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ABSTRACT: With the utilization of a “bifunctional ligand-
directed strategy”, three isostructural indium—organic frame-
works based on dual secondary building units (SBUs) were I‘
successfully constructed with targeted structures. In their ‘}‘ﬁ «
frameworks, two types of unsaturated monomeric indium
SBUs—[In(OOC-),(-N-)X(H,0)] and [In(OOC-),(-N-)X,]~ | Bifunctional
(X = Cl, Br, and I)—assemble to form 1D tubular channels with | /igand-directed
both open metal sites and weak base polarizing substituents. The N
trimeric indium SBUs [In;O(OOC-)s(DMA),]* serve as robust m /
external linkers to extend into a 3D honeycomb double-walled ﬁ:r 5
framework with nanoscale channels. By changing the polarizing S 3
substituents in situ with different halogens (Cl~, Br~, and I7), for CO, fixation

three obtained isostructural MOFs show different channel

characteristics, such as alkalinity of the polarizing substituents, acidity of the polarized open indium sites, extended channel
sizes, and increased pore volumes (from -I to -Cl). Subsequently, we took the three MOFs collectively as a platform to
investigate the impact of the different coordinated halide ions on channel functions, especially on CO, adsorption and chemical
conversion. Accordingly, the three nanochannel MOF catalysts exhibited highly effective performances in catalyzing
cycloaddition of CO, with large-sized epoxides, particularly styrene oxide, into value-added products—styrene carbonates with
yields of 91—93% and high selectivity of 95—98%—under mild conditions. We speculated that the superior catalytic efliciencies
of the three MOF catalysts could be ascribed to the synergistic effect of open indium sites as Lewis acid with different halide
ions as weak base sites, which might enhance the catalytic selectivity through polarizing and activating CO, molecules during
the reaction process.

ocr @Br @1

Different decorating ion

B INTRODUCTION electrons in various Lewis acidic reactions. Owing to these
advantages, in the past decade, a large number of indium—
organic frameworks (InOFs) have been synthesized with
classic SBUs (such as tetrahedral [In(OOC-),]” monomers
displaying stable geometry and providing a local negative
charge center,”’ [In(OH)] chains,”* and [In;O(OOC-)¢]*
trimers,”> which possess positive charge centers, a large
number of In—O—In bonds and a corresponding high chemical
stability) exhibiting interesting properties.”*~*> However, the
single connected modes of indium SBUs have restrained the
diversity of InOFs. InOFs with novel structures and fine-

Metal—organic frameworks (MOFs), as structurally tunable
porous materials, are built by integrating secondary building
units (SBUs) and organic linkers. The variability of their two
structural components endows MOFs a flexible design in both
channel type and size, surface non-metallic active pendant
groups, and open metal sites, which renders MOFs as
outstanding functional porous materials ranging from CO,
1-3 : .
capture to chemical fixation through heterogeneous
. 4-24 . I . .
catalysis. To target a given application, classic design
principles have been presented by synthetic MOF chem-

ists>>~2® and diversely attractive SBUs have been constructed designed functionalization are still desirable in the rapidly

from various metal centers with different coordinated sites.”” evolving field of materials science. According to previous
Indium, as a high cycle p-block metal, has been attracting reports, designing MOFs by integrating multiple metal SBUs

special interest for its unique electronic configuration, which

endows it different binding affinities toward various coordi- Received: November 17, 2018
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can not only greatly enrich the MOF structures but also display
advantages of each kind of metal site.>7%%* However, the
strategy of oriented integration of multiple metal SBUs into
one framework has not yet been explored. On the other hand,
although the “isoreticular synthesis” in situ could counter the
post-synthesis damage to crystal frameworks, further design
and tuning of pore functionalization in MOFs are largely
limited by the organic synthesis techniques of similarly
geometrical organic ligands as well as the disparities of
coordination affinity of each ligands."”* Alternative ap-
proaches for tuning pore functionalization are still highly
desirable. Herein, we pay special attention to the nuance of
coordination affinity between pyridyl nitrogen and carboxylate
oxygen in directing the assembly of monomeric/trimeric
indium SBUs. In particular, monomeric indium SBUs are
likely to coordinate with carboxyl-O as well as pyridyl-N to
maintain framework charge balance. On the contrary, in the
trimeric indium SBUs, pyridyl-N could only serve as a terminal
coordinate atom with larger steric hindrance than other
terminal solvent atoms in addition to balancing the local
charge.*” Therefore, we speculate that pyridyl-N could be
utilized to break the anionic carboxylate saturated monomeric
indium configuration and construct novel SBUs with open
metal sites. With the help of a “bifunctional ligand directed
strategy” and by selecting 5-(3',5’-dicarboxylphenyl)nicotinic
acid (H;DCPN) as a N,O-coordinated bifunctional ligand, we
successfully integrated two types of unsaturated monomeric In
SBUs and trimeric In cluster into one framework, which
exhibited 3D honeycomb double-walled nanotubular channels.
We further tuned the channels by shifting the surface terminal
substituents with different halogens (-Cl, -Br, and -I).
Consequently, three halogenated frameworks, denoted as
InDCPN-X ( X Cl, Br, and I), exhibited interesting
structural characteristics, such as extended channel apertures
and increased pore volume from -I to -Cl, different channel
pendant polarizing groups (Cl, Br, and I), and the
corresponding polarized open indium sites (Scheme 1).

Scheme 1. Bifunctional Ligand, H;DCPN, Directs Trimeric
and Monomeric Indium SBUs To Form InDCPN-CI, -Br,
and -I with Different Polarizing Substituents Exposed in
Their Channels. Color Code: In = Green, C = Gray, O =
Red, N = Blue, Halogen = Pink, ClI = Cyan, Br = Orange, I =
Purple, Indium Monomer = Blue Polyhedron, and Indium
Trimer = Orange Polyhedron
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Subsequently, we took three different halogenated InDCPN-
Xs collectively as a platform to evaluate the impact of their
unique structural characteristics on channel functions
especially in sequestering the rapidly increasing CO, emission
by cycloaddition of CO, with epoxides into fine chemicals.
Accordingly, these fine-designed structural characteristics, such
as (1) the nanoscale columnar channels, (2) open monomeric

e B | | Pendant halide,
00 ions,

Channels, of INDCPN:X:
with extended apeture and multiple.

i InDCRN:X Frameworks;

| with double-walled honeycomb configuration
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In sites, (3) exposed polarizing substituents (Cl, Br, and I), and
(4) robust trimeric indium linkers and double-walled honey-
comb frameworks, rendered InDCPN-Xs as promising
materials for catalyzing CO, fixation with high conversion
and selectivity especially for large-sized substrates, out-
performing some top-performing MOF catalysts.

B EXPERIMENTAL SECTION

Materials and Methods. PXRD data were collected using a
Rigaku D/max-2550 diffractometer with Cu Ko radiation (A=1.5418
A). Elemental analyses data (C, H, and N) were attained on a
PerkinElmer 240 analyzer. FTIR data were obtained using a Nicolet
Impact 410 FTIR spectrometer. XPS measurements were executed on
an ESCALAB 250 X-ray photoelectron spectrometer, using Mg Ko X-
rays as the excitation source. ICP-OES analyses were performed on a
PerkinElmer Optima 3300 DV spectrometer. TGA was carried out
with a PerkinElmer TGA thermogravimetric analyzer under air flow in
the range of 30—800 °C with a heating rate of 10 °C min™" for all the
measurements. GC—MS analysis was carried out on Shimadzu
GCMS-QP 2010 plus with a DB-SMS capillary column (30 m X
0.25 mm X 0.25 um; J&W Scientific, Folsom, CA, USA). 'H NMR
spectra were collected on a Varian 300 MHz NMR spectrometer. The
N, adsorption measurements were carried out using Micromeritics
ASAP 2420. CO,, CH,, C,H¢, and C;Hg adsorption measurements
were performed with a Micromeritics 3Flex instrument. Before
carrying out the gas adsorption measurements, the samples were
soaked in ethanol, and the ethanol was exchanged every 8 h for S days
to completely remove the nonvolatile guest molecules. The samples
were then subjected to dynamic vacuum at room temperature for 1 h
and activated with the outgas function of the surface area analyzer for
10 h at 180 °C.

Synthesis of INDCPN-CI. A mixture of InCl;-4H,0 (60 mg, 0.2
mmol) and H;DCPN (12 mg, 0.04 mmol) in DMA (1.5 mL) and
H,0 (0.6 mL) was sealed in a 20 mL capped vial, stirred for 1 h, and
heated in an oven at 115 °C for 48 h. The solution was then cooled
down to room temperature, and colorless rod-like single crystals were
obtained. Yield: 66% (based on HyDCPN). Elemental analysis (%)
calc. for INDCPN-CI: C, 38.36; H, 4.31; N, 6.52; found: C, 39.02; H,
4.87; N, 7.13.

Synthesis of InDCPN-Br. In(OH); (30 mg, 0.18 mmol),
concentrated hydrobromic acid (25 uL), and DMA (1 mL) were
mixed in a 20 mL capped vial and stirred for 1 h resulting in a
colorless solution to which H;DCPN (9 mg, 0.03 mmol) was added.
The mixture was sealed and heated in an oven at 120 °C for 48 h. It
was then cooled down to room temperature to give colorless rod-like
single crystals. Yield: 60% (based on H;DCPN). Elemental analysis
(%) calc. for InNDCPN-Br: C, 35.89; H, 4.03; N, 6.10; found: C,
36.11; H, 4.17; N, 6.23.

Synthesis of INDCPN-I. A mixture of Inl; (30 mg, 0.06 mmol)
and H;DCPN (3 mg, 0.01 mmol) in DMA (1 mL) was sealed in a 20
mL capped vial, stirred for 1 h, and then heated at 120 °C for 48 h.
The solution was then cooled down to room temperature, and
colorless rod-like single crystals were obtained. Yield: 62% (based on
H;DCPN). Elemental analysis (%) calc. for INDCPN-I: C, 34.63; H,
4.09; N, 6.21; found: C, 34.51; H, 3.98; N, 6.09.

The experimental PXRD patterns of the three products were in
good agreement with the simulated patterns based on the single-
crystal X-ray data, which indicated the bulk phase purity of the as-
synthesized products (Figures S1—S3).

X-ray Crystallography. Crystallographic data for the three
products were harvested using a Bruker Apex II CCD diffractometer
equipped with graphite-monochromated Mo Ka (1 = 0.71073 A)
radiation at room temperature. All the structures were solved by the
direct methods and refined by full-matrix least squares on F* using
SHELXTL-NT version S.1. All the metal atoms were first located.
The carbon, oxygen, nitrogen, and halogen atoms of the compounds
were subsequently found in difference Fourier maps. The hydrogen
atoms of the ligand were placed geometrically. All non-hydrogen
atoms were refined anisotropically. The final formulas of the three
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compounds were derived from the crystallographic data combined
with the elemental and TGA data. The detailed crystallographic data
and selected bond lengths and angles for INDCPN-Xs are listed in
Tables S4—S6, respectively. Topology information for InDCPN-Xs
was calculated using TOPOS 4.0.>°

Catalytic Performance Evaluation. In a typical experiment, the
catalytic reactions under 1 atm were performed in a 10 mL Schlenk
tube charged with the epoxide (20 mmol), catalyst (0.01 mmol, 0.05
mol %), and tetra-n-butylammonium bromide (TBAB, S mol % for
the optimized condition) as the co-catalyst. The catalytic reactions
under high pressure (2 MPa) were performed in a 25 mL autoclave
charged S times with epoxide and catalyst with/without TBAB as a
co-catalyst. The mol % of the catalyst was based on the molecular
weight of the activated compounds: [In(DCPN);/,X;/s]s[In;O-
(DCPN);/,] (according to the four coordinated sites of one
DCPN, the ligand was viewed as four parts to coordinate with
indium SBUs in the expression above). After sealing, the reactor was
purged with CO,. The reaction mixture was then stirred under mild
conditions (25 °C for propylene oxide and 80 °C for the large-sized
epoxides) for a given period of time. The catalysts were separated by
centrifugation and activated again for reuse. The products were
detected by 'H NMR.

B RESULTS AND DISCUSSION

Characterization of Crystal Structures. The single-
crystal XRD analysis revealed that the three INDCPN-Xs were
isostructural with a difference in the channel-pendant ions
(CI', Br~, and I7). In their frameworks, carboxyl-O assembled
trimeric In SBUs: [In;O(OOC-)4(DMA);]*, and two types of
pyridyl-N directly assembled monomeric In SBUs: [In(OOC-
),(-N-)(H,0)X] and [In(OOC-),(-N-)X,]~ are coexistent. A
1D nanotubular channel with an aperture of ~18 A is
constructed by the 3-connected indium monomer (simplified
as triangle, Figure 1a), further connected with trimeric indium
SBUs externally (Figure 1b). The 6-connected indium trimer
(simplified as triangular prism) acts as a robust linker to
connect three adjacent channels to form a 3D honeycomb
dual-indium SBU based framework with double-walled nano-
scale channels along the c-direction (Figure 1c). This
configuration along ¢ displays the stable geometry similar to
the MCM-41 zeolite. Additionally, the DCPN>" ligand can be
simplified as a 4-connected rectangle (Figure 1la). Therefore,
from a topological point of view, the framework can be
classified into a 3,4,6-connected new topology (Figure 1d). To
the best of our knowledge, only two MOFs in the literature
contain both monomeric and trimeric indium SBUs,”** and
their monomeric sites are saturated 8-coordinated carboxylate
SBUs. InDCPN-Xs represent the first MOFs to integrate open
monomeric indium sites with trimeric clusters into one
framework. Moreover, the design process of employing
bifunctional ligands to directly assemble unsaturated N/O-
coordinated monomeric/trimeric hybrid InOFs may provide a
fruitful route for achieving the desired novel functional porous
materials.

The indium monomers in InDCPN-Xs exhibit two rare
pyridyl-N participating 7-coordination configurations with
different terminal substituents, denoted as neutral [In(OOC-),
(-N-)(H,0)X] and anionic [In(OOC-),(-N-)X,]”. Each
central indium ion of both types of SBUs is coordinated
with two pairs of carboxylate oxygen, one pyridyl nitrogen in
the channel wall plane, and additional two terminal atoms that
are coordinated perpendicularly. The ones pointing toward the
channel center are all halogens, while the opposite ones are
either halogens or oxygen (from water). According to the
crystallographic data, the two kinds of inside terminal atoms
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a)

Figure 1. Crystal structure of INDCPN-Xs. (a) Integration of
triangular monomeric indium SBUs [In(OOC-),(-N-)(H,0)X]~
and [In(OOC-),(-N-)X,] and trigonal-prismatic trimeric indium
SBUs [In;O(OOC-)s(DMA);]* and rectangular DCPN?* results in
(b) the nanotubular channel with the external linkers; (c) the
structure of InDCPN-Xs; (d) the structure displays a new 3,4,6-
connected topology. Color code: In = green, C = gray, O =red, N =
blue, halogen = pink, indium monomer = blue polyhedron, and
indium trimer = orange polyhedron. All H atoms are omitted for

clarity.

have occupancies of 5/6 and 1/6 to form [In(OOC-),(-N-)
(H,0)X] and [In(OOC-),(-N-)X,]~, respectively (Figure 2).

Open indium
site \»

N
Nanotubular .,

.

! t
channel / ),—J ctivate .
4 >“ — Coordinated
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O ham — 2 !

5/6 i\
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Figure 2. Two types of monomeric indium SBUs that constructed the
1D channel of InDCPN-X: [In(OOC-),(-N-)(H,0)X]~ with an
occupancy of 5/6 and which has exposed open metal sites as Lewis
acid sites through the activation process and [In(OOC-),(-N-)X,]
with an occupancy of 1/6 and which carried different halide ions as
weak Lewis basic sites. Color code: In = green, C = gray, O =red, N =
blue, halogen = pink, inside terminal coordinated molecule (water or
halogen) = yellow. All H atoms are omitted for clarity.

The aqua ligand of [In(OOC-),(-N-)(H,0)X] can be
thermally liberated (180 °C, vacuum, degassed for 10 h) to
expose the active open indium sites, as supported by the TGA
analyses of the activated INDCPN-X samples (Figures S4—S6).
Meanwhile, the halogen ligands remain on the SBUs
(supported by the XPS analyses in Figure S7) to maintain a
localized negatively charged center beneficial for polarizing
CO,.>"** The three MOFs have solvent accessible volumes of
62.8, 61.7, and 58.4% for InDCPN-CI, -Br, and -I,
respectively, and possess high densities of two types of active
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sites, which are 10 open monomeric indium sites and 2
polarizing halide ions per unit cell. As shown in Scheme 1, the
two monomeric SBUs are divided into six active binding sites
based on the different coordinated halide ions: the neutral
[In(OOC-),(-N-)(H,0)Cl], [In(OOC-),(-N-)(H,0)Br], and
[In(OOC-),(-N-)(H,0)I] with different polarized open
indium sites as Lewis acidic sites; and the anionic [In(OOC-),
(-N-)CL]", [In(OOC-),(-N-)Br,]7, and [In(OOC-),(-N-)
L]™ carrying different halide ions as weak Lewis bases with
different alkalinity. Additionally, the In—X bond lengths in
[In(OOC-),(-N-)X,]~ were measured to be 2.57, 2.82, and
3.00 A for InDCPN-Cl, InDCPN-Br, and InDCPN-I,
respectively. Accordingly, a shrinkage of their channel
apertures from 12.93 to 11.59 A was observed. Notably, this
approach of tuning channel properties by employing halide
ions with similar coordination affinities may also represent a
convenient and easy route for the pore functionalization of
porous materials.

Gas Adsorption and Separation Behavior. The
permanent porosity of activated INDCPN-C], -Br, and -I was
proven by N, adsorption isotherms at 77 K (Figure 3a). All of
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Figure 3. (a) N, adsorption isotherms at 77 K and pore size
distribution calculated by the NLDFT method, in which the peaks are
matched with the channel apertures of 11.5—13.0 and 17.6—18.1 A
(inset). The CO, adsorption isotherms of the activated (b) InDCPN-
Cl, (c) -Br, and (d) -I at 273 and 298 K. (e) The corresponding Qy
plots.

them revealed a steep N, uptake in the low-pressure region (P/
P, < 0.06), with the resulting profiles of fully reversible type-I
isotherms characteristic of microporous materials. The BET
surface areas of INDCPN-CI, -Br, and -I were estimated to be
997, 875, and 726 m® g_1 (Langmuir surface areas of 1351,
1174, and 972 m? g_l), respectively, and compared with their
space volumes and main channel diameters according to the
structural characteristics. The pore size distribution of the
InDCPN-X series was examined by fitting the NLDFT models
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to their 77 K N, adsorption isotherms (Figure 3a, inset). The
calculated apertures were in good agreement with the two
types of channel sizes observed from their single-crystal
structures—the channel diameter without terminal molecules
(17.6—18.1 A) and decorated with halogens (11.5-13.0 A).

After proving their permanent porosity, adsorption of
various gases such as CO, and some light alkanes was
performed to evaluate the difference in their channel properties
resulting from different decorated halogens (from [In(OOC-),
(-N-)X,]7) and the corresponding halogenated open indium
centers (from the activated monomeric indium SBU [In-
(00C-),(-N-)X]). The MOFs exhibited regular changes in
adsorption performances of various gases (Figures $9—520 and
Tables S3 and S4). We took special interest in their CO,
adsorption behaviors because of the possible interactions of
CO, with the open indium sites and weak basic polarizing
centers (coordinated halide ions) modified on the channel
surface. Accordingly, the CO, sorption isotherms of the
InDCPN-X series at 273 and 298 K were measured (Figure
3b). The saturated adsorption amounts of InDCPN-CI, -Br,
and -T were 69, 50, and 42 cm® g™ at 273 K (35, 26, and 21
cm® g™ at 298 K), respectively. The corresponding isosteric
heats of CO, adsorption (Q,,) at zero coverage were calculated
to be 30, 26, and 24 kJ mol™}, respectively, by fitting the CO,
isotherms at 273 and 298 K with the virial method. The
difference in CO, adsorption amount can be attributed to the
synergy of their different surface areas and CO, affinities as
shown by the different zero coverage Q, values.

The higher Q,; of INDCPN-CI than the other two may result
from the relatively strong alkalinity of chloride ions among the
three halogens. The order of the CO, adsorption of the
InDCPN-X series led us to carry out the subsequent studies for
their catalytic behavior toward CO, chemical conversion.

Catalytic Cycloaddition of CO, with Epoxides. Cyclo-
addition of CO, with epoxides to targeted value-added
chemicals has become a highlighted reaction for sequestering
the sharp increase in CO, emissions. The reaction process can
be effectively facilitated by weak Lewis acidic and basic sites. In
particular, the weak Lewis sites can activate the substrates not
only by polarizing the epoxides and the CO, molecules but
also through easier release of the activated substrates compared
to the stronger Lewis sites.”* By virtue of the diffusion-
facilitated nanotubular channels, accessible monomeric open
indium sites, and weak basic halide ions of InDCPN-Xs, we
thus took the three MOFs collectively to evaluate their
catalytic performances in the cycloaddition reaction as well as
study the effect of their different pendant halide ions. First, we
selected transforming styrene oxide with CO, into styrene
carbonate as a model reaction in consideration of the
substrate-matched compound channels and the possible
facilitations of the weak basic sites to the reported insufficient
catalytic selectivity of the substrate.”* Accordingly, under
relatively mild conditions (1 atm and 80 °C) and over a period
of 24 h, the three MOF catalysts exhibited highly effective
catalytic efficiencies with yields of 91—-93% and selectivities of
95—98% (Table 1, entries 2, 5, and 6). These values are much
higher than the traditional acid/base-based MOF materials as
well as some of the other heterogeneous/homogeneous
catalysts as shown in Table S8. Moreover, these yields are
comparable to some of the recently reported top-performing
MOF catalysts (as shown in Table S9), such as Hf-NU-1000
(100%),"* Cu-TPTC-NH, (89%),”' PCN-700-0 (83%),'* and
MOF-892 (82%)>* under similar conditions. In view of the
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Table 1. Optimum Conditions for Cycloaddition of Carbon
Dioxide with Styrene Epoxide Catalyzed by InDCPN-X
Series”

(o]
o]
©/L\ Catalyst 040
+ COp e
80 °C, 1 atm @A/
entry catalyst T, h con., %P sel,, %> yield, %"
1 InDCPN-CI 12 72 98 71
2 InDCPN-CI 24 95 98 93
3 InDCPN-CI® 24 94 94 88
4 InDCPN-CI¥ 24 86 97 84
S InDCPN-Br 24 95 97 92
6 InDCPN-I 24 96 95 91
7 InDCPN-CI* 4 95 >99 95
8 InDCPN-CV 4 <10
9 none 24 33 84 28

“Reaction conditions: 20 mmol styrene oxide (100 mmol in high-
pressure reactions), 0.05 mol % InDCPN-X, and S mol % TBAB
(nBu,NBr) under 1 atm CO, at 80 °C. “Conversion (con.),
selectivity (sel.), and percent yield were determined by 'H NMR
and GC—MS. “InDCPN-CI (0.025 mol %). “TBAB (1 mol %). °2
MPa, 4 h.®2 MPa, 4 h without co-catalyst.

crystal structures, we ascribed this superior performance
partially to the high density of easily accessible monomeric
open indium sites and halide ions (10 and 2 per unit cell)
hanging on the channel surface. Compared with MOF-892, the
specialized catalyst for styrene oxide, the catalytic sites in one
unit cell are 4 exposed Zr sites and 2 —OH groups within the
conglomerate [Zrs0,(OH),(CH;CO,)¢(-CO,)¢] cluster.

To study the particular effect of the catalysts during the
reaction process, control experiments with different parameters
were carried out using InDCPN-Cl. Under the same
conditions except a less amount of catalyst (0.025 mol %),
the catalytic conversion showed no significant variation, while
the selectivity decreased to 94% (Table 1, entry 3). On the
other hand, using a smaller amount of the co-catalyst (1 mol
%), the conversion decreased to 86%, while the selectivity was
maintained (Table 1, entry 4). These two control batches
revealed the effective promotion of our catalyst for catalytic
selectivity, which can be attributed to the possible activation of
the weak basic coordinated chloridion to easily polarize and
release the epoxide ring and CO, during the catalytic process.
In the batch without InDCPN-CI, the conversion and
selectivity were only 33 and 84%, respectively (Table 1,
entry 9), which demonstrated the significant importance of
InDCPN-CI during the catalytic process. Under high pressure
conditions (2 MPa, 80 °C, and 4 h), 0.05 mol % InDCPN-CI
with TBAB promoted the reaction to a yield of 95% and
selectivity up to 99% (Table 1, entry 7), which was better than
some reported efficient MOF catalysts such as gea-MOF-1
(85% yield, 2 MPa, 120 °C, 6 h)? under similar conditions.
However, according to the batch without the co-catalyst, a less
than 10% yield was observed (Table 1, entry 8), which
suggested that the coordinated chloridion was bound and of
less nucleophilicity and a nucleophilic co-catalyst was needed
in the catalytic process. Moreover, the impact of different
coordinated halide ions on the catalytic activity was found to
be in an increasing order from InDCPN-I to -Cl. We
speculated that it could possibly be ascribed to the increasing
affinities of the coordinated I", Br~, and CI” with CO,
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molecules, which has been revealed by the Q, values of the
three MOFs for CO,. Additionally, the disagreement against
the reported active rule of co-catalytic basic ions (Br~ > I~ >
CI7)™ suggests that, instead of acting like nucleophiles to
attack the p-C of the epoxide ring, the coordinated halide ions
are more likely to activate CO, molecules as weak Lewis basic
sites in the polarizing and releasing process.

The regeneration ability is essential for a catalyst to reduce
the cost of the process for industrial application. As shown in
Figure S30, after five cycles of repeated catalytic measure-
ments, INDCPN-Xs can still maintain their catalytic yields
without a significant decrease. Meanwhile, the PXRD patterns
of the S times recycled catalysts (Figures S27—29) and the
ICP-OES analysis of the fifth product filtrate catalyzed by three
InDCPN-X catalysts (Table S7), which indicated the In*
concentration is less than 0.1 ppm, also confirm that InNDCPN-
Xs are a series of robust and reusable heterogeneous MOF
catalysts.

Subsequently, the catalytic performances for various
epoxides were evaluated under similar optimized conditions
with InDCPN-CI, the most efficient catalyst in the series.
Owing to its nanoscale channels, INDCPN-CI also exhibited
very high activities for the substrates of different sizes (Table
2), ranging from the smallest one, propylene oxide (4.2 X 2.6

Table 2. Catalytic Performance of InDCPN-CI” for
Cycloaddition of Carbon Dioxide with Various Epoxides

INDCPN-CI (0.05 mol%), TBAB _

(o)
[o]
+ ?
AN R/k/‘,(o

80 °C, 1 atm
Entry  Epoxide Product Yield /%?”
1 A )OL 89
o 0o
2 O, 9 93
o @
[o]
3 2 9 88
o™ 7
o~
90

4 o
o 0
O by
“Reaction conditions: epoxide (20 mmol), InNDCPN-CI (0.05 mol %),
and TBAB (5 mol %) under 1 atm CO,, 80 °C (25 °C for propylene
oxide), and 24 h. ®The percent yields were determined by '"H NMR

and GC—MS.

o

A, 89% yield), to the large substrates, cyclohexene oxide (5.1 X
3.9 A, 90% yield) and benzyl phenylglycidyl ether (9.4 X 4.3 A,
88% yield).

Based on the previously reported literature®>” and the
crystal structures of INDCPN-Xs, an assumptive mechanism for
the catalytic process was proposed (Figure 4). First, the open
indium sites of InNDCPN-Xs are involved in attracting and
coordinating with the oxygen atom of the epoxide, further
polarizing the epoxide ring. Then, the polarized ring receives a
nucleophilic attack by the Br~ of TBAB to form an open ring
with an intermediate oxygen anion. The oxygen anion rapidly
attacks the adjacent CO, molecule, which has been attracted
and polarized by the weak Lewis basic site on the channel
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Figure 4. Tentatively proposed catalytic mechanism for the cycloaddition of epoxides and CO, into cyclic carbonates catalyzed by InDCPN-XGs.

Color code: In = green, C = gray,

O = red, N = blue, halogen = pink, and H = white.

surface of the MOF. Simultaneously, the oxygen from the
polarized CO, attacks the epoxide carbon atom coordinated to
Br™, to finish the cyclization. Accordingly, it can be inferred
that the overall cycloaddition process can be promoted
synergistically by the weak Lewis acidic and basic sites
incorporated within one framework.*'®

B CONCLUSIONS

In summary, we demonstrated a bifunctional ligand directed
strategy to integrate two indium SBUs into one framework and
form three isostructural MOFs with the desired structures. The
new MOFs combine the advantages of the two metal SBUs—
modifiable terminal coordinated ions as well as open metal
sites of the monomeric indium SBUs and robust stability of the
trimeric indium SBUs as linkers. By further modification with
Cl, Br, and I anions, the target-designed InNDCPN-X series
exhibits enhanced channel properties especially for efficient
CO, fixation with large-sized epoxides under relatively mild
conditions. The influence of decorated halogens and their
synergistic effect with open metal sites were proposed and
studied, which showed some new avenues for designing of
Lewis acids/bases incorporating MOFs for CO, fixation. The
two design steps also present a fresh view in constructing
MOFs incorporating multiple SBUs with “hybrid vigor” and
exhibiting different pore characteristics to systematically
explore the effect of some specific active centers.
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