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azobenzene-based ligands as a heterogeneous
Lewis-acid catalyst for cyanosilylation of imines†

Aasim Saeed,a Xiao-Yu Zhang,a Zi-Qing Huang,a Xin-Yang Zhao,a Lei Xu,b

Yue Zhao, *a Wei-Yin Sun *a and Jing Zhao *a

In this work, two novel metal–organic frameworks (MOFs) were synthesized by the reaction of

azobenzene-based ligands and Zn(NO3)2/CdCO3 under solvothermal conditions with the formula of

{[Zn2(abtc)(azpy)(H2O)2]$4H2O}n (1) and {[Cd(abtc)0.5(azpy)0.5(H2O)]$3H2O}n (2) (H4abtc = 3,3′,5,5′-

azobenzene tetracarboxylic acid, azpy = 4,4′-azobipyridine). According to the single-crystal X-ray

diffraction (SC-XRD) analysis, complexes 1 and 2 possessed quite similar structures except for the

coordination modes of the central metal nodes attributed to the difference between the cationic radius

of Zn(II) and Cd(II). The Zn(II) cations in 1 adopted a distorted seesaw coordination geometry and the

coordination between Zn(II) and organic linkers gave two-dimensional (2D) coordination networks, while

the Cd(II) cations in 2 could also bind with the carboxylate groups from neighboring coordination

networks to form a three-dimensional (3D) coordination framework. Furthermore, complexes 1 and 2

showed high catalytic activity as heterogeneous Lewis-acid catalysts towards the cyanosilylation of

imines with satisfactory reusability under mild conditions and the similar catalytic performance of 1 and 2

could be attributed to the similarity in their structures. A prudent mechanism has been proposed as well

to elucidate the role of complexes 1 and 2 in the catalytic process.
Introduction

As a class of important intermediates, cyanohydrins have been
widely used in the preparation of various high-value chemicals
in chemistry and biology, such as a-amino acids, b-amino
alcohols, a-hydroxy esters, and so on due to the versatile reac-
tivity of the cyano group.1–5 Among different synthetic
approaches, the catalytic addition to unsaturated bonds (mainly
C]C, C]N, and C]O bonds) by employing trimethylsilyl
cyanide (TMSCN) as the cyanating reagents to give cyanohydrin
trimethylsilyl ethers has been considered as one of the most
efficient procedures because of the advantages of this meth-
odology such as safety, simple operation, atom economy, no
side reactions, high isolated-yields, low dissociation energy of
Si–C bond and so on.6–9 Hence, the development of catalysts for
the transformation from TMSCN to cyanohydrins has drawn
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intensive attention and been frequently at the forefront of
synthetic chemistry. In the past several decades, varieties of
catalysts have been demonstrated to be efficient in this meth-
odology but most of them are homogeneous, which leads to
great difficulties in the separation and reusability of the
catalysts.10–17 In this regard, heterogeneous catalysts have
caught researchers' attention because their inherent stability
and ease of recovery make it simple but efficient to be separated
and reused.18–24 Therefore, it is of great signicance to develop
well-performed heterogeneous catalysts for the synthesis of
cyanohydrins.

Metal–organic frameworks (MOFs) are a class of burgeoning
inorganic–organic porous materials constructed from the
coordination of multidentate organic linkers and metal cations
or clusters.25–27 Due to the ultrahigh porosity, large surface area,
structural diversity and tunability, and easy modication, MOFs
have stimulated great scientic interest in the past several
decades and found diverse applications in various elds
including gas adsorption/storage/separation, chemical sensing,
drug delivery, nonlinear optics, energy storage/conversion, and
catalysis, among which heterogeneous catalysis was one of the
earliest proposed and demonstrated applications.28–42

Compared with other heterogeneous catalysts, MOFs exhibited
many superior characteristics derived from their structural
nature. For example, the ordered architecture enables the
uniform dispersion and the high density of catalytic sites to
RSC Adv., 2022, 12, 35461–35468 | 35461
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improve the catalytic utility; the large enough pore could
encapsulate reactants in a conned environment, which is
benecial for the sufficient contact of reactants with catalytic
sites; the adjustable pore structures including pore size,
hydrophilic/hydrophobic property, electron-decient/electron-
rich nature, chirality and so on endow MOFs with different
affinity for various reactant molecules, which distinctly improve
the catalytic selectivity.43,44 Therefore, the rational design/
synthesis and post-synthetic modication of MOFs for hetero-
geneous catalysis have gained particular attention recently and
MOFs have been demonstrated effective as the pre, co, coop-
erative, or promotor catalysts in various reactions like cyanosi-
lylation, Knoevenagel condensation, Heck and Fischer–Tropsch
reactions. In terms of cyanosilylation, the most studied is the
transformation from aldehydes or ketones with TMSCN but
using imines as the reactants have been scarcely reported.45–55

In this work, 3,3′,5,5′-azobenzene tetracarboxylic acid
(H4abtc), 4,4′-azobipyridine (azpy), and Zn(II)/Cd(II) were
employed as the organic linkers and metal nodes to elaborate
novel MOFs to serve as heterogeneous catalysts for the cyano-
silylation of imines. The choice of such linkers and metal nodes
is attributed to the following factors: (a) H4abtc has four
carboxyl groups and can generate a variety of structures via
complete or partial deprotonation; (b) the azo bond is a Lewis
base group and could easily reverse its cis or trans conguration,
which may enable the synthesized MOFs more structural
diversity and modulate the catalytic performance; (c) the p-
conjugated aromatic linkers may be benecial to the accessi-
bility of active sites and transport to the substrate/products in
catalysis; (d) the d10 transition metal nodes (Zn(II)/Cd(II)) could
afford various Lewis acid catalytic sites.56–62 By the reaction of
H4abtc, azpy, and Zn(II)/Cd(II) under solvothermal conditions,
two novel MOFs with the formula of {[Zn2(abtc)(azpy)(H2O)2]$
4H2O}n (1) and {[Cd(abtc)0.5(azpy)0.5(H2O)]$3H2O}n (2) were ob-
tained. Single-crystal X-ray diffraction (SC-XRD) results revealed
that these two MOFs were isostructural although complex 1 and
2 were respectively constructed from 2D and 3D coordination
networks. Due to the larger radius of the metal cation, the
central Cd(II) cations in 2 could form coordination bonds
between the central nodes from two adjacent 2D coordination
networks to form a 3D coordination framework and such
a phenomenon has been scarcely reported. Furthermore, the
Lewis acid nature of synthesized MOFs has been examined with
their substrate scopes by heterogeneously catalyzed imine cya-
nosilylation reactions and experimental results showed that
both complexes 1 and 2 possessed effective catalytic activity for
imine cyanosilylation with favorable reusability.

Experimental
Materials and methods

The organic linkers H4abtc and azpy were synthesized accord-
ing to the previously reported procedures.63,64 All other
commercially available chemicals and solvents were of the
reagent grades and used as received without further purica-
tion. The powder X-ray diffraction (PXRD) data was collected
using an X-ray diffractometer equipped with Cu Ka (l= 1.54184
35462 | RSC Adv., 2022, 12, 35461–35468
Å; 20 mA, 40 kV) radiation in the 2-theta range of 5–50° on
a Bruker D8 Advance X-ray diffractometer. Thermogravimetric
analysis (TGA) was conducted on a Mettler-Toledo (TGA/DSC1)
thermal analyzer with a heating rate of 10 °C min−1 under an
N2 atmosphere in the temperature range of 25–800 °C. Fourier
transform infrared-attenuated total internal reectance (FTIR-
ATR) spectra were measured on a Bruker Tensor II spectro-
photometer equipped with a diamond ATR module using the
mid-IR region (4000–400 cm−1). PerkinElmer's 240C elemental
analyzer was used to carry out the elemental analysis (EA) of C,
H, and N. The reactions were monitored with thin-layer chro-
matography (TLC) on silica gel plates (HSGF254). 1H and 13C
NMR spectra were recorded at room temperature on Bruker-
DRX 400 MHz instrument and the chemical shis were re-
ported in parts per million (ppm) with tetramethyl silane or the
residual solvent peak as an internal reference. High-resolution
mass (HRMS) spectra were performed on a Thermo Fischer
QExactive quadrupole-Orbitrap mass spectrometer.

Synthesis of {[Zn2(abtc)(azpy)(H2O)2]$4H2O}n (1). H4abtc
(35.8 mg, 0.1 mmol), Zn(NO3)2$6H2O (59.5 mg, 0.2 mmol) and
azpy (36.4 mg, 0.2 mmol) were dissolved in deionized water (3
mL) and N,N-dimethylacetamide (DMA, 5 mL), followed by the
addition of concentrated HNO3 (68%, 40 mL) and stirred well for
30 minutes at room temperature. Then, the resultant reaction
mixture was sealed in a 10 mL Pyrex tube and heated at 85 °C for
72 h. Aer cooling down to ambient temperature, brown crys-
tals of 1 were isolated by ltration and washed several times
with H2O. Yield: 85% (based on H4abtc). Anal. Calc. for
C26H26N6O14Zn2: C 40.18; H 3.37; N 10.81%. Found: C 40.57; H
3.27; N 11.08%. FTIR-ATR (cm−1, Fig. S3†): 3311 (m), 1614 (s),
1430 (m), 1343 (s), 1220 (m), 1104 (w), 850 (w), 768 (m), 727 (m),
565 (w), 522 (w).

Synthesis of {[Cd(abtc)0.5(azpy)0.5(H2O)]$3H2O}n (2). The
preparation of 2 was similar to that of 1 except that CdCO3

(34.4 mg, 0.2 mmol) was used instead of Zn(NO3)2$6H2O and
the reaction time was extended to 90 h. Aer ltration and
washing with H2O, orange crystals of 2 could be obtained in
89% yield (based on H4abtc). Anal. Calc. for C13H15CdN3O8: C
34.42; H 3.33; N 9.26%. Found: C 35.35; H 3.12; N 9.58%. FTIR-
ATR (cm−1, Fig. S3†): 3414 (m), 1602 (s), 1561 (s), 1373 (s), 1250
(m), 1107 (w), 849 (w), 813 (m), 733 (m), 567 (w), 499 (w).

The heterogeneous catalytic cyanosilylation of imines. The
catalyst 1 and 2 (0.1 mmol), aldimine (0.5 mmol), and trime-
thylsilyl cyanide (0.75 mmol, TMSCN) were placed into a 25 mL
three-neck round bottom ask and the whole reaction mixture
was stirred at ambient temperature for the given time under
a N2 atmosphere. The reaction was monitored by thin-layer
chromatography (TLC) using ethyl acetate/n-hexane (1 : 9) as
the developing solvent. Aer the reaction was completed, the
reaction mixture was ltered carefully to separate the catalyst as
residue, and the ltrate containing the nal product was then
evaporated under a vacuum, which then was neutralized by
adding 5 mL of 1% NaHCO3 solution and extracted with ethyl
acetate. The ethyl acetate layer was dried over anhydrous
Na2SO4, and the crude product was obtained by evaporating the
ethyl acetate under vacuum and then puried by using column
chromatography (silica gel, 100–200 mesh) with ethyl acetate/n-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
hexane (1 : 12 v/v) as the eluent. In addition, the separated
catalyst residue was washed with DCMmultiple times, air-dried
for about four hours, and then reused for the following run-up
to 5 cycles.

The cycle experiments. Aer the catalytic reactions, the solid
catalysts 1 and 2 were collected by centrifugation, washed with
ethanol several times and then dried in an oven at 60 °C.
Aerward, the recovered catalysts 1 and 2 were directly intro-
duced into the reaction system again to catalyze the reaction of
benzylideneaniline with TMSCN under the same conditions.

X-ray crystallography

Suitable single crystals of 1 and 2 were mounted on a cryoloop
using Paratone N oil, and then the crystallographic data
collections were carried out on a Bruker D8 Venture diffrac-
tometer equipped with graphite-monochromated Ga Ka radia-
tion (l = 1.34139 Å) and a Bruker D8 Venture Photon 100
diffractometer equipped with graphite-monochromated Mo Ka
radiation (l = 0.71073 Å) using the 4–u scan technique,
respectively. SAINT program was used to integrate diffraction
data and the intensity corrections for Lorentz and polarization
effects.65 Semi-empirical absorption corrections were applied
using SADABS program.66 The structures were solved by direct
methods with SHELXT-2014, expanded by subsequent Fourier-
difference synthesis, and all the non-hydrogen atoms were
rened anisotropically on F2 using the full-matrix least-squares
Table 1 Crystal data and structure refinement parameters of 1 and 2ab

1 2

Empirical formula C26H26N6O14Zn2 C13H9CdN3O5

Formula mass 777.2 399.64
Crystal system Triclinic Triclinic
Space group P�1 P�1
a (Å) 7.8726 (3) 7.5893 (8)
b (Å) 9.1910 (3) 9.8529 (11)
c (Å) 11.7294 (4) 12.2846 (13)
a (°) 96.2350 (10) 100.780 (4)
b (°) 104.8540 (10) 99.296 (3)
g (°) 112.3330 (10) 109.467 (4)
V (Å3) 738.39 (5) 825.58 (16)
Z 1 2
T/K 193 (2) 296 (2)
rcalcd (g cm−3) 1.748 1.608
m (mm−1) 1.794 1.346
l (Å) 1.34139 (Ga Ka) 0.71073 (Mo Ka)
qmin (°) 4.650 2.270
qmax (°) 53.880 27.478
Reection collected 7625 7402
Unique reections 2661 3745
Rint 0.0331 0.0310
R indexes [I > 2s(I)] R1 = 0.0377,

wR2 = 0.1033
R1 = 0.0280,
wR2 = 0.0697

R indexes (all data) R1 = 0.0401,
wR2 = 0.1053

R1 = 0.0316,
wR2 = 0.0716

F(000) 396 392
GOF on F2 1.028 1.047

a R1 =
PkFoj − jFck/

PjFoj. b wR2 = [
P

w(Fo
2 − Fc

2)2/
P

w(Fo
2)2]1/2, where

w = 1/[s2(Fo)
2 + (aP)2 + bP].

© 2022 The Author(s). Published by the Royal Society of Chemistry
technique using the SHELXL-2018 crystallographic soware
package.67 Hydrogen atoms except those of water molecules
were introduced at the calculated positions and rened isoto-
pically using a riding model. The hydrogen atoms of water
molecules were located based on the Fourier difference maps.
The free solvent molecules in the unit cell of 2 were taken into
account using SQUEEZE option of the PLATON program.68 The
nal formula of 2 was calculated based on volume/count elec-
tron analysis, TGA, and EA, and the results were attached to the
CIF le. Structural renement details and crystallographic data
for 1 and 2 are given in Table 1 and the selected bond lengths
and angles are given in Table S1.†

Results and discussion
Crystal structure description

Crystal structure of 1. Crystallographic analysis revealed that
complex 1 was crystallized in the triclinic P�1 space group and
the asymmetric unit was comprised of a crystallographically
independent Zn(II) cation, one-half completely deprotonated
carboxylate linker abtc4−, half an azpy linker, one coordinated
and two lattice H2O molecules. As shown in Fig. 1a, atom Zn1
exhibited a seesaw geometry (s4 = 0.78),69 furnished by two
carboxylate oxygen (O1, O3#1) atoms from two discrete abtc4−

linkers, one nitrogen atom (N2) belonging to azpy linker, and
one coordinated H2O molecule (O5). The Zn–N bond length was
2.024(2) Å, and the bond lengths observed between Zn–O were
in the range of 1.9309(18)–2.049(2) Å (Table S1†). Additionally,
the coordination bond angles surrounding the Zn(II) nodes vary
in the range of 93.75(8)–128.77(9)° (Table S1†). The complete
deprotonation of the carboxylic groups of the organic linker
H4abtc was also demonstrated by the absence of the infrared
absorption characteristic peaks of –COOH around 1700 cm−1 in
FTIR-ATR spectra (Fig. S3†). The Zn(II) nodes were bridged by
the carboxylate groups of abtc4− linkers to form 1-dimensional
(1D) ladder-like coordination chains (Fig. 1b), which were
further linked by azpy linker to generate 2-dimensional (2D)
coordination networks with two kinds of windows with the Zn/
Fig. 1 (a) Coordination environment of Zn(II) atoms in 1 with the
ellipsoid drawn at the 30% probability level. Symmetry code: #1−x + 1,
−y + 1, z; #2 −x + 1, −y + 1, −z + 2; #3 −x, −y − 1, −z. (b) 1D coor-
dination ladders constructed from Zn(II) and abtc4−, (c) 2D coordina-
tion networks, (d) 3D supramolecular framework along a-axis in 1.
Hydrogen atoms and free H2O molecules are omitted for clarity.

RSC Adv., 2022, 12, 35461–35468 | 35463
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Zn distances of 9.564(3) × 12.911(3) Å and 9.564(3) × 16.413(4)
Å (Fig. 1c). Furthermore, these 2D networks could be stacked in
a staggered mode to form a 3-dimensional (3D) supramolecular
framework (Fig. 1d and S1a and S1b†) with 1D channels along a-
axis through p/p interactions between the benzene ring of
abtc4− and the pyridine ring of azpy and the hydrogen bonds
among the lattice waters, coordinated waters and organic
linkers from the 2D networks (Fig. S1c†). According to the result
of PLATON, the porosity of complex 1 was calculated to be
15.7%. In addition, the unusual bond length between the metal
centre and carboxylate oxygen (Zn1–O1#4 = 2.7810(1),
Fig. S1d†) from adjacent layer suggested a non-negligible weak
interaction. Hence, the geometry around the Zn(II) centre in 1
may also be regarded as a distorted trigonal bipyramid and
bridged by the carboxylate oxygen atom to form binuclear Zn(II)
centre. Therefore, taking the weak Zn–O interaction into
consideration, each binuclear Zn(II) cluster was bound to six
organic linkers and thus could be regarded as a six-connected
node, while the organic linker abtc4− and azpy could be simi-
larly treated as four-connected and two-connected nodes
respectively from the point view of topology. Hence, the struc-
ture of complex 1 could be simplied as a (2,4,6)-connected
framework with the topological symbol of {44$610$8} {44$62}
(Fig. S1e†) using the TOPOS program,70 which was also reported
in some other MOFs.71

Crystal structure of 2. The SC-XRD measurement results
showed that complex 2 was also crystallized in the triclinic
system with the P�1 space group and each asymmetric unit of 2
was comprised of a crystallographically independent Cd(II)
node, half one abtc4− organic anion, half one azpy molecule,
and one coordinated H2Omolecule. Structural analysis revealed
that the structure of complex 2 was almost identical to that of 1
except for the coordination modes of central metal cations.
Compared to complex 1, due to the large ionic radius of Cd(II)
than Zn(II) cation, the central Cd(II) cations could also coordi-
nate with the carboxylate groups from the adjacent network to
Fig. 2 (a) Coordination environment of Cd(II) atoms in 2 with the
ellipsoid drawn at the 30% probability level. Symmetry code: #1−x, −y
+ 1, −z + 1; #2 x + 1, y + 1, z; #3 −x, −y + 1, −z + 2; #4 −x + 1, −y + 1,
−z. (b) The structure of binuclear Cd2 node in 2. (c) 2D coordination
networks in 2 constructed from Cd(II) cations and ligand abtc4−. (d) 3D
coordination framework of 2 along the a-axis. Hydrogen atoms were
omitted for clarity.

35464 | RSC Adv., 2022, 12, 35461–35468
form binuclear clusters (Fig. 2b) and thus the coordination
geometry of central Cd1 atoms was a six-coordinated octahe-
dron surrounded by one nitrogen atom (N1) from the pyridine
ring of azpy ligand, four carboxylate oxygen atoms (O2, O3,
O4#1, O5#2) from two different abtc4− linkers and one coordi-
nated water (O1) molecule (Fig. 2a). The Cd–N bond length was
2.303(2) Å, and the Cd–O bond lengths were observed in
a typical range of 2.269(2)–2.596(2) Å (Table S1†). The O–Cd–O
and O–Cd–N bond angles varied in the range of 53.04(7)–
171.15(9)° and 84.98(9)–138.80(9)°, respectively (Table S1†). The
coordination between Cd(II) cations and organic ligands abtc4−

led to the formation of 2D coordination networks possessing
the windows with the Cd1–Cd1 distances of 10.239(1) ×

12.284(6) Å (Fig. 2c and S2a†), which were bridged by linker azpy
to generate 3D coordination frameworks with 1D channels
along a-axis through the connection between Cd(II) cations and
pyridine of azpy (Fig. 2d). The porosity of complex 2 could be
calculated to be 23.6% using PLATON soware. Furthermore,
according to the topological analysis, the structure of complex 2
had the same topological structure as that of 1 with the topo-
logical symbol of {44$610$8} {44$62} (Fig. S2b†).
Chemical and thermal stability

PXRD was employed to check the phase purities and investigate
the chemical stability of synthesized complexes 1 and 2. As
shown in Fig. S4,† the PXRD patterns of the as-synthesized
samples of 1 and 2 were almost identical to the simulated
ones obtained from the single-crystal data, demonstrating the
phase purities and crystallinity of synthesized complexes 1 and
2. Furthermore, the PXRD patterns of complexes 1 and 2
remained unchanged aer exposing to air for one month,
immersed in different organic solvents for one week including
dichloromethane (DCM), ether (Et2O), tetrahydrofuran (THF),
acetone, acetonitrile (MeCN), methanol (MeOH), ethanol
(EtOH), n-hexane, ethyl acetate (EA), DMA, N,N-dime-
thylformamide (DMF) and dimethyl sulfoxide (DMSO), and
soaking in water within the pH range from 1 to 13 and boiling
water for at least one day (Fig. S5 and S6†), which demonstrated
the ultrahigh chemical stability of complexes 1 and 2. Further-
more, the thermal stability of complexes 1 and 2 was also
investigated by thermogravimetric (TG) measurements. As
shown in Fig. S7a,† complex 1 exhibited a weight loss of 9.6% in
the range of 25–110 °C and then 4.6% before 170 °C, corre-
sponding to the release of the lattice water molecules (calcd.
9.3%) and coordinated water molecules (calcd. 4.6%), respec-
tively. Further weight loss revealed that its framework could
retain up to 310 °C. As for complex 2 shown in Fig. S7b,† the
initial weight loss in the temperature range of 25–135 °C was
about 11.1%, which could be attributed to the removal of lattice
water molecules (calcd. 11.9%). The second weight loss before
220 °C was about 3.0%, corresponding to the release of the
coordinated water (calcd. 4.0%). And then the structure of
complex 2 started to decompose until 315 °C. These results
demonstrated that complexes 1 and 2 not only possessed
outstanding chemical stability but also had fairly high thermal
stability.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Gas adsorption behaviors

Prior to gas adsorption, as-synthesized porous frameworks 1
and 2 were activated by heating at 170 and 180 °C under
dynamic vacuum overnight, respectively. The TG curves and the
PXRD patterns of the activated 1 and 2 indicated the removal of
solvents and the retainment of their framework structure
(Fig. S7 and S8†). The adsorption isotherms of the activated
samples of 1 and 2 for N2 were monitored at 77 K. The results
revealed that they both displayed the typical reversible type-II N2

adsorption isotherm and the maximum N2 sorption capacity for
1 and 2 was both 0.5 mmol g−1 under 0.99 bar. The Brunauer–
Emmett–Teller (BET) surface area based on the N2 sorption data
was calculated to be 6.5 m2 g−1 and 15.2 m2 g−1 for 1 and 2,
respectively (Fig. S9a and b†). Furthermore, the CO2 adsorption
isotherms were collected at 273 K and 298 K for the guest-free
frameworks 1 and 2 as well. The obtained adsorption
isotherms exhibited the maximum CO2 sorption capacity was
0.15, 1.52 mmol g−1 at 273 K and 0.040, 0.77 mmol g−1 at 298 K
for 1 and 2, respectively under 800mmHg (Fig. S9c and d†). This
indicate that the pores in the structures are very small, and the
catalytic reactions occur on the surface of the catalysts.
Table 3 Substrate scope for the imine cyanosilylation heteroge-
neously catalyzed by 1 and 2

Yielda (%)
Catalytic activity for the cyanosilylation of imines

In consideration of the presence of coordinated water mole-
cules enabling the central metal nodes as the potential vacant
Table 2 Optimized conditions for the imine cyanosilylation with
complexes 1 and 2 as catalystsa

Catalyst Solvent
Temperature
(°C) Time (h)

Yield
(%) TON

1 DCM RT 4 95 4.75
DCM RT 3 75 3.75
DCM RT 2 59 2.95
DCM RT 1 43 2.15
DCM 0 4 61 3.05
THF RT 4 63 3.15
(C2H5)2O RT 4 69 3.45

2 DCM RT 4 98 4.90
DCM RT 3 79 3.95
DCM RT 2 62 3.10
DCM RT 1 49 2.45
DCM 0 4 66 3.30
THF RT 4 71 3.55
(C2H5)2O RT 4 93 4.65

Zn(NO3)2$6H2O DCM RT 4 23 1.15
CdCO3 DCM RT 4 13 0.65
H4abtc DCM RT 4 7 0.35
azpy DCM RT 4 6 0.30
Blank DCM RT 4 6 0.30

a Reaction conditions: N-benzylideneaniline (0.5 mmol), Me3SiCN (0.75
mmol), dry DCM (4 mL), catalysts 1 and 2, linkers H4abtc, azpy (0.1
mmol), blank reaction, 4 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
metal coordination metal sites, complexes 1 and 2 may be used
as a Lewis acid heterogeneous catalyst and their catalytic
performance for the cyanosilylation of imines was investigated.
First of all, benzylideneaniline was chosen as the model
substrate to check the catalytic activity of complexes 1 and 2 for
the cyanosilylation with TMSCN and optimize the reaction
conditions. As shown in Table 2, it could be clearly found that
the yields of the cyanosilylation reaction improved distinctly
with time and reach up to 95% for 1 and 98% for 2 in 4 h at
room temperature with DCM as the solvent (entry 1–4 and 8–
11). More, the inuence of solvent and temperature were also
checked and it could be found that the yields of the cyanosily-
lation reaction in the ice-water bath (0 °C) and in THF or ethyl
ether as solvent were all obviously lower than those at room
temperature in DCM (entry 5–7 and 12–14). Therefore, the
catalytic cyanosilylation reactions were carried out at room
temperature in DCM. In addition, it could be also found that the
reaction yields were much lower without any catalyst or with the
metal salts Zn(NO3)2/CdCO3 or the organic ligands H4abtc and
azpy as the catalyst (entry 15–19), which indicated the catalytic
Entry no. Substrates Products 1 2

1 89 91

2 87 90

3 86 88

4 86 88

5 86 87

6 87 89

7 91 94

8 86 87

9 88 90

10 87 89

11 89 92

a All the reported yields in the table are average isolated yields.
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Fig. 4 The filtration test of the cyanosilylation of benzylideneaniline
catalyzed by complexes 1 and 2 determined by NMR.
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activity of complexes 1 and 2 for the cyanosilylation of imines
with TMSCN and the signicance of the formation of MOFs for
the catalytic reactions.

Next, the catalytic versatility of complexes 1 and 2 for the
cyanosilylation reaction of other aromatic imines were
explored. As shown in Table 3, varieties of aromatic imines
bearing different electron-withdrawing or electron-donating
groups were chosen to react with TMSCN under similar condi-
tions using complexes 1 and 2 as the catalysts, and the results
clearly revealed that all of these compounds could be success-
fully transformed into the corresponding nitrile compounds
with the yields higher than 85%. Meanwhile, it could be also
found that the yields with these compounds as the substrate
were all lower than those of benzylideneaniline and electron-
withdrawing groups afforded higher yields than electron-
donating groups on the reactions because they could help the
reaction activate more electrophilic sites on the reactants. In
addition, it could be observed that the catalytic performance of
complex 1 and 2 towards the cyanosilylation of all the selected
substrates was nearly the same and the reason may be attrib-
uted to the similarity in their structure.

Furthermore, ltration tests were also conducted to examine
whether complexes 1 and 2 worked in a heterogeneous manner
to promote the cyanosilylation reaction of imines. Taking the
cyanosilylation of benzylideneaniline as the model reaction, the
reaction mixture was ltrated to remove the solid catalyst aer
the reaction time of 2 h, and then it could be observed that the
conversion of benzylideneaniline almost remained unchanged
and signicantly lower than the reactions with catalyst, which
obviously veried the heterogeneous nature of catalyst 1 and 2
(Fig. 4). Finally, recycling experiments were carried out to
explore the reusability of complexes 1 and 2 as the catalysts for
the cyanosilylation of imines. PXRD measurements revealed
that PXRD patterns of 1 and 2 aer catalytic reactions matched
well with those simulated ones obtained from the SC-XRD data,
which suggested their structural stability in the process of
catalytic reactions and thus afforded the possibility of reus-
ability (Fig. S10†). Aer the catalytic reactions, the solid cata-
lysts 1 and 2 were collected by centrifugation, washed with
ethanol several times and then dried in an oven at 60 °C.
Aerward, the recovered catalysts 1 and 2 were directly
Fig. 3 Recyclability of complexes 1 and 2 as the catalysts during
cyanosilylation reaction of benzylideneaniline up to 5 consecutive
cycles.

35466 | RSC Adv., 2022, 12, 35461–35468
introduced into the reaction system again to catalyze the reac-
tion of benzylideneaniline with TMSCN and the yields showed
no signicant decay even aer ve cycles (Fig. 3), indicating the
satisfactory reusability of complexes 1 and 2 as the catalysts for
the cyanosilylation of imines.

Based on the experimental results and the comparison with
previously reported results (Table S3†), a possible reaction
mechanism was proposed to illustrate the catalytic process of
complexes 1 and 2 for the cyanosilylation of imines. In
consideration of the existence of lone pairs at the nitrogen
atoms in imines and Lewis acidmetal nodes in complexes 1 and
2, a weak connection may be formed between the nitrogen
atoms of imines and metal nodes. Meanwhile, the coordinated
oxygen atoms could act as an electron-rich nucleophilic moiety
to facilitate the electron transfer to the trimethylsilyl groups of
TMSCN, which resulted in the formation of weakly coordinated
Si–O bonds. Meanwhile, the coordinated water molecules also
may contribute to the silicon intermediate production that
included the weaker C–Si link with the Lewis acid sites. As
a nal step, electrons from the nucleophilic –CN group were
Scheme 1 Lewis acid catalyzed imine cyanosilylation proposed
mechanism for catalyst 1 and 2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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transferred to carbon to create the cyanosilylated species. The
whole catalytic process was depicted in Scheme 1. Such an
arrangement allows for more effective use of heterogeneous
catalysts in subsequent cycles. Furthermore, the results of gas
adsorption experiments and the catalytic performance for
different substrates also revealed that the catalytic reaction
occurred on the surface of catalyst but not in the pores of the
synthesized MOFs.

Conclusions

In conclusion, two novel MOFs 1 and 2 have been synthesized
by the solvothermal reaction of azobenzene-containing ligands
H4abtc and azpy with Zn(NO3)2/CdCO3. Although the SC-XRD
analysis showed that complexes 1 and 2 were isostructural,
the difference in the cationic radius of Zn(II) and Cd(II) resulted
in distinctly different coordination geometry, which led to the
formation of 2D coordination networks for 1 but 3D coordina-
tion frameworks for 2. Complexes 1 and 2 both exhibited
ultrahigh chemical and fairly high thermal stability. In addi-
tion, the catalytic experiments manifested that both complexes
1 and 2 had high catalytic activity as heterogeneous Lewis-acid
catalysts for the imine cyanosilylation reactions under mild
conditions with well-performed reusability. We believe this
work will stimulate further efforts to develop new frameworks
with multidentate ligands to explore new functional applica-
tions for various chemical transformations.
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J. Cepeda, A. Rodŕıguez-Diéguez and I. Fernández, Inorg.
Chem., 2022, 61, 1377–1384.

10 G. Cainelli, D. Giacomini, A. Treré and P. Galletti,
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