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(Abstract: A family of gyroidal metal-organic frameworks
(STUs) composited with transition metal ions and bi-imidazo-
late ligands (BIm) were prepared and applied as both Lewis
base and acid catalysts. Benefiting from the intrinsic basicity
of the ligands and the Lewis acidic sites of the open metal
centres, the STUs materials show excellent catalytic activities
as Lewis base for the Knoevenagel condensation reaction

\

between various aldehydes and malononitrile, and as Lewis
acid for cyanosilylation reactions. Among these STUs, STU-4
(Ni(BIm)) shows the best catalytic efficiency (conversions
>99%) in both Knoevenagel condensation and cyanosilyla-
tion reactions under mild conditions, providing thus an ad-
vanced material for both Lewis base and Lewis acid cataly-

sis.
J

Introduction

Knoevenagel condensation reaction between aldehydes or ke-
tones with an activated methylene group-containing com-
pound is one of the important routes to C—C coupling to syn-
thesize «, P-unsaturated carbonyl compounds/heterocyclic
compounds, which are common intermediates in pharmaceuti-
cal industry or biological applications."™ This reaction features
basic-catalyzed character,” also there are some studies report-
ing the acidic-basic synergistic functions.*” The Knoevenagel
reaction could be catalyzed by N-containing homogeneous
catalysts like urea, amino acids and piperidine.*® Some solid
complex, such as metal oxides or ionic liquid immobilized mes-
oporous silica are also utilized for this basic-catalyzed reac-
tion,!">'? however, drawbacks of metal contamination of the
products or leaching of the anchored catalyst usually hinder
the application of these catalysts.

Constructed from organic linkers and metal nodes, Metal-or-
ganic frameworks (MOFs) have large surface area and pore
volume, tunable characters of metallic nodes and organic link-
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ers, high stability, and have been widely used as heterogene-
ous catalysts.”'*?” The active catalysis sites in MOFs are com-
monly the unsaturated coordinative metal nodes and the li-
gands or post-modified ligands.?'**! Compared with the post-
synthetic modification strategy, catalysis using intrinsic basicity
in MOF is more convenient and simple. Both ligand and metal
ion in MOFs can be served as active sites for catalysis. Thus, a
MOF can bear several functions, for example, catalyzing multi-
ple types of reactions and being a promising material.

In our previous studies, a series of MOFs with gyroidal surfa-
ces were fabricated from solvothermal reactions of metal ions
and the bi-imidazolate ligand (BIm), formulated as M(BIm) (M=
Zn**, Mn?*, Cu**, Ni** and Cd**, named with STUs 1-5, re-
spectively).”*> These gyroidal MOFs have a normally five-coor-
dinated metal center with four N coordinative sites from the
imidazole rings, and the other from the hydrazine group
(Figure 1). Although the application of STUs 1-5 in gas adsorp-
tion has been investigated, ' the utilization as the catalysis is
limited. Recently, our group reported the synthesis of bimetal-
lic STU-2 (Cu*" or Zn** modified STU-2) and explored their ap-
plications in Lewis-acid catalyzed cyanosilylation reaction. The
catalytic active sites mainly come from the unsaturated coordi-
native Mn" center, while Cu and Zn acted in stabilizing the

Lewis basic sites
Active in Knocvenagel Reaction

Unsaturated
M?* site
Catalyzing the
Cyanosilylation
Reaction

Figure 1. Structural illustration of STUs and their Lewis basic and acid sites.
Color codes: C gray, M green, N blue.
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framework structure of fragile STU-2.%° However, the investiga-
tions on the basic-catalysis capacity for STUs materials have
not been explored currently.

In this work, we firstly explored the basic catalysis activities
of STU series in Knoevenagel condensation reaction, and the
impacts of metal centers, solvents, aldehydes etc. on the cata-
lytic activity. Based on the basic catalysis results and the poten-
tial unsaturated coordinative metal sites, we further selected
the best-performing STU-4 as the catalyst for Lewis-acid cata-
lyzed cyanosilylation reaction, for the purpose to obtain a bi-
functional base and acid catalyst, expanding the catalysis ap-
plication of STUs. STU-4 show excellent catalysis activities in
both Knoevenagel condensation and cyanosilylation reactions,
demonstrating an effective bifunctional catalyst for both Lewis
base and Lewis acid catalyzed reactions.

Results and Discussion
Synthesis, characterization, and structure of STUs

Three kinds of STUs samples (STU-1, STU-3, and STU-4) were
synthesized by using Zn?*, Cu?*, and Ni*" metal salts and BIm
(BIm =1,2-bis((5H-imidazol-4-yl)-methylene)hydrazine) ~ under
solvothermal conditions, respectively, following our previously
reported methods.?*?* The successful synthesis of STUs can be
identified from their PXRD patterns, matching well with the si-
mulated ones (Figure S1). Although STU series could be also
ascribed to the big family of zeolitic imidazolate frameworks
(ZIFs), the metal centers in these STUs adopt a five-coordinated
geometry after activation (Figure 1), which were different from
typical ZIFs constructed by tetrahedral metal centers and imi-
dazolate ligands with varied substitution groups.”” This special
coordination mode endows STUs a distorted square pyramidal
geometry, in which, metal ions coordinate with five nitrogen
atoms from the imidazole rings and hydrazine group
(Figure 1). Therefore, all the STUs had unsaturated coordination
metal sites after activation and can be served as Lewis acid
sites.”™ On the other hand, the nitrogen atoms in the hydra-
zine group of the BIm ligand without coordinating with metal
center has weak basicity, which can be utilized in the base-cat-
alyzed reaction.

Basic catalyzing Knoevenagel reactions

Benzaldehyde and malononitrile were selected as the reaction
substrates for testing Knoevenagel condensation reaction
(Scheme 1). The catalysis reaction of STU-1 (Zn(BIm)) was car-
ried out in tetrahydrofuran (THF) with the reacting ratio of
benzaldehyde and malonitrile being 1:2. As shown in Figure 2,
the conversion was achieved to 62% in a reaction time of 1 h

©/CHO <CN STUs mCN
+ E—— + H,O
CN CN

Scheme 1. Knoevenagel condensation reaction between benzaldehyde with
malononitrile by using STUs as catalysts.
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Figure 2. Knoevenagel condensation reaction conversion with and without
STU-1 catalyst at 45°C in THF.

at 45°C and further elevated to 80% in 2 h. This conversation
rate is much higher than the that of Co,dobdc (Co-MOF-74,
4%, 70°C, 2 h) ascatalyst, where the yield of only 32% was ob-
tained in 24 h.2" Under the same conditions, for other M-MOF-
74 catalysts,*" the yields were 39% (M=Cu®"), 17% (M=
Mg®™), 13%(M=2Zn>"), and 69% (M =Ni*"),respectively, much
lower than that of STU-1. STU-1 not only showed a better cata-
lytic activity than MOF-74, but also is superior than traditional
common basic catalysts of zeolites and mesoporous silica.”>*
For example, the yield for NH,-SBA-15 was 70% at 80°C in
16 h.”® The conversion for STU-1 gradually increased to 94%
in 4 h, which is comparative with Ba,(BTC)(NO;) catalyst with
much higher temperature and reaction time (yield: 97%,
110°C, 24 h).>”

To optimize the catalysis, the effects of different reaction pa-
rameters (such as the temperature, catalyst amount, molar
ratio of the substrates, metal centers in STUs, solvents, alde-
hyde categories) on the catalytic activity were explored in de-
tails. The reaction conversion for 4 h was increased rapidly
from 58% to 94%, while temperature was increased from 30
to 45°C (Figure 3a). A higher temperature of 60°C only had a
minor impact on the catalytic activity of STU-1. Therefore, the
temperature of 45°C was used for the further investigation.
The amount of catalyst was not optimized in detail, but the
decrement of amount to 2 mol% will tenderly reduce the cata-
lytic conversion (Figure 3b). We also studied the effect of
molar ratio of benzaldehyde and malononitrile on the conver-
sion. As demonstrated in Figure 3¢, a molar ratio of 1:1 gives a
low conversion, and once increasing the amount of malononi-
trile, the conversion was also enhanced. The difference is not
very obvious among these of 1:2, 1:3, and 1:4, which is differ-
ent from a typical ZIF material ZIF-8,%" in which the conversion
was much higher at shorter reaction time, while using larger
amount of malononitrile substrate. To explore the metal effect
on catalytic activity, STU-1, STU-3, and STU-4 were utilized for
catalyzing the Knoevenagel condensation reaction. All STUs
could effectively catalyze this reaction, as shown in Figure 3d,
which manifests that the main catalytic sites are the Lewis

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Effects of (a) temperature, (b) catalyst amount, (c) molar ratio of benzaldehyde and malononitrile, and (d) different metal ions based STUs on the

Knoevenagel condensation reaction conversion.

base sites, not the metal centers. To be clearly identified, we
found the following rough order of reaction conversion: STU-
4> STU-3>STU-1, which can also be observed in literature *"

The solvent effect on the Knoevenagel condensation reac-
tion are extremely important, although it also depends on the
characters of the catalysts.*" To study the influence of solvents
on the reaction conversion between benzaldehyde and malo-
nonitrile, five kinds of solvents with different dielectric con-
stants (¢): DMF (37.6), EtOH (24.3), THF (7.6), chloroform (4.8)
and ethyl acetate (4.3) were employed. The catalytic results
were demonstrated in Figure 4a. It was commonly known that
the dielectric constant reflected solvent polarity.” The larger
dielectric constant for solvent molecule always gives with the
bigger solvent polarity. Herein, when DMF and EtOH act as sol-
vents, with a much bigger polarity than the others, higher con-
versions of nearly 99% at 45°C for 1 h were obtained. In con-
trast, THF owned a much lower dielectric constant of 7.6, a
conversion of 65% was observed. For chloroform and ethyl
acetate, the same conversion of 32% was found, which is
probably due to their small and close polarities as compared
to DMF and ethanol. These results demonstrate that the con-
version of this Knoevenagel condensation reaction will be en-
hanced in relatively polar solvent, while decreased obviously in
less polar solvent, consistent with that reported in litera-
ture.®3233 However, the dielectric constant/polarity of the sol-
vent was not the decisive factor towards the catalytic ability.
Although ethanol has a lower dielectric constant than DMF,
STU-1 could also catalyze this reaction very efficiently in it. This
may be due to the amphiprotic property of ethanol and the
moderate acidity of benzaldehyde. Ethanol may cause the elec-
trophilic polarization of the carbonyl group in benzaldehyde,
thus improving the catalytic activity.”*¥ Interestingly, the Knoe-
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Figure 4. STU-1 catalyzed Knoevenagel condensation reactions in varied sol-
vents (a) and different aldehyde substrates (b).
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venagel condensation reaction between benzaldehyde and
malononitrile can also be catalyzed by STU-1 without addition-
al solvent. As shown in Figure S2, pure yellow solid product
was formed after the clear solution of the reactants being
stirred for 15 minutes, which manifests the high efficiency of
the catalyst. The conversion is above 99%. This results further
suggest that STU-1 is an efficient and green catalyst for Knoe-
venagel condensation reaction.

Due to the good catalytic performance of STU-1 for the
Knoevenagel condensation reaction, we studied the scope of
this condensation reaction. As shown in Figure 4b, STU-1 also
demonstrated a wide applicability towards different aldehyde
substrates with various functional groups. The reaction was
performed in THF at 45°C for 4 h with 3 mol% of STU-1 as cat-
alyst. It is commonly considered that the nucleophilic addition
is the rate-determining step in most condensation reactions,®"
and the aldehydes with electron withdrawing group, always
displayed a much better catalytic conversion than that con-
tains electron-donating functional groups.®® The electron with-
drawing group could activate the carbonyl group in the alde-
hyde substrate and promote the nucleophilic attack of active
methylene site, which will probably improve the reactivity of
the Knoevenagel condensation reaction. The catalytic results in
Figure 4b verify this rule in a good manner. The catalytic activi-
ty was enhanced by using 4-bromobenzaldehyde, 4-nitroben-
zaldehyde and 4-cyanobenzaldehyde as substrates, the conver-
sions can achieve to 95-99%, benefiting from electron with-
drawing character of -Br, -NO, and -CN groups. When 4-methyl
benzaldehyde, 4-methoxy benzaldehyde and 4-hydroxy benzal-
dehyde act as substrates, a less reactive ability than benzalde-
hyde is observed, with conversions of 74%, 57 % and 83 % re-
spectively. The reason is probably ascribed to the electron-do-
nating groups of -CHs, -OCH; and -OH on these substrates. The
same situation also happened in the reaction using 4-methyl-
cyclohexanone as substrate, with a low conversion of 47%
being observed.

Stability/recyclability is an important factor for evaluating
the industrial utility of catalyst in heterogeneous catalytic reac-
tions. STU-1 was chosen as a model for assessing the recycla-
bility. The conversion can be increased from 94% to 98 % after
3 cycles, and STU-1 could maintain the initial conversion value
in the fifth cycle (Figure 5a). To seek the possible explanation
for the higher conversion rate after 3 cycles, we performed
PXRD experiments for the catalysts. STU-1 can keep its crystal-
line structure very well during the five catalysis cycles as de-
picted in Figure 5b.

SEM images were taken for fresh STU-1 and the sample after
three cycles (Figures S3a and S3b). It can be clearly observed
that after three catalytic cycles, the particle sizes decreased ob-
viously. To be precise, particle sizes of fresh STU-1 and that
after three cycles were calculated in the random selected dis-
trict and the distributions were demonstrated in Figures S3c¢
and S3d. Before catalysis, the most probable particle size of
fresh STU-1 was centered at 9-15 um, while after three cycles,
the particle size distribution became narrower and centered at
3 um (Figure S3d), much smaller than that of fresh STU-1. The
much smaller and finer particle sizes of the catalyst increase
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Figure 5. (a) Recyclability of STU-1 in catalyzing the Knoevenagel reaction at
45°C, (b) PXRD patterns of the STU-1 catalysts after being used for each
cycle.

the external surface, thus endows a more reactive activity. The
recycled catalyst having a higher reaction conversion than the
fresh catalyst (Figure 5a) agreed with the reported studies.*"®
Not only STU-1 could maintain its stability during the catalysis
process, STU-3 and STU-4 also displayed good stability in this
Knoevenagel reaction, as shown in Figure S4.

Lewis acid catalytic activity of STU-4 in cyanosilylation reac-
tion

Cyanosilylation reaction is a typical and powerful synthesis
route for the C—C bond formation, and the produced cyanohy-
drins are important intermediates, which can further transform
into other industrial compounds like a-amino acids, -amino
alcohols etc.’” The cyanosilylation reaction was generally cata-
lyzed by Lewis-acid sites.*®3¥ This can be used for the evalua-
tion of Lewis-acid catalytic activity of STUs. With unsaturated
Ni center as Lewis-acid sites, STU-4 probably can be further ap-
plied as catalyst for cyanosilylation reaction (Scheme 2).

The sample of STU-4 was activated to remove the coordinat-
ed water molecules on the Ni metal centers before being used,
creating an unsaturated metal environment. As shown in
Table S1, STU-4 could effectively catalyze this reaction, with a
conversion of 99% at 40°C after a reaction time of 6 h. This
value was almost equivalent with that of mesoporous MIL-
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Scheme 2. Catalysis of Cyanosilylation reaction between benzaldehyde and
trimethylsilyl cyanide by using STU-4 as catalyst.

101,58 which could catalyze this reaction with a conversion of
99% in 3 h (Table S1). The reaction activity is also similar to
that of STU-2 (>99%, unfortunately not stable in air). In ad-
dition, the catalytic activity of STU-4 is also better than CPO-
27-Ni, CPO-27-Co and Cu,(BTC), MOFs catalysts."**Y These
three catalysts had a poor activity (conversions of 27%, 27 %
and 50%, respectively), even with a long reaction time of 48 h
(Table S1). The catalysis efficiency of STU-4 is also comparable
to Tb-tca MOF, which was precisely designed to fabricate an
acidic-basic coordination interaction in the aim of elevating its
catalysis efficiency. A conversion of 98% was observed when
Tb-tca was used as a catalyst with a longer reaction time
(16 h).[42'43]

Structural stability was an important property of a solid/het-
erogenous catalyst, we evaluated the stability of STU-4 using
PXRD technique. As shown in Figure S5a, STU-4 structure
could be retained after reaction time of 6 h. However, when
the catalysis was proceeded further to 48 h, the structure of
STU-4 collapsed, as can be identified from the disappeared
crystalline peaks of STU-4 in Figure S5b.

Conclusions

We have successfully applied bifunctional gyroidal STU MOFs
as Lewis base and Lewis acid catalysts, showing excellent acitv-
ities in both Knoevenagel condensation and cyanosilylation re-
actions. Effects of solvents, aldehydes, the molar ratio of alde-
hydes and active methylene compounds, and metal ionson the
conversion have been studied in detail for the Knoevenagel
condensation reaction. The STU catalysts display good catalytic
activity, stability and recyclability. Among them, STU-4 shows
the best catalytic activity. Not limited to the base reaction,
STU-4 also exihibits excellent catalytic activity in the cyanosily-
lation reaction with a conversion of 99%. This work demon-
strates that MOFs can be decorated with various active sites in
their frameworks for multiple functions. Further studies on em-
ploying STU materials as both Lewis base and Lewis acid cata-
lysts for other reactions are worthy to be explored.

Experimental Section
Materials and Instruments

All the starting materials and reagents/solvents were obtained
commercially and used without further purification. The ligand 1,2-
bis((5H-imidazol-4-yl)methylene)hydrazine (Blm) was synthesized
according the literature method.*” Thermogravimetric analysis
(TGA) was carried out on a TGA 2 instrument from 40 to 800°C
with a heating rate of 10°Cmin~" in a N, atmosphere. Powder X-
ray diffraction (PXRD) patterns were recorded on a Rigaku Ultima
IV diffractometer (power 40 kV, 40 mA) with Cuy, radiation (A=
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1.5418 A) in the 2-theta range from 3 to 50° with a step of 0.02°.
Scanning electron microscopy (SEM) images were collected on an
EM-30AX + microscope with the accelerating voltage of electron
beam of 20 kV. The catalyst activity was evaluated on GC-MS in-
strument of Agilent 7890B, column type was HP-5, He as the carrier
gas with a velocity of 1 mLmin~', the temperature of injection
inlet was 250°C, AUX-2 was 250°C, column temperature was
300°C, ionization temperature was 230 °C, quadrupole temperature
was 150°C.

Synthesis of STUs

STUs were all prepared according to the literature with minor
modifications as follows:?* For the preparation of STU-1, 8.0 mg of
Blm was dissolved into the mixed solvent of 3.2 mL DMF and
0.8 mL ethanol, then 12.7 mg of zinc nitrate hexahydrate was
added into the above clear solution. The molar ratio of Zn?" ions
with Blm ligand was 1:1. Afterwards, the obtained mixture was
sealed in a Pyrex glass tube and heated in an oven at 80°C for 72
hours, then cooled to room temperature at a rate of 5°Ch™". Light
yellow polyhedral crystals were obtained. STU-3 was obtained with
the same method of STU-1, except replacing zinc nitrate hexahy-
drate with copper nitrate trihydrate. The molar ratios of metal ions
with Bim for the synthesis of STU-3 was 1:1. Green polyhedral crys-
tals of STU-3 were obtained. The preparation method of STU-4 was
a little different with that mentioned above. Bim (66.0 mg) and
nickel nitrate hexahydrate (102.1 mg) were dissolved into 33 mL of
the mixed solvents of DMF and ethanol (volume ratio of 4:1). The
mixture was transferred into a 100 mL autoclave, then 6.6 mL
NH;-H,O and 3.3 mL water were added dropwise into the above
solution separately. Finally the system was sealed and heated in an
oven at 100°C for 72 hours, then cooled to room temperature at a
rate of 5°Ch™". Block like brown crystals were collected.

General Procedure for Knoevenagel condensation reaction:
Before catalytic experiment, the samples of STU-1, STU-3, and STU-
4 were activated under vacuum at 200°C for 12 h. The activated
STU-1 sample (0.045 mmol, 11.3 mg) was added into a 5 mL vial,
then 1.5 mL of THF was added. The mixture was stirred at 45°C,
then benzaldehyde (1.5 mmol, 159.2mg) and malononitrile
(3.0 mmol, 198.2 mg) were added, respectively. The reaction mix-
ture was further sealed and stirred at 45°C in air atmosphere. After
each hour, 50 pL of the reaction liquid was taken and centrifuged.
The supernatant was further diluted to 1 mL for detection. The cat-
alytic conversion of the product and its identification was deter-
mined by GC-MS and calculated based on the benzaldehyde sub-
strate. Different aldehyde substrates, solvents, temperatures, cata-
lyst amounts and molar ration of two substrates etc. were investi-
gated in a smilar procedure.

The catalytic recyclability of catalyst for STU-1 was studied for five
times. After each catalytic run, the catalyst was separated by centri-
fuging the mixture, and soaked into THF for 1 h. And then it was
dried in vacuum at 100°C for 1 h and used for the next run.

General Procedure for Cyanosilylation reaction: Before the cata-
lytic experiment, STU-4 was desolvated in vacuum at 200°C for
12 h. 15 mg of the desolvated catalyst STU-4 and 5 mL of CH,Cl,
were added into a 10 mL vial. Then benzaldehyde (1.5 mmol,
159.2 mg) and trimethylsilyl cyanide (3 mmol, 297.6 mg) were
added into the vial, respectively. The mixture was stirred at 40°C
under N, atmosphere for 6 h. After that, 50 uL of the reaction
liquid was taken and diluted with CH,Cl, to 1 mL, then centrifuged
for 5 min with a speed of 10000 rpmmin~". The supernatant was
analyzed by GC-MS. The reaction conversion was calculated based
on the benzaldehyde substrate.
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