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ABSTRACT

MOFs are ideal platforms to immobilize porphyrins and their derivatives. MOF’s
high surface areas and rigid structures not only make porphyrin moieties approachable
substrates but also prevent the dimerization of their active centers. These advantages
effectively enhance the reactivity and optical performance of porphyrins. Extensive
study has been done to synthesize porphyrinic MOFs, however, many of the previously
reported porphyrinic MOFs suffer from weak chemical stabilities, which severely
hinders their wide utilization. My study is focused on the design and syntheses of
porphyrinic MOFs with high robustness in various chemical environments. Three
porphyrinic MOFs with excellent chemical stability, namely PCN-600, PCN-601 and
PCN-602, were obtained, and their performances as catalysts in different reactions were
explored.

PCN-600, a Fe-based mesoporous porphyrinic MOF was successfully
synthesized through rational topological design and KTDA method. It exhibits high
chemical stability in aqueous solutions with pH values ranging from 2 to 11. The
catalytic activity of PCN-600(Fe) (with Fe®*" at the porphyrin center) was confirmed by
its excellent performance in the co-oxidation of phenol and 4-aminoantipyrine (4-AAP)

by H20:..

Most of the reported stable porphyrinic MOFs, including PCN-22Xs (X =2, 3, 4,
5) and PCN-600, are constructed by high-valent metal ions and carboxylate-based

porphyrinic ligands. Though these materials have very high robustness in acidic



solutions, they are relatively vulnerable in aqueous solutions containing some
coordinating anions, such as OH", F, COs* and PO4>. To address these problems, two
iso-structural porphyrinic MOFs constructed by pyrazolate-terminated ligands were
synthesized, namely PCN-601 and PCN-602. These materials exhibit extraordinary
stability in the solutions of NaOH, KF, Na.COz and K3PO4. Their chemical stabilities
were rationalized from both thermodynamic and Kinetic perspectives. The catalytic
performance of PCN-601(Mn) and PCN-602(Mn) (with Mn** at the coordination centers
of the porphyrinic ligands) in C-H halogenation reactions was explored. Compared with
PCN-601(Mn), PCN-602(Mn) has a higher porosity and displays a better activity as a

recyclable hetergeneous catalyst.
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CHAPTER I
INTRODUCTION

Metal-organic frameworks (MOFs) emerge as a group of porous materials, which
are constructed by inorganic nodes and organic linkers.}® Because of their large surface
areas, high porosities, and structural tunabilities, MOFs have been extensively
investigated for their application potentials in gas storage and separation, chemical
sensing, and catalysis.*2°

As a prerequisite for their good performances and easy regenerabilities, MOFs
should be robust enough to survive in the chemical conditions involved in their
application scenarios, such as being exposed to water (moisture), being immersed in
chemicals, or under in vivo environments. Typically, the stability of MOFs can be
evaluated from three different perspectives: chemical stability, thermal stability, and
mechanical stability.?* They represent the ability of MOFs to maintain their long-range
ordered structures when being treated by chemicals, high temperature, and mechanical
force, respectively.?!

Due to the absolute abundance of water on the earth and its wide involvement in
chemical reactions, a great attention has been focused on the chemical stability of MOFs
in aqueous solutions and water vapor. At a basic level, MOF structures can be divided
into two parts: building nodes (inorganic clusters and organic linkers) and linkages
(coordination bonds between building nodes). In most cases, these coordination bonds

are the weakest parts that will be attacked by water or other coordinating species in the



solutions during the decomposition of MOFs. Consequently, the strength of the linkages
is the determining factor to the stability of MOFs.?2 2

Apart from stability, another challenge is how to endow MOFs with certain
functions for specific applications. One effective method is to construct MOFs with
organic linkers containing particular functional moieties.*® Among these organic linkers,
porphyrinic ligands have been extensively explored, because porphyrin and its
derivatives are vital molecules in many chemical and biological processes. These
porphyrinic species can be utilized as anti-cancer drugs, catalysts, antenna pigment
molecules, pH sensors, nonlinear optical materials and DNA-binding/-cleavage agents.?*
33 When porphyrinic species are immobilized into MOFs, the high surface areas and high
porosities of MOFs would be extremely beneficial for the exposure of porphyrin centers
to substrates. Moreover, each porphyrin center can be fixed at a certain position owing to
the rigid structures of MOFs, which would efficiently prevent the dimerization of active
centers. Both these advantages can significantly enhance the reactivities and optical
performances of porphyrins.34-3

Based on the above analysis, stable porphyrinic MOFs are highly desired for
applications that require porphyrin species and are conducted in aqueous solutions.
Though vast research efforts have been devoted to developing porphyrinic MOFs,*” only
a few successful cases have been reported, such as PCN-22Xs (PCN = porous
coordination networks; X= 2, 3, 4, 5). Despite the fact that these MOFs display excellent
stability at acidic conditions, they are rather vulnerable in the solutions with hydroxide

or other coordinating anions, like OH", F,, COs*, POs*. However, the aforementioned



anions are widely involved in many application scenarios of porphyrinic species as
essential reactants or components of buffer solutions. Therefore, it is extraordinarily
crucial to develop porphyrinic MOF materials with excellent resistance to coordinating

anions.



CHAPTER 11
A SERIES OF HIGHLY STABLE MESOPOROUS METALLOPORPHYRIN
IRON-MOFS*
2.1 Introduction
In most of the reported porphyrinic MOFs, the coordination moieties of ligands
are carboxylate groups, which are considered as hard Lewis bases.3®*° When relatively
soft Lewis acidic species are used to construct the inorganic nodes in porphyrinic MOFs,
such as Zn?*, Cu?" and Cd?*, the coordinating bonds between carboxylate groups and
these metal ions are weak. It makes the frameworks less resistant to the attack of reactive
chemical species, which severely restricts the applications of porphyrinic MOFs under
harsh conditions. To address this problem, clusters formed with high valent metal ions,
which are hard Lewis acids, are selected as the inorganic nodes. The strong interactions
between high valent metal ions and carboxylate groups significantly increase stability of
the frameworks.3* 35058 Gyided by this strategy, PCN-22Xs (X = 2, 3, 4, 5), a series of
zirconium MOFs, are representative examples of stable porphyrinic MOFs obtained
through the strategy above. However, because of the similarity of crystal growing
conditions of PCN-22Xs and the diverse connectivities of Zre clusters, the multiple
phases are always obtained in the syntheses of PCN-22Xs, leading to the tremendous

difficulty in phase purification. This has severely hampered the wide applications and

“Reproduced with permission from Wang, K. t; Feng, D. t; Liu, T.-F.; Su, J.; Yuan, S.; Chen, Y.-P.;
Bosch, M.; Zou, X.; Zhou, H.-C., A Series of Highly Stable Mesoporous Metalloporphyrin Fe-MOFs.
Journal of the American Chemical Society 2014, 136 (40), 13983-13986. 2014 American Chemical
Society.



bulk productions of these Zr-based porphyrinic MOFs.%% ¢ Therefore, the easy synthesis

of chemically stable porphyrinic MOFs with pure phase has been a prominent goal.

Fe(lll) is an ideal alternative metal ion to construct the inorganic nodes of MOFs
due to its nontoxicity, elemental abundance on the earth. Moreover, because of its high
hardness as a Lewis acid, Fe(lll) can form stronger coordinating bonds with
carboxylates, which could enhance the robustness of the frameworks. Similar to other
stable MOFs, the structural determination of Fe-MOFs has been a long-standing
challenge due to the difficulty of obtaining large single crystals and the formation of the
unpredicted inorganic building blocks during the syntheses of Fe-MOFs.®° However, the
development of KTDA method provides us with a novel strategy to obtain the large

crystals of Fe-MOFs with the desired structures.®*

The stp-a network is an edge-transitive topology which contains six-connected
prism nodes with Ds, symmetry and four-connected square planar nodes with Dan
symmetry (Figure la, 1b, 1c). The connectivities and symmetries of the two nodes in
stp-a are exactly the same to those of FesO(OOC)s cluster and the most commonly used
four-connected porphyrinic linker, tetrakis (4-carboxyphenyl) porphyrin (H4sTCPP).
Therefore it is topologically allowed for us to construct Fe-MOFs with stp-a topology by
FesO(OOC)s cluster and TCPP* (Figure 1d, 1e, 1f). Herein, guided by the topological
analysis and KTDA method, we synthesized a series of highly stable mesoporous
porphyrinic Fe-MOFs, namely PCN-600(M) (M = Mn, Fe, Co, Ni, Cu). PCN-600
exhibits 1D channels as large as 3.1 nm and the highest experimental pore volume of

1.80 cm® gt among all the reported porphyrinic MOFs. Remarkably, it also shows very



high stability in aqueous solutions with pH values ranging from 2 ~ 11. Among them,

PCN-600(Fe) has been demonstrated as an effective catalyst in co-oxidation reaction.

Figure 1. (a) stp-a network, (b) Dsn symmetric six-connected node and (c) Dan four-
connected node, (d) and (e) Corresponding nodes commonly seen in MOFs and PCN-
600.

2.2  Experimental Section
2.2.1 Synthesis of [FesO(OOCCHS3)sOH] 2H20

Fe(NOs3)3:9H20 (8 g) and Na(OOCCHs)-3H20 (11 g) were dissolved in 9 ml
deionized water. The solution was stirred overnight at room temperature. The red
precipitation was filtered and washed with cold deionized water once. The obtained
product was dry in an oven at 100 °C. The crystal of product was got from

recrystallization in DMF at 150 °C.



2.2.2  Synthesis of PCN-600

PCN-600(Mn): [5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrinato]-
Mn(I11) Chloride (Mn(H4sTCPP)CI) was synthesized according to the procedure in
previous reports.®* [FesO(OOCCH3)sOH]-2H20 (80 mg), Mn(H4TCPP)CI (80 mg) and
Trifluoroacetic acid (2.4 mL) were added into DMF (16 ml) in a 20 mL Pyrex vial. The
mixture was heated to 150 °C for 12 h. After cooling down to room temperature, dark
needle-shaped crystals were obtained.

PCN-600(Fe): [5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrinato]-Fe(l11)
Chloride (Fe(HsTCPP)CI) was synthesized according to the procedure in previous
reports.® [FesO(OOCCH3)sOH]-2H,O (80 mg), Fe(HsTCPP)ClI (80 mg) and
Trifluoroacetic acid (2.4 mL) were added into DMF (16 ml) in a 20 mL Pyrex vial. The
mixture was heated to 150 °C for 12 h. After cooling down to room temperature, dark
needle-shaped crystals were obtained.

PCN-600(Co): [5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrinato]-
Co(Il) (Co(H4TCPP)) was synthesized according to the procedure in previous reports.®*
[FesO(OOCCH3)sOH]-2H20 (80 mg), Co(H4+TCPP) (80 mg) and Trifluoroacetic acid
(2.4 mL) were added into DMF (16 ml) in a 20 mL Pyrex vial. The mixture was heated
to 150 °C for 12 h. After cooling down to room temperature, dark needle-shaped crystals
were obtained.

PCN-600(Ni):  [5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrinato]-
Ni(I1) (Ni(H4sTCPP)) was synthesized according to the procedure in previous reports.3

[FesO(OOCCHz3)6OH]-2H20 (80 mg), Ni(HsTCPP) (80 mg) and Trifluoroacetic acid



(2.4 mL) were added into DMF (16 ml) in a 20 mL Pyrex vial. The mixture was heated
to 150 °C for 12 h. After cooling down to room temperature, dark needle-shaped crystals
were obtained.

PCN-600(Cu): [5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrinato]-
Cu(I) (Cu(H4TCPP)) was synthesized according to the procedure in previous reports.®*
[FesO(OOCCH?3)sOH]-2H20 (80 mg), Cu(H4TCPP) (80 mg) and Trifluoroacetic acid
(2.4 mL) were added into DMF (16 ml) in a 20 mL Pyrex vial. The mixture was heated
to 150 °C for 12 h. After cooling down to room temperature, dark needle-shaped crystals
were obtained.

2.2.3 Structural refinement of PCN-600"

The Rietveld refinement of PCN-600(Fe, Co) against PXRD data was performed
using Topas Academic V4.1. The background was fitted with a 10" (for Fe) or 12" (for
Co) order Chebychev polynomial. The refinement was conducted using a PearsonVII
peak profile function, followed by refinement of unit cells and zero-shift. The rigid

bodies were applied on the porphyrin ligand (Figure 2-3 and Table 1-2).

* The structural refinement of PCN-602 was conducted by Dr. Jie Su.
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Figure 2. Rietveld refinement of PXRD for PCN-600(Fe). The curves from top to
bottom are simulated (red), observed (blue), and difference profiles (grey), respectively;

the bars below curves indicate peak positions.

Table 1. Crystallographic data, experimental conditions for powder X-ray data
collection and results of the Rietveld refinement of PCN-600(Fe).

Chemical formula
Formula weight
Crystal system

Space group

alA

c/A

Z

Temperature/K
Wavelength/A

260 range/°

Number of reflections
Number of structural variables
Rp

pr

Rexp

GOF

Fes.81016C72NeH36Clo.s1
1482.56
Hexagonal
P6/mmm
31.269(4)
16.953(2)

2

208(2)

0.72959

1.0312- 18.0063
298

37

0.0320

0.0463

0.0363

1.274
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Figure 3. Rietveld refinement of PXRD for PCN-600(Co). The curves from top to
bottom are simulated (red), observed (blue), and difference profiles (grey), respectively;
the bars below curves indicate peak positions.

Table 2. Crystallographic data, experimental conditions for powder X-ray data
collection and results of the Rietveld refinement of PCN-600(Co).

Chemical formula
Formula weight
Crystal system

Space group

alA

c/A

z

Temperature/K
Wavelength/A

260 range/°

Number of reflections
Number of structural variables
Rp

pr

Rexp

GOF

Fe3C01.13016C72NsH36
1475.20
Hexagonal
P6/mmm

31.134 (5)
16.909 (3)

2

298(2)

0.72959

1.0312- 18.0063
298

37

0.0310

0.0449

0.0365

1.227
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2.2.4 The activation and adsorption measurements of PCN-600

Before sorption measurements, as-synthesized PCN-600 samples were washed
with DMF and deionized water for several times to remove unreacted ligands and
inorganic species. To optimize of the activation procedures for PCN-600, different
HCI/NaOH aqueous solutions were used to treat PCN-600 samples. Afterward, the
solutions were carefully decanted and the samples were washed with water and DMF for
several times. Then, the samples were activated by supercritical CO2. Then, the samples
were further degassed under vacuum at 120 °C for 6 h.

The N2 sorption isotherms of PCN-600(Fe) samples treated with different
amounts of HCI/NaOH solutions were measured (Figure 4). When the pH of the aqueous
solution was 2 or 11, the N> uptakes of PCN-600(Fe) reached the maximum, which, on

the other hand, indicated the great chemical stability of PCN-600.
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Figure 4. The N2 sorption isotherms of PCN-600(Fe) samples at 77 K after being treated
with different aqueous solutions.
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Since the crystal contained very large channels, the unreacted ligands, iron
clusters and the unknown coordination compounds formed by ligands and cluster might
be stuck in the channels of PCN-600. This could significantly decrease its surface area
and pore volume, which was shown in Figure 4 (curves for DMF and pH = 7). When the
samples were immersed in acid or base solution, the HsO" and OH" could help to
decompose the coordination compounds and make them removable by water and DMF.
Therefore the surface area and volume of PCN-600 obviously increased after the
treatments.

2.2.5 BET surface area and pore size distribution analysis of PCN-600

All the PCN-600 samples used to measure BET surface areas and pore size

distributions were immersed in HCI aqueous solution (pH = 2) for 6 hours before CO>

supercritical activation (Figure 5, 6 and Table 3).

0.00030
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Figure 5. The plot of the linear region on the N2 isotherm of PCN-600(Fe) for the BET
equation.
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Figure 6. DFT pore size distribution for PCN-600(Fe).

60

Table 3. BET surface and total pore volume of PCN-600(M).

70

PCN-600 BET Surface Area (m2gl) | totalpore volume(cm?® g 1)
PCN-600(Mn) 2306 1.79
PCN-600(Fe) 2270 1.80
PCN-600(Co) 2340 165
PCN-600(Ni) 2300 1.70
PCN-600(Cu) 2350 1.77

2.2.6 Thermal Stability of PCN-600 Samples

The TGA results of PCN-601s are exhibited in Figure 7-11.
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Figure 7. Thermogravimetric analysis of the activated PCN-600(Mn).
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Figure 8. Thermogravimetric analysis of the activated PCN-600(Fe).
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Figure 9. Thermogravimetric analysis of the activated PCN-600(Co).
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Figure 10. Thermogravimetric analysis of the activated PCN-600(Ni).
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Figure 11. Thermogravimetric analysis of the activated PCN-600(Cu).

2.2.7 Catalytic activity of PCN-600(Fe)”

The co-oxidation of phenol and 4-aminoantipyrine (4-AAP) with H.O; leads to

the formation of a quinoneimine dye that can be monitored spectophotometrically at 500

nm (the reported molar absorption coefficient of

used to characterize the catalytic performance of PCN-600(Fe). H2O2 concentration was
determined spectrophotometrically at 240 nm with ¢ = 43.6 M cm™.% Kinetic
measurements were carried out in time course mode by monitoring the absorbance

change at 500 nm (Figure 12, 13). The Michaelis-Menten equation (eg. 1) was used.

Vo [S]
" Ka+[S]

* The experiments to measure the catalytic activity of PCN-600(Fe) were designed and conducted by

Dr. Tian-Fu Liu.

16

T
600

12800 Mt cm™). This reaction was

(eq. 1)




Herein, Vo is the initial reaction rate. Vmax is the maximum rate conversion,
which is obtained when the active sites on the catalyst are saturated with substrate. [S] is
the substrate concentration and Ky is the apparent Michaelis-Menten constant. The Knm
and Vmax values can be estimated using the least squares non-linear regression to fit the

plot of V vs [S] to Michaelis-Menten equation.

0.0

40 60 80 100 120
Time (s)

Figure 12. The time course of co-oxidation of phenol and 4-aminoantipyrine as a
function of H20- concentration for PCN-600(Fe).
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Figure 13. The initial rate of co-oxidation reaction with PCN-600(Fe) as the catalyst.

2.3 Results and Discussion
2.3.1 Topological design and Structural Description of PCN-600

The solvothermal reaction of HsTCPP(M) (M = Mn, Fe, Co, Ni, Cu),
[FesO(OOCCH3)s(OH)] and trifluoroacetic acid in DMF at 150 °C for 12 h yielded
needle-shaped single crystals of PCN-600. Although the large single crystals with length
around 0.3 mm have been obtained (Figure 14a), it was difficult to determine the crystal
structure against its single-crystal X-ray diffraction data due to the small size of the
crystals in the other two dimensions. However, the simulated structure model of PCN-
600 with a space group of P6/mmm can be built by Material Studio 6.0.%% The calculated
PXRD pattern of the simulated structure fits the experimental results well. The unit cell

parameters of a=b=31.27 A and ¢c=16.95 A are obtained through the indexing of the

18



experimental high-resolution PXRD patterns. The predicted structure is ultimately
validated with Rietveld refinements using the PXRD data collected from a synchrotron
source. The 3D framework of PCN-600 can also be viewed as iron-carboxylate layers,
which form a honeycomb-like 2D lattice in the ab plane, inherently pillared by TCPP
ligands giving rise to a 3D framework. The 3D framework contains large hexagonal 1D

channels along the ¢ axis with a diameter of 3.1 nm.

2.3.2 N2 Uptakes of PCN-600

Due to the large ligand and pore size, the activation of PCN-600 with traditional
method was unsuccessful. The activation procedure of PCN-600 was optimized by
solvent exchange with supercritical carbon dioxide after the sample was pre-treated by
dilute acid solutions. The porosity of PCN-600 was measured by the N> sorption tests at
77 K (Figure 14c). The typical type IV isotherm of PCN-600(Fe) exhibits a steep
increase at the point of P/Po = 0.2, suggesting the mesoporosity of this material. A N>
uptake of 1150 cm® g (STP) and a BET surface area of 2270 m? g were observed for
PCN-600(Fe). The experimental total pore volume of this material is 1.80 cm?® g%, which
is also in agreement with the value of calculated pore volume (2.28 cm® g?). The
evaluation of a DFT simulation from the N2 sorption curve indicates that there is only
one type of pore, with the diameter of 2.6 nm, assigned to the hexagonal channels, which
IS consistent with the crystallographic data when van der Waals contact was taken into
account. PCN-600s with other metal ions at the porphyrin center show similar type IV
N> sorption isotherms and exhibit the N2 uptakes, surface areas, and total pore volumes

up to 1170 cm® gt (STP), 2350 m? g2, and 1.79 cm? g%, respectively (Table 3).
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2.3.3 Chemical Stability Analysis of PCN-600

Although the requirement of supercritical carbon dioxide during the activation of
PCN-600 indicates its low mechanical robustness, this will not weaken its potential in
many applications in solvent-mediated systems, since the collapse of PCN-600 is mainly
due to the surface tension in liquid-gas phase transition during the traditional activation
procedure.5 However, when PCN-600 is used as a heterogeneous catalyst or sensor in
liquids, no liquid-gas phase transition happens. Therefore, the robustness of PCN-600 is
mainly determined by its chemical stability under different reaction conditions. PCN-600
is a representative example to demonstrate how a MOF’s mechanical stability and
chemical stability are not always related. The experiment data shows PCN-600 has very
high chemical stability compared with previously reported porphyrinic MOFs. The
PXRD patterns of PCN-600 suggest the frameworks remain intact upon being immersed
in solutions with pH = 2 and 11 for 24 h, indicating that no framework collapse or phase
transition happens during the treatments (Figure 14a and 14b). Moreover, the N2 sorption
isotherms of the samples after treatments of the solutions with pH = 2 and pH = 11
further confirmed that PCN-600 can survive in these conditions (Figure 14c). As
mentioned above, the chemical stability of PCN-600 comes from its FesO(OOC)s
cluster. Fe®*, with high charge/radius ratio, can form strong coordination bonds with
carboxylate groups. It makes PCN-600 highly stable in water, dilute acid and base. PCN-
222 (or MOF-545) is the only mesoporous porphyrinic MOF that was previously

reported. However, it only shows good stability in acidic aqueous solutions.®* As a
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comparison, PCN-600 maintains good crystallinity in both acid and base aqueous media,

which indicates its broader application ranges.
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Figure 14. (a) Crystals of PCN-600(Fe) under an optical microscope. As-synthesized
(left), after treatment of pH = 2 solution for 24 h (middle) and after treatment of pH =11
solution for 24 h (right). (b) Powder X-ray diffraction pattern of PCN-600(Fe) and the
samples treated with aqueous solution with pH = 2 and 11. (c) N2 adsorption isotherms
for PCN-600(Fe) at 77 K, showing the framework stability of PCN-600(Fe) upon
treatments with the aqueous solutions with pH =2 and 11.
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2.3.4 Catalytic Activity Analysis of PCN-600(Fe)

H20, N

H2N
e
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Scheme 1. Reaction catalyzed by PCN-600(Fe).
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The excellent chemical stability, large open channels and high concentration of
porphyrins of PCN-600 endow it with high potential as a heterogeneous catalyst. The
catalytic activity of PCN-600 was evaluated by its performance in the co-oxidation of
phenol and 4-AAP by H20 (Scheme 1), which is also a principal reaction for phenol and
cholesterol estimation.®? The addition of PCN-600(Fe) and H2O; to the substrate solution
led to the formation of quinone-imide, which gave a maximum absorbance at 500 nm.
The catalytic activity of PCN-600 was analyzed by determining apparent steady-state
kinetic parameters. With the suitable range of H.O> concentrations, typical Michaelis-
Menten curves were obtained for PCN-600(Fe). The results show PCN-600(Fe) has a
very small Michaelis-Menten constant (Km). It indicates PCN-600(Fe) has a strong
affinity for the substrate and exhibits high reaction rate even with low concentration of
substrates. This may be caused by the following advantages of MOFs as catalysts: First,
the distribution of porphyrinic ligands throughout the framework is assured at the highly
ordered microstructural level, which prevents the dimerization of active sites. Second,
the porphyrinic cores were well exposed to the channel surface which is readily
accessible for substrate. Third, the high surface area can adsorb the substrates from
solution, which increases the “effective concentration” of the substrates around the
active centers.® ® For the value of ket in PCN-600(Fe), it incorporates the rate constants
for all the steps from the combination of the catalyst and the substrate, which includes
the process for the product diffusing out of the channel to be detected by electronic
absorption spectrometer. The low ket 0f PCN-600(Fe) is probably caused by the slow

diffusion rate of the product in the MOF channel (Table 4).%
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Table 4. Catalytic activity of PCN-600(Fe).

Catalyst PCN-600 (Fe)
Km (mM) 6.37
Keat (Min™) 0.66

2.4 Conclusions

In summary, we have demonstrated that PCN-600(Fe) is a mesoporous MOF
with high chemical stability and the highest pore volume among all porphyrinic MOFs.
The catalytically active sites of PCN-600(Fe) are located on the inner wall of the 1D
channel with a diameter of 3.1 nm. It shows good activity for the co-oxidation of phenol
and 4-AAP. The high density of active centers, large open channels, and the excellent
chemical stability of PCN-600 endow this material with it’s the great potential to be

applied to heterogeneous catalysis and other applications, especially those involve basic

environments.
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CHAPTER Il
A PYRAZOLATE-BASED PORPHYRINIC MOF WITH EXTRAORDINARY
BASE-RESISTANCE"

3.1 Introduction

Owing to the fact that many applications of porphyrin involve harsh chemical
conditions, chemical stability becomes crucial for porphyrinic MOFs.3* * Therefore,
development of highly stable porphyrinic MOFs is a sought-after goal to extend the
scope of applications for these materials. One direct strategy to overcome the
vulnerability of MOFs is to enhance the strength of coordination bonds between organic
linkers and metal nodes. To realize it, one of the extensively-explored methods is to
choose secondary building units (SBUs) formed with high-valent metal ions and
carboxylate groups, like [Zrs04(OH)4(CO2)12], and [M3zOX(COz)s] (M = APRF*, Cr**, or
Fe3*; X = OH~, F, or CI7).22 343550, 51, 68-78 \wjijth this strategy, several porphyrinic MOFs
with high stability in acidic and neutral aqueous solutions have been obtained, such as

PCN-22X (X = 2, 3, 4, and 5), PCN-600 and Al-PMOF.3# 3550, 51,57, 73

However, these acid-resistant materials usually are fragile in basic aqueous
solutions, which could severely hamper some of their applications.” A typical example
is PCN-222 (or MOF-545).2* It can even survive in concentrated hydrochloride acid but

decomposes easily in dilute alkali solution. Since azolate-based MOFs, especially

“Reproduced with permission from Wang, K. 1; Lv, X.-L. T; Feng, D.; Li, J.; Chen, S.; Sun, J.; Song,
L.; Xie, Y.; Li, J.-R.; Zhou, H.-C., Pyrazolate-Based Porphyrinic Metal-Organic Framework with
Extraordinary Base-Resistance. Journal of the American Chemical Society 2016, 138 (3), 914-9109.
Copyright 2016 by American Chemical Society.
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pyrazolate-based ones (pyrazolate is shortened as Pz), have been demonstrated
extremely stable under basic environments,’? °-8 adopting Pz-based porphyrinic organic

linkers thus becomes a promising way to obtain base-resistant porphyrinic MOFs.

Herein, we demonstrate how rational top-down strategy based on topological
analysis guides us to obtain a Pz-based porphyrinic MOF with excellent base-resistance,
namely PCN-601, which is constructed by [Nig(OH)s(H20)2Pz12] (denoted as [Nis])
nodes and 5,10,15,20-tetra(1H-pyrazol-4-yl)porphyrin (H4TPP) ligands (Figure 15).
Experimental data confirms PCN-601 is immune to the attack of H.O and OH™ in
aqueous solutions, even at high temperature. As far as we know, it is the first identified
MOF that can retain crystallinity and porosity in saturated NaOH solution at room

temperature (RT) and 100 °C.

g NRS
(d)«cr('ifmmwi{w

Ll

Figure 15. Structural analysis of PCN-601. (a) ftw-a topology; (b) On symmetric 12-
connected node; (¢) Dan symmetric 4-connected node; (d) PCN-601; (e) [Nig] cluster; (f)
TPP* ligand. The Ni atoms in the porphyrin center are omitted for clarity.
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3.2  Experimental Section”

3.2.1 Synthesis of H4TPP

(C) 1) EtMgBr/THF
I‘;I—/NH A0S —< 2) DMF HN l, @ Propionic acid N =N
+ S EE—— !
H) N\\JVO H Reflux N= \NH

N —_—
Nf\l\ 3) Dioxane/HCl
X I
1 2

3 4
Scheme 2. Synthesis procedure for H4sTPP.

1-(1-Ethoxyethyl)-4-iodo-1H-pyrazole (2): 1-(1-ethoxyethyl)-4-iodo-1H-
pyrazole (2) was obtained by a modified literature method (Scheme 2).8” 4-lodo-1H-
pyrazole (1, 19.4 g, 100 mmol ) was dissolved in toluene (150 mL). Ethilvinylether (20.0
mL, 211 mmol) and 2 mL HCI were added, and the mixture was heated at 50 °C. The
progress of the reaction was detected by TLC. After the reaction completed, the mixture
was poured into a saturated solution of NaHCOz3 (50 mL) and extracted by CH.Cl, (50
mL x 3), the organic phase was dried over MgSO4 and filtered. The product 2 was
obtained by column chromatographer on Al>Os (CH2Cl> as eluent), yield 22.0 ¢
(82.5 %). *H-NMR (300 MHz, CDCl3) & (ppm): 7.62 (s, 1H), 7.49 (s, 1H), 5.48 (g, 1H),

3.30-3.45 (m, 2H), 1.61 (d, 3H), 1.13 (t, 3H).

“The synthesis of HsTPP was conducted by Xiuliang Lv.
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B. 4-Formyl-1(H)-pyrazole (3): 4-formyl-1(H)-pyrazole (3) was synthesized
by following a reported method.®® *H-NMR (300 MHz, DMSO) & (ppm): 9.87 (s, 1H),

8.25 (s, 2H).

C. 5,10,15,20-Tetra(1H-pyrazol-4-yl)porphyrin (H4TPP) (5): To a refluxed
propionic acid (100 mL) in a three-necked flask, 4-formyl-1(H)-pyrazole (3, 4.8 g, 0.050
mol) was added and stirred for 15 min. Then pyrrole (4, 3.5 mL, 0.050 mol) was added
dropwise to the reaction mixture for 30 min, then the solution was refluxed for 10 h in
darkness. After the reaction mixture was cooled to room temperature and stand
overnight, the crystalline product of 5 was collected by filtration and washed with
acetone (1.30 g, 2.26 mmol, 18.1% yield). *H NMR (300 MHz, DMSO) 6 (ppm) 13.62
(s, 4H), 9.14 (s, 8H), 8.55 (s, 8H), -2.68 (s, 2H).

3.2.2 Synthesis of PCN-601

Ni(AcO)2-4H20 (800 mg), HaTPP (400 mg), EtsN (2 mL), and water (8 mL) in
80 mL of DMF were ultrasonically dissolved in a 150 mL high-pressure vessel. The
mixture was heated to 75 °C for 4 days. After cooling down to room temperature,
reddish powder in colorless solution was obtained (yield: ~96%). ICP: Ni (19.23%); EA:
N (12.69%), C (34.91%), H (4.79%).
3.2.3 Structural Refinement of PCN-601"

The Rietveld refinement of PCN-601 against PXRD data was performed using
Topas V4.2. The background was fitted with a 21" order Chebychev polynomial. The

refinement was conducted using a Thompson-Cox-Hastings pseudo-Voight peak profile

* The structural refinement of PCN-602 was conducted by Dr. Junliang Sun.
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function, followed by refinement of unit cells and zero-shift. The rigid bodies were
applied on the porphyrin ligand.

The unit cell parameters were determined directly from the high solution PXRD
pattern by TREOR.® 30 diffraction peaks (Table 5) were used to index and no peak was
not indexed. The diffraction intensities were extracted by Le Bail fitting using
JANA2006.% We applied charge-flipping iterations on the extracted intensities using the
software Superflip.®! From the best electron density maps with the lowest R values, the
space group (Pm-3m) and the position of Ni and O were determined (Figure 16). Other
framework atoms were located from the difference Fourier maps, the occupancies were
confirmed by ICP and EA. According to the data of ICP, Ni?*, which was located in the
center of TPP*, is not full occupied, and its occupancy was 0.5911 after refinement. A
few disordered small organic molecules (DMF and/or EtsN) still remain in the pores
even activated. The molecular formula is defined as skeleton formula not including

disordered H20 and a few small organic molecules in pores.

Figure 16. Electron density map of PCN-601.
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Table 5. The peaks for indexing of PCN-601.

No. | Pos. [20.] | FWHM Left [20.] | Backgr.[counts] | d-spacing [A] | Height [counts]
1 5.7388 0.1791 788.7 15.40036 16224.02
2 8.1041 0.1791 788.7 10.91005 8120.65
3 9.9378 0.2047 788.7 8.90075 11178.44
4 11.4455 0.1663 788.7 7.73139 2575.67
5 14.087 0.1535 788.7 6.28707 946.78
6 17.247 0.2047 713.41 5.14161 299.4
7 | 18.1667 0.1279 669.88 4.88334 1616.33
8 19.946 0.1535 585.68 4.45154 301.89
9 | 20.7877 0.2047 545.85 4.27317 154.58

10 | 23.0445 0.1535 446.97 3.85954 346.53
11 | 23.8098 0.2047 4154 3.73719 1040.65
12 | 24.5267 0.2047 385.83 3.62955 439.35
13 | 26.5180 0.2558 303.69 3.36136 554.74
14 | 27.0799 0.2558 280.51 3.29287 134.29
15 | 28.3609 0.2047 251.08 3.14698 93.63

16 | 29.5122 0.2047 253.8 3.02678 440.73
17 | 31.7824 0.1535 259.14 2.81557 294.45
18 | 32.8989 0.2558 261.78 2.72253 296.12
19 | 33.3463 0.1791 262.83 2.68702 428.04

20 | 35.9165 0.2047 268.88 2.50041 311.98

21 | 37.8066 0.2558 273.34 2.37964 346.2

22 | 39.2020 0.3070 276.62 2.2981 177.8

23 | 41.3922 0.2047 281.78 2.18142 350.4

24 | 41.8385 0.2047 282.84 2.15917 354.6

25 | 44.2837 0.2558 288.60 2.04546 255.09

26 | 45.9338 0.2047 292.48 1.97575 434.47

27 | 46.372 0.2558 293.52 1.9581 382.69

28 | 47.9119 0.2558 297.14 1.8987 186.66

29 | 50.2099 0.3070 305.78 1.81706 104.71

30 | 55.2069 0.8187 213.05 1.66383 32.09
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The unit cell parameter of a = b = ¢ = 15.43 A was obtained through indexing of
experimental high-resolution PXRD patterns (Table 6). The predicted structure was

ultimately validated with Rietveld refinements (Figure 17).

Table 6. Crystallographic data, experimental conditions for PXRD data collection, and
the Rietveld refinement result of PCN-601.

Chemical formula Nio.77Cs6.64N21.24010.92H43.75
Formula weight 1734.20

Density (calculated) 0.785

Crystal system cubic

Space group Pm3m

alA 15.4292(9)

Z 1

Temperature /K 298(2)

X-ray source Cu Kal
Wavelength /A 1.540596

26 range /° 4.502-60.012
Number of reflections 146

Number of data points 4271

Refinement method Rietveld refinement
Rp 0.0427

Rwp 0.0566

Rexp 0.0321

GOF 1.765

Rbragg 0.0130
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Figure 17. Rietveld refinement of PXRD data for PCN-601. The curves are simulated
(red), observed (blue), and difference profiles (grey), respectively; the bars below curves
indicate peak positions.

3.2.4 Gas adsorption of PCN-601

The reddish powder obtained through solvothermal reaction was washed with
deionized water for several times to remove excess inorganic salt. Then the sample was
washed with acetone for 3 times. After being soaked in acetone for 12 h, the sample was

activated at 100 °C under vacuum for 12 h. Then, its N2 uptake was measured at 77 K.

A BET surface area of 1309 m? g~*and a N2 uptake of 505 cm? g were observed
(Figure 18 and 19). Evaluation of a DFT simulation from the N> sorption curve
suggested the pore size distribution curve reached the maximum around 1.1 nm. The
very low distributions of pores with larger diameters are possibly caused by the space

between nanoparticles and the existence of defects in crystals (Figure 20).7% 72
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Figure 18. The N2 adsorption/desorption isotherm of PCN-601 at 77 K.
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Figure 19. The plot of the linear region on the N, isotherm of PCN-601 for the BET
equation.
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Figure 20. The DFT pore size distribution for PCN-601.

3.2.5 Chemical Stability Tests of PCN-601

PXRD measurements for stability test of PCN-601: After washed with DI
water, as-synthesized PCN-601 sample, 10 mg for each batch were immersed in about
3.5 mL aqueous solution of 0.01 mmol/L HCI, 0.1 mmol/L HCI, 0.1 mol/L NaOH, 1
mol/L NaOH, 10 mol/L NaOH, and saturated NaOH (the solution is concentrated with
NaOH at 20 °C, which means the concentration is around 109 g NaOH/100 g H20 or 20
mol/L) at room temperature or 100 °C for 24 hours. The treated samples were washed
with deionized water (3 times) and acetone (3 times). The powders were dried under

vacuum at 100 °C for 10 h before PXRD measurements.

N2 uptakes for stability test of PCN-601: Two batches of samples (about 100
mg for each) were immersed in 35 mL of 0.1 mM HCI solution (at room temperature)

and saturated NaOH solution (at 100 °C) for 24 hours, respectively. After being washed
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with water (3 times) and acetone (3 times), the samples were degassed on ASAP 2420
adsorption system for 10 h at 100 °C. These samples were then measured for N2 sorption

at 77 K.

Electronic absorption spectra for stability test of PCN-601: Two batches of
samples (about 5 mg for each) were immersed in 3.5 mL of 0.1 mM HCI solution (at
room temperature) and saturated NaOH solution (at 100 °C) for 24 hours, respectively.
After being washed with deionized water (3 times), the samples were soaked in DMF for
24 hours. The clear solutions were taken for electronic absorption spectrum
measurements. The standard solution of H4sTPP was prepared by dissolving 1 mg of
H4TPP in 20 mL of DMF.

3.1  Results and Discussion
3.3.1 Topological Design and Structural Analysis of PCN-601

Despite the well-known high robustness of Pz-based MOFs, researchers have
faced great difficulty in the syntheses and structural determinations of these materials.
Unlike carboxylate-based MOFs, it is very challenging to obtain single crystals or even
highly crystalline powders of Pz-based MOFs.%" > % To solve the problem and obtain
our desired product, a top-down strategy based on topological analysis is applied here.
Firstly, we find out the possible topologies and structures which can theoretically
incorporate our desired organic linker. After limiting our preferred products to certain
networks, we then rationally choose suitable SBUs and porphyrinic ligands with proper
symmetry and geometry, which can fit into targeted structures. Finally, a synthetic

condition which can generate our selected SBU is adopted to obtain our expected
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frameworks. In this way, the time consuming explorative synthetic work can be
minimized and matched structure can be easily identified by comparison with the
proposed framework.

In the first step of top-down strategy, to make searching of suitable topologies
easier, we start from the simplest situation by restricting ourselves to MOFs containing
only one kind of SBU, one kind of organic linker, and one kind of connecting edge,
which are defined as binodal edge-transitive nets.®* Since tetratopic porphyrinic ligands
are most frequently adopted in MOFs due to their relative ease of syntheses, we further
zoom into binodal edge-transitive nets with planar 4-connected node. Herein, we
enumerated the reported topologies that satisfy our requirements (Figure 21, top line),
analyzed the nodes that can be assigned to SBUs in corresponding nets (Figure 21,
middle line, the planar 4-connected node is assigned to porphyrinic linker in each
topology), and listed the reported Pz-based SBUs with the same symmetries and
connectivities to corresponding nodes (Figure 21, bottom line). Through this top-down
analysis, eight candidate structures with different topologies (pto-a, tbo-a, stp-a, soc-a,
csg-a, scu-a, sqc-a and ftw-a) constructed by six kinds of SBUs are generated. Among
these SBUS, [Nig(OH)4(H20)2Pz12] (shorten as [Nig] below), a 12-connected cluster with
On symmetry, is very intriguing to us.% [Nig] owns the highest connectivity in reported
Pz-based SBUs, which empirically can increase the robustness of MOFs.8 %% Thus a
ftw-a network constructed by [Nig] and Pz-based tetratopic porphyrinic ligand becomes

our target.

35



A Aﬁ@&
&ﬁz W 4 B

M= [3'.’"1;3] Ay [CusOlpls(H;0)5)* Pd;(Pz); (MM‘Z?,FC);; ™ MNfzp )éuz Nig(OH),(OH,),(P2);;

Figure 21. Top-down topology analysis: binodal edge-transitive topologies with planar
4-connected nodes (top line), the nodes assigned to SBUs in corresponding nets (middle
line), and reported Pz-based SBUs with the same symmetries and connectivities to
corresponding nodes (bottom line).8% % 7 For the simplification of this figure and the
absence of reported planar 4-connected Pz-based SBU, the 5 topologies derivated from
uninodal edge-transitive nets with only 4-connected planar nodes are omitted here: ssb-
a, ssa-a, rhr-b, nbo-b and Ivt-b.

After the determination of the topology and SBU of our desired MOF, the next
step is to consider the geometry details of Pz-based tetratopic porphyrinic ligand.
Because the ligand is assigned to the 4-connected node with Dan (or 4/mmm) symmetry
in ftw-a topology, only two possibilities are left here: the 4 peripheral Pz groups could
be either perpendicular or parallel to the porphyrin center. To determine which type of
ligands we should use, we picked PCN-221 as a reference for analysis (Figure 22).
Because it is also a porphyrinic MOF with ftw-a topology.®® In PCN-221, the SBU,
[Zrg], is both symmetrically and geometrically equivalent to [Nisg]. When the
[Zrs0s(CO2)12]%" (denoted as [Zrs]) is simplified into a topological node, it is compatible
with two topologically identical tetratopic porphyrinic linkers with Dsn symmetry.>
However, only one type of linker fits when the spatial arrangement of [Zrs] and

porphyrinic linker is taken into account. Therefore, to construct MOF isostructural to
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PCN-221, the ligand we use should also be geometrically equivalent to the ligand in
PCN-221, which is tetrakis(4-carboxyphenyl) porphyrin (HsTCPP). As four peripheral
benzoates are perpendicular to porphyrin center in TCPP* (Figure 22c), we finally
choose to construct our targeted MOF with H4TPP, in which four Pz groups are forced
vertical to the porphyrin center because of the steric hindrance of pyrrole rings (Figure

22i).
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Figure 22. Topology and geometry analysis of PCN-221 and PCN-601: (a) PCN-221,
(b) [ZrsO0s(CO2)12]%* cluster; (c) TCPP*; (d) ftw-a topology; (e) On symmetric 12-
connected node; (f) Dan symmetric 4-connected node; (g) PCN-601 (the Ni atoms in the
porphyrin center are omitted for clarity); (h) [Nis] cluster; (i) TPP*-.

In order to obtain our hypothetic structure, the last step here is to explore
synthetic condition to generate the desired cluster. [Nig], as an isolated cluster, has been
synthesized with Ni(AcO),-4H,0, pyrazole and a weak base in MeOH.% Ideally, if we
can conduct the synthesis under similar condition, it is quite possible to obtain our

designed structure. However, given the low solubility of HsTPP in MeOH, the solvent
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for the synthesis of our targeted MOF needs to be optimized. Considering the
deprotonation of H,O and Pyrazole groups during the formation of [Nis] and the high
pKa values of these two species, a weak base might be necessary during the syntheses of
our desired MOF. After dozens of trials, crystalline powder of PCN-601 was finally
obtained through the solvothermal reaction of H4TPP, Ni(AcO)2-4H20, water and EtsN
in DMF.

3.3.2 Chemical Stability Analysis of PCN-601
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Figure 23. (a) PXRD patterns for simulated, pristine PCN-601 and PCN-601 samples
treated under different conditions; (b) N2 adsorption/desorption isotherms at 77 K of
pristine PCN-601 and treated PCN-601 samples.

Chemical stability of PCN-601 was then tested by treating the material under
different conditions. The PXRD patterns of all treated PCN-601 remain intact, which
indicates there was no phase transition or framework collapse during treatments (Figure
23). Moreover, N2 sorption isotherms of PCN-601 treated under the harshest conditions

further confirmed its viability in these environments (Figure 23b). Though it is not very
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obvious, the N2 uptake of PCN-601 after treatments is slightly higher than that of
untreated sample. We propose that it could be explained by the removal of unknown
coordination species trapped inside of the framework in as-synthesized samples during
the treatment of acid or base solutions, which causes a slight increase of porosity of
PCN-601.” Additionally, electronic absorption spectrum suggested that the ligand of
PCN-601 did not leak into DMF solution even the samples were treated under the
harshest conditions, which further confirmed the intactness of PCN-601 in stability tests

(Figure 24).
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Figure 24. (a) DMF solutions with immersed PCN-601 samples being treated under 0.1
mM HCI solution at room temperature for 24 h (left) and saturated NaOH at 100 °C for
24 h (middle), respectively. In the right vial it is the standard solution of HsTPP in DMF
(1 mg/20 mL); (b) electronic absorption spectra of different DMF solutions from the
vials in Figure 24(a).

We propose the extreme robustness of PCN-601 in basic aqueous media could be
explained from both thermodynamic and Kinetic perspectives. In basic condition, the

decomposition procedure of PCN-601 could be considered as a competition between Pz~
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and OH- (or H20) for Ni?*. Compared with OH- and H.O, Pz has higher crystal field
splitting parameter.*® According to crystal field theory, the coordination between Ni%*
and Pz~ can provide more crystal field stabilization energy than that between Ni?* and
OH~ (or H20). This thermodynamically endows PCN-601 with strong resistance to the
attack of H2O and OH" even under extremely basic condition (Figure 25). However, in
acidic solution, the major driving force of MOF decomposition becomes the competition
between H* and Ni?* for Pz~. Because of high pKa value of pyrazole, the equilibrium is
more inclined to the decomposed state (Scheme 3a). Therefore, both comparative acid-
liability and extreme base-resistance of PCN-601 are related to its different

thermodynamic behaviors in acid and base.

OH- (H,0) Pyrazolate
coordinated coordinated
| X
T _1_ {_\\\\ Nit ,/,/ eg i
ol g A ™~
) ) \

AY 1
\\ ¢
. 44
tzg
Figure 25. d orbital splitting of Ni?* in octahedral coordination sphere. Ao o is the crystal
field splitting parameter in OH™ (or H20) coordination sphere; Ao is the crystal field
splitting parameter in pyrazolate coordination sphere.
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From Kinetic aspect, the decomposition of MOFs in solutions could be generally
considered as successive substitution reactions, during which defects are generated
through replacing coordination moieties of ligands with small molecules or ions, akin to
H,0 and OH~.% Respect to the ligand, when one coordination site is displaced from the
metal node, it might still stay around because of the restriction from other attached
“arms” of ligands. This generates a very high “effective concentration” of coordination
moiety around the defect site. Therefore the rate of reverse reaction for the dissociated
site to re-attach to the metal nodes is extremely fast,'® which results in the immediate
structure reparation. When the connectivity of ligand is higher, this effect will become
stronger, because the ligand could tolerate the displacements of more coordination sites
and still keep a high rate of defect repair. We call this as “3D chelating effect” owning to
its similarity to the chelating effect in the soluble coordination compounds. An similar
conclusion can be drawn if SBU is considered as the leaving moiety, where high
connectivity of SBU will also enhance the stability of framework. Overall, when the
connectivities of the ligand and SBU are high, partially ligand dissociation can hardly
result in the collapse of the whole framework because of the fast structure reparation.
Therefore, such 3D chelating effect can contribute to the Kinetic inertness of MOFs with
highly connected SBUs and ligands. Besides the 3D chelating effect, activation energy is
another critical factor in the decomposition reaction of MOFs. Scheme 3b is a model to
compare the decomposition processes of two iso-reticular MOFs with short and long
ligands, noted as MOF-s and MOF-I respectively. For simplification, we first assume

SBUs in these two MOFs are ideally rigid. No matter the substitution reactions undergo
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association or dissociation mechanism, the ligands coordinated to SBUs need to be bent
in the transition states. When the displacements of the terminals of ligands in the
transition states are equal in these two MOFs (ds = di), apparently the shorter ligand will
be bent more severely (6s > 6), which leads to a higher activation energy. As a result,
MOF-s becomes comparatively inert.}°* On the other hand, both the rigidities of SBUs
and ligands should also be taken into account in real situations. Reasonably, SBUs and
ligands with higher connectivity will be stiffer, which makes MOFs constructed by them
more stable.>! Given the facts that HsTPP is the shortest porphyrinic ligands in reported
MOFs and both [Nig] and H4TPP have impressively high connectivities, it is quite
rational for PCN-601 to be kinetically stable. Clearly, the extreme robustness in alkali
aqueous media endows PCN-601 with unique advantages in many applications, like pH

sensing, catalysis and photodynamic therapy, which may have high requirement to base-

resistance of MOFs.3 3656
( ) Crystalline state Decomposed state
Inaicd:  Ni?* ("Pz-R)+H;0* ==~ Ni (OH;)+ R-PzH
In base:  Ni¥*(PzR)+OH == Ni? (OH )+R-Pz
dg

Whend,=d, 6,> 0,

Scheme 3. (a) Thermodynamic stability of PCN-601 in acid and base conditions; (b)
Kinetic stability of MOFs with different length of ligands: ds and di are the
displacements of terminals of ligands in transition states, 6s and 6, are the bending angles
of ligands in transition states.
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3.4 Conclusions

In summary, guided by a top-down topological analysis, we rationally designed
and synthesized PCN-601. Its stability has been carefully explored. PXRD patterns and
N> uptakes suggested its crystallinity and porosity were perfectly maintained in saturated
NaOH solution (20 mol/L) at RT and 100 °C. This not only pushes base-resistance of
porphyrinic MOFs to the limit in aqueous media but also greatly extends the scope of
applications for these materials. We also proposed thermodynamic and kinetic factors

that might induce extraordinary robustness of PCN-601 in basic conditions.
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CHAPTER IV
A BASE-RESISTANT METALLOPORPHYRIN MOF FOR C-H BOND
HALOGENATION®
4.1  Introduction

To exploit the desirable features of porphyrinic MOFs, the materials should be
stable under the harsh chemical conditions involved in real applications. So far, the
explorations of the robustness of MOFs are mainly focused on their chemical stability in
water and acid aqueous solutions, but the chemical resistance of MOFs towards other
species has not been extensively studied.!® Many coordinating anions (Lewis bases),
such as F-, COs%, and PO.*, are also frequently involved in different kinds of
reactions.!®® They are usually essential reactants or work as the compositions of buffer
solutions to control the pH in the reactions catalyzed by porphyrin derivatives.
Therefore, the strong resistance of porphyrinic MOFs towards these coordinating anions
is highly desired to extend their application scopes.

It was found that many reported stable porphyrinic MOFs are constructed with
carboxylate-based ligands and Zr**, Fe3*, or AI**-based inorganic clusters,34 35 50.51.57.73
In the hard-soft-acid-base (HSAB) theory, the carboxylate groups and these high-valent
metal ions are categorized as hard Lewis bases and acids and can form strong
coordination bonds with each other, which endows the frameworks with strong

robustness. On the other hand, many coordinating anions, like F~, CO3%", and PO4>", have

“Reproduced with permission from Lv, X.-L. T; Wang, K. 1; Wang, B.; Su, J.; Zou, X.; Xie, Y.; Li,
J.-R.; Zhou, H.-C., A Base-Resistant Metalloporphyrin Metal-Organic Framework for C-H Bond
Halogenation. Journal of the American Chemical Society 2017, 139 (1), 211-217. Copyright 2017 by
American Chemical Society.
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either small diameters or high charges. They are also classified as Lewis bases with great
hardness. It leads to their strong affinity towards the high-valent metal ions, which is
confirmed by the high binding constants of these anions and Zr**, Fe3*, and AI3* 104 105
As we proposed in our previous work, the decomposition of MOFs in solutions can be
considered as the competition between coordination groups of ligands and other
molecules (or anions) for metal ions of the inorganic clusters insides the frameworks.?
For the MOFs constructed by high valent metal ions, when other hard Lewis bases exist
as competing species with the high concentrations in solutions, the carboxylate groups of
ligands coordinated to metal ions will be easily replaced, leading to the MOF
decomposition. To overcome the vulnerability of these materials in the solutions of
coordinating anions with great hardness, one method is to construct MOFs with metal
ions and ligands that have higher softness. With this strategy, the strong coordination
interaction between the metal ions and ligands can be kept, while the affinity between
coordinating anions in the solutions and metal ions inside the frameworks is weakened.
This endows MOFs with high resistance to the attack of coordinating anions with great
hardness.

Recently, our group reported a MOF, namely PCN-601, that fulfill all the
requirements mentioned above. It is constructed by Ni?* (as [Nis] cluster
[Nig(OH)4(H20)2Pz12],*® Pz = pyrazolate) and 5,10,15,20-tetra(pyrazolate-4-
yl)porphyrin(TPP*) ligand, which are soft Lewis acid and base, respectively (Figure
26d-1).1%2 However, the window size of the cages in PCN-601 is too small (~2.1 x 8.0 A

after deducting van der Waals Radii). When PCN-601 is applied as a catalyst, the small
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window size would slow down the diffusion of reactants or even limit the
approachability of the active sites for substrates. A direct method to augment the window
size and improve catalytic performance is to construct an isoreticular MOF with the
rationally designed elongated ligand under the guidance of the reticular synthesis
strategy (Figure 26).1%

We finally choose 5,10,15,20-tetrakis(4-(1H-pyrazol-4-yl)phenyl)porphyrin
(H4TPPP) as the ligand to construct the targeted MOF, based on two major
considerations. First, in TPPP*-, each phenyl ring is vertical to porphyrin center owing to
the steric hindrance of pyrazolate groups, while the pyrazolate groups prefer to be
parallel to the connected phenyl rings to enlarge the conjugated system and lower the
energy of the molecule. As a result, in its most stable conformation, TPPP* is a 4-
connected Dsn symmetric ligand with 4 pyrazolate groups vertical to the porphyrin
center, which is symmetrically and geometrically equivalent to TPP*. Therefore, the
construction of an isoreticular framework of PCN-601 with [Nig] and TPPP* would be
possible. Second, given the fact that the pore size and stability of a MOF are usually
inversely correlated, extensive elongation of the ligand could undermine the robustness
of resulting framework.” Comparing to TPP*-, only one phenyl ring is inserted between
the porphyrin center and pyrazolate groups in TPPP*, which makes it one of the shortest
elongated versions of TPP*. Furthermore, the structural simulation suggests that the
window size of the cages in the resulting MOF is about 6.0 x 14.0 A, which is large

enough for some substrates to diffuse inside its framework. Therefore, the MOF
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constructed by TPPP* may strike the balance between cavity and robustness of the

material.

PCN-602 [Ni,] cluster TPPP+

Figure 26. Reticular design and construction of PCN-602: (a) ftw-a topological net; (b)
12-connected node with On symmetry; (c) 4-connected node with Dan symmetry; (d)
TPP* ligand; (e and h) [Nis] cluster; (f) structure of PCN-601 (Ni atoms in the porphyrin
center are omitted for clarity); (g) proposed structure of PCN-602; and (i) TPPP*" ligand.

Here, we report this rationally designed pyrazolate-based porphyrinic MOF,
[Nig(OH)4(H20)2(TPPP-Ni)s], namely PCN-602(Ni) (the porphyrin center is occupied by
Ni2"). The experimental results of its stability tests show this material has excellent
robustness in aqueous solutions with OH-, F-, COs%, and PO4> ions. An isostructural
MOF with Mn3*-porphyrin ligand (Mn(TPPP*)CI) was then prepared, assigned as PCN-
602(Mn). The catalytic activity of PCN-602(Mn) has been demonstrated by its

extraordinary performance as a regenerable heterogeneous catalyst in the halogenation
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of hydrocarbons in basic condition. Compared with the previous method with
homogeneous Mn-porphyrin catalysts,’®” much higher yields were achieved under a
more environment-friendly condition with PCN-602(Mn).

4.2  Experimental Section”

4.2.1 Synthesis of H4sTPPP

Scheme 4. Synthetic procedure for HsTPPP. Reagents and conditions: (a) EtsN, CH2Clo,
50 °C; (b) Pd(OAC)., K3POs4, di(1-adamantyl)-n-butylphosphine, toluene, reflux; and (c)
CH2Cl3, CH30H, HClI, 45 °C.

“H4TPPP, Mn(T4TPPP)CI, and Mn(H4sTPP)CI were synthesized by Xiuliang Lv.
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4-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1-trityl-pyrazole (3) : 4-
(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole (8.0 g, 41.2 mmol) was
dissolved in 80 mL of CH2Cl; and the mixture was added to a dried 200 mL three-neck
round bottom flask. EtsN (8.0 mL) was then added dropwise to the reaction mixture and
a water condenser was attached to the flask. The mixture was heated to reflux, and
cautiously stirred for 30 min to give a clear colorless solution. Triphenylmethyl chloride
(11.2 g, 40.4 mmol) was added to the solution and the reaction was complete in another
2 h. The reaction system was cooled to room temperature, and then poured over 100 mL
of ice water in a 1 L beaker. The resulting solution was extracted three times with
CH2Cl> (300 mL total). The organic phase was collected and dried over anhydrous
MgSOs for 10 min. The solvents were removed by rotary evaporation to give 4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-1-trityl-pyrazole (3, 16.18 g, 90.0% yield based on
4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-pyrazole). *H NMR (400 MHz,
CDCl3): § (ppm) 7.69 (s, 1H), 7.43 (s, 1H), 7.32 (m, 9H), 7.14 (m, 6H), 1.20 (s, 12 H).
13C NMR (400 MHz, CDCls): & (ppm) 145.9, 143.2, 138.8, 130.1, 127.8, 127.7, 83.3,
24.8. MS (ESI) calcd for C2sH20BN202 m/z = 436.2, found 437.2 ([M + H]"). FT-IR

(cmY): 3005 (m), 2975 (m), 2880 (M), 1650 (m), 1435 (m), 1375 (m), 958 (m).

5,10,15,20-Tetrakis(4-bromophenyl)porphyrin (4): 4-Bromobenzaldehyde
(18.5 g, 100 mmol) and pyrrole (7.2 mL, 100 mmol) were dissolved in 200 mL of dried
propionic acid, and the solution was heated to reflux and stirred for 12 h. The reaction
mixture was cooled down to room temperature and filtered subsequently to remove the

impurities. Then the solid was washed by 200 mL of acetone to obtain compound 4 as
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crystalline powder (5.0 g, 21.5% vyield based on 4-bromobenzaldehyde). *H NMR (400
MHz, CDCls): & (ppm) 8.65 (s, 8 H), 8.01 (d, 8 H), 7.54 (d, 8H), —2.04 (s, 2 H). 13C
NMR (400 MHz, CDCls): & (ppm) 140.9, 135.9, 130.1, 122.8, 119.0. MS (ESI) calcd for
Ca4H26N4Brs m/z = 929.7, found 930.7 ([M + H]"). FT-IR (cm™): 3320 (s), 3022 (m),

1472 (), 1348 (m), 964 (m), 782 (m), 724 (m).

5,10,15,20-Tetrakis(4-(1-trityl-pyrazol-4-yl)phenyl)porphyrin ~ (TPPP-Trt)
(5): Compound 4 (0.930 g, 1 mmol) and 3 (2.62 g, 6 mmol) were dissolved in 100 mL
of degassed toluene. Pd(OAc). (45 mg, 0.2 mmol, 20 mol%), di(1-adamantyl)-n-
butylphosphine (144 mg, 0.4 mmol), and K3PO43H.O (2.128 g, 8 mmol) were then
added. The reaction system was heated to reflux and stirred for 8 h under N2> atmosphere.
After the reaction completed, the mixture was cooled to room temperature. 100 mL of
water was added to the crude mixture and the solution was extracted three times with
CHClI3 (3 x 200 mL). The organic phase combined and dried with MgSO4 for 10 min,
and evaporated to dry. The solid residue was dissolved in a small amount of 2:1 CHCIs-
PE mixture, and then separated by column chromatography (CH2Cl> to CH2CI2/EA =
10:1). 5,10,15,20-Tetrakis(4-(1-trityl-pyrazol-4-yl)phenyl)porphyrin (5) was isolated as
a purple solid (1.57 g, 85% yield based on 4). *H NMR (400 MHz, CDCls): 6 (ppm) 8.81
(s, 8 H), 8.23 (d, 8H), 7.30-7.70 (m, 68 H), —2.03 (s, 2 H). 3C NMR (400 MHz, CDCl5):
o (ppm) 145.9, 144.0, 143.0, 139.8, 137.2, 135.3, 136.9, 135.0, 130.3, 128.9, 127.8, 83.5.
MS (ESI) calcd for Ciz2HeaN12 m/z = 1846.8, found 1847.8 (M + H]"). FT-IR (cm™):

3062(m), 1717 (s), 1450 (m), 1357 (s), 958 (m), 752 (m).
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5,10,15,20-Tetrakis(4-(1H-pyrazol-4-yl)phenyl)porphyrin  (H4TPPP) (6) :
Compound 5 (1.215 g, 1 mmol) was suspended in 60 mL of CH2Cl>:MeOH (1:1) mixed
solvent in a 150 mL round-bottom flask. 20 mL of 2 M HCI aqueous solution was
slowly added to the suspension and the resulting mixture was stirred at 45 °C for 6 h.
The reaction system was cooled to room temperature and the solvents were removed by
rotary evaporation. The raw product was washed successively with deionized water
(=70 mL), methanol (~70 mL), and chloroform (~70 mL). The resulting purple solid
was dried in vacuo to afford 5,10,15,20-tetrakis(4-(1H-pyrazol-4-yl)phenyl)porphyrin
(H4TPPP) (6), 0.79 g, 90 % yield based on 5 (Scheme 4). *H NMR (400 MHz, DMSO-
d®) & (ppm): 13.90 (s, 4H), 8.95 (s, 8H), 8.50 (s, 4H), 8.20 (d, 12H), 8.07 (d, 8H), -2.84
(s, 2H). 3C NMR (400 MHz, DMSO-d®) 5 (ppm): 143.3, 140.1, 137.5, 135.8, 135.0,
130.2, 129.5, 128.0. MS (ESI) calcd for CsgHssN12 m/z = 878.3, found 879.3 ([M +
H]*). FT-IR: 3314 (m), 3225 (m), 1709 (m), 1562 (m), 1463 (m), 1355 (m), 1227 (m),
951 (m), 794 (s); electronic absorption spectrum (Amax (nM), relative intensity (%)) in

DMF: 425 (100), 519 (6.5), 557 (5.1), 650 (2.8).
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4.2.2 Synthesis Mn(HsTPPP)CI

Scheme 5. Synthesis of Mn(H4sTPPP)CI. Reagents and conditions: (a) MnCl2-4H>0,
DMF, reflux and (b) CH2Cl2, CH3OH, HCI, 45 °C.

5,10,15,20-Tetrakis(4-(1-trityl-pyrazol-4-yl)phenyl)porphyrin-Mn  chloride
(Mn(TPPP-Trt)Cl) (7): Compound 5 (1.215 g, 1.0 mmol) and MnCl,-4H20 (2.5 g,
12.8 mmol) were dissolved in 100 mL of DMF in a 250 mL round-bottom flask (Scheme
5). The solution was heated to reflux and stirred for 12 h. After the reaction system was
cooled to room temperature, 150 mL of water was added. The resultant precipitate was
filtered and washed with 50 mL of water for twice. The obtained solid was dissolved in
300 mL of CHClIs, followed by washing three times with water (3 x 100 mL). The
organic layer was dried over MgSO4 for 10 min and evaporated to afford5,10,15,20-
Tetrakis(4-(1-trityl-pyrazol-4-yl)phenyl)porphyrin-Mn(l11) chloride  (Mn(TPPPTrt)CI)
(7, 1.0 g, 78% yield based on 5). MS (ESI) calcd for C132H92CIMnN12 m/z = 1934.7,

found 1899.7 ([M — CIJ+). FT-IR: 3055 (m, ArH), 1661 (m), 1492 (m), 1443 (m), 1364
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(m), 1157 (m), 1007 (s); electronic absorption spectrum (Amax (NM), relative intensity

(%)) in DMF: 473 (100), 574 (10), 615 (12).

5,10,15,20-Tetrakis(4-(1H-pyrazol-4-yl)phenyl)porphyrin-Mn chloride
(Mn(H4TPPP)CI) (8) : Compound 7 (1.0 g) was suspended in 60 mL of

CH2Cl2:CH30OH (1:1) mixed solvent in a 150 mL round-bottom flask. 20 mL of 2 M HCI
was slowly added to the suspension and the mixture was stirred at 45 °C for 6 h. The
reaction mixture was cooled to room temperature and the solvents were removed by
rotary evaporation. The raw product was washed successively with deionized water (~70
mL), methanol (~70 mL), and chloroform (~70 mL). The resulting dark green solid was
dried under vacuum to afford 5,10,15,20-tetrakis(4-(1H-pyrazol-4-yl)phenyl)porphyrin-
Mn chloride (Mn(H4TPPP)CI) (8, 0.40 g, 80% vyield based on 7). MS (ESI) calcd for
CssH36CIMNnN12 m/z = 966.2, found 931.3 ([M - CI]*). FT-IR: 3245 (m), 1703 (m), 1654
(s), 1359 (m), 1221 (m), 1014 (m), 946 (m,), 808 (m); electronic absorption spectrum

(Amax (nm), relative intensity (%)) in DMF: 473 (100), 576 (10), 616 (11).
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4.2.3 Synthesis of Mn(H4TPP)CI

12 11

Scheme 6. Synthesis of Mn(HsTPP)CI. Reagents and conditions: (a) PMBCI, DMF,
K2COg, reflux; (b) MnCl;-4H,0, DMF, reflux; (c) CAN, CH3CN, 60 °C.

5,10,15,20-Tetrakis(1-(4-methoxybenzyl)-pyrazol-4-yl)porphyrin  (10)
5,10,15,20-Tetra(1H-pyrazol-4-yhporphyrin (H4sTPP, 9, 0.574 g, 1 mmol) was
dissolved in 100 mL of DMF and was added to a dried 200 mL round bottom flask.
K>COz (1.1 g, 8.0 mmol) was then added to the reaction mixture. The mixture was
heated at 70 °C and stirred for 30 min to give a purple solution. 4-
Methoxybenzylchloride (PMBCI 0.81 mL, 6 mmol) was then added to the mixture, and
the reaction mixture was stirred for another 2 h. After the reaction completed, the

mixture was cooled to room temperature and then poured over 100 mL of ice water in a
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1 L beaker. The mixture was extracted three times with 100 mL CHClI3 (300 mL total).
The organic phase was dried over anhydrous MgSOs4 for 10 min and the solvent was
removed by rotary evaporation to give 5,10,15,20-tetrakis(1-(4-methoxybenzyl)-
pyrazol-4-yl)porphyrin (10, 0.9 g, 85% yield based on 9). *H NMR (400 MHz, CDCls):
J (ppm) 8.97 (s, 8H), 8.28 (s, 4H), 8.06 (s, 4H), 7.41 (d, 8H), 6.93 (d, 8H), 5.53 (s, 8H),
3.77 (s, 12 H), —2.81 (s, 2H). 3C NMR (400 MHz, CDCls): § (ppm) 159.8, 144.1,
133.3, 129.8, 128.6, 123.1, 114.6, 110.6, 56.1, 55.4. MS (ESI) calcd for CesHs4N1204
m/z = 1054.4, found 1055.4 ([M + H]*). FT-IR: 3108 (w), 2921 (m), 2843 (m), 1612
(m), 1553 (m), 1504 (m), 1248 (s), 1170 (m), 1032 (m), 953 (m), 805 (m); electronic
absorption spectrum (Amax (NM), relative intensity (%)) in DMF: 425 (100), 519 (6.5),

557 (5.1), 650 (2.8).

5,10,15,20-Tetrakis(1-(4-methoxybenzyl)-pyrazol-4-yl)porphyrin-Mn(l11)
chloride (11): Compound 10 (0.9 g, 0.85 mmol) and MnCl.-4H.0 (2.0 g, 10.0 mmol)
were dissolved in 100 mL of DMF in a 250 mL round bottom flask. The solution was
heated to reflux and stirred for 12 h. After the mixture was cooled to room temperature,
150 mL of water was added. The resultant precipitate was filtered and washed with 50
mL of water for twice. The obtained solid was dissolved in 300 mL of CHCls, followed
by washing three times with water (3 x 100 mL). The organic layer was dried over
MgSOQO4 for 10 min and evaporated to afford 5,10,15,20-tetrakis(1-(4-methoxybenzyl)-
pyrazol-4-yl)porphyrin-Mn(l11) chloride (11, 0.95 g, 95% yield based on 10). MS (ESI)
calcd for CesHs2CIMNnN1204 m/z = 1142.3, found 1107.3 ([M - CI]"). FT-IR: 2921 (m),

2843 (m), 1615 (m), 1550 (m), 1500 (m), 1248 (s), 1170 (m), 1032 (m), 1005(s), 953
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(m), 805 (m); electronic absorption spectrum (Amax (NM), relative intensity (%)) in DMF:

473 (100), 574 (8.5), 615 (10).

5,10,15,20-Tetra(1H-pyrazol-4-yl)porphyrin-Mn(l11)  chloride  (12)
Compound 11 (0.95 g) and Ceric ammonium nitrate (CAN, 22.0 g, 40 mmol) were
suspended in 150 mL of CH3CN. The solution was heated at 60 °C and stirred for 5 h.
After cooling down to room temperature, 100 mL of water was added in to reaction
system. The resultant precipitate was filtered and washed with CHCIz (2 x 100 mL),
acetone (2 x 100 mL), DMF (2 x 20 mL) to afford 5,10,15,20-tetra(1H-pyrazol-4-
yhporphyrin-Mn(111) chloride (12, 0.3 g, 78% vyield based on 11) as dark green powder
(Scheme 6). MS (ESI) calcd for Cs2H20CIMnN12 m/z = 662.1, found 627.1 ([M - CI]").
FT-IR: 3163 (s), 1647 (m), 1559 (m), 1490 (m), 1372 (m), 1214 (m), 978 (m), 801 (m);
electronic absorption spectrum (Amax (NM), relative intensity (%)) in DMF: 473 (100),
574 (10), 615 (12).
4.2.4 Synthesis of MOFs

Synthesis of PCN-602(Ni): Ni(AcO)2:4H20 (8 mg, 32.3 mmol), H4TPPP (10
mg, 17.4 mmol), and deionized (DI) water (1.2 mL) in 2 mL of DMF were mixed and
ultrasonically dissolved in a 5 mL high-pressure vessel. The resulting mixture was sealed
and heated at 120 °C for 24 h. After cooling down to room temperature, reddish
crystalline powder of PCN-602(Ni) was collected by filtration (8 mg). ICP: Ni
(18.732%); EA: N (12.77%), C (57.25%), H (4.359%). The FT-IR spectrum of as-
synthesized PCN-602(Ni) is shown in Figure 27. The PXRD pattern of PCN-602(Ni) is

shown in Figure 36.
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Synthesis of PCN-602(Mn) : Ni(AcO)2:4H,O (6 mg, 24.2 mmol),
Mn(H4TPPP)CI (10 mg, 15.0 mmol), DI water (2.5 mL) and DMF (1.5 mL) were mixed
in a 5 mL high-pressure vessel. The mixture was sealed and heated at 120 °C for 24 h.
After cooling down to room temperature, dark green crystalline powder of PCN-
602(Mn) was collected by filtration (8 mg). ICP: Ni (18.732%); EA: N (12.77%), C
(57.25%), H (4.359%). FT-IR spectrum of as-synthesized PCN-602(Mn) is shown in

Figure 28. The PXRD pattern of PCN-602(Ni) is shown in Figure 37.
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Figure 27. FT-IR spectra of HsTPPP and PCN-602(Ni).
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Figure 28. FT-IR spectra of Mn(H4sTPPP)CI and PCN-602(Mn).

Synthesis of PCN-222(Fe), -224(Co), and -600(Mn): These three MOFs were

synthesized according to the reported procedures and structurally characterized by
PXRD, respectively.3* %% 7 Well matching between the simulated and measured PXRD
patterns shows the success of synthesizing the target material, as well as its phase purity

in each case (Figure 29-31).

——— As-synthesized of PCN-222(Fe)
—— Simulated of PCN-222(Fe)
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Figure 29. PXRD profiles of simulated and experimental PCN-222(Fe).
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Figure 30. PXRD profiles of simulated and experimental PCN-224(Co).
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Figure 31. PXRD profiles of simulated and experimental PCN-600(Mn).

Synthesis of PCN-601(Mn):  Ni(AcO)2:4H20 (80 mg, 32.1 mmol) and

Mn(H4TPP)CI (45 mg) in 10 mL of DMF were ultrasonically dissolved in a 25 mL high
pressure-vessel. The vessel was heated at 130 °C for 1 day. After cooling down to room
temperature, dark green powder in colorless solution was collected by filtration. PXRD

and N2 adsorption characterizations are shown in Figure 32 and 33, respectively.
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Figure 32. PXRD profiles of simulated and experimental PCN-601(Mn).
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Figure 33. The N2 adsorption/desorption isotherms of PCN-601(Mn) at 77 K.

4.2.5 Thermal Stability of PCN-602(M) (M = Ni or Mn)
Thermogravimetry analysis suggests a thermal stability of PCN-602(Ni) and -
602(Mn) up to 280 °C, at which point it begins to decompose as shown in Figure 34 and

35, respectively.
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Figure 34. The thermogravimetric analysis of as-synthesized PCN-602(Ni).
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Figure 35. The thermogravimetric analysis of as-synthesized PCN-602(Mn).
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4.2.6 Powder X-Ray Diffraction of PCN-602(M) (M = Ni or Mn)
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Figure 36. PXRD profiles of simulated and pristine of PCN-602(Ni).
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Figure 37. PXRD profiles of simulated and pristine of PCN-602(Mn).

4.2.7 N2 Adsorption/Desorption Isotherms of PCN-602(M) (M = Ni or Mn)
Sample activation: As-synthesized powders (~100 mg) of PCN-602(M) (M = Ni
or Mn) were washed with 100 mL DMF once and 100 mL of deionized water three times

to remove excess inorganic salts. Then the samples were further washed with acetone
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three times (3 x 200 mL). Before N> sorption experiment, the acetone-washed samples

were activated under dynamic vacuum at 100 °C for 12 h (Figure 38-43).
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Figure 38. N2 adsorption/desorption isotherm of PCN-602(Ni) at 77 K.
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Figure 39. The plot of P/Po/(n(1-P/Po)) vs. P/Pg to determine the BET surface area.
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Figure 40. DFT pore size distribution of PCN-602(Ni) evaluated by using N2 adsorption
data measured at 77 K.
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Figure 41. N2 adsorption/desorption isotherm of PCN-602(Mn) at 77 K.
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Figure 42. The plot of P/Po/(n(1-P/Po)) vs. P/Pg to determine the BET surface area.

65



2

Incremental Surface Area (im'/g)

0 Qo= Hund ® .
10 20 30 40 50 60 70
Pore Width (Angstrom)

Figure 43. DFT pore size distribution of PCN-602(Mn) evaluated by using N2
adsorption data measured at 77 K.

4.2.8 Rietveld Refinement and Crystallographic Data of PCN-602(Ni)*

The structure model of PCN-602(Ni) was refined by Rietveld refinement using
Topas Academic version 4.1. The background was fitted with a 15th order Chebychev
polynomial. The refinement was conducted using a Pearson VII type peak profile
function, followed by refinement of unit cells and zero-shift (Figure 44). Soft distance
restraints were placed on the bonds between the nickel and oxygen atoms (2.20 A), and
the nickel and nitrogen atoms (2.10 A). The rigid bodies were applied on ligands. The
ligand was not fully occupied. The occupancy was refined to be 0.76. The additional
oxygen atom (O2) with the occupancy of 0.24 was located near nickel atom (Nil) with
the Ni—O bond distance of 2.21 A. The guest species in the cages of the structure could

not be located owing to their partial occupancies and low symmetry. Instead, three

* The structural refinement of PCN-602 was conducted by Dr. Jie Su.
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oxygen atoms were added at random positions inside the cages to compensate for the

contributions of the guest species and refined subsequently. Crystallographic data and

structural refinement are provided in Table 7.
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Figure 44. Rietveld refinement of powder X-ray diffraction data for PCN-602(Ni) (the
curves from top to bottom are simulated (red), observed (blue), and difference profiles
(gray), respectively; the bars below curves indicate peak positions.

Table 7. Crystallographic data and the Rietveld refinement result of PCN-602(Ni).

Chemical formula
Formula weight
Crystal system

Space group

alA

z

Temperature / K
Wavelength / A

260 range/ °

Number of reflections
Number of structural variables
Rp

Rwp

Rexp

GOF

C127.92H73.12N27.44Ni10.24021.98
2948.80
cubic
Pm-3m
21.559(2)
1

298(2)
0.45336
0.8~21.39
686

49
0.03849
0.04896
0.00938
5.219
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4.2.9 Chemical Stability Tests of PCN-602

PXRD measurements for stability test of PCN-602: After being washed with
DMF and DI water, as-synthesized PCN-602 samples (10 mg for each batch) were
immersed in about 3.5 mL aqueous solutions of 0.1 mM HCI (pH = 4), 1 M NaOH (pH
=14), 1 M KF, 1 M NaCOs, and 1 M K3zPO4 at room temperature for 24 h. The treated
samples were collected and washed successively with deionized water (3 times) and
acetone (3 times). The obtained powders were dried in an oven at 100 °C before PXRD

measurements.

N2 uptakes for stability test of PCN-602: Five batches of samples (about 100
mg for each) were immersed in 35 mL of 0.1 mM HCI (pH = 4), 1 M NaOH (pH = 14),
1 M KF, 1 M NaCOs, and 1 M K3PO4 aqueous solutions at room temperature for 24 h,
respectively. After being collected and washed with water (3 times) and acetone (3
times), the samples were activated under vacuum at 100 °C for 10 h on ASAP 2420

system. These activated samples were then measured for N2 sorption at 77 K.

Electronic absorption Spectra for Stability Test of PCN-602(Mn): Five
batches (about 10 mg of each sample) of different samples were immersed in 5 mL of 1
mM HCI (pH = 4), 1 M NaOH (pH = 14), 1 M KF, 1 M Na,COs, and 1 M K3POq
aqueous solutions for 24 h, respectively. After being washed with deionized water (3
times), the samples were soaked in DMF for 24 hours. The clear solutions were taken for

electronic absorption spectrum measurements (Figure 49).
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4.2.10 Catalytic Activity Tests of PCN-602(Mn)

The C-H bond halogenations reactions were conducted under two conditions.
Condition 1: catalyst (13 mmol), NaCIO (2 mL, 0.33 M in water), tetrabutylammonium
chloride (TBACI, 8 mg, as the phase transfer catalyst (PTC)), the substrate (2 mmol),
and dichloromethane (2 mL) were mixed and stirred under nitrogen at room temperature
for 5 h. Condition 2: catalyst (13 mmol), NaClO (2 mL, 0.33 M in water), substrate (2
mmol), and acetone (2 mL) were mixed and stirred under nitrogen at room temperature
for 2 h. After the completion of the reaction, the heterogeneous catalyst was collected by
filtration. The homogeneous catalyst, inorganic salt and PTC in the filtrate were
removed by a short silica gel column eluted by CH.Cl,. Then, the identities and the
yields of the products were determined by GC-MS.

4.3  Results and Discussion
4.3.1 Chemical Stability of PCN-602

Chemical stability of PCN-602(M) (M = Mn?*, Ni%") was firstly tested by
treating its samples with the aqueous solutions of HCI and NaOH with pH = 4 and 14 for
24 h at room temperature, respectively. The PXRD patterns of the treated samples
remained intact, indicating there was no phase transition or entire framework collapse of
PCN-602 after the treatments (Figure 45 and 47). N2 isotherms at 77 K of these treated
samples further confirmed the robustness of PCN-602 in the acid and base solutions
(Figure 46 and 48). Moreover, we also explored the stability of PCN-602 in 1 M KF, 1
M Na,COsz and 1 M KsPOj4 aqueous solutions, respectively. After soaking PCN-602 in

these solutions for 24 h at RT, the PXRD patterns and N2 isotherms of the treated
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samples remained unchanged, demonstrating the excellent stability of PCN-602 in these
solutions. For comparison, when PCN-224(Co), -222(Fe) and -600(Mn) were treated
under the same conditions, the deep color of the solutions and the dissolution of the solid
phases clearly indicated the severe decomposition of these MOFs (Figure 46 insect and
Table 8). Considering F-, CO3?~ and PO4*" are all the conjugate bases of weak acids, the
hydrolysis of these anions in aqueous solution will produce hydroxide anions, which are
also destructive to the MOFs. To assess the effect of hydroxide anions in the
decomposition of PCN-224(Co), -222(Fe) and -600(Mn), the pH values of 1 M KF, 1 M
Na,CO3 and 1 M K3PO;4 solutions were measured (Table 8). For instance, the pH value
of 1 M KF solution was 7.79, while PCN-224(Co) -222(Fe) and -600(Mn) were claimed
to be stable in NaOH aqueous solution with the pH value of 9.34 %0 7 The complete
dissolution of these three MOFs in 1 M KF aqueous solution should be attributed to
attack of F~ anions. As revealed by the results above, when we evaluate the robustness of
porphyrinic MOFs for the real applications, not only their stability in hydroxide
solutions but also their resistance towards the attack of other coordinating anions should
be carefully considered. However, the later requirement has been neglected for a long

time, and can hardly be met by the previously reported porphyrinic MOFs.
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Figure 45. PXRD patterns simulated from the PCN-602 structural model, of pristine
PCN-602(Ni) sample, and of those treated in different aqueous solutions.
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Figure 46. N, adsorption/desorption isotherms of pristine PCN-602(Ni) sample and of
those treated in different aqueous solutions (inset: photographs of PCN-602(Ni), -
224(Co), -222(Fe), and -600(Mn) soaked in different solutions for 24 h: deionized water,
1 M KF, 1 M Na,COs, and 1 M K3PO4 aqueous solutions, from left to right).
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Figure 47. PXRD profiles of simulated, pristine PCN-602(Mn), and PCN-602(Mn)
treated under different conditions.
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Figure 48. N, adsorption/desorption isotherms for simulated, pristine PCN-602(Mn),
and PCN-602(Mn) samples treated under different conditions at 77 K.
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Figure 49. Electronic absorption spectrum of different solutions from the vials in inset
(From left to right, Mn(H4sTPPP)CI in DMF solution (0.1 mg / 4 mL), PCN-602(Mn)
treated by pH = 4, pH =14, 1 M K3PO4, 1 M Na:COs and 1 M KF aqueous solution

(these samples were washed with deionized water and soaked in DMF)).

Table 8. The state of different MOFs after treated under different conditions.

1 MKF 1 M Na,CO3 1 M K3POq4
Aqueous ) . .
MOFs (oH = 7.0) aqueous solution | aqueous solution | aqueous solution
Pr=r (pH = 7.79) (pH =10.21) (pH = 12.55)
PCN-602(Ni) Powder Powder Powder Powder
PCN-602(Mn) | Powder Powder Powder Powder
PCN-222(Fe) Powder Red solution Red solution Red solution
PCN-224(Co) Powder Red solution Red solution Red solution
Dark green Dark green Dark green
PCN-600(Mn) | Powder ) ] )
solution solution solution
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4.3.2 Catalytic Activity of PCN-602(Mn)

As we known, alkyl halides are widely applied in chemical industry and afford
important components of a variety of biologically and pharmacologically active
molecules.’® 19 Accordingly, the development of new synthesis approaches for alkyl
halides is quite interesting but challenging, especially for the direct halogenation of inert
C-H bonds. In 2010, Groves and his co-workers reported a method to directly
halogenate alkylates with manganese porphyrin as the catalyst and hypohalite as the
halogen source.?” 11 However, this method still suffered from the moderate yields and
the usage of the homogeneous catalyst, which makes the recovery of the catalyst
difficult. As we mentioned above, immobilizing porphyrin into MOFs could be an
efficient method to improve the activity and recyclability of catalysts. Unfortunately,
most of the reported porphyrinic MOFs cannot resist the attack of hydroxide and other
coordinating anions in this reaction condition. As expected, the intergeneration of large
porosity, the high concentration of catalytically active sites and extreme chemical
stability in solutions of hydroxide and other coordinating anions makes PCN-602 a great
candidate for the heterogeneous catalyst of this reaction.

The chemical stabilities of PCN-602(Mn) in acidic, basic and coordinating anion
containing aqueous solutions were also tested (Figure 47-49). The results demonstrated
its stability is as high as that of PCN-602(Ni). Then, we applied PCN-602(Mn) as the
catalyst in the halogenation reaction (Scheme 7). By following the reaction condition
described in Groves’ paper,®” PCN-602(Mn) (5 mg), NaCIO (2 mL, 0.33 M in water),

TBACI (8 mg), cyclohexane (0.22 mL, 2 mmol), and dichloromethane (2 mL) were
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mixed and stirred under nitrogen at room temperature for 5 h. The reaction process was
monitored by evaluating the consumption of the oxidant (NaClO), through taking out 50
ML reaction solution from reaction system for electronic absorption test. The catalyst
was removed by filtration and the filtrate went through a short silica gel column eluted
by CH2Cl>. Then, the solution was analyzed by GC-MS. Yields of chlorinated products
were calculated based on oxidant added. The assignment of the products was based on
the comparison of GC retention times and fragmentation with authentic samples and
confirmed by MS (Figure 50-52). Catalytic performance of PCN-602(Mn),
Mn(H4+TPPP)CI, and Mn(TPP)CI are listed in Table 9. A 92% yield of chlorocyclohexane
was achieved. It is much higher than that reported in Groves’ paper (57%) when
homogeneous catalyst, Mn(TPP)CI (herein, H2TPP = meso-tetraphenylporphyrin) was
applied.’®” The higher catalytic activity of PCN-602(Mn) could be explained by its rigid
framework structure. When porphyrin catalysts are dissolved, the formation of
catalytically inactive dimers is almost inevitable. As a comparison, the porphyrinic
ligands are separated and anchored at the fixed positions in PCN-602(Mn), which makes

every porphyrin center highly active.
Cl
Catalyst,PTC
O + NaClO y_»
CH,Cl,-Water: RT

Scheme 7. Chlorination of cyclohexane under the reported method.
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Table 9. Catalytic performance of PCN-602(Mn), Mn(H4sTPPP)CI, and Mn(TPP)CI in
the C—H bond chlorination under the reported conditions.

Yield
(%)

1 ) PoN-so2(Mn) () 92
2 () MnHTPPP)ICL (T 54

3 ) Mn(TPP)CI Oy° 57

Entry Substrate Catalyst Product

a7l

100} .

g §

3
BRelative abumdance (%a)
2 & oz

o]
(=]
T T
Relative abundance (%)
F

= -4

1 2 3 4 5.6 7 8 9 10
min

Figure 50. GC of the chlorination of cyclohexane catalyzed by PCN-602(Mn); inset
shows the MS of cyclohexane and chlorocyclohexane.
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Figure 51. GC of the chlorination of cyclohexane catalyzed by Mn(HsTPPP)CI.
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Figure 52. GC of the chlorination of cyclohexane catalyzed by Mn(TPP)CI.
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Moreover, with PCN-602(Mn) as the catalyst, further optimization could be done
for this reaction. In the above-mentioned condition, two toxic species, dichloromethane
and PTC, are applied to dissolve catalyst better and/or facilitate the migration of CIO~
from the aqueous phase to organic phase to react with the catalyst. However, the rigid
structure and high porosity of PCN-602(Mn) can provide a high density of active sites
that are approachable to the substrates, which makes the solubility of the catalyst and the
phase transfer rate of CIO™ not the limiting factors anymore. This encouraged us to
develop a reaction procedure with more environment-friendly solvent and no PTC

(Scheme 8).

solvent Cl
O * NaClO - O/
PCN-602(Mn)

Scheme 8. Chlorination of cyclohexane in different solvents.

Table 10. Catalytic performance of PCN-602(Mn), Mn(H4sTPPP)CI, and Mn(TPP)CI in
different solvents for the C—H bond chlorination of cyclohexane.

Entry solvent Catalyst Temperature (°C) Yield (%)
1 dichloromethane Mn(HsTPPP)CI RT 5
2  dichloromethane PCN-602(Mn) RT 23
3 acetone Mn(H4+TPPP)CI RT 3
4 acetone PCN-602(Mn) RT 93

78



5 methanol

6 methanol
7 ethanol
8 ethanol
9 acetone

Mn(H,TPPP)CI
PCN-602(Mn)
Mn(H,TPPP)CI
PCN-602(Mn)

Mn(TPP)CI

RT

RT

RT

RT

RT

80

75

In the absence of PTC, more environment-friendly compounds were screened as the
organic solvent in this reaction. As described above, 2 mL of NaOCI (0.33 M in water)
was added to a solution of porphyrin-based catalyst (5 mg) and cyclohexane (0.22 mL, 2
mmol) in 2 mL of solvent. As shown in Table 10, the catalysis proceeded with
unsatisfactory yield (5% and 23%, respectively) when CH2Cl> was used as the solvent. It
can be explained by that the reactants were separated into two phases when
dichloromethane was the organic solvent without PTC, which hinders the contact
between substrate and oxidant. To solve this problem, methanol, ethanol, and acetone

were applied as the organic solvents in this system, respectively (Figure 53-60, Table

10).
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Figure 53. GC of the chlorination of cyclohexane catalyzed by Mn(TPP)CI using
CH:Cl; as the solvent.
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Figure 54. GC of the chlorination of cyclohexane catalyzed by PCN-602(Mn) using
CH:Cl; as the solvent.
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Figure 55. GC of the chlorination of cyclohexane catalyzed by Mn(H4sTPPP)CI using

acetone as the solvent.
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Figure 57. GC of the chlorination of cyclohexane catalyzed by Mn(TPP)CI using
methanol as the solvent.
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Figure 58. GC of the chlorination of cyclohexane catalyzed by PCN-602(Mn) using
methanol as the solvent.
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Figure 59. GC of the chlorination of cyclohexane catalyzed by Mn(H4sTPPP)CI using
ethanol as the solvent.
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Figure 60. GC of the chlorination of cyclohexane catalyzed by PCN-602(Mn) using
ethanol as the solvent.
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After systematic exploration, acetone was finally chosen as the best organic
solvent (Scheme 9). The yield of the chlorocyclohexane reached 93% at room
temperature in an even shorter reaction time (2 h) under this condition. As a comparison,
when Mn(TPP)CI was used as the catalyst under this condition, the product yield was
only 8% (Figure 61a and Table 11). In addition, to evaluate the effect of the window size
of the MOFs on the catalytic performance, PCN-601(Mn) was also prepared and applied
as the catalyst in the cyclohexane chlorination under the same optimized condition. After
an even longer reaction time of 10 h, the yield was only up to 15%. Clearly, the small
window sizes of the cages in PCN-601(Mn) blocks the accesses of substrates to the

active sites inside the framework, and thereby reduces its catalytic activity.

Table 11. The cataytic performance of PCN-602(Mn) and other selected catalysts in the
C—H bond chlorination/bromination of cyclohexane/cyclopentane.?

Entry Substrate Catalyst Product Yield(%)

1 O PCN-602(Mn) O/c' 932

2 O Mn(TPP)CI O/c' 8?

3 PCN-601(Mn) c 15P
@ O

& Standard conditions: substrate/NaClO/catalyst = 2 : 0.66 : 0.013 mmol; in
acetone-water (2 : 2 mL); and the suspension was stirred at room temperature for 2 h.
b The reaction time is extended to 10 h.
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PCN-602(Mn) cl
+ NaClO >
Acetone-water

Scheme 9. C-H bond halogenation catalyzed by PCN-602(Mn).

It should also be pointed out that the recyclability is another significant
advantage of solid heterogeneous catalysts. To assess the performance of PCN-602(Mn)
as a re-generable catalyst, the cycling experiment was conducted. After one run of
reaction in acetone-water, the catalyst was collected by centrifugation and reused in the
next run of reaction under the same condition. It was found that after three consecutive
cycles, PCN-602(Mn) was still highly active with the reaction yield maintained up to
92% (Figure 61b). Moreover, the unchanged PXRD pattern and the N2 sorption isotherm
of PCN-602(Mn) in Figure 61c and 64d further confirmed its structural intactness after

the cycling experiment.

Overall, the above results demonstrate that high-yield aliphatic halogenations can
be achieved with PCN-602(Mn) as a regenerable heterogeneous catalyst under a more
environment-friendly condition. This MOF catalyst significantly outperformed their
homogeneous counterparts. To the best of our knowledge, this is the first example of the
application of porphyrinic MOFs as a highly efficient catalyst in a harsh basic reaction

condition.
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Figure 61. (a) Catalytic efficiencies of PCN-602(Mn) and Mn(TPP)Cl in the
cyclohexane chlorination in the presence of PTC and CH2Cl> (black) and under the
optimal conditions in this work without PTC (red); (b) catalytic efficiencies of PCN-
602(Mn) in three consecutive cyclic runs; and (c) PXRD patterns and (d) N:
adsorption/desorption isotherms (at 77 K) of pristine PCN-602(Mn) and that after 3
catalytic cycles, respectively.
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45 Conclusions

In conclusion, guided by the reticular synthesis strategy, a base-resistant
pyrazolate-based porphyrinic MOF with high porosity and large window size, namely
PCN-602, was constructed. It shows extraordinary robustness in basic solutions of
several coordinating anions that are widely used in catalytic reactions. PCN-602(Mn),
with Mn3*-porphyrin centers, was confirmed to be a highly effective heterogeneous
catalyst for the C-H halogenation of inert hydrocarbons under a basic condition. The

base resistance of PCN-602 greatly broadens the application scope of MOFs as catalysts.
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CHAPTER V
SUMMARY
Porphyrinic based MOFs, as a new kind of porous materials, have excellent
potentials in various applications. However, their weak chemical stability severely
hinders the utilization of these materials. In my research, we successfully developed
several robust porphyrinic MOFs with excellent chemical stability to survive from
different aqueous solutions, which greatly extended the application scope of MOFs.
Through rational topological design and KTDA method, PCN-600(Fe) was
successfully synthesized. It showed high chemical stability in acid and base solutions
with pH value from 2 to 11. Moreover, PCN-600(Fe) contains large 1D channel with a
diameter of 3.1 nm, which can accelerate the diffusion of substrates when it is applied as
catalysts. The activity of PCN-600(Fe) was confirmed by its performance as the catalysis

of co-oxidation of phenol and 4-aminoantipyrine (4-AAP) by H,O..

Most of the previously reported stable porphyrinic MOFs are constructed by high
valent metal ions and carboxylate-based porphyrinic ligands. Though many of them
exhibit excellent stability in acidic aqueous solutions, the robustness of these materials in
base solutions is relatively much weaker. One method to overcome the vulnerability of
MOFs in alkaline environments is to construct MOFs with azolate-based porphyrinic
ligands. Guided by a top-down topological analysis, we rationally designed and
synthesized PCN-601, which consists of [Nig] nodes and H4sTPP ligands. This material
shows extraordinary stability in basic solutions. It can even survive in saturated NaOH

solution (20 mol/L) at 100 °C, which almost pushes base-resistance of porphyrinic
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MOFs to the limit in aqueous media. We also rationalized the thermodynamic and

kinetic factors that contribute to the excellent stability of PCN-601.

Though PCN-601 exhibit outstanding chemical stability in alkaline solutions, the
window size of the cages in its framework is too small (~2.1 x 8.0 A). It severely slows
down the diffusion of the substrate or even blocks the active centers when PCN-601 is
applied as a catalyst. To solve this problem, we rationally elongated the ligand of PCN-
601 and successfully obtained the MOFs with isostructural, namely PCN-602, which
strikes the balance between porosity and robustness of the material. It not only shows
good stability in NaOH solution, but also demonstrates its robustness in the solutions of
several coordinating anions, including F, COs%, and PO4*, which are widely used in
many catalytic reactions. The high activity and outstanding recyclability of PCN-602
were confirmed by its excellent performance as a heterogeneous catalyst for the C-H
halogenation of inert hydrocarbons under a basic condition, which significantly

outperforms its homogeneous counterpart.
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