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Self-assembly of the custom-designed octatopic porphyrin ligand
of tetrakis(3,5-dicarboxybiphenyl)porphine with the in situ generated
Cu,(CO,); paddlewheel moieties afforded a porous metal—
metalloporphyrin framework, MMPF-9, which features a high density
of Cu(n) sites confined within nanoscopic channels and demonstrates
excellent performances as a heterogeneous Lewis-acid catalyst for
chemical fixation of CO, to form carbonates at room temperature
under 1 atm pressure.

Metal-organic frameworks (MOFs)," which consist of metal ions or
metal clusters (also known as secondary building units, SBUs)* that
are interconnected by multitopic organic ligands to form two- or
three-dimensional (2D or 3D) networks, have been expanding at a
rapid pace over the past decade. A major driving force behind their
surge lies in their amenability to design: a desired structure can thus
be targeted by judicious selection of the SBU and the organic linker.?
Furthermore, their modular nature means that their properties
(for example, pore sizes, pore walls and surface area) can also be
tailored or tuned by custom design of organic linkers.* Driven by the
motivation to mimic ubiquitous biological functions of metallo-
porphyrins in nature, such as light-harvesting, oxygen transportation
and catalysis,” porphyrin/metalloporphyrin-based linkers are of
increasing interest for incorporation into MOF frameworks to afford
porphyrin-based MOFs.® Indeed, porphyrin-based MOFs have
exhibited potential for applications in gas storage/separation,’
light-harvesting,® catalysis® and other areas,'® as recently demon-
strated by our group and others.*™°

During the course of constructing porphyrin-based MOFs,
the porphyrin macrocycles of the linkers could be metallated
in situ with the same metal ions as those in the SBUs.® 104>
This represents an appealing approach to create a high density of
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fixation of CO, under ambient conditionsf
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metal sites into 3D nanospace, which could be particularly tempting
for catalysis if the metal centers both within the porphyrin rings and
on the SBUs are catalytically active.**/ In this contribution, we report
such a porphyrin-based MOF, MMPF-9 (MMPF denotes metal-
metalloporphyrin framework), the channelled structure of which is
sustained by the Cu(u) in situ metallated porphyrin ligands of
tetrakis(3,5-dicarboxybiphenyl)-porphine (tdcbpp, Scheme 1a) and
the copper paddlewheel SBUs (Scheme 1b). MMPF-9 thus features a
high density of Cu(u) sites in the confined nanospace, proving it to
be a highly efficient Lewis-acid heterogeneous catalyst for chemical
fixation of CO, to form cyclic carbonates at room temperature
under 1 atm pressure.

The dark red block-shaped crystals of MMPF-9 were harvested by
reacting Hyotdcbpp with Cu(NOj),-2.5H,0 under solvothermal con-
ditions. Single-crystal X-ray diffraction analysis revealed that MMPF-
9 crystallizes in the hexagonal space group P6z/mmc with an
empirical formula Cug(CuC;6H36N,016)(HCO,)4(H,0)6.% There exist
two types of copper paddlewheel units in MMPF-9. The first type is
those bridged by four carboxylate groups of four different tdcbpp
ligands with two aqua ligands at the axial positions. The second type
is those consisting of two coplanar carboxylate groups of two
different tdcbpp ligands; two coplanar coordinated formate ions
and two axial coordinated water molecules (Fig. S1, ESIT). The first
type copper paddlewheel units can be simplified as 4-connected
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Scheme 1 (a) Tetrakis(3,5-dicarboxybiphenyl)porphine (Hiotdcbpp) ligand;
(b) the copper paddlewheel SBU (gray, C; red, O; turquoise, Cu).
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Fig. 1 (a) The truncated triangular channel, (b) the hexagonal channel,
and (c) the extended channels of MMPF-9 viewed along the c direction.

nodes whereas the second type can be considered as ditopic bridges.
The porphyrin macrocycles of tdcbpp ligands are in situ metallated
with Cu(u) during the synthesis process. Each Cu(u}metallated tdcbpp
[hereafter tdebpp(Cu)] ligand connects eight SBUs through carboxylate
groups of four isophthalate moieties to extend into a 3D framework.
Two types of channels, truncated triangular (Fig. 1a) and hexagonal
(Fig. 1b), are observed along the ¢ direction. The truncated triangular
channel with an edge of ~14.0 A (atom to atom distance) is enclosed
by three tdcbpp(Cu) ligands that are linked together through six
4-connected copper paddlewheel units (Fig. S2, ESIt). This means that
an array of nine copper sites point toward the truncated triangular
channel. The hexagonal channel is formed by three tdcbpp(Cu)
ligands that are bridged by six 2-connected copper paddlewheel units
(Fig. S3, ESIY), and has an aperture of 24.7 A (atom to atom distance)
along the diagonal. The hexagonal channel also features an array of
nine copper sites that orient toward the channel center. Topologically,
MMPF-9 possesses a rare (4,12)-connected dinodal net (Fig. S5, ESIT)
with a new topology of smy (point symbol: (3'%-4%*.5%°.6% (3*.4%)) if the
first type copper paddlewheel units are simplified as 4-connected
nodes and the basic building blocks (three tdcbpp(Cu) ligands
linked to six second type copper paddlewheel units through 12
carboxyl groups) forming the hexagonal channel are considered
as 12-connected nodes. MMPF-9 is porous and has a solvent
accessible volume of 80.0% as calculated using PLATON."
The phase purity of MMPF-9 was verified by powder X-ray
diffraction (PXRD) studies, which indicate that the diffraction
patterns of the fresh sample are consistent with the calculated ones
(Fig. S6, ESIT). To assess the permanent porosity of MMPF-9, an N,
adsorption isotherm at 77 K was measured for the activated sample,
which reveals an uptake capacity of ~245 cm® g~ " at the saturation
pressure with typical type I adsorption behaviour (Fig. S8, ESIT),
a characteristic of microporous materials. Derived from the N,
adsorption data, MMPF-9 possesses a Brunauer-Emmett-Teller
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(BET) surface area of ~850 m”> g~ ' (P/P, = 0.0001-0.1) corre-
sponding to a Langmuir surface area of 1050 m* g~ " (P/P, = 0.9).

MOFs have recently been demonstrated to serve as hetero-
geneous Lewis acid catalysts for chemical conversion of CO,
into cyclic carbonates but under the conditions of high pres-
sure (>3 MPa) and high temperature (>100 °C)."> Given the high
density of copper sites confined within the nanoscopic chan-
nels of MMPF-9, we decided to evaluate its performances as a
Lewis acid catalyst in the context of cycloaddition of CO, and
epoxides to form cyclic carbonates at room temperature under
1 atm pressure. As shown in Table 1, MMPF-9 demonstrates
highly efficient catalytic activity for cycloaddition of propylene
oxide using CO, to form propylene carbonate at room tempera-
ture under 1 atm CO, pressure with a yield of 87.4% over
48 hours (Table 1, entry 1). MMPF-9 outperforms the bench-
mark copper MOF of HKUST-1, which exhibits a moderate
activity to form propylene carbonate in 49.2% yield over 48 h
under similar reaction conditions (Table 1, entry 2). We rea-
soned that the high catalytic activity of MMPF-9 for chemical
fixation of CO, under ambient conditions should be mainly
ascribed to the high density of active sites confined in the
accessible nanoscopic channels.

We examined the performances of MMPF-9 in chemical
fixation of CO, with different functional group substituted
epoxides under the ambient conditions. A high catalytic activity
was also observed for cycloaddition of butylene oxide using CO,
to form butylene carbonate at room temperature under 1 atm
pressure with a yield of 80.3% over 48 hours (Table 1, entry 3).
Interestingly, with the increase of molecular sizes of epoxide sub-
strates, a substantial decrease in the yield of cyclic carbonate was

Table 1 Different substituted epoxides coupled with CO, catalyzed by
MOFs at room temperature under 1 atm pressure

Entry Epoxides Products Yield (%)
o
1° A 3&" 87.4
[o}
iy A j&" 49.2
X
3¢ A 7 80.3
8 oL
4@ oo o P 30.5
o]
5 o A Wo\ﬂo 65.9
° ]
6° Ao Woﬂo 29.7
74 A oio 86.4

¢ Reaction conditions: epoxide (25 mmol) with MMPF-9 (0.03125 mmol),
n-Bu,NBr (0.58 g), at room temperature under 1 atm CO, for 48 hours.
b The same reaction conditions as those when loaded with HKUST-1
(0.03125 mmol).  Reaction time was extended to 96 hours under the
similar conditions. ¢ The recyclability test of MMPF-9.
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Scheme 2 The schematic representation of the tentatively proposed
catalytic mechanism for the cycloaddition of epoxides and CO, into cyclic
carbonates catalyzed by MMPF-9 (turquoise ball: Cu(i) site from either the
porphyrin center or copper paddlewheel units).

observed, as indicated by the 30.5% yield of 3-butoxy-1,2-propylene
carbonate (Table 1, entry 4) and 29.7% yield of 3-allyloxy-1,2-propylene
carbonate (Table 1, entry 5) from butyl glycidyl ether and allyl glycidyl
ether, respectively. This could be attributed to the limited diffusion
of largesized epoxide molecules thus displaying “apparent” size-
selective catalysis."> Nonetheless, the yield of cyclic carbonate
increases from 30.5% to 65.9% (Table 1, entry 5) for butyl glycidyl
ether when the reaction time is extended from 48 hours to 96 hours,
which can be tentatively ascribed to the heavily delayed mass
transportation for large-sized substitute molecules. MMPF-9 can be
recycled without significant drop in catalytic activity (Table 1, entry 6).

According to some literatures,”> a tentative mechanism was
proposed for the cycloaddition of epoxides and CO, to form cyclic
carbonate catalyzed by MMPF-9, as illustrated in Scheme 2. The
epoxide first binds with the Lewis acidic copper site in the nano-
scopic channel of MMPF-9 through the oxygen atom of epoxide, and
this step leads to the activation of the epoxy ring. The less-hindered
carbon atom of the activated epoxide is then attacked by the Br—
generated from n-Bu,NBr to open the epoxy ring. Subsequently CO,
interacts with the oxygen anion of the opened epoxy ring to form
an alkylcarbonate anion, which is then converted into the corre-
sponding cyclic carbonate through a ring closing step. We speculate
that a high density of copper Lewis acid sites pointing toward the
channel center could boost the synergistic effect using n-Bu,NBr
thus facilitating the cycloaddition reaction, which thereby results in
high catalytic activity of MMPF-9 for converting CO, into cyclic
carbonates under ambient conditions. Notwithstanding, detailed
mechanistic studies to probe the intermediates during the cyclo-
addition reaction could be necessary, and research along this line
will be conducted in the near future.

In summary, a porous metal-metalloporphyrin framework,
MMPF-9, was constructed using a custom-designed octatopic
porphyrin ligand that links Cu,(CO,), paddlewheel moieties.
MMPF-9 features a high density of copper sites in the nano-
scopic channels, proving it to be a highly efficient Lewis acid-
based heterogeneous catalyst for chemical fixation of CO, with
epoxides to form cyclic carbonates under ambient conditions.
Ongoing work in our laboratory includes the construction of
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new MOF-based heterogeneous catalysts for chemical fixation
of CO, and the development of new MMPFs for applications in
heterogeneous catalysis.

The authors acknowledge the University of South Florida for
financial support of this work.
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