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(1), obtained from a related more symmetrical carborane-based linker. Both 1 and 2 were used as efficient
heterogeneous catalysts for a model aza-Michael reaction but only 2 can be reused several times without
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Introduction

Coordination polymers (CPs), also known as metal-organic
frameworks (MOFs) for those that are porous, are materials
constructed by connecting inorganic nodes with organic
linkers.' These materials have been rapidly developed over
the past decades. The tunable chemical functionality and poro-
sity in the case of MOFs lead to unique properties for a variety
of applications.®™"> For the practical applications of these
materials, good stability under practical conditions is a pre-
requisite. Water or moisture is usually present in most indus-
trial processes, such as carbon dioxide capture from flue gas,
water purification, proton conduction and many catalytic pro-
cesses. However, the practical use of MOFs is severely
restricted by their molecular sensitivity to water or air humid-
ity due to the labile coordination bonds between metal nodes
and ligands."®"® The hydrolytic stability of MOFs is governed
by multiple intrinsic factors such as coordination environ-
ment, metal compositions, oxidation states, nature of organic
linkers, interpenetration, flexibility, —and framework
dimensionality."®*®>* Several approaches have been proposed
to improve the aqueous stability of MOFs, for example, by
strengthening the ligand-metal bonds or by increasing the
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significant degradation in catalytic activity.

MOF hydrophobicity.'®'®2 In recent years we have reported
that the introduction of hydrophobic carborane-based linkers
into MOFs greatly improves their hydrolytic stability for further
practical applications.>” Icosahedral boranes [Bj,H;,]*~ and
carboranes 1,n-C,B;0H;, (1 = 2, 7 or 12) are a class of commer-
cially available and exceptionally stable 3D-aromatic boron-
rich clusters that possess material-favorable properties such as
thermal and chemical stability and high hydrophobicity.>*"
Neutral carboranes are remarkably robust icosahedral boron
clusters with two carbon and ten boron atoms. The delocalized
electron density is not uniform through the cage, giving rise to
extraordinary differences in the electronic effects of the
clusters.>®?* This unusual electronic structure is often high-
lighted by considering carboranes as inorganic three-dimen-
sional “aromatic” analogs of arenes.*>>® The spherical nature
of these boron clusters, with slightly polarized hydrogen atoms
and the presence of hydride-like hydrogens at B-H vertexes,
makes carboranes more hydrophobic. Such properties make
icosahedral borane and carborane clusters valuable fragments
to construct ligands for CPs or MOFs.>’*® For example,
[B12H12]2_ provided microporous MOFs with outstanding
selectivities in gas separation.**™** In pursuit of synthesizing
water-resistant MOFs, we are working on the design and prepa-
ration of carborane-based ligands.***® The incorporation of
such ligands into CPs or MOFs is known to increase their
thermal**° and hydrolytic stability.””*”°" For example, we
have recently reported the most stable Cu-paddle wheel MOF
against water in the literature.?” The extraordinary water stabi-
lity of this MOF is related not only to the high hydrophobicity
of the m-carborane ligand L1 (1,7-di(4-carboxyphenyl)-1,7-
dicarba-closo-dodecaborane; Chart 1) but also to the interpene-
trated 3D structure and the presence of the hydrophobic
DABCO (1,4-diazabicyclo[2.2.2]octane) base. The hydrolytic
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COOH

H,L1
® = carbon; rest of vertices = BH

Chart 1

stability is remarkable for a Cu(u) MOF, which in general is
among the most unstable transition metal-based MOFs.*' In
the absence of DABCO, L1 forms a family of 2D coordination
polymers [Cu,(L1),(Solv),]xSolv (1-Solv = 1-DMF, 1-DMA or 1-
MeOH) that are not stable in water.®” The 2D nature of such
coordination polymers expose the Cu-paddle wheel and this
makes them more available for hydrolysis or ligand displace-
ments, which again precludes any applications in the presence
of water. We reasoned that a more unsymmetrical isomer of
L1, such as L2 (1,7-di(3-carboxyphenyl)-1,7-dicarba-closo-dode-
caborane, Chart 1) could provide a more corrugated structure
that increases the hydrolytic stability of the formed Cu(u)-
paddle wheel structure while maintaining a significant
amount of Cu(u) centers available for applications such as
catalysis.

We demonstrate here that the less symmetric ligand L2
(Scheme 1) has a more corrugated structure than L1 and it
greatly increases the hydrolytic stability of the formed Cu(u)-
paddle wheel structure (2). As a proof of concept, 1 and 2 were
tested as heterogeneous catalysts for a prototype aza-Michael
mono-addition reaction. Although both compounds are active
catalysts for such a reaction, only compound 2 can be reused
at least four times without significant loss in catalytic activity.

Experimental section
Materials and methods

All chemicals were of reagent-grade quality. They were pur-
chased from commercial sources and used as received. All syn-
thetic procedures were carried out in air unless noted other-
wise. 1-DMF was synthesized based on our previous report.®?
Thermogravimetric Analysis (TGA) was performed under N, on
an nSTA 449 F1 Jupiter instrument (heating rate: 10 °C min™;
temperature range: 25 °C to 800 °C). Powder X-ray Diffraction
(PXRD) was performed at room temperature on a Siemens
D-5000 diffractometer with Cu Ko radiation (4 = 1.5418 A, 35
kv, 35 maA, increment = 0.02°). An optical microscope
(Olympus BX52) was used to monitor the morphology and
color changes under various conditions. Gas sorption—-desorp-
tion (CO,/273 K and N,/77 K) measurements were performed
using an ASAP2020 surface area analyzer. Samples were first
degassed at 120 °C for 24 h. Elemental analyses were per-
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formed using a Thermo (Carlo Erba) Flash 2000 Elemental
Analyser, configured for wt% CHN. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were recorded
using a PerkinElmer Spectrum One spectrometer equipped
with a Universal ATR sampling accessory. 'H NMR, "B NMR,
"B{"H} NMR and "“C{'H} NMR spectra were recorded on a
Bruker Avance-400 spectrometer. Chemical shifts were refer-
enced to the residual solvent peak for 'H or to BF;-OEt, as an
external standard for 'B and ''B{'H} NMR. Chemical shifts
were reported in ppm and coupling constants in Hertz.
Multiplet nomenclature is as follows: s, singlet; d, doublet; t,
triplet; br, broad; and m, multiplet.

Synthesis of Me,L2, H,L2 and 2

1,7-Di(3-methylphenyl)-1,7-dicarba-closo-dodecaborane
(Me2L2). The synthesis of the 1,7-di(3,5-dicarboxyphenyl)-1,7-
dicarba-closo-dodecaborane ligand (mCB-H,L,) was adapted
from the literature.®® The procedure was carried out under a
nitrogen atmosphere in a round-bottomed flask equipped with
a magnetic stir bar. 500 mg (3.47 mmol) of m-carborane (mCB)
was added to an oven-dried Schlenk flask. The flask was evacu-
ated and backfilled with N, three times, and then 1,2-di-
methoxyethane (40 mL) was added to the flask. Once the mCB
was totally dissolved, 4.77 mL (1.6 M in hexane) of n-BuLi was
added dropwise into the mixture at 0 °C. The mixture was then
stirred at room temperature for 20 min, and then 1.2 g of CuCl
was added to it. The mixture was stirred for 30 min, and then
1.4 mL (14.89 mmol) of pyridine and 1.04 mL (7.63 mmol) of
3-iodotoluene were added. The solution was heated and fluxed
at 85 °C for 48 h. The cooled mixture was diluted with 100 mL
of diethyl ether and allowed to stand for 2 h. The precipitate
was filtered off, and the solution was washed with HCI (3 M)
solution and water. The diethyl ether was removed by rotatory
evaporation, providing a sticky solid that was filtered through
a silica gel column (hexane : dichloromethane = 15 : 1). The fil-
trate was concentrated using a rotary evaporator to obtain
Me,L2 as a white solid (yield: 41.2%).

"H{"'B} NMR (400 MHz, CDCl,): § = 2.37 (s, 6H, CH3;), 2.64
(br, 10H, BH), 7.16 (d, 4H, C¢H,), 7.30 (s, 4H, C¢H,); "'B{'H}
NMR (400 MHz, CDCl;): 6 = —6.60 (s, 2B), —11.02 (s, 5B),
—13.73 (s, 2B), —15.68 (s, 1B). IR (ATR; selected bands; cm™):
v 3062 (CH); 2919 (CH); 2599 (BH).

1,7-Di(3-carboxyphenyl)-1,7-dicarba-closo-dodecaborane
(H21.2). The procedure was adapted from the literature.®® 3 g
(30 mmol) of CrO; was added in small portions to a stirred
mixture of 648 mg (2 mmol) of Me,L2, 30 mL of glacial acetic
acid, 7.5 mL of acetic anhydride, and 1.5 mL of concentrated
H,SO,. The dark green mixture was stirred at 20 °C for
2 hours, then poured into 100 mL of distilled water. A precipi-
tate was formed, which was then filtered off and washed with
distilled water to remove the green chromium residues. The
off-white solid was recrystallized by dissolving it in Na,CO;
solution, filtering the solution, and then acidifying it with HCl
(12 M) aqueous solution. The white precipitate that was
formed was filtered off to obtain pure H,L2 (yield: 77.8%).

This journal is © The Royal Society of Chemistry 2022
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"H{"'B} NMR (400 MHz, DMSO-d,): & = 2.50 (br, 10H, B-H),
7.53 (d, 2H, C¢H,), 7.97 (d, 2H, C¢H,), 7.82 (d, 2H, C¢H,), 8.01
(s, 2H, C¢H,), 13.29 (br s, 2H, COOH); "'B{'"H} NMR (400 MHz,
DMSO-dg): 6 = —10.62 (br, 10B); IR (ATR; selected bands;
em™Y): 2603 (BH); 1686 (C=0 from carboxylate).

[Cuy(L2),(MeOH)(H,0)]-DMA (2). Cu(NO;),-3H,0 (7.5 mg,
0.03 mmol) and H2L2 (7.7 mg, 0.0.02 mmol) were dissolved in
2 mL of DMA/methanol/H,O (1:2:1) with the help of soni-
cation. The above mixture was transferred to an 8-dram vial
and further heated at 85 °C in an oven for 48 h. Bluish crystals
of 2 were collected and washed with DMA (yield based on the
ligand: 38.4%). IR (ATR; selected bands; cm™'): 2603 (BH);
1654 (C=O from DMA); 1615 (C=O from carboxylate).
Elemental analysis, calculated: C 43.23, H 4.90, N 1.36; found:
C 41.71, H, 4.78, N 1.42.

X-ray crystallography

Measured crystals were prepared under inert conditions
immersed in perfluoropolyether as a protecting oil for manipu-
lation. Suitable crystals were mounted on MiTeGen Mi-cro-
mounts™, and these samples were used for data collection.
Data for 2 were collected with a Bruker D8 Venture diffract-
ometer with graphite monochromated CuKa (4 = 1.54178 A, at
298(2) K). The data were processed with an APEX3 suite.** The
structures were solved by Intrinsic Phasing using the ShelXT
program,®® which revealed the position of all non-hydrogen
atoms. These atoms were refined on F> by a full-matrix least-
squares procedure using anisotropic displacement para-
meters.”® All hydrogen atoms were located in difference
Fourier maps and included as fixed contributions riding on
attached atoms with isotropic thermal displacement para-
meters that are 1.2- or 1.5-times those of the respective atoms.
The Olex2 software was used as a graphical interface.®” The
contribution of a DMA disordered solvent molecule to the
diffraction pattern could not be rigorously included in the
model and was consequently removed with the mask tool
implemented in Olex2 Molecular graphics that were generated
using Mercury.®® The crystallographic data for the reported
structure were deposited with the Cambridge Crystallographic
Data Center as supplementary publication no. CCDC
2119738.f A summary of the crystal data is presented in
Table S1.3

Catalytic performance of the aza-Michael mono-addition
reaction

Acrylonitrile (0.144 mL, 2.2 mmol) and Cu-MOFs (10.3 mg,
0.02 mmol) were dispersed in 4 mL of methanol. Hexylamine
(0.263 mL, 2.0 mmol) was then added into the above suspen-
sion and further stirred at room temperature for 60 min.
Reaction conversion was monitored by withdrawing aliquots
from the reaction mixture at different time intervals, quench-
ing with diethyl ether, and drying over anhydrous MgSO, and
analyzed by NMR. The product identity was confirmed by
NMR.*® The catalyst concentration was calculated with respect
to the Cu/hexylamine molar ratio. The catalyst was recycled by
centrifugation at 6000 rpm for 30 min. After washing with

This journal is © The Royal Society of Chemistry 2022
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methanol and drying at 80 °C, the catalyst loss was monitored
by the weight difference before and after each catalytic cycle.

3-(Hexylamino)propanenitrile (400 MHz, CDCl;):*® § = 0.79
(m, 3H, CH3), 1.20 (m, 6H, CH,), 1.40 (m, 2H, CH,), 2.47 (m,
2H, CH,), 2.54 (br m, 2H, CH,), and 2.85 (br m, 2H, CH,).

Results and discussion

Synthesis and characterization

The reaction of Cu(NOj3), and L2 (Chart 1) in a 1:2:1 mixture
of dimethylacetamide (DMA), methanol (MeOH) and water
(H,O0) at 85 °C for 48 h afforded blue crystals of
[Cu,(L2),(MeOH)(H,O)]-DMA (2). The IR spectrum showed
characteristic broad B-H stretching bands of carborane
(2603 ecm™") and the C=O0 vibration of the carboxylate groups
(Fig. S1%). Single-crystal X-ray diffraction (Fig. 1 and Tables S1
and S2%) patterns revealed the 1D network of 2. Phase purity
was confirmed by elemental analysis, powder X-ray diffraction
(PXRD, Fig. S2}) and thermogravimetric analysis (TGA;
Fig. S31). The TGA curve of this material revealed good thermal
stability as the framework is stable up to 300 °C. Activated 2 was
proved to be non-porous under N, at 77 K and 1 bar. However,
it was slightly porous to CO, (13.3 cm® g™ " at 0.9 bar; Dubinin-
Raduskhevich surface area = 131 m* g™'; Fig. S47).

The basic unit of 2 is a Cu,-paddle wheel motif of
[Cu,(COO0),4] units (Fig. 1A). Each paddle wheel unit contains

872080
.2

Fig. 1 X-ray structure of 2. (A) View of the Cu,-paddle wheel units with
L2 coordination and various perpendicular views of the 1D chain; blue
and green colored L2 represents two different conformations observed
for the linker along the structure. (B) Two perpendicular views of the
stacked 1D chains to provide the 2D structure; stacked 1D chains are
colored red or blue for clarity. H atoms are omitted for clarity. Color
code: B, pink; C, grey; O, red; N, blue; and Cu, orange.

Dalton Trans., 2022, 51, N137-1143 | 1139
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four L2*~ ligands, one water molecule and one methanol mole-
cule, the latter two being located at the apical positions. The
electron density corresponding to one free molecule of DMA
was removed using the mask tool implemented in Olex2.®”
Cu-Cu distances in the paddle wheel units were 2.621 A. Cu-
00C bond lengths ranged from 1.952 to 1.985 A and Cu-Oyqy,
bond lengths were 2.154 (MeOH) to 2.159 (H,O) A. The carbor-
ane L2 linker showed two different conformations with a
V-shape (OOC-CB centroid-COO = 119 and 124°) and two non-
coplanar phenyl rings for each conformation (55 and 74°,
respectively; Fig. S51). Two of the more bent conformers of the
L2 linker bridge two Cu,-paddle wheel units to create dimers
(Fig. 1A). These dimers are then crosslinked by two of the
wider conformers of L2, thus creating a kind of tubular 1D
chain (Fig. 1A). The topological analysis reveals a uninodal net
(Fig. S61) with a rare SP 1-periodic net (4,4)(0,2) topology
defined by the point symbol of (4%:6).°>7° The observed 1D
chain grows along the ¢ axis. As can be seen in Fig. 1A, the co-
ordinated methanol molecules are located toward the inside of
the tubular chains while the coordinated water molecules are
pointing toward the external surface of the tubular chains. No
interpenetration of 1D chains is observed. Instead, the chains
are stacked to provide 2D structures (Fig. 1B). Interchain
hydrogen bonding was observed between the coordinated
methanol proton and one of the carboxylate oxygen atoms of
the adjacent chains (Cu(Me)O-H---O; H---O, 2.606 A; OHO,
152.9°). The self-assembly of the 2D structures by inter-
molecular weak interactions provides 3D structures, as shown
in Fig. S7.1

Water stability

The related Cu structure with the more symmetrical L1 ligand
(Chart 1) provided a quite different topology. 1-Solv exhibits a
4*-grid topology by bending alternately above and below the
plane containing paddle wheel [Cu,(COO),] units to produce
more corrugated 2D layers (Fig. S81).°> The stacking of the 2D
layers gives rise to the 3D structures of the compounds. Easy
sliding of the 2D layers favors phase transitions on solvent
exchange (from DFM to MeOH or CH,Cl,). We noted that
water suspensions of 1 became blue colored quite rapidly, evi-
dencing its instability in this solvent. Consequently, the PXRD
patterns and optical microscopy images of 1 indicate a clear
phase transition after being immersed in water for one week
and complete amorphization and partial dissolution after two
weeks (Fig. 2a and S9%). 2 shows, however, quite remarkable
stability in a variety of solvents, including methanol and water
(Fig. 2b and Fig. S9-S12%). 2 is stable in water for at least two
months as confirmed by both PXRD and optical microscopy
(Fig. 2b and Fig. S11 and S12}). Remarkably, the crystals of 2
diffracted well after one month in water. Quite interestingly,
the structure of 2 remained unaltered after being in water for
such a long period, including the solvents (water and metha-
nol) at the Cu,-paddle wheel apical positions. 2 also shows
stability in acidic and basic aqueous solutions (from 6 to 8;
pH adjusted with HCI or KOH) for 24 h at room temperature
(Fig. S13 and S141%).
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Fig. 2 A comparison of the PXRD patterns of 1 (A) and 2 (B) after being
immersed in water for various time periods.

Aza-Michael addition reaction

MOFs are promising candidates as catalysts for various
157L72 However, in order to function effectively in
reactions where water is involved, sufficient hydrothermal
stability of the catalyst is vitally important. Hence, catalysts
based on water stable MOFs stand out as they are capable of
remaining robust and effective throughout the catalytic
process. Having determined the different stabilities of 1 and 2
in water, we evaluated the performance of these two materials
as heterogeneous catalysts for the model Aza-Michael addition
reaction. The latter is one of the simplest and most effective
approaches for synthesizing o,f-unsaturated carbonyl/nitrile
compounds.”>”® Due to the poor nucleophilicity of amines,
the introduction of aqueous media with promoting agents is
necessary for the aza-Michael addition reaction in some cases.
Thus, we evaluated the activity of Cu centers in 1 and 2 as
Lewis-acids in the aza-Michael mono-addition reaction of hexy-
lamine and acrylonitrile to form 3-(hexylamino)propanenitrile
as the model reaction (Fig. 3 and Experimental section).”®
Both 1 and 2 provided complete conversion (>99%) after
1 hour at room temperature with 1 mol% catalyst loading,
whereas the absence of any catalyst provides negligible conver-
sion (Table S31). The catalytic activity is significantly improved
over other 3D-Cu MOF catalysts that require 5 mol% loading

reactions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Top: aza-Michael mono-addition reaction model in this work.
Bottom: weight loss of catalysts (orange and green bars) and conver-
sions (in blue) after various catalytic cycles.

for such high activity.”*”> The heterogeneity of the catalysts
and recyclability were tested for several cycles (Fig. 3). The
solid materials were separated after each reaction by simple
decantation, washed with methanol and dried at 80 °C. The
recovered materials were reused several times to test their
recyclability. As shown in Fig. 3, 1 loses both catalytic activity
and weight after each cycle. In contrast, 2 can be reused four
times without losing any significant activity or weight. These
data reflect the heterogeneous nature of the catalyst and
demonstrate the long-term chemical robustness and good
catalytic performance of the new water-stable 1D Cu-MOF 2 in
contrast to the less water-stable 2D Cu-MOF 1. Such excellent
catalytic performance has most probably originated from the
high number of accessible Lewis-acid centers due to the 1D
nature of 2 and the exceptional hydrolytic stability of this
material.

Conclusions

We report the synthesis of a newly flexible m-carborane dicar-
boxylic linker 1,7-di(3-carboxyphenyl)-1,7-dicarba-closo-dode-
caborane (L2) and the corresponding 1D Cu,-paddle wheel
coordination polymer 2. The 1D structure of 2 contrasts with
that of the related previously reported 2D Cu,-paddle wheel
coordination polymer 1, formed with the more symmetric 1,7-
di(4-carboxyphenyl)-1,7-dicarba-closo-dodecaborane (L1). 1 is
stable in water for only one week, whereas 2 is stable in this
solvent for at least two months. Regardless of its 1D structure,
2 shows remarkable stability in a variety of solvents and under
pH conditions. Such hydrolytic stability is attributed to the
combination of the arrangement of carborane moieties in the
observed tubular 1D chains and their highly hydrophobic
nature. Both 1 and 2 were used as efficient heterogeneous cata-
lysts for the aza-Michael reaction of hexylamine with acryloni-
trile to form 3-(hexylamino)propanenitrile as a model reaction.

This journal is © The Royal Society of Chemistry 2022
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>99% conversions were achieved under mild conditions in the
presence of only 1 mol% catalyst. In contrast to 1, 2 can be sep-
arated from the reaction mixture by simple decantation and
can be reused several times without significant degradation in
catalytic activity or loss of the catalyst. The catalytic results
show a clear improvement due to the higher hydrolytic stability
of 2 against 1.

The present work demonstrates how the selection of appro-
priate carborane-based linkers can better protect the Cu
centers from water and therefore significantly increase the
hydrolytic stability of the final coordination polymers. Our
results also demonstrate the feasibility of using 2 as a recycl-
able solid Lewis acid catalyst for aza-Michael reactions and
open new avenues for the application of 1D coordination poly-
mers in catalysis.
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