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ABSTRACT: A discrete tetrahedral indium cage, {[In;,(ps-
OH),(HCO,),,(tcma),]} (In;,-GL), was synthesized solvother-
mally by the reaction of indium nitrate with the tripodal
tricarboxylic acid ligand N,N,N-tris{(2’-carboxy[1,1’-biphenyl]-4-
yl)methyl}methylammonium chloride ([Hstcma]*Cl). This cage
consists of four trimeric units [In;(u3-OH)(u,-CO,);(1,-HCO,); ]
and four [tcma]®~ ligands, which all perform as 3-connection nodes
to bridge each other, resulting in a tetrahedral cage structure. The
trimeric unit [Iny(u;-OH)(u,-CO,);(u,-HCO,);] is observed for
the first time in the family of In-based metal—organic structures and
can be considered as an evolution of a 6-connected [In;(p3-O)(u,-
CO,)s] unit. Each In*" is terminally coordinated by a u;-HCO,

group. This cage contains potential Lewis acidic/basic active sites endowed by In** ions as Lewis acidic sites and the uncoordinated
oxygen atoms of y1;-HCO, moieties as Lewis basic sites and was explored as an effective heterogeneous catalyst in the cycloaddition
of CO, with epoxides and the Strecker reaction for amino nitriles. These catalytic reactions were deduced to happen on the surface

of the In;,-GL cage.

Bl INTRODUCTION

Metal—organic porous materials (MOPMs), including metal—
organic frameworks (MOFs) and discrete metal—organic cages
(MOCs) constructed from inorganic metal ions or clusters
with bridging organic ligands, have been reported recently as
interesting and promising heterogeneous catalysts, due to their
highly specific porous features, large surface areas, and multiple
catalytic sites. > The transition metals in MOPM can be
endowed with catalytically active sites for a wide variety of
organic reactions. These porous structures allow the substrates
to diffuse through the pores/channels to react with the
catalytically active sites located within the cavity.”>~>” The
Lewis base active sites can also be introduced at different
locations of the metal—organic porous structure for synergistic
catalysis.”* " The high content of these active sites in
MOPMs is advantageous for catalytic reactions.

However, the low thermal, chemical, and solvent stability of
MOPMs restricts their applications in catalytic organic
reactions. The commonly feasible solution is to exploit
polydentate and/or rigid organic ligands to construct stable
MOPMs.* ™ In addition, various strategies for boosting
MOEF stability have been explored by enhancing the
interactions of metal—ligand bonds and/or shielding inorganic
ions/clusters from unfeasible environments. A potential
instability has been generated commonly in MOPMs during
the effective activation process of open Lewis acid sites by

© XXXX American Chemical Society

WACS Publications A

removal of solvents and media within the pores/channels
before the catalytic reaction. Relatively, the pretreatment of
stable MOCs is much simpler and easier than for 3D MOFs,
since the active metal sites are usually located on the surface of
MOC s, to which the accessibility of reactive substrates is very
easy and feasible. The solvents within the pores of MOCs have
little influence on the catalytic reactions taking place at the
cage surface.

The main-group-metal ions, especially those with large radii
such as Sr?*, Ba?*, Ga*", and In*', have versatile coordination
numbers, which makes them excellent candidates as Lewis acid
catalysts. The In** cation is liable to form thermally and
chemically stable MOFs, due to its high charge density possibly
inducing strong coordination with organic ligands.”*~** These
MOFs have been proven to be promising candidates in gas
storage/separation, Lewis acid chemical catalysis, and photo-
catalysis in organic transformations. Among some of these
MOFs, the interesting indium-containing trimeric unit [In; (-
0)(0,C)4] performs as a secondary building unit for 6-
connected 3D networks.*”** As we know that there has been
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Scheme 1. Schematic Diagram of Ligand [Hstcma]*Cl and Synthetic Scheme of In,,-GL"
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no In-based discrete MOC reported until now, therefore,
construction of novel indium-based structures can not only
enrich the structural features but also enable fine functionaliza-
tion. In this paper, we synthesized a new tripodal tricarboxylate
ligand, N,N,N-tris{(2’'-carboxy[1,1’-biphenyl]-4-yl)methyl}-
methylammonium chloride ([Hstcma]*Cl), which has struc-
tural features of semirigidity, a charge-separated skeleton, a
degree of spatial confinement, and coordination direction. The
reaction of [Hitcma']Cl with In(NO;); in DMF in the
presence of nitric acid afforded white octahedral crystals of the
complex {[Inj;(#3-OH),(HCO,),,(tcma),]} (In;,-GL)
(Scheme 1).

B EXPERIMENTAL SECTION

Materials and Methods. All chemicals and solvents were
purchased from available commercial sources and used as received.
IR spectra were recorded as KBr pellets on a PerkinElmer FT-IR
spectrometer in the range 4000—450 cm™'. Thermogravimetric
analysis (TGA) was measured on a Labsys evo TG-DTA/DSC
thermal analyzer under a nitrogen atmosphere with a heating rate of §
°C/min. Powder X-ray diffraction (PXRD) data were collected on a
Rigaku D/Max 2500 diffractometer (Cu Ka, A = 1.5418 A) and 26
ranging from S to 50°. The yield of isolated product was determined
by GC-MS equipment (Agilent $5977B). 'H NMR spectra were
recorded on an AVANCE 3HD (400 MHz) instrument in DMSO-d;
with Me,Si as the internal standard. ESI-MS mass spectra were
recorded on a Bruker HCT mass spectrometer. Scanning electron
microscopy (SEM) and elemental mapping spectra were carried out
on a FEI Quanta 200 instrument (Oxford Instruments). Gas
adsorption—desorption measurements were acquired on a PS2-1001
surface area analyzer with a desorption temperature of 100 °C under
vacuum.

Synthesis of the Ligand [Hstcma]*Cl. A 30% solution of
MeNH, in ethanol (1 mL, p = 0.66 g mL™', containing 6.38 mmol of
MeNH,) was added to a solution of 20 mL of dry CH;CH,OH
containing 4’-(bromomethyl)biphenyl-2-carboxylic acid methyl ester
(5.84 g, 19.14 mmol). After the solution mixture was refluxed at 80
°C for 8 h with stirring, 10% NaOH aqueous solution (~25 mL) was
added and the solution mixture was further refluxed for another 8 h.
Then the reaction solution was cooled to room temperature. A
hydrochloric acid solution (1 mol L™") was added dropwise into the
reaction solution, adjusting the pH to 7, at which point white
precipitates appeared. The resulting white precipitates were washed
using CH,Cl, and then recrystallized in CH;OH solution to produce
white crystals. Yield: 2.67 g (60%). ESI-MS: 662.25 for [Hstcma]*. 'H
NMR: 6 2.94 (3H), 4.58 (6H), 7.39 (3H), 7.45 (9H), 7.58 (9H),7.70
(3H). IR (cm™): 3460(br), 1704(vs), 1470(s), 1372(s), 1256(s),
1220(s), 1003(m), 912(s), 847(s), 759(s), 534(s), 416(w).

Synthesis of {[In;,(u3-OH),(HCO,),,(tcma),]-x(solvent)}
([In;,-GLI-x(solvent)). A mixture of [Hjtcma]*Cl (0.06624 g, 0.1
mmol) and In(NO;);-«H,0 (0.12 g 0.4 mmol) was dissolved in
DMF (12 mL) in a Teflon-lined stainless steel autoclave, and then
concentrated nitric acid (0.1 mL) was added. The autoclave was
heated at 80 °C under autogenous pressure for 7 days, followed by
cooling to room temperature. Pure white octahedral crystals were
obtained after centrifugation and washing with DMF. Powder X-ray
diffraction of the as-synthesized sample shows it is a pure phase. Yield:
0.15 g, 60% based on In** ion. IR (cm™): 3432 (br), 1600 (vs), 1473
(m), 1386 (s), 1307 (m), 853 (s), 764 (s), 628 (s), 533 (w), 458 (m).

X-ray Structural Studies. The X-ray single-crystal diffraction data
of In,-GL were recorded on the BL17B beamline (1 = 0.72 A) at the
Shanghai Synchrotron Radiation Facility (SSRF) at 107 K. All
calculations were performed with Olex2 and SHELXL crystallographic
software packages. The structure was solved by standard direct
methods and refined by anisotropic approximation. The solvent
molecules were highly disordered. The diffused electron densities
resulting from these residual solvent molecules were removed from
the data set by using the SQUEEZE routine of PLATON. The solvent
molecules were calculated on the basis of a combined study of TGA
and the removed electron counts. The solvents are excluded from the
unit cell contents in the crystal data. The crystal data and
experimental details for In;,-GL are given in Table 1, and the
selected bond distances and angles are shown in Table S1.

B RESULTS AND DISCUSSION

Single-crystal X-ray diffraction analysis indicates that this
compound crystallizes in the cubic Fd3 space group and has a
tetrahedral cage structure. Its asymmetric unit contains one-
third of the ligand, one y;-OH™ anion, one In** jon, and two
formate groups (Figure 1). This tetrahedral cage consists of the
trimeric anionic unit [In;(OH)(u,-CO,);(u,-HCO,);] formed
by three indium atoms sharing a central hydroxyl anion,
bridged respectively by three formates and three carboxylate
groups from the [tcma]®” linkers (Figure 2). Each In*" ion is
terminated by a formate anion. These formate anions are likely
produced by the decomposition of DMF during the In;,-GL
formation reaction. The trimeric [In;(p;-OH)(1,-CO,);(1,-
HCO,);] unit can be thought as an evolution from the 6-
connected [In;(p3-O)(u,-CO,)¢] unit, of which three u,-CO,
moieties are replaced by three y,-HCO, groups and the central
U3-O is replaced by p3-OH. This indium-containing unit
[In;(43-OH) (45-CO,)3(4-HCO,);] performs as a 3-con-
nected unit which has been observed for the first time in In-
based complexes. Meanwhile the geometric configuration of
the ligand [tcma]®>~ matches with this 3-connected trimeric
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Table 1. Crystal Data and Structure Refinement Details for
In,,-GL

empirical formula Co6H160In1,N,076

formula wt 5165.11
crystal system cubic

space group Fd3

a (A) 45.883(5)

b (A) 45.883(5)

¢ (A) 45.883(5)

a (deg) 90

B (deg) 90

v (deg) 90

Vv (A3%) 96595(32)

V4 8

radiation S}E)chrotron Radiation Facility (4 = 0.72
temp (K) 107

Peac (g/em™) 0710

u (mm™) 0.618

0 range for data collection (deg) 1.491—24.131
no. of rflns collected 68273

no. of indep rflns 5429

no. of data/restraints/params 6202/0/219
goodness of fit (GOF) 1.076

final R index (I > 26(1)) 0.0497

R index (all data) 0.0535
largest diff peak/hole (e A7)  0.323/-0.830

Figure 2. (a) Ligand coordination mode, (b) the trimeric unit of
[In;(OH) (1,-CO,)3(1,-HCO,);], and (c) the tetrahedral cage of
In;,-GL. Bond colors: yellow, formate groups; gray, the carboxylate
groups from ligands. H atoms are deleted for clarity.

unit, inducing the establishment of a tetrahedral cage in which
four trimeric units are bridged mutually by four ligands.
Nevertheless, the 6-connected indium based unit [In;(u;-
0)(u,-CO,)¢] is normally observed in 3-D porous struc-
tures.”**~* For known In** carboxylate coordination frame-
works, two other types of indium-based secondary building
units are also very common in the documented In-MOF
structures, including tetrahedral [In(O,CR),]”*”* and linear
[In(u-OH)(0,CR),].>”*"** As we know, there have been only
two discrete In** carboxylate polyhedra reported which were
constructed on the basis of the flexible ligand 1,3,5-tris(4-
carboxyphenoxy)benzene."’

Each In*" ion in an octahedral coordination environment of
InOy (Figure S3) consists of two oxygen atoms from different
[tcma]?” ligands, two oxygen atoms from different y,-HCO,
groups, one oxygen from OH~, and one oxygen from a
terminal y;-HCO,. The ligand’s cationic skeleton of this cage
should be positive against the formation of the anionic moiety
[Ins(p3-OH) (4,-CO,), (4r-HCO,)3(1,-HCO,);] (Figure S4).
The bridging formates extend toward the cage interior, while
the terminal formates and tcma moieties extend outward,
resulting in the formation of an indium cage with an aperture
diameter of ~8 A and a small-sized window of ~3.2 A (Figure
SS). All In** ions are exposed on the surface of In;,-GL and are
easily accessible to the reactive substrates. This gives extra
advantage by increasing the cage potential Lewis acid active
sites and needs no special activation process for the catalytic
reaction happening on the cage surfaces. Furthermore, the
uncoordinated oxygen atom in the terminal y;-formate can act
as a potential Lewis basic site for synergistic catalysis.
Therefore, In;,-GL can have potential synergetic catalysis,
and the catalytic reaction would take place on the surface due
to the small window size. However, in most of the 3-D porous
frameworks constructed by the trimeric [In;O(u-CO,)4] unit,
In** cations are normally located within the pores/channels.

In the lattice, six cages of In;,-GL are arranged into a ring
with a diameter of ~20 A, and these rings pack into one-
dimensional pores along the (011) axis (Figure S6). As
calculated by PLATON, In,-GL presents a void volume of
66.3% of the crystal volume. Though the precise solvent
content cannot be determined by X-ray crystallography due to
the disordered nature, the SQUEEZE routine of PLATON and
thermogravimetric analysis have proven that the void spaces
are filled by DMF and H,O molecules (see the structure
analysis in the Supporting Information). The thermogravi-
metric analysis of the as-synthesized sample (Figure S7)
showed a weight loss of 6.9% before 170 °C, corresponding to
the loss of 27 H,O molecules (calculated 6.47%). With an
increase in temperature from 170 to 240 °C, the second weight
loss is about 24.3%, which belongs to the loss of 10 H,O and
23 DMF molecules (calculated 24.75%).

Gas Adsorption Studies. The sample for gas adsorption
studies was prepared by exchanging the reaction solvent with
CH;OH for 3 days, followed by evacuation under high vacuum
at 100 °C for 10 h. The experimental maximum pore size is
18.2 A (Figure S8), which corresponds to the pore size circled
by neighboring six cages. The N, gas sorption measurement at
77 K (Figure 3) showed a reversible type I isotherm,
characteristic of microporous materials, with a high N, uptake
of 65 cm® g~'. The BET surface area was estimated to be 155
m? g”'. The CO, adsorption reached 16.6 and 11.0 cm® g7,
respectively, at 273 and 298 K under 1 atm (Figure 4).
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Figure 4. CO, sorption isotherm of Inj,-GL at 273 and 298 K.

Catalytic Reaction Studies. Excessive emission of the
greenhouse gas CO, causes serious environmental problems.
Conversion of CO, into cyclic carbonates through the
cycloaddition of CO, with epoxides is one of the best ways
for the effective elimination of CO, and production of valuable
chemical precursors. Another famous reaction is the one-pot
three-component Strecker reaction for the synthesis of a-
amino nitriles, which are very useful precursors for the
synthesis of @-amino acids. Though there are several reports
regarding the use of MOPMs as heterogeneous catalysts for
these two types of reactions,”~>* excellent and multifunctional
MOPMs are still needed to improve the catalysis under mild
reaction conditions. Therefore, it is also necessary to explore
catalysis of Inj,-GL on the bases of these two reactions.

Catalytic Studies on Cycloaddition of CO, with Epoxides.
Before the catalytic reactions, the catalyst In;,-GL was simply
pretreated by heating at 80 °C under normal pressure for 8 h.
Then solvent-free cycloaddition reactions of CO, with
epoxides were accomplished under relatively mild conditions
(1 atm and S0 °C) by adding the catalyst In;,-GL and
cocatalyst tetrabutylammonium bromide (TBAB) for 24 h
(Table 2). The yields of products were determined by GC-MS.
To assess the catalytic performance of In,,-GL, transformation
of styrene oxide with CO, into styrene carbonate was selected
as a model reaction. In the absence of the cocatalyst TBAB, the
cycloaddition reaction of CO, to styrene carbonate catalyzed
by In;,-GL yielded only 4% cyclic carbonate after 24 h (Table
2, entry S). Moreover, the effect of the ligand was not observed
in catalysis of this reaction (Table 2, entry 6). Furthermore, in
the absence of Inj,-GL, the same reaction catalyzed by the
cocatalyst TBAB alone gave a 9.0% yield (Table 2, entry 7).
These experiments have shown that coaddition of In;,-GL and

Table 2. Cycloaddition of CO, and Various Epoxides”

o]
fo) Inq-GL o/(
4+ CO, )\/O
/Q TBAB
R R
Entry Epoxides Product Catalyst(mg) T(°C) Yield (%) TON
1 ch\/& Mﬁ" 40 50 99 1295
2 o vﬁ\ . v&f 40 50 95 1233
3 ©)1 ©/d” 40 50 99 1295
50 35 454
4 ol 40
oA 4
& o 80 905 1173
5 A of 40 50 4c
o oF
6 ¢ 50 (Ligand) 60 14
o of
50 9.0°¢
7 ol 32.5(TBABr) 60 29°¢
" o~
80 345°¢

“Reaction conditions unless specified otherwise: epoxide (10 mmol),
catalyst (0.08 mol %), TBAB (0.1 mmol), and free solvent under 1
atm of CO,. *Conversion was evaluated from GC-MS. “Catalyzed by
In,-GL alone. “Catalyzed by the ligand alone. “Catalyzed by
cocatalyst TBAB alone.

cocatalyst TBAB are necessary in this cycloaddition reaction.
The use of the catalyst in five successive runs gave almost the
same yields (Figure S9). The structural integrity of the catalyst
In),-GL was sustained after five cycles, as shown by PXRD and
IR spectra (Figures S10 and S11). Elemental mapping spectra
illustrating the C, O, and In atoms were still distributed
homogeneously over the entire cage after five cycles (Figure
S12). To assess the heterogeneous nature of the catalyst, In,,-
GL was separated by hot filtration after S h of reaction and
then the reaction that continued for 24 h showed almost no
increase in product yield (Figure S13). The catalytic efficiency
of Inj,-GL was lower for a large-sized substrate such as 2-
(phenoxymethyl) oxirane but improved more than double with
an increase in temperature up to 80 °C (Table 2, entry 4). This
size-selective catalysis may originate from the spatial confine-
ment of the ligand and formate groups, which are encircled
around the active sites of In**. The heterogeneous catalysis
performance of In;,-GL for CO, fixation surpasses that of
many famous MOFs such as MOF-5, Mg-MOF-74, gea-MOF-
1, ZIF-8, HKUST-1, and some In-based MOFs (Table S2).
Moreover, the yields for small reaction substrates are
comparable to those of some of the recently reported top-
performing MOF catalysts under similar conditions, such as
Hf-NU-1000 (100%), MOF-892 (82%), InDCPN-CI (93%),
and PCN-700-Me, (93%) (Table S2).

Due to the window size of In;,-GL being smaller than the
substrates and products (Table S3), we deduce that the
catalysis should happen on the surface of In;,-GL. An
assumptive mechanism for the catalytic fixation reaction of
CO, by In;,-GL was proposed (Figure S14) similarly as other
studies have described. Here, we think the In** ions may
experience an intermediate state with coordination number 7
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in the catalytic process.’””>* First, the oxygen atom of the
epoxide ring coordinates to the In’" to polarize the epoxide
ring, while the CO, is polarized by the uncoordinated oxygen
atom of y;-formate. Then, the polarized epoxide ring receives a
nucleophilic attack by the Br™ of TBAB to form an open ring
with an intermediate oxygen anion, which subsequently reacts
rapidly with the polarized CO, molecule to generate alkyl
carbonate anions. The transformation of alkyl carbonate anion
into the corresponding cyclic carbonate is accomplished
through a cyclization step. Therefore, it can be deduced that
the overall cycloaddition process can be promoted synergisti-
cally by Lewis acidic and basic sites.

One-Pot Three-Component Strecker Reaction for Amino
Nitriles. Although the one-pot synthesis of a-amino nitriles by
a three-component Strecker reaction offers many advantages,
the wide use of this reaction is restrained due to the low
activity of some ketones. Therefore, a highly active catalyst is
required to extend the types of synthesized @-amino nitriles by
the use of different substituted ketones. Herein, we explored
In;,-GL as a catalyst for this reaction. The reactions were
performed in a methanol solution at room temperature, and
the results are summarized in Table 3. All phenylethanones

Table 3. One-Pot Three-Component Strecker Reaction for
Amino Nitriles”

NH, Ry
/ In;,-GL Ri

i -
R‘)kR’ ' © AN 30°C ONH
t(h) Yield(%) TON

Meg N 24 99 216.5
@xu@

Entry ketone Product

ot

[o}

Me CN

2 /©)( 24 96 209.9
3 /@Am /©><°N/® U7 2121
Cl
S S < IETENPERTY
0
5 O(c" SO S 76.5
6 7/ﬂ\( 71( 24 0 0
7 0 0

“Reaction conditions: ketone:aniline: TMSCN 1.1:1:1.1, 6 mol % of
catalyst (from In;,-GL), N, atmosphere, room temperature, solvent;
catalyst washed with methanol. Yield determined by GC-MS.

with electron-withdrawing or electron-donating groups gave
good yields (Table 3, entries 1—3). The catalytic recyclability
experiments of acetophenone and aniline for five cycles show
almost the same yields (Figure S15), while the In;,-GL has
retained almost all of its structural integrity (Figures S16—
S18). The yields of conversion for cyclic ketones are lower
(Table 3, entries 4 and S), while the conversion yield is almost
zero in case of bulky ketones: for example 2,4-dimethyl-3-
pentanone and diphenylmethanone. The size-selective catalysis

of In;,-GL can be still attributed to the spatial confinement of
organic ligands to the active sites on the cage surface.

The effective catalytic ability of In;,-GL on small ketones for
a-amino nitriles is comparable to that of the well-performing
3D InPF-110" and [Cd,(L)(H,0)(DMF)],> but is lower on
the larger-sized ketones in comparison to InPF-110. The
heterogeneous catalysis performances of some other indium-
based MOFs have also been explored in the Strecker reaction
for amino nitriles with different reaction conditions (Table
S4). The catalytic pathway of In;,-GL for the Strecker reaction
is similar to that described in the aforementioned fixation
reaction of CO,, having the synergistic catalysis of Lewis acidic
and basic sites (Figure S19). Lewis acidic In*" sites can catalyze
ketones and intermediate aromatic aldimines. Meanwhile, the
Lewis basic oxygen atom from g, -formate can activate
TMSCN to enhance the nucleophilicity and reactivity of the
cyano group for the activated intermediate aromatic aldimines.

B CONCLUSION

We reported the discrete tetrahedral cage In;,-GL consisting of
the previously unseen trimer [In;(OH)(u,-CO,);(p,-
HCO,),], whose formation is directed by a semirigid tcma
ligand. This cage is stable and contains a high content of active
sites of In’". Just by simple pretreatment, In;,-GL shows
effective heterogeneous catalysis on the cycloaddition of CO,
with epoxides and the Strecker reaction for amino nitriles. The
size-selective catalysis may originate from the spatial confine-
ment around the active centers on the surface of this cage.
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