboratory includes employing this strategy
toward new aspects of heterogeneous catalysis based on the
host-guest chemistry.
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