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A MOF-supported Cu(I) catalyst bearing N,0-chelating ligand was prepared through postsynthetic modification
of IRMOF-3 and used as an efficient heterogeneous catalyst for three-component coupling reaction of aldehyde,
alkyne, and amine. The catalyst exhibited both high catalytic activity and stability for the reaction and the frame-
work of Cu(I) catalyst was mainly maintained after the catalyst was reused for four times.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Metal-organic frameworks (MOFs), are hybrid solids with infinite
network structures building from organic bridging ligands and inor-
ganic connecting points [1-3]. Due to possessing high porosity,
MOFs have been constructed from designer building blocks to impart
unique properties for a wide range of potential applications includ-
ing nonlinear optics [4], gas storage [5-7], sensing [8], and catalysis
[9-11].

In recent years, a series of porous metal-organic frameworks (MOFs)
has aroused great interest for their potential application as heteroge-
neous catalysts. The uniformity of their pore and channel size account
for much of their catalytic selectivity [12-14]. Yaghi's group firstly
reported an amine-functionalized porous MOF, IRMOF-3, with a cubic
structure having amino groups that do not take part in the formation
of 3D framework structure [15], after that, a large number of successful
attempts to chemically transform the free amine in IRMOF-3 through
postsynthetic modification techniques have been reported [16-20].
Cohen's group initiated a systematic investigation on the postsynthetic
modification of IRMOF-3 with linear alkyl anhydrides and cyclic anhy-
drides [21-24]. Furthermore, the postsynthetic modification of var-
ious porous MOFs, such as UMCM-1-NH,; [25], DMOF-1-NH, [23,26],
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UiO-66-NH, [27], and MIL-53(Al)-NH; [28] with anhydrides and other
reagents were also investigated. Lin's group reported that the post-
synthetic modifications of iron-carboxylate nanoscale metal-organic
frameworks MIL-101(Fe)-NH, for imaging and drug delivery [29].
Rosseinsky's group developed the postsynthetic modification of a
microporous MOF [Cuy(L-asp),(bipy)]- (Guest) with HCl and that the
as-synthesized material can afford Bronsted acid sites in the cavies
[30,31]. Recent works have also revealed that chemical functionalization
of MOFs by the postsynthetic modification technique can generate
catalytically active sites effectively [32-37]. For instance, Lin's group
pioneered the post-synthetic route to catalytically active 3D homo-
chiral MOFs by utilizing orthogonal functionalities within the back-
bones of BINOL-derived bridging ligands, the dihydroxy substituents
are not involved in coordinative interactions and are therefore accessi-
ble for further chemical functionalization. The MOF was treated with
Ti(OiPr),4, a complex known to coordinate to BINOL and its derivatives
to produce Lewis-acid catalysts [38]. Corma's group described the
post-functionalization of IRMOF-3 with an Au(IlI) Schiff base complex,
the novel MOF material showing high catalytic activity for the domino
coupling and cyclization reactions [32]. Ahn's group described one-
step post-functionalization of IRMOF-3 with Mn(acac), complex and
the resultant material can be used as a heterogeneous catalyst for the
epoxidation of alkenes [33]. MOFs therefore appear to be excellent can-
didates for catalysis, with the understanding of their potential still
largely in its infancy.

Herein, in a parallel approximation, a new modified IRMOF-3 with
open metal sites was prepared by the covalent post-synthesis meth-
odology and was selected as a new heterogeneous catalyst to demon-
strate this new nanoporous material to be excellent candidate for
catalysis.
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Scheme 1. Post-synthesis modification procedure.

2. Experimental
2.1. General

The chemicals were purchased from commercial suppliers and were
used without purification prior to use except where otherwise indicated.
All 'H and 'C NMR were performed in CDCl; and recorded on a Bruker
Avance 400 NMR spectrometer. IR were recorded with KBr pellets using
Perkin-Elmer Instrument. Elemental analyses were performed on a
Vario El Il elementar. The Cu content was determined by a Jarrell-Ash
1100 ICP analysis. The elemental concentration distribution on the sam-
ple was verified by energy dispersive X-ray analysis (EDX, Horiba
7593H). X-ray powder diffraction patterns were recorded on a Rigaku dif-
fractometer using CuKo (A=1.54 A). Nitrogen adsorption/desorption
isotherms were measured on a Micromeritics ASAP 2020 surface an-
alyzer at — 196 °C. Thermogravimetric analyses, in a range of 20-
800 °C, were carried out on a TGA (Scinco S-1000) system under a
N, flow at a heating rate of 10.0 °C/min. Products were purified by
flash chromatography on 200-300 mesh silica gel, SiO,. IRMOF-3
was prepared using a method previously reported in the literature
[15,20]. Details of the synthesis and characterization of the catalyst
were provided in the Supporting Information.

3. Results and discussion

The starting material chosen for this investigation was IRMOF-3,
which presented the free NH, groups allows for easy covalent modi-
fication. Since N,0-bidentate ligand has proved to be a versatile li-
gand, the use of copper catalysts containing N,0-ligands is a very
interesting strategy [39,40]. Herein glyoxal, a well-known ligand for
binding a variety of transition metals in known coordination environ-
ment, was chose as ligand. The post-synthetic functionalization route
for IRMOF-3 is shown in Scheme 1. IRMOF-3-Gl was prepared by
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Fig. 1. X-Ray powder patterns of IRMOF-3, IRMOF-3-Gl, and IRMOF-3-GI-Cu.

dissolving glyoxal in acetonitrile and treating the resulting solution
with freshly prepared IRMOF-3 at room temperature for 24 h. The
obtained the solid was washed with acetonitrile sufficiently and dried
under vacuum to remove the unreacted glyoxal. The functionalized
IRMOF-3-Gl was then treated with Cul to generate the corresponding
Cu(I)-containing catalyst material, IRMOF-3-GI-Cu' [25,41,42]. The
new MOF was full characterized by various techniques including pow-
der X-ray diffraction (PXRD), thermogravimetric analysis (TGA), nitro-
gen adsorption measurement, IR spectroscopy, and microanalysis
(Supplementary Information for details). The PXRD patterns of both
IRMOF-3 and modified IRMOF-3 show well-resolved identical peaks
(Fig. 1), thus confirming that the original MOF framework structure
was maintained with high phase purity even after the functionalization
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Fig. 2. N, adsorption-desorption isotherm at 77 K.
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with imine and ensuing coordination with the Cu(I). The thermal stabil-
ity of the functionalized IRMOF-3-Gl and IRMOF-3-GIl-Cu' was studied
by TGA (Fig. S1 in Supplementary Information). IRMOF-3-GI showed a
gradual weight-loss step of 14.0% from room temperature to 165 °C,
corresponding to partial loss of guest solvent species, and a second
weight loss due to combustion of the organic part of the framework be-
tween 270 and 493 °C. IRMOF-3-GI-Cu' showed a gradual weight loss
from room temperature to 165 °C, corresponding to the release of the
guest solvent molecules and a major weight (ca. 47.4 wt.%) loss occur-
ring at 292-477 °C due to the removal of the organic components.

Table 1
A3-coupling reaction catalyzed by IRMOF-3-GI-Cu?.

An important structural feature of the MOFs is that they possess
nanoscale pores. The N, adsorption-desorption experiment was re-
corded in order to evaluate the porosity of the modified MOFs
(IRMOF-3-Gl and IRMOF-3-GI-Cu") (Fig. 2). The experiment results
show a decrease in BET surface area and pore volume of IRMOF-3-Gl
to 764 m?-g~ ! and 0.65 cm>-g~ ' after IRMOF-3 was modified with
glyoxal. Subsequently the coordination with the Cu(l) made the de-
crease in BET surface area and pore volume of IRMOF-3-GI-Cu to
642 m?-g~ ! and 0.57 cm3-g~". Similar results have been observed in
MOF material after post-modification [37]. FTIR spectra of both IRMOF-3

Rz
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R—= + RCHO + _ N ———— N—R
Ri™ "Ry CHCl, S Ra
R3
Entry Alkyne Aldehyde Amine Yield® (%) TON®
1 Q_: (CH,0), N ) 91 282
2 @—: (CH;0), HN D 90 273
S
3 Q—: (CH,0), HN  N— 90 273
s
4 @—: (CH20)n HN/\é 91 282
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5 C)— (CH0), " 88 267
\—Ph
6 Q{ (CH,0),, CLN ,O 87 264
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d P
9 Q—_ /I\/CHO HN 76 230
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13 — )= (CH;0)n N 87 264
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N

Reaction conditions: aldehyde (1.0 mmol), amine (1.1 mmol), alkyne (1.2 mmol), IRMOF-3-GI-Cu (20 mg, 0.0033 mmol) at 40 °C for 6 h.

a

b Isolated yields.

¢ Mol of aldehyde converted/mol of catalyst.
4 At 40 °C for 12 h.
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and post-modified MOFs exhibited intense bands at 1570 cm™ !, due to
the presence of the original amino group in the pores. The spectra of the
functionalized MOFs exhibited a new band at 1625 cm~', which may
be attributed to vibration of the generated imine bond (Fig. S2 in Sup-
plementary Information). The exact composition of IRMOF-3-GI-Cu
was determined by combined elemental analysis, TGA, EDX and ICP
analyses. The crystallized particles of IRMOF-3-GI-Cu revealed by EDX
mainly consist of Zn, along with a small amount of Cu and the Zn:Cu
ratio appears to be 20:1 (Fig. S3 in Supplementary Information). ICP
analysis indicated that the coordination with Cul led to a weight loading
of 1.05 wt.% (0.16 mmol-g~ ') Cu in IRMOF-3-GI-Cu', corresponding to
4.7% of the — NH; groups has been functionalized. Elemental analysis of
the modified MOFs revealed that about 4.3% of the — NH, groups has
been functionalized.

The new class of heterogeneous IRMOF-3-GI-Cu catalyst should then
be of catalytic interest due to the presence of well-defined Cu(I) stable
active site. Three-component coupling reaction of aldehyde, alkyne,
and amine (A3-coupling) is one of the most useful reactions in organic
synthesis [43,44], various highly efficient A3-couplings catalyzed by
transition catalysts under homogeneous and heterogeneous reaction
conditions have been reported [45-48]. More recently, Corma's group
has reported Cu-MOFs as solid catalysts for three-component coupling
reaction [49]. Herein, the A3-coupling reaction was investigated in pres-
ence of IRMOF-3-GI-Cu' catalyst. The MOF catalyst was first employed in
the A3-coupling of para-formaldehyde, phenylacetylene, and piperidine
as standard substrates to optimize the reaction conditions. Among the
solvents tested, CH3CN, CHCl5, and CH,Cl, were the most suitable reac-
tion media for the reaction. The reaction of phenylacetylene with
para-formaldehyde and piperidine in chloroform afforded the product
in 91% yield (Table 1, entry 1). The effects of reaction temperature and
time were also investigated and it was found that most of the reaction
was accomplished at 40 °C for 6 h. To examine the scope of the reaction,
the combinations of various aldehydes, alkynes, and amines were stud-
ied. At the beginning of the search for amine substrate scope, para-
formaldehyde and phenylacetylene were used as the model substrates
and various amines were examined. The results indicated that second-
ary aliphatic amines gave high yields of the desired products (Table 1,
entries 1-6). To the aldehyde substrates, aliphatic aldehydes, including
cyclic and acyclic ones, displayed good reactivity. Although the reactivity
is a little lower when changing para-formaldehyde to butyraldehyde,
iso-pentaldehyde or cyclohexanecarbaldehyde, good yields can still be
obtained through prolonging the reaction time (Table 1, entries 7-10).
In addition, the combination of phenylacetylene and iso-butylaldehyde
with various amines also gave good yields (Table 1, entries 11 and 12).
Subsequently, the aromatic alkynes substrates were examined. Aromat-
ic alkynes, including those bearing functional groups, such as methyl,
phenyl, and chloro were able to undergo the coupling reaction smoothly
and generate the corresponding products in excellent yields (Table 1,
entries 13-15). Furthermore, the reactions involving heterocyclic alkyne
also gave higher yield (Table 1, entry 16).

In order to investigate the heterogeneity of the IRMOF-3-GI-Cu'
catalyst, the hot filtration experiment was performed. The organic
phase was separated from the solid catalyst after 1 h reaction time
by filtration. The reaction solution was then transferred to a new
reactor vessel and stirred for an additional 5 h at 40 °C. However,
no further reaction was observed in the absence of solid, proving
that there was no contribution from leached active species and that
conversion was only being possible in the presence of the solid cata-
lyst (Fig. S4 in Supplementary Information). Furthermore, to confirm
the coordination of the IRMOF-3-Gl with Cu(l) and not just the
adsorbate interaction, the control reaction between the unmodified
IRMOF-3 with Cu(I) was also performed [25]. The Cul and IRMOF-3
were immersed in CH3CN for 3 h, and then the solid was collected
by filtration, washed with CH3CN sufficiently, and dried in vacuum.
However, under the same reaction conditions, the accepted material
showed low catalytic activity for the A>-coupling reaction with about

21% conversion. On the other hand, copper leaching in IRMOF-3-
Gl-Cu catalyst was determined. ICP analysis of the clear filtrates
obtained by filtration after the reaction indicated that Cu content is
less than 0.5 ppm. Hence it can be concluded that the process is
truly heterogeneous.

Another point of great concern for solid catalysts is the reusability.
IRMOF-3-GI-Cu' was therefore investigated for recoverability and reus-
ability for A%-coupling reaction of para-formaldehyde, phenylacetylene,
and piperidine. After carrying out the reaction, the catalyst was
separated by centrifugalization and washed with CHCl3 (2 mLx2)
to remove any physic-sorbed reagents. After air-dried, the recovered
IRMOF-3-GI-Cu could be reused directly in further reaction. The
temporal evolution of the conversion at different time intervals
was analyzed by GC. It was found that the IRMOF-3-Gl-Cu' could be
recovered and reused over 4 consecutive cycles. It was observed
that more than 82% conversion was still achieved at the fourth run
(Fig. 3). Furthermore, the PXRD showed that the original MOF frame-
work structure was mainly maintained after the consecutive uses
(Fig. S5 in Supplementary Information).

4. Conclusions

In conclusion, an efficient heterogeneous MOF-supported Cu(l) cat-
alyst based on post-synthesis strategy has been prepared and applied
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Fig. 3. Catalyst recycling studies.
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for the A3-coupling reaction. Good yields were achieved under mild
conditions. It is apparent that the use of MOFs as catalyst supports
might bring new opportunities in the development of highly active het-
erogeneous catalysts.
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