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A novel two-dimensional metal—-organic
framework as a recyclable heterogeneous catalyst

for the dehydrogenative oxidation of alcohol and
the N-arylation of azole compounds
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A novel metal—-organic framework (MOF) with two-dimensional (2D) crystal structure was developed using

Received 12th January 2021
Accepted 17th March 2021

Cu(NOs),-3H,0 and 2,2',5,5' -tetramethoxy-[1,1-biphenyl]- 4,4’ -dicarboxylic acid. Further, its structure was

characterized using infrared spectroscopy, thermogravimetry, X-ray diffraction, and X-ray crystallography.
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Organic synthesis comprises reaction steps that involve
different types of catalysts; the usage of transition metals as
catalysts occupies an important position." For instance, the
dehydrogenative oxidation of alcohols catalyzed by a transition
metal is an important development with respect to the indus-
trial production of many fine and bulk chemicals including
agrochemicals, fragrance materials, dyestuffs, insecticides,
cosmetics, flame-retardant materials, vitamins, and drugs.”* In
another example, one of the most important synthetic meth-
odologies for N-aryl compounds involves the transition metals
used to catalyze the C-N cross-coupling reactions, such as
Goldberg-type reactions®” and Ullmann-type reactions.®*** The
development of recyclable Cu catalysts, which is of considerable
significance, is of particular interest.'> The metal-organic
frameworks (MOFs) comprising metal ions and organic ligands
are widely used as heterogeneous catalysts because of their
excellent stability, functional tunability, and wunique
porosity."*™"” Mn;[(Mn,Cl)3(BTT)g(CH30H),], and MIL-101, re-
ported by Long™ and S. Kaskel™ in 2008, respectively, have
exposed metal coordination sites. They have been identified as
size-selective Lewis acid catalysts. In 2011, MIL-47 and MOF48
were reported as heterogeneous recyclable catalysts for con-
verting methane to acetic acid, relying on metal sites within the
secondary building units (SBUs).>® Carboxylic acid derivatives
are the ligands that are traditionally used to construct MOFs
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The activated Cu-MOF was used to catalyze the dehydrogenative oxidation of alcohol and N-arylation of
azole compounds. Furthermore, it could be easily recovered and reused.

because they can be easily synthesized and modified.*>* For
example, MOF-199, which constructed from H;BTC, can be
used as an excellent heterogeneous recyclable catalyst upon the
loss of coordinated solvates.?**® 4,4’-Biphenyldicarboxylic acid
and its derivatives are one kind of the earliest carboxylic acid
ligands used to construct MOFs.”*° In 2012, Janiak reported
a Cu-MOF with a dinuclear Cu-paddle wheel SBU constructed
from 2,2',6,6'-tetramethyl-4,4-biphenyldicarboxylic acid and
Cu(NO3),-H,0.*" The twist between the two benzene rings and
the benzene ring with the plane of the four carbons of the SBU
are both close to 90°, which leads to its three-dimensional (3D)
interpenetrating structure. A similar crystal structure is main-
tained after the removal of the coordination solvents. However,
in 3D MOFs, ligands coordinate with the metal ions in all
directions, which restricts the interactions between metal ions
and substrate molecules or other compounds in the reaction. It
is difficult for the molecules to concentrate near active sites
once they enter the pores in the MOF,*** resulting in reduced
performance. It is necessary to develop a 2D Cu-MOF with
catalytic activity.*® There are only two reports about 2,2/,5,5'-
tetramethoxy-[1,1’-biphenyl]-4,4’-dicarboxylic acid, both of
which regarded this compound as an intermediate and not the
final product and used large amounts of bromine during
synthesis.***” The work presented herein constructed a new type
of 2D Cu-MOF using 2,2/,5,5"-tetramethoxy-[1,1’-biphenyl]-4,4'-
dicarboxylic acid, wherein a recyclable heterogeneous catalyst
was used. The results of this study demonstrate the efficacy of
an alternative process for the future synthesis and catalysis of
organic, which is less costly and toxic to the environment.
Using 2,5-dimethoxybenzoic acid as the raw material, the
ligand (2,2,5,5"-tetramethoxy-[1,1’-biphenyl]-4,4’-dicarboxylic
acid) was synthesized and heated with Cu(NO3),-3H,0, meth-
anol, and N,N-diethylformamide (DEF) to obtain the green
octahedral crystals of the Cu-MOF (for images of Cu-MOF, see
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Fig. 2(d)). The single-crystal X-ray diffraction analysis revealed
that the Cu-MOF crystallized in the orthorhombic system with
the Cmca space group and exhibited a 2D dinuclear Cu pad-
dlewheel crystal structure in the secondary building unit (SBU).
In this SBU, Cu(u) formed Cu-Cu bonds between Cu atoms, four
Cu-O bonds with COO—, and Cu-O bonds with methanols,
producing a six-coordinate structure (Fig. 1(a)).
2,2/,5,5"-tetramethoxy-4,4-biphenyldicarboxylic acid and
2,2',6,6'-tetramethyl-4,4-biphenyldicarboxylic ~ acid  exhibit
similar structures; the twists between the two benzene rings are
both close to 90°.* One difference is that the twist between the
benzene ring and the plane of the four carbons of SBU in
2,2',5,5'-tetramethoxy-4,4-biphenyldicarboxylic acid is close to
45° instead of  90° in 2,2',6,6"-tetramethyl-4,4-
biphenyldicarboxylic acid. Therefore, the torsion angle
between the plane of the four carbons of two adjacent SBUs is
closer to 180° instead of 90°, resulting in the 2D split-layer
crystal structure of Cu-MOF (Fig. 1(f)). Layers are closely
packed to form 3D supramolecular framework. Although the
twisted chain comprising solvents penetrates into the adjacent
layer, there is no strong interaction between them (Fig. 1(e)).
Therefore, the unactivated Cu-MOF has not a 3D but a 2D crystal
structure. This feature becomes more obvious after simplifying
the ligand and solvent as shown in Fig. 1(g). A schematic of the

‘ =ligand © =Cu ¢ =MeOH

Fig. 1 (a) Unit-cell crystal structure of the Cu-MOF. Here,a = x, y, z
and b = x, —y, —z. (b) Secondary building unit (SBU) of the Cu-MOF. (c)
Crystal structure of a Cu-MOF viewed along the [010] direction. Red
and blue planes represent adjacent layers. (d) Crystal structure of a Cu-
MOF viewed along the [010] direction. (e) Crystal structure of a Cu-
MOF viewed along the [100] direction. Red and blue represent
neighboring layers. (f) Two paddlewheel SBUs linked by 2,2/,5,5' -tet-
ramethyl-4,4’-biphenyldicarboxylate to illustrate the twist. The single
O atom in the apical position on Cu belongs to a MeOH molecule. (g)
2D structure schematic representation of Cu-MOF.
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simplified node is shown in Fig. S1.1 Unlike the carboxylic acid
ligand, methanol, which is not deprotonated, coordinated with
Cu(n) to form a Cu-O bond that coordinated with the lone pair
of O electrons and the empty orbital in Cu. The valence of Cu
remained +2, but the bond length of Cu1-05 (2.116 (7) A) was
longer than those of Cu1-01 (1.961 (5) A) and Cu1-02 (1.966 (5)
A). This explains why Cu1-05 is prone to fracture when heated.
The bond lengths of C10-H10 (0.980 (2) A) and 010-H10 (0.9892
(167) A) are almost identical, indicating that the fracturing
temperatures of these bonds during heating may also be iden-
tical. The methanol molecules in Cu-MOF connect to each other
via hydrogen bonds and coordinate with MOFs through the
Cu1-05 bond. Therefore, we propose that the methanol mole-
cules were lost during heating. This hypothesis was consistent
with the thermogravimetric data.

The crystal structure of Cu-MOF can be clearly observed
along the [010] direction (Fig. 1(c)). The ligands at right angles
to each other extend from the SBUs to form a layer, which is
parallel to the adjacent layers but staggered. The SBUs and all
the methanols in any layer occur at the extension of the center
of the parallelogram hole into the adjacent layers because of the
large quantity and steric hindrance of methoxy groups. The
observations in the [100] direction (Fig. 1(e)) reveal that the
methanol molecules in one layer are connected via hydrogen
bonds into twisted chains located in a position subparallel to
adjacent layers. Because of the unique structure of this Cu-MOF,
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Fig. 2 (a) Thermogravimetric curves of the Cu MOF and activated Cu

MOF. (b) a, Simulated PXRD of the Cu MOF, b, measured PXRD of the
Cu MOF, ¢, measured PXRD of the activated Cu MOF, d, measured
PXRD of the activated Cu MOF after the dehydrogenative oxidation of
alcohol cycle experiment, e, measured PXRD of the activated Cu MOF
after N-arylation of the azole compound cycle experiment. (c) a, FT-IR
spectra of the ligand, b, FT-IR spectra of the Cu MOF ¢, FT-IR spectra
of the activated Cu MOF, d, FT-IR spectra of the activated Cu MOF
after the dehydrogenative oxidation of alcohol cycle experiment, e,
FT-IR spectra of the activated Cu MOF after the N-arylation of azole
compound cycle experiment. (d) From left to right, top to bottom:
images of the Cu MOF, images of the activated Cu MOF, images of the
activated Cu MOF after the dehydrogenative oxidation of alcohol cycle
experiment, images of the activated Cu MOF after the N-arylation of
azole compounds cycle experiment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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we infer that the substrates connect via Cu(u) and exhibit a five-
coordinate structure because of the loss of solvent during the
catalytic reaction. The substrates diffuse between layers and
concentrate around the center of the parallelogram holes
because of the steric hindrance of the methoxy groups on
ligands. This location is close to the halfway point between two
binuclear SBUs in adjacent layers, enabling substrates to
interact with metals from either direction.

The Cu-MOF was heated to 100 °C for 24 h in vacuum and
was then cooled to room temperature to obtain activated Cu-
MOF, which could be observed as a green transparent solid
(for images of activated Cu-MOF, see Fig. 2(d) and the SEM
images of Cu-MOF and activated Cu-MOF see ESIt). Unfortu-
nately, this substance could not be subjected to X-ray crystal-
lography. However, the powder X-ray diffraction (PXRD) data
showed that activated Cu-MOF maintained the same crystal
structure as Cu-MOF (Fig. 2(b)). Next, the substance was sub-
jected to thermogravimetric analysis. Cu-MOF remained stable
up to a temperature of 190 °C when it began to lose weight
rapidly. After a weight loss of approximately 16%, the rate of
loss gradually slowed until a temperature of 250 °C was reached;

Table 1 Optimization for the dehydrogenative oxidation of alcohol
catalyzed by activated Cu MOF*

o-& oo

Yield® (%)

HO.

&

5

Cu MOF , Oxidant
Solvent, 100 ~Solvent, 100°C

Entry Oxidant Solvent 6a 7 8
1 NMM (2 eq.) DMF 18 0 0
2 NalO, (2 eq.) DMF 52 0 0
3 TBHP (2 eq.) — 21 10 66
4 TBHP (2 eq.) DMF 84 10 0
5 TBHP (2 eq.) DMSO 71 10 10
6 TBHP (2 eq.) CH;CN 13 10 0
7 DTBP (2 eq.) — 19 0 77
8 DTBP (1.5 eq.) DMF 79 0 0
9 DTBP (1.8 eq.) DMF 87 0 0
10 DTBP (2 eq.) DMF 95 0 0
11 DTBP (3 eq.) DMF 95 0 0
12 DTBP (2 eq.) DMSO 78 0 10
13 DTBP (2 eq.) CH;CN 26 0 0
14° DTBP (2 eq.) DMF <5 0 0
157 DTBP (2 eq.) DMF <5 0 0
16° DTBP (2 eq.) DMF 23 0 0
17 DTBP (2 eq.) DMF 23 0 0
18¢ DTBP (2 eq.) DMF 45 0 0
19" DTBP (2 eq.) DMF 52 0 0

“ Reactions were conducted using benzyl alcohol (1.9 mmol), oxidant
(3.8 mmol), activated Cu MOF (2 mg, 0.25 mmol%, counted as one
copper) and solvent (3.0 mL) at 100 °C for 2.5 h. ? Isolated yields.

¢ Diphenylamine (3.8 mmol) was added. ¢ Bromotrichloromethane
(3.8 mmol) was added. ° No catalyst was added. / No activated Cu
MOF, but ligand (0.50 mmol%) was added. £ No activated Cu MOF,
but Cu(NO;),-3H,0 (0.25 mmol%) was added. " No activated Cu MOF,
but MOF-199 (0.25 mmol%) was added.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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subsequently, Cu-MOF continued to lose about 30% mass
rapidly until it decomposed completely at 320 °C. Only one
platform was observed from the thermogravimetric curves of
Cu-MOF (Fig. 2(a)), indicating that the solvent molecules break
away from the framework via heating. The activated Cu-MOF
remained stable up to 250 °C and then abruptly lost weight
and completely decomposed at 320 °C. No platform was
observed in the thermogravimetric curve of activated Cu-MOF
(Fig. 2(a)), indicating there are no solvent molecules in the
framework. According to the crystal data (Table S31) of Cu MOF,
methanol accounted for 15.9% of the total weight, indicating
that methanols were lost simultaneously. Further, Cu(u)
exhibited a five-coordinate structure in the activated Cu-MOF,
suggesting that no solvent or ligand coordinated with Cu(u) in
the upper or lower directions of the plane on which binuclear
SBUs were located.

As shown in Table 1, the activated Cu MOF was applied as
the catalyst for the dehydrogenative oxidation of alcohol. To
optimize the reaction solvent, benzyl alcohol was used as the
substrate, 0.25% mmol of the activated Cu MOF was used as the
catalyst, and di-tert-butyl peroxide (DTBP) or tert-butyl hydro-
peroxide (TBHP) was used as the oxidant. The treatment was
performed at 100 °C. When no solvent was added, the product
was mainly self-esterified benzyl benzoate. Next, DMF was used
as the solvent. In this case, the yield was the highest and the
least amount of byproducts were obtained compared to DMSO
and CH;CN. Hence, DMF was used as a solvent to optimize the
type and amount of oxidant. First, yields were low when using N-
methylmorpholine (NMM) and NalO, as oxidants. Next, TBHP
was used as the oxidant; the obtained products consistently
contained approximately 10% of the excessively oxidized ben-
zoic acid. When DTBP was used as the oxidant, the yield
increased initially when loaded with the oxidant and subse-
quently remained unchanged. Thus, optimal reaction condi-
tions were obtained using DMF as the solvent and 2 equivalents
of DTBP as the oxidant.

Under optimal reaction conditions, various primary and
secondary alcohols were used as substrates to expand the scope

Table 2 The activated Cu-MOF catalyzed dehydrogenative oxidation
of alcohol under optimized conditions“a

OH
Cu-MOF (0.25 mmol%), DTBP

R, DMF , 100 °C

o
R1AR

5

~O
o

6a, 2.5 h, 95%" 6b,2h, 93%°  6c, 3.5h, 92%" 6d, 3h, 91%°
O,N NO,

6e, 5 h, 92%° 6f, 4h,94%° 6g,35h,93%°  6h, 3h, 99%"
o o

6i,4.5h, 91%> 6j,3.5h,99%" 6k, 4.5h,99%>  6l,4.5h, 99%"

% Reactions were carried out using alcohol (1.9 mmol), DTBP (3.8
mmol), activated Cu MOF (2 mg, 025 mmol%, counted as one
copper), and DMF (3.0 mL) in 100 °C. ® Isolated yields.
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of substrates (Table 2). Regardless of the alcohol that was used
as the substrate, the type and position of the functional groups
did not have any major impact on the final yield, which was
always greater than 90%. Among the alcohols investigated, the
increased reaction times can be attributed to the ortho position
and electron-withdrawing groups. When secondary alcohols
were used as substrates, the reaction time was slightly longer
than that of primary alcohols and a higher separation yield was
obtained. Therefore, the activated Cu MOF can be used as an
efficient catalyst for the dehydrogenative oxidation of alcohols
with low amounts of catalyst loading.

The recyclability of activated Cu-MOF was explored under
optimal reaction conditions using benzyl alcohol as the
substrate (Table 3). After the completion of the reaction, the
solution was centrifuged. Further, the product was separated
from the filtrate via column chromatography to calculate the
yield. The precipitate was washed thrice with DMF (2 mL) and
loaded to the next round of reaction as the catalyst. The amount
of substrate remained the same during each cycle, and the
active ingredient of the recovered catalyst was calculated by
measuring the content of Cu via ICP-MS. Finally, a similar TOF
could be observed after reusing the activated Cu-MOF for six
cycles; the total TON of the six cycles reached 2286. Activated
Cu-MOF could be recycled and reused as a catalyst for the
dehydrogenative oxidation of alcohols.

Under optimal reaction conditions, the benzaldehyde yield
decreased to 23% when activated Cu-MOF were not loaded and
decreased less than 5% in the presence of diphenylamine or
bromotrichloromethane, which are renowned oxygen or carbon
radical traps. The benzaldehyde yield with ligand loading only
is the same as that without loading for activated Cu-MOF. This
yield increased to 45% with Cu(NO;),-3H,0 loading only. The
active center of the Cu MOF is Cu®’, which is consistent with
a previous report.*® When compared with the classic 3D Cu-
MOF, MOF-199,*>** which is constructed of dinuclear Cu pad-
dlewheel SBUs and carboxylic acid ligands, the catalytic

Table 3 Recycling of the activated Cu-MOF for the dehydrogenative
oxidation of alcohol®
Cu-MOF (0.25 mmol%), DTBP

Ho/_© DMF , 100 °C O//_Q

5 6a

Recovered Cu-MOF

Cycle  Yield’ (%) Time (min) (mol%) TOF (h™ )
1 95 150 99 152

2 94 150 98 152

3 94 150 97 154

4 93 150 97 154

5 91 150 96 150

6 92 150 96 153

TON 2286

“ Reactions were carried out using benzyl alcohol (19.0 mmol), DTBP
(38.0 mmol), activated Cu MOF (20 mg, 0.25 mmol% counted as one
copper), and DMF (30.0 mL) at 100 °C. ” Isolated yields.
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Scheme 1 Proposed activation pathways for the dehydrogenative
oxidation of alcohol catalyzed by the activated Cu MOF. R1 = alkyl, aryl,
or H; R2 = aryl; L = ligand of activated Cu MOF.

efficiency of the 2D Cu-MOF synthesized in this work is
considerably better under the same conditions. Thus, the Cu**
of activated Cu-MOF promoted the reaction and the carbon and
oxygen radicals participated in the process. Although the
detailed mechanism remains unclear, a possible mechanism is
proposed according to the results presented herein and related
work, as shown in the Scheme 1.>** First, Cu() coordinates
with DTBP to promote homolysis and produce the radical tBuO;
then, the CuOHR;R,CH intermediate is generated via coordi-
nation with the R;R,CHOH substrate. With the disappearance
of oxygen radicals and the generation of carbon radicals,
protons transfer from the intermediate to ‘BuO, generating
‘BuOH and the new intermediate CUOHR,R,C. Another proton
transfer from the new CuOHR,R,C’ intermediate to ‘BuO-for
obtaining ‘BuOH and the target product R;R,CO was

Table 4 Optimization for the N-arylation of azole compounds cata-
lyzed by the activated Cu-MOF*

e

_cat,EtN @*N&N
Solvent, “Solvent, 120°C \e=s/

1

Entry Solvent Et;N Yield” (%)
1 DMF 2 eq. 71
2 NMP 2 eq. 55
3 DMSO 2 eq. 62
4 DMA 1.5 eq. 89
5 DMA 2 eq. 97
6 DMA 3 eq. 98

“ Reactions were conducted using imidazole (32 mg, 0.47 mmol),
bromobenzene (89 mg, 0.57 mmol), Et;N, activated Cu MOF (2 mg, 1
mmol%, counted as one copper), and solvent (1.0 mL) at 120 °C for
12 h. ? Isolated yields.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Activated Cu MOF-catalyzed N-arylation of azole

compounds under optimized conditions®
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Table 6 Recycling of the activated Cu-MOF for the N-arylation of
azole compounds®

cat, Eth YR
Het-NH + }\ /X DuA120°C HetN-@ > @ _cat,Et;N QN&N
¢ "DMA,120°C \—/
1
Entry 9 10 11 Yield” (%)
N7 NH 2N Recovered Cu-MOF
1¢ \ef O 11a:N” N 99 . b X
\=/ Cycle Yield” (%) Time (h) (mol%)
AN
N7 "NH 2
2 \—/ @ bt O o7 1 99 12 98
. 96 12 97
3 NN @ 11a: N7 N 26 3 98 12 95
\:/ \:/
TON 296
NTONH Ly o-@— 11b~N4\NOOM
4 \=/ © Br Ny = 95 ¢ Reactions were conducted using imidazole (160 mg, 2.4 mmol),
~ bromobenzene (445 mg, 2.8 mmol), Et3N (475 mg, 4.7 mmol),
5 N\/:/NH OZNOBr 11NN NO, 74 activated Cu MOF (10 mg, 1 mmol%, counted as one copper), and
=/ DMA (5.0 mL) at 120 °C for 12 h. ? Isolated yields.
67 QNH @—Br 11d: CN—@ 08
PN
NZ NH N @
7 \=n Wl ey 85

¢ Reactions were conducted using azole (0.47 mmol), halohydrocarbon
(0.57 mmol), Et;N (95 mg, 0.94 mmol), activated Cu MOF (2 mg, 1
mmol%, counted as one copper), and DMA (1.0 mL] at 120 °C for
12 h. ? Isolated ylelds Reactions were completed in 7 h. ¢ Reactions
were completed in 9 h.

accompanied by the rupture of the Cu-O coordination bond
and the formation of C=0O double bonds. At the same time, the
catalyst returned to the activated Cu-MOF with a five-coordinate
structure and continued to participate in the reaction. The
presence of the activated Cu-MOF made it easier for the oxidant
to homogenize to produce the radical and for the two protons in
the substrate to be attacked by radicals via activation. In addi-
tion, it is easier for the substrate to concentrate around the
metal center instead of the ligand because of the 2D split-level
structure of the activated Cu-MOF and the existence of
multiple large sterically hindered methoxy groups on it. Thus,
the catalytic activity of the activated Cu MOF improves, whereas
the amount of catalyst loading required decreases. Further-
more, the framework did not change during the reaction
process, improving its recyclability (Table 4).

To expand the application range, we applied activated Cu-
MOF to the N-arylation of azole compounds. To optimize the
reaction solvent, bromobenzene and imidazole were used as
substrates, triethylamine was used as the base, and 1.0 mmol%
of the activated Cu MOF was used as the catalyst. The substrate
conversion rate was the highest when DMA was used as the
solvent. Then, we used DMA as the solvent to screen the amount
of base. Finally, optimal reaction conditions were obtained with
DMA as the solvent and two equivalents of triethylamine as the
base (Table 5).

Under optimal reaction conditions, different halohy-
drocarbons and azole compounds were used as substrates for
expanding the scope of substrates. When iodohydrocarbon was
used as the substrate, the reaction could be completed in 7 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry

The yields obtained after 12 h were 97% and 26% when bro-
mohydrocarbon and chloroydrocarbon were used as the
substrates, respectively. The nitro group on the halohy-
drocarbon passivated the benzene ring and increased the
reaction time. The reaction could still proceed well when using
different azole compounds. Therefore, the activated Cu MOF
could catalyze the N-arylation reaction of azole compounds with
low amounts of catalyst loading (Table 6).

1% mmol of the catalyst was loaded to verify the recyclability
in other types of reactions. After three catalytic cycles, the
activated Cu MOF is observed to still exhibit considerable
catalytic activity.

Conclusions

In summary, we developed a recyclable heterogeneous catalyst
that is a new type of Cu-MOF with 2D crystal structure con-
structed using Cu(NOj3),-3H,0 and 2,2/,5,5'-tetramethoxy-[1,1'-
biphenyl]-4,4’-dicarboxylic acid. The active Cu sites at which the
substrates tend to be concentrated are better exposed and easier
to approach because of the 2D split-layer crystal structure of the
MOF. Therefore, activated Cu-MOF exhibited high conversion
efficiencies for the dehydrogenative oxidation of alcohol and N-
arylation of imidazole with low catalyst loading. Also, activated
Cu-MOF can be separated from the reaction mixture via simple
centrifugation. Further, they can be reused with only a negli-
gible decrease in efficiency. The recovered catalyst was charac-
terized via infrared spectroscopy and X-ray difraction. No
obvious difference can be observed when compared with the
fresh catalyst, which was confirmed by images.
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