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ABSTRACT: We herein report the porous 4-fold interpenetrated mog
(moganite) metal−organic framework (MOF) [Cd3(tipp)(bpdc)2]·DMA·
9H2O (1·Cd; H2tipp = 5,10,15,20-tetrakis(4-(imidazol-1-yl)phenyl)-
porphyrin, H2bpdc = biphenyl-4,4′-dicarboxylic acid, DMA =
N,N′-dimethylacetamide). The incorporation of Cd and carboxylate
oxygen affords 1·Cd rich Lewis acid and basic sites. This MOF 1·Cd was
then applied as an efficient heterogeneous catalyst for the important
cyanosilylation of aldehydes and Knoevenagel condensation reactions.
1·Cd features excellent catalytic performance and recyclability for the
cyanosilylation of various aldehydes with trimethylsilyl cyanide (TMSCN).
Moreover, 1·Cd shows highly efficient catalysis and substrate selectivity for
Knoevenagel condensation reactions of various aldehydes with malononi-
trile. The high catalytic activity and stability toward C−C bond formation make 1·Cd a promising heterogeneous catalyst.

■ INTRODUCTION

Cyanohydrins, as an important family of compounds, have
been extensively employed as significant organic intermediates
for α-hydroxy carboxylic acids, α-hydroxy aldehydes, β-hydroxy
amino alcohols, etc.1−4 For the syntheses of cyanohydrins,
trimethylsilyl cyanide (TMSCN) is one of the most popular
cyanating reagents for nucleophilic addition to carbonyls to
produce cyanohydrin trimethylsilyl ethers. Thus, the search for
efficient catalysts for cyanosilylation of aldehydes or ketones with
TMSCN has become a greatly significant topic.5−7 In this regard,
Lewis acids can serve as electrophilic catalysts to activate carbonyl
compounds.8,9 Over the past decades, a variety of efficient
homogeneous and heterogeneous catalysts have been widely
studied for cyanosilylation reactions.10−15 Currently, heteroge-
neous solvent-free catalysis has attracted extensive research
interest.16,17

As an emerging class of crystalline materials, porous metal−
organic frameworks (MOFs) have gained tremendous atten-
tion owing to their great structural diversities and potential
applications.18−21 One of the especially interesting applications
for porous MOFs is that connected with their heterogeneous
catalysis. Toward this direction, some functional MOFs have
been developed as efficient heterogeneous catalysts capable of
catalyzing various organic reactions.22 It is noted that the greatest
advantage of MOFs in comparison to some more traditional
porous materials is their chemical versatility and tailorability.23,24

The combination of appropriate unsaturated metal sites and
active organic linkers makes porous MOFs highly promis-
ing heterogeneous catalysts.25−27 In this regard, crystalline

porphyrin-based porous MOF catalysts have attracted great
interest because of their enhancing stability after the inclusion of
porphyrin, which also affords active environments for various
catalytic reactions.28−30 Multicarboxylate porphyrins have
always been used as the linkers for constructing porous MOFs
with superior stability and excellent catalytic performance.31−33

In contrast, both N-donor-based porphyrin and rigid dicarbox-
ylate acids as mixed ligands to fabricate catalytically active MOFs
remain largely unexplored.34,35

Motivated by the prospects mentioned above, we assembled
a new N-donating 5,10,15,20-tetrakis(4-(imidazol-1-yl)phenyl)-
porphyrin (H2tipp; Scheme 1) and a rigid biphenyl-4,4′-
dicarboxylic acid (H2bpdc) to afford a rare 4-fold interpenetrated
mog (moganite) MOF, [Cd3(tipp)(bpdc)2]·DMA·9H2O
(1·Cd; DMA = N,N′-dimethylacetamide). Thanks to the Lewis
acidity provided by Cd(II) ions and Lewis basicity supported
by the coordinated bpdc2− anions, 1·Cd exhibits excellent
catalytic performance toward both cyanosilylation of aldehyde
and Knoevenagel condensation reactions under solvent-free
conditions. More importantly, the catalyst 1·Cd can be easily
recovered and recycled during the catalytic process. To our
knowledge, this work represents the first example that a
porphyrin-based crystalline MOF has been employed as an
efficient heterogeneous catalyst for C−C bond formation under
solvent-free conditions.
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■ RESULTS AND DISCUSSION
Crystal Structure. Crystals of 1·Cd were synthesized with

H2tipp, H2bpdc, and Cd(NO3)2·4H2O under solvothermal
conditions. Single-crystal X-ray analysis reveals that 1·Cd
belongs to the triclinic system with space group P1̅. During the

refinement of 1·Cd, the disordered solvents were removed by
applying the SQUEEZE routine in PLATON.36 As illustrated in
Figure 1a, the asymmetric unit of 1·Cd contains one CdII-tipp,
two bpdc2− anions, and two CdII atoms. Cd1 is four-coordinated
by four pyrrolyl nitrogen atoms from one porphyrin core to give a
CdII-tipp linker. Either Cd2 or Cd3 is octahedrally coordinated
by two bidentate carboxylates from two bpdc2− anions and
two imidazolyl groups from two different tipp2− ligands. Each
CdII-tipp linker bridges four CdII atoms, and every bpdc2− anion
links two CdII atoms. In this way, a striking 3D framework with a
large nanosized channel was achieved along the b axis, as shown
in Figure 1b. The large cavities in the framework are further
partically occupied via mutual interpenetration of three identical
frameworks, leading to formation of a rare 4-fold interpenetrated
porous mog framework (Figure 1c,d). In spite of the 4-fold
interpenetration, there is still enough void space in the frame-
work filled with solvent molecules. After removal of the guest
molecules, the total accessible volume of 2056.6 Å3 per unit
cell was determined by using PLATON, which accommodates
approximately 40.3% of the unit cell volume (5104.2 Å3).36

Chemical Stability. The porphyrin-based MOFs usually
exhibit excellent stability after treatment with solvents.37,38

Scheme 1. Structure of Porphyrin-Based H2tipp Used in This
Work

Figure 1. (a) View of the coordination environments of CdII atoms. Symmetry codes: (#1) x, y− 1, z; (#2) x, y + 1, z; (#3) x− 2, y + 1, z; (#4) x− 1, y + 2,
z − 1. (b) View of the 3D framework of 1·Cd along the b axis. (c) View of the 4-fold interpenetrated framework of 1·Cd along the b axis. (d) Schematic
representation of the 4-fold interpenetrated (4,4)-connected mog net.
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We herein tested the stability of 1·Cd by immersing the
samples in various organic solvents, including DMF, CH3OH.
CH2Cl2, and even boiling water. Powder X-ray diffraction
(PXRD) patterns show that all of the experimental diffraction
peaks matched well those in the simulated patten, as shown in
Figure 2. The result demonstrates that the structure of 1·Cd was
retained after treatment with solvents.

Cyanosilylation of Aldehydes. Cyanohydrins, as a class of
important organic intermediates for both biological processes
and organic synthesis, could be prepared by cyanosilylation of
aldehydes or ketones.39 The cyanosilylation reaction is well-
known as Lewis acid catalyzed C−C bond formation. In the past
decades, numerous homogeneous catalysts, such as metal salts,
ammines, and alkaline-earth-metal oxides, have been extensively
utilized for cyanosilylation reactions of aldehydes or ketones.10−12

Moreover, some porous MOFs with open metal sites have also
shown high catalytic efficiencies for the cyanosilylation reactions
in the presence of organic solvents.40,41 Nevertheless, solvent-
free cyanosilylation reactions catalyzed by MOFs remain rarely
evaluated as an environmentally favorable strategy.42,43 Given
the rich unsaturated CdII confined in MOF 1·Cd, catalytic
performance of the cyanosilylation of aldehydes and ketones was
investigatedwith low catalyst loading andmild temperature under
solvent-free conditions.
As shown in Figure 3, the cyanosilylation of benzaldehyde

was utilized as a model reaction to explore the effect of various
parameters on the catalytic performance. The product yields
after the catalytic reaction were calculated by GC and 1H NMR
analyses (Figures S1 and S2 in the Supporting Information).
Before the catalytic reaction, 1·Cd was fully activated under
vacuum to remove the solvents and provide accessible active sites
for the substrates. The PXRD pattern of the activated sample
presents a good agreement with the calculated pattern, indicating
that the framework was well retained after activation (Figure S3
in the Supporting Information). To optimize the reaction con-
ditions, the time-dependent catalytic performance was studied
for the reaction of benzaldehyde (1 mmol) and trimethylsilyl
cyanide (TMSCN, 2mmol) by using 1·Cd as catalyst (0.6 mol%)
at room temperature. As shown in Figure 3, only 26% of the

benzaldehyde was converted to 2-phenyl-2-trimethylsilyloxyace-
tonitrile in the first 3 h, and the turnover number (TON) was
43 per mole of catalyst 1·Cd. After 18 h of the reaction, a very
high yield (94%) of 2-phenyl-2-trimethylsilyloxyacetonitrile
was achieved with a TON value of 156.7 (Table 1, entry 2).
In contrast, a control experiment was conductedwithout a catalyst
under otherwise identical condition. The corresponding yields of
the product drastically decreased from 95% to 38%, demonstrat-
ing the excellent catalytic effect of 1·Cd on the cyanosilylation
reactions (Table 1, entry 1). Moreover, homogeneous control
experiments were also performed using Cd(NO3)2·4H2O and
CdII-tipp as catalysts. Under homogeneous conditions, benzalde-
hydes can be completely converted to the corresponding product
2-phenyl-2-trimethylsilyloxyacetonitrile, demonstrating the high
catalytic activity of Cd sites (Table 1, entries 3 and 4).
To further explore the general applicability of 1·Cd to the

catalysis of the cyanosilylation reaction, a family of benzaldehyde
derivatives with electron-withdrawing (−Cl, −CN, and − NO2)
and -donating groups (−Me, −Et, and −OMe) were selected as
substrates in the following reactions (Table 1). It is noted that the
benzaldehyde derivatives bearing electron-withdrawing groups
were completely converted to the corresponding cyanosilylation
products after 18 h (Table 1, entries 5−7). Nevertheless, when
the benzaldehyde derivatives with electron-donating groups
were utilized as the substrates, the corresponding product yields
clearly decrease under the same conditions (Table 1, entries
8−10). The observable difference in the catalytic performance of
1·Cd toward the benzaldehyde derivatives could be attributed to
their electron-donating and -withdrawing groups. For example,
the electron-withdrawing groups of the benzaldehyde derivatives
make the electropositive charge on the aldehyde group much
higher, leading to excellent conversions in the nucleophilic
reactions.44 Notably, the 4-ethylbenzaldehyde and anisic aldehyde
showed much lower conversion yields (61% and 57%) in com-
parison to that of the 4-methylbenzaldehyde (89%), indicating
that the electron-donating group types also have an effect on the
catalytic performance.
To expand the scope of substrates, various aldehydes with alkyl,

cyclohexyl, naphthyl, and cinnamyl groups were also employed
for the cyanosilylation reactions (Table 1). Significantly, for the
cyanosilylation reaction of hexanal and cyclohexanecarbaldehyde
with TMSCN, the catalytic yields can reach >99% and 96%,
respectively (Table 1, entries 11 and 12). Nevertheless, for

Figure 2. PXRD patterns of the simulation of 1·Cd (black) and samples
as synthesized (blue) and soaked in different solvents.

Figure 3. Yields (line) and TON values (bars) of the product 2-phenyl-
2-trimethylsilyloxyacetonitrile with the reaction time. Reaction conditions:
benzaldehyde (1 mmol), TMSCN (2 mmol), 1·Cd (0.006 mmol), room
temperature.
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2-naphthaldehyde and cinnamaldehyde, only trace catalytic
products were achieved using 1·Cd as catalyst (Table 1,

entries 13 and 14). Moreover, ketones such as acetophenone
and 4-methylacetophenone were also utilized as substrates in
the cyanosilylation reactions. However, no catalytic products were
achieved using acetophenone and 4-methylacetophenone as
substrates catalyzed by 1·Cd (Table 1, entries 15 and 16).45

To clarify the heterogeneity of the catalytic reaction, catalyst
1·Cd was separated by filtration after the product yield reached
47% (6 h) and then the reaction was continued further.
The product yields increase only slightly after 18 h, as shown in
Figure 4. At the end of the reaction, porphyrin leaching in the

reaction filtrate was not observed from the UV−vis absorption
spectra, demonstrating that the present catalytic reaction is
indeed heterogeneous (Figure S4 in the Supporting Information).
Remarkably, the samples of 1·Cd can be easily recovered from

the reaction mixture by filtering and drying. The PXRD patterns
of 1·Cd matched well before and after the catalytic reactions
(Figure S3 in the Supporting Information), demonstrating that
the structure of 1·Cd does not change. Thereby, the reusability
of 1·Cd was further examined and recycling experiments were
performed using benzaldehyde as the substrate. As illustrated in
Figure 5, the conversions of the benzaldehyde in five successive
runs were still retained and only a slight decrease was observed in
the last four runs, indicating the good reusability of 1·Cd.
Notably, the cyanosilylation reactions by utilizing MOFs

as the heterogeneous catalysts has been intensely studied in the
presence of organic solvents.46,47 However, solvent-free catalysis
for cyanosilylation reactions employingMOF catalysts still remains
in its infancy.48 To our knowledge, no solvent-free cyanosilylation
reactions have been studied using crystalline porphyrin-based
MOFs. In contrast, much higher product yields were achieved with
a small amount of 1·Cd loading under solvent-free conditions.

Knoevenagel Condensation Reaction. Knoevenagel
condensation, as a crucial member of the C−C bond formation
reaction family, is continually employed in the syntheses of
pharmaceutical products and fine chemicals.49−51 Very recently,
crystalline MOFs have been used as catalysts for Knoevenagel
condensation reactions to yield various malononitrile deriva-
tives.52,53 Herein, we performed a Knoevenagel condensation
reaction by using 1·Cd as a catalyst under solvent-free conditions.

Table 1. Cyanosilylation of Aldehydes and Ketones Catalyzed
by 1·Cda

aReaction conditions unless specified otherwise: aldehydes or ketones
(1 mmol), TMSCN (2 mmol), 1·Cd (0.006 mmol), 18 h, room
temperature. bYields were calculated by GC and 1H NMR. cMoles of
trimethylsilyl product per mole of catalyst 1·Cd. dThe same reaction
conditions without catalyst 1·Cd. eThe same reaction conditions using
catalyst Cd(NO3)2·4H2O.

fThe same reaction conditions using catalyst
CdII-tipp.

Figure 4. Yields of 2-phenyl-2-trimethylsilyloxyacetonitrile in the
cyanosilylation reaction catalyzed by 1·Cd (blue) and by the filtrate of
1·Cd after 3 h of the reaction (pink). Reaction conditions: benzaldehyde
(1 mmol), TMSCN (2 mmol), 1·Cd (0.006 mmol), room temperature.
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As shown in Table 2, the initial reaction was performed using
0.6% 1·Cd relative to the benzaldehyde. The catalytic reac-
tions with 1·Cd were conducted at 60 °C without using any
organic solvents. The catalytic product yields were calculated
by GC and further confirmed by 1H NMR (Figures S5 and S6
in the Supporting Information). As illustrated in Table 2,
benzaldehyde reacted with malononitrile to give a 95% yield of
2-benzylidenemalononitrile with a high turnover frequency
(TOF) of 158.4 h−1 after 1 h (entry 2). Noticeably, when the
reaction was carried out without catalyst, no target products were
achieved (Table 2, entry 1), demonstrating the excellent catalytic
performance of 1·Cd for the Knoevenagel condensation reaction.
In addition, to verify the active sites, Cd(NO3)2·4H2O and CdII-
tipp were utilized as homogeneous catalysts in the Knoevenagel
condensation reaction. For the substrate benzaldehyde, a moderate
conversion yield (70%) was achieved with Cd(NO3)2·4H2O as a
homogeneous catalyst, while a much higher yield was observed
using CdII-tipp catalyst (Table 2, entries 3 and 4).
Considering the high catalytic activity of 1·Cd toward the

condensation of the benzaldehyde with malononitrile, other
benzaldehyde derivatives were further selected as reaction sub-
strates. Since nucleophilic addition is a rate-determining step in
the Knoevenagel condensation, benzaldehyde derivatives with
electron-withdrawing groups are more reactive than those with
electron-donating groups.44 As shown in Table 2, benzaldehyde
derivatives bearing electron-withdrawing groups (−Cl, −CN,
−NO2) are fully converted to the catalytic products with the
highest TOF of 166.7 h−1 after 1 h (entries 5−7). Nevertheless,
malononitrile reacted with electron-donating benzaldehyde
derivatives, such as 4-ethylbenzaldehyde and 4-methoxybenzal-
dehyde, to give relatively low product yields (entries 8−10).
Obviously, the substituents of the benzaldehyde derivatives have
a significant effect on the catalytic yields in the condensation
reaction of aldehydes with malononitrile. Moreover, we further
enriched the variety of the substrates. As shown in Table 2,
hexanal, cyclohexanecarbaldehyde, 2-naphthaldehyde, and cin-
namaldehyde were selected to react with malononitrile under
the same conditions (entries 11−14). The substrates hexanal,
cyclohexanecarbaldehyde, and 2-naphthaldehyde afford the

corresponding products in excellent yields (90−96%), whereas
cinnamaldehyde only gives a moderate yield of 60%.
In previous reports, porphyrin derivatives have been utilized as

homogeneous catalysts in Knoevenagel condensation reac-
tions.54 To determine if the leaching porphyrin ligand from
1·Cd was responsible for the present catalytic performance,
we performed an experiment to estimate the contribution of
the leaching ligand to the catalytic activity (Figure 6). Typically,
the organic phase was separated from the reaction mixture by

Figure 5. Recycling experiments for the cyanosilylation of benzaldehyde
catalyzed by 1·Cd. Reaction conditions: benzaldehyde (1 mmol),
TMSCN (2 mmol), 1·Cd (0.006 mmol), room temperature.

Table 2. Knoevenagel Condensation Reaction of
Malononitrile with Various Benzaldehyde Derivatives
Catalyzed by 1·Cda

aReaction conditions unless specified otherwise: aldehydes (1 mmol),
malononitrile (2 mmol), 1·Cd (0.006 mmol), 1 h, 60 °C. bYields were
calculated by GC and 1H NMR. cMoles of condensation product per
mole of catalyst 1·Cd per hour. dThe same reaction conditions without
catalyst 1·Cd. eThe same reaction conditions using catalyst Cd(NO3)2·
4H2O.

fThe same reaction conditions using catalyst CdII-tipp.
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filtration after 30 min of the catalytic reaction, and the filtrate was
then stirred for a further 30 min. GC analysis revealed that no
additional 2-benzylidenemalononitrile products were formed in
the filtrate. Moreover, the porphyrin ligand was not observed
from the UV−vis spectra of the filtrate, indicating that the present
condensation reaction is indeed heterogeneous (Figure S4 in the
Supporting Information).
The stability and recyclability of 1·Cd were further

investigated by using benzaldehyde as a substrate. After 30 min
of the catalytic reaction, 1·Cd was isolated by filtration and
washed with methanol and reused for the next condensation
reaction. As shown in Figure 7, more than 95% conversion of the

benzaldehyde was still maintained even after five consecutive
runs. Moreover, the PXRD patterns taken before and after the
catalytic reactions indicate that the structure of 1·Cd remains no
changes (Figure S3 in the Supporting Information).

Remarkably, organic solvents always served as the reaction
media in the Knovenagel condensation catalyzed by MOFs.55,56

To our knowledge, only a few MOFs have been utilized as
heterogeneous catalysts for Knoevenagel condensation reactions
under solvent-free conditions.57 In contrast, our catalyst 1·Cd
exhibits superior catalytic performance under solvent-free
conditions with very little catalyst loading.

■ CONCLUSION

In summary, we reported the highly stable porphyrin-based
porousmogMOF 1·Cd. Such a MOF catalyst exhibits rich open
Lewis acid sites and Lewis basic moieties, and it was then applied
as an efficient heterogeneous catalyst for the cyanosilylation of
aldehydes and Knoevenagel condensation reactions with very
little catalyst loading. Importantly, 1·Cd shows much higher
catalytic activities to the benzaldehyde derivatives with electron-
withdrawing groups in comparison to those with electron-donating
groups in the catalytic process. Most strikingly, catalytic reactions
by 1·Cd were accomplished under solvent-free conditions.
The excellent catalytic activity, good stability, and recyclability
demonstrate that 1·Cd is an efficient heterogeneous MOF catalyst
for C−C bond formation under solvent-free conditions.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and solvents were purchased

from commercial sources. FT-IR spectra were measured in the
4000−400 cm−1 range on a Mattson Alpha-Centauri spectrometer.
Elemental analysis (C, H, N) was performed on a VarioEL III Elemental
Analyzer. PXRD patterns were recorded on a Rigaku Dmax 2000
X-ray diffractometer with graphite-monochromated Cu Kα radiation
(λ = 0.154 nm). TG measurements were determined on a PerkinElmer
TG-7 analyzer under nitrogen gas. The catalytic products were
measured by GC equipment with a capillary (30 m long × 0.25 mm
i.d., WondaCAP 17) and FID detector (GC-2014C, Shimadzu, Japan).
All UV/vis spectra were tested by a Cary TU-1900 double beamUV−vis
spectrophotometer. 1H NMR spectra were recorded on a Varian
500 MHz spectrometer.

Synthesis of [Cd3(tipp)(bpdc)2]·DMA·9H2O. Amixture of H2tipp
(18 mg, 0.02 mmol), H2bpdc (24 mg, 0.099 mmol), Cd(NO3)2·4H2O
(24 mg, 0.078 mmol), DMA (4 mL), DMSO (1 mL), and isopropyl
alcohol (1 mL) was sealed in a 15 mL Teflon reactor and heated to
150 °C for 3 days. Dark purple crystals were achieved in a yield of 38%
based on H2tipp. Anal. Calcd for C88H79Cd3N13O18: C, 54.37; H, 4.09;
N, 9.36. Found: C, 54.16; H, 3.90; N, 9.22. IR (KBr pellet, cm−1):
3118 (w), 2924 (w), 1667 (s), 1578 (s), 1520 (s), 1383 (s), 1303 (m),
1249 (m), 1197 (w), 1091 (w), 1061 (m), 992 (m), 961 (w), 931 (w),
851 (w), 807 (w), 771 (m), 681 (w), 656 (m).

Synthesis of CdII-tipp. In a typical procedure, a mixture of H2tipp
(0.876 g, 1 mmol) and Cd(NO3)2·4H2O (1.542 g, 5 mmol) in acetic
acid (100 mL) was refluxed for 8 h. After removal of the acetic acid, the
precipitates were washed with water several times and then a dark purple
product was obtained.58,59

Sample Activation. Before the catalytic experiments, the
as-synthesized samples of 1·Cd were washed with DMF and soaked in
methanol for 2 days. Further, the samples were filtrated and dried at
100 °C under vacuum to remove the solvent molecules.

Catalytic Study for Cyanosilylation Reactions. In a 15 mL
round-bottom flask were placed successively aldehyde or ketone
(1 mmol), trimethylsilyl cyanide (TMSCN, 2 mmol), and activated
1·Cd (0.006 mmol, 10 mg). Then the mixture was stirred for 18 h at
room temperature. The yields were determined by GC and 1H NMR
spectra with tridecane as an internal standard.

Catalytic Study for Knoevenagel Condensation Reactions. In
a typical procedure, aldehyde (1 mmol), malononitrile (2 mmol), and
activated 1·Cd (0.006 mmol, 10 mg) were placed in a 15 mL round-
bottom flask. Then the mixture was heated to 60 °C and stirred for 1 h.

Figure 6. Conversion of the benzaldehyde in the Knoevenagel con-
densation reactions catalyzed by 1·Cd (blue) and by the filtrate of 1·Cd
after 30 min of the reaction (pink). Reaction conditions: benzaldehyde
(1 mmol), malononitrile (2 mmol), 1·Cd (0.006 mmol), 60 °C.

Figure 7. Recycling experiments of the Knoevenagel condensation
reaction using catalyst 1·Cd. Reaction conditions: benzaldehyde
(1 mmol), malononitrile (2 mmol), 1·Cd (0.006 mmol), 60 °C.
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The yields were determined by GC and 1H NMR spectra with tridecane
as an internal standard.
X-ray Crystallography. Crystallographic data of 1·Cd were

determined on an Oxford Diffraction Gemini R CCD diffractometer
with graphite-monochromated Mo Kα radiation (λ = 0.71073 Å)
at room temperature. Absorption correction was performed by a
multiscan technique. The structure was solved by direct methods
with SHELXS-97 and refined on F2 by full-matrix least squares using
the SHELXTL-97 program within WINGX.60−62 Non-hydrogen atoms
were refined anisotropically, and hydrogen atoms on carbon were
generated geometrically.
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Monge, M. A. Lanthanide metal-organic frameworks: searching for
efficient solvent-free catalysts. Inorg. Chem. 2012, 51, 11349−11355.
(44) Bhunia, A.; Dey, S.; Moreno, J. M.; Diaz, U.; Concepcion, P.;
Hecke, K. V.; Janiak, C.; Voort, P. V. D. A homochiral vanadium-salen
based cadmium bpdc MOF with permanent porosity as an asymmetric
catalyst in solvent-free cyanosilylation.Chem. Commun. 2016, 52, 1401−
1404.
(45) Gustafsson, M.; Bartoszewicz, A.; Martín-Matute, B.; Sun, J.;
Grins, J.; Zhao, T.; Li, Z.; Zhu, G.; Zou, X. A family of highly stable
lanthanidemetal−organic frameworks: structural evolution and catalytic
activity. Chem. Mater. 2010, 22, 3316−3322.
(46) Mo, K.; Yang, Y.; Cui, Y. A homochiral metal-organic framework
as an effective asymmetric catalyst for cyanohydrin synthesis. J. Am.
Chem. Soc. 2014, 136, 1746−1749.

(47) Zhu, C.; Xia, Q.; Chen, X.; Liu, Y.; Du, X.; Cui, Y. Chiral metal-
organic framework as a platform for cooperative catalysis in asymmetric
cyanosilylation of aldehydes. ACS Catal. 2016, 6, 7590−7596.
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