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ABSTRACT: The present work shows the utilization of Co3+

complexes appended with either para- or meta-arylcarboxylic
acid groups as the molecular building blocks for the
construction of three-dimensional {Co3+−Zn2+} and {Co3+−
Cd2+} heterobimetallic networks. The structural character-
izations of these networks show several interesting features
including well-defined pores and channels. These networks function as heterogeneous and reusable catalysts for the regio- and
stereoselective ring-opening reactions of various epoxides and size-selective cyanation reactions of assorted aldehydes.

■ INTRODUCTION
The construction of extended networks from molecular building
blocks is of great importance due to their ability to place
molecular components at desired architectural forms.1 The use
of discrete molecular building blocks further controls the
speciation and coordination environments within the extended
network.2 The utilization of extended networks as heterogeneous
catalysts for various organic transformation reactions has shown
promising results due to the optimized control of free space
available within such microporous materials.3 Such catalytic
properties are largely responsible due to the crystalline nature of
these networks and the occurrence of well-defined pores and
channels for the better substrates/reagents accessibility to the
catalytic sites.3a,b For catalytic applications, it is important that
the catalytic metal ions are either coordinately unsaturated or
ligated by easily dissociable/replaceable solvent molecules.
Further, it is also desirable to design a material in such a way
so as to circumvent or at least minimize the catenation which
prevents accessibility of the substrate and/or reagents.4 A
combination of all such desired features is often challenging to
incorporate in traditional solid catalysts such as zeolites or
metal−organic frameworks (MOFs). However, utilization of a
well-defined coordination complex as the building block controls
several of the mentioned parameters and therefore has become a
well-followed area of research.
Our research group has been working on developing

coordination complexes as the building blocks for the
construction of ordered structures.5,6 These building blocks
offer either hydrogen bond (H-bond)5 or coordination sensitive
functional groups6e−g to generate highly ordered two- (2D) and
three-dimensional (3D) networks. Notably, such an approach
offers precise control on the placement of primary and secondary
(often catalytic) metal ions with an identical chemical environ-
ment due to material’s highly crystalline nature. Moreover, this
approach was also successful in avoiding catenation completely.
These points have helped us in developing assorted catalytic

systems which have displayed substrate-specific,6a,b regio- and
stereoselective,6b−f and very recently size-selective catalytic
reactions.6g

Assorted ligands as well as the molecular building blocks
containing carboxylic acid groups are among themost extensively
investigated synthons for generating interesting and robust
networks including MOFs.7 Recent examples of such networks
have focused on the development of functional materials that are
capable of gas storage,8 light harvesting,9 catalysis,10 proton
conduction,11 chemical sensing,12 drug delivery,13 and lumines-
cent materials.14 A carboxylic acid group not only provides a
unique coordination mode but also affords stable architectures
often necessary for subsequent applications. Herein, we report
the syntheses, structures, and properties of {Co3+-Zn2+} and
{Co3+-Cd2+} networks using Co3+-complexes appended with
para- and meta-arylcarboxylic acid as the building blocks. We
display that our approach has resulted in the construction of
noncatenated highly ordered 3D architectures with well-defined
pores and channels that are lined with catalytic metal ions.
Furthermore, we show the heterogeneous catalytic application of
such 3D architectures in the ring-opening reactions (RORs) of
various epoxides and cyanation reactions (CRs) of assorted
aldehydes under solvent-free conditions. Our results show a
precise control over the stereoselectivity, regioselectivity, and
size-selectivity that has been related to the unique structural
features offered by these heterobimetallic networks.

■ EXPERIMENTAL SECTION
Materials and Methods. Commercially available reagents of

analytical grade were used as received without further purification.
Solvents were purified using the standard literature procedure.15a The
building blocks Et4N[Co(L

p‑COOH)2] 1 and Et4N[Co(L
m‑COOH)2] 2

(where H2L
p‑COOH = 2,6-bis(4-benzoicacid-carbomyl)pyridine;
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H2L
m‑COOH = 2,6-bis(3-benzoicacid-carbomyl)pyridine) were synthe-

sized as per our recent report.5b

Synthesis of [{(1)2Zn6(OH)2(H2O)10}·14H2O]n (3). Network 3 was
synthesized by layering a methanol solution of complex 1 (100 mg,
1.004mmol, 6mL) over an aqueous solution of Zn(OAc)2·2H2O (66.89
mg, 2.510 mmol, 2 mL) with an intermediate layer of tert-butyl alcohol
(1 mL) in a glass tube of 75 mm with an ID of 7.5 mm. After a period of
6−7 days, deep green colored crystals of network 3 were deposited,
which were collected, washed with CH3OH, and dried under a vacuum.
Yield (based on 1): 0.208 g (81%). Anal . Calcd. for
C84H74Zn6Co2N12O36.14H2O: C, 38.95%; H, 3.97%; N, 6.49%;
Found: C, 39.14%; H, 4.35%; N, 6.54%. FTIR spectrum (KBr disc,
selected peaks): 3422 (OH), 1605 (COO) cm−1. Absorption spectrum
(solid state, λmax/nm): 640, 560, 480.
Synthesis of [{(2)Zn3(OH)(H2O)6}·11H2O]n (4). Network 4 was

prepared in a similar manner with a similar scale as that of network 3,
however, using complex 2 in place of complex 1. Reddish green colored
crystals of 4 were collected after a period of 4−5 days. Yield (based on
2): 0.218 g (85%). Anal. Calcd. for C84H78Zn6Co2N12O38·11H2O: C,
39.23; H, 3.97; N, 6.54; Found: C, 39.49%; H, 4.44%; N, 6.61%. FTIR
spectrum (KBr disc, selected peaks): 3405 (OH), 1577 (COO, CO)
cm−1. Absorption spectra (solid state, λmax/nm): 620, 555, 460.
Synthesis of [{(1)Cd2.5(H2O)10}·24H2O]n (5).6g Network 5 was

synthesized by treating a solution of Cd(OAc)2·2H2O (66.89 mg, 2.510
mmol) in CH3OH (2 mL) with a solution of complex 1 (100 mg, 1.004
mmol) in CH3OH (5 mL). The reaction mixture was stirred at room
temperature for 1 h. A brownish yellow colored product was
precipitated, which was collected, washed with methanol, and dried
under a vacuum. The crude product thus obtained was redissolved in
water, filtered, and layered with tert-butyl alcohol in a glass tube of 75
mm with an ID of 7.5 mm at room temperature. After a period of 3−4
days, brown-colored crystals of network 5 were obtained. Yield (based
on 1): 0.225 g (78%). Anal. Calcd. for C84H72Cd5Co2N12O34·24H2O: C,
34.72; H, 4.16; N, 5.78%; Found: C, 34.95%; H, 4.23%; N, 5.81% . FTIR
spectrum (KBr disc, selected peaks): 3423 (OH), 1605 (COO), 1585
(CO) cm−1. Absorption spectrum (solid state, λmax/nm): 635, 560,
495.
Synthesis of [{(2)Cd2.5(H2O)15}·9H2O]n (6).6g Network 6 was

prepared in a similar fashion with a similar scale as that of network 5,
however, using complex 2. Reddish brown colored crystals of network 6
were obtained after a period of 5−6 days. Yield (based on 2): 0.238 g
(87%). Anal. Calcd. for C84H82Cd5Co2N12O39·9H2O: C, 37.01; H, 3.70;

N, 6.17; Found: C, 36.96%; H, 3.39%; N, 6.16%. FTIR spectrum (KBr
disc, selected peaks): 3422 (OH), 1561 (COO, CO) cm−1.
Absorption spectrum (solid state, λmax/nm): 622, 570, 499.

General Procedure for the Ring-Opening Reactions of
Epoxides. The ring-opening reactions of the epoxides were carried
out under ambient conditions. In a typical aminolysis reaction,
cyclohexeneoxide (0.495 mmol) was treated with aniline (0.495
mmol) in the presence of catalyst 3, 4, 5, or 6 (0.0098 mmol).
However, in the case of styrene oxide, 0.438 mmol of epoxide was
treated with 0.438 mmol of aniline in the presence of 0.00875 mmol of
catalyst. The reaction was monitored by the thin-layer chromatography
(TLC). After 4 h, 2 mL of EtOAc was added to the reaction mixture, and
the solid catalyst was filtered off. The filtrate was concentrated under the
reduced pressure. The crude product was purified by flash column
chromatography on silica gel using hexane/ethyl acetate mixture (5:1)
as the eluent. The products were isolated, quantified, and analyzed by
GC/GC−MS techniques. The recovered catalyst was washed with
diethyl ether, dried, and reused without further purification or
regeneration. Moreover, in several cases the recovered catalyst was
characterized by the X-ray powder diffraction (XRPD) and FTIR spectra
that showed identical results to that of freshly prepared samples.

General Procedure for the Cyanosilylation Reaction of
Aldehydes. The cyanosilylation reactions of aldehydes were carried
out under ambient conditions. In a typical cyanosilylation reaction, 5
mol % catalyst (3, 4, 5, or 6) was added to a mixture of aldehyde (1
mmol) and (CH3)3SiCN (5 mmol). The resulting mixture was stirred at
room temperature, and progress of the reaction was monitored by TLC.
After completion of the reaction, 2 mL of EtOAc was added to the
reaction mixture, and the solid catalyst was filtered off. The filtrate was
concentrated under reduced pressure. The crude product was purified
by flash column chromatography on silica gel using 10% ethyl acetate/
hexane mixture as the eluent. The products were isolated, quantified,
and analyzed by GC/GC−MS techniques.

Physical Methods. The FTIR spectra (KBr disk, 4000−400 cm−1)
were recorded either with Perkin-Elmer FTIR 2000 or Spectrum-Two
spectrometers. The NMR spectroscopic measurements were carried out
with a Jeol 400 MHz spectrometer with TMS as the internal standard.
The solution absorption and diffused reflectance spectra were recorded
with Perkin-Elmer Lambda 25 and Lambda 35 spectrophotometers,
respectively. The elemental analysis data were obtained with an
Elementar Analysen Systeme GmbH Vario EL-III instrument. GC−
MS studies were performed with a Shimadzu instrument (QP 2010)

Table 1. Crystallographic Data Collection and Structure Refinement Parameters for Networks 3−6

3 4 5 6

empirical formula C84H94N12O49.5Co2Zn6 C42H57CoN6O30Zn3 C84H94Cd4Co2N12O65 C84H94Cd5Co2N12O49

fw 2573.90 1381.03 2879.27 2735.61
T (K) 150(2) 298(2) 150(2) 298(2)
cryst syst triclinic triclinic orthorhombic monoclinic
space group P1 ̅ P1̅ Pnma P21/c
a (Å) 16.082(5) 11.361(5) 19.018(5) 13.154(5)
b (Å) 17.074(5) 15.862(5) 29.527(5) 39.417(5)
c (Å) 27.878(5) 16.279(5) 23.963(5) 19.290(5)
α (deg) 92.586(5) 73.758(5) 90 90
β (deg) 105.969(5) 89.749(5) 90 91.837(5)
γ (deg) 117.000(5) 79.948(5) 90 90
V (Å3) 6427(3) 2770.2(17) 13456(5) 9997(5)
Z 1 2 4 4
d (g cm−3) 1.304 1.621 1.396 1.806
μ/mm−1 1.432 1.674 0.954 1.471
F(000) 2524 1358 5592 5400
goodness-of-fit (F2) 0.938 1.056 1.064 1.063
R(int) 0.0809 0.0393 0.0208 0.0885
R1, wR2 [I > 2σ(I)] 0.0903, 0.2194 0.0530, 0.1540 0.0791, 0.2109 0.0659, 0.1481
R1, wR2 (all data)

a 0.1354, 0.2460 0.0772, 0.1715 0.0918, 0.2270 0.0875, 0.1621
aR1 = ∑||Fo| − |Fc||/∑|Fo|; wR2 = {∑[w(|Fo|2 − |Fc|2)2]/∑[wFo4]}

1/2.
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with an RTX-5SIL-MS column. The nitrogen sorption isotherms were
measured with an AUTOSORB-1C, Quantachrome (USA) instrument
in a standard volumetric technique, at 77 K. Under continuous
adsorption conditions; prior to measurements, samples were heated at
350 °C for 12 h with helium gas used for flushing purpose. A part of the
N2 sorption isotherms in the P/P0 range was fitted to the Brunauer−
Emmett−Teller (BET) equation to determine the BET surface area. For
the Langmuir surface area, data from the whole adsorption isotherm
were used. Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed with DTG 60 Shimadzu
and TA-DSCQ200 instruments, respectively, at 5 °Cmin−1 heating rate
under the nitrogen atmosphere. The X-ray powder diffraction (XRPD)
studies were performed either with an X’Pert Pro from Panalytical or a
Bruker AXS D8 Discover instrument (Cu Kα radiation, λ = 1.54184 Å).
The samples were ground and subjected to the range of θ = 5−30°with a
scan rate of 1−0.72°/min at room temperature.
Crystallography. The details for the single crystal X-ray diffraction

data collection and structure solution for networks 3− 6 are provided in
the Supporting Information. Table 1 contains the crystallographic and
structure solution parameter for networks 3−6. The CIF files for
networks 5 and 6 have been included in our previous communication.6g

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The building block
complexes Et4N[Co(L

p‑COOH)2] (1) and Et4N[Co(L
m‑COOH)2]

(2) offer four uncoordinated arylcarboxylic acid groups.5b Such
appended arylcarboxylic acid groups on reaction with secondary
metal ions provided the desired networks 3−6 (Scheme 1). In
each case, the reaction with secondary metal resulted in a distinct
color change from deep green to brownish-yellow or reddish-
brown. Networks 3−6 exhibited strong bands between 1605−
1577 cm−1 due to the νCOO stretches in their FTIR spectra.15b In
addition, broad features between 3400−3430 cm−1 were
indicative of the presence of coordinated as well as lattice
water molecules.15b Networks 3−6 displayed the λmax in the
range of 620−640 nm in their diffused reflectance spectra which
are tentatively assigned to the d−d transition in the Co3+ ion of
the building block core (Figures S1 and S2, Supporting
Information, SI). The XRPD patterns of the freshly prepared
samples of networks 3−6 were nearly identical to those
simulated from the single-crystal structures indicative of phase
purity of the bulk samples (Figures S3−S6, SI).

Crystal Structures. All four heterobimetallic networks were
characterized by the single-crystal X-ray diffraction studies to
understand the network generation via the mediation of building
blocks. For all four networks, Table 2 provides the range
observed for the bond distances, whereas Tables S1−S4
(Supporting Information) contain the detailed bonding
parameters.
Both networks 3 and 4 crystallized in the triclinic cell system

with P1 ̅ space group. The molecular structures of networks 3 and
4 are quite similar and show that the central Co3+ ion is
meridionally coordinated by two tridentate ligands. The
octahedral Co3+ ion is bonded to four Namide atoms in the basal
plane and twoNpyridine atoms in the axial position (Figures 1a and
2a). The Co−Namide bond distances are found to be longer than
the Co−Npyridine distances (Table 2). Two axial pyridine rings are
trans to each other with the bond angle in excess of 178°. The
diagonal Namide groups make angle with the Co3+ ion close to
163° in both cases.
The unit cell of network 3 contains 2 building blocks, 6 Zn2+

ions, 2 bridging hydroxide, 1 bridging and 9 coordinated water,
and 14 uncoordinated water molecules. The molecular structure
of network 3 shows that the Co3+-based building blocks are
connected through Zn2+ ions (Figure 1). Every building block
offers four para-arylcarboxylate groups, and each one assists in
coordinating five different Zn2+ ions. The five-coordinate Zn1
ion is ligated to four Ocarboxylate atoms and a hydroxide group
(O13), which further bridges Zn2 and Zn3 ions. The six-
coordinate Zn2 ion is connected to three Ocarboxylate atoms, two
bridging hydroxide groups (O13 and O27), and a bridging aqua
group (O14). The Zn3 is also six-coordinated with twoOcarboxylate
atoms and two bridging oxygen atoms (O13hydroxide, O14aqua),
while the remaining sites are occupied by the water molecules.
The four-coordinate Zn4 ion is ligated to three Ocarboxylate atoms
and a hydroxide ion (O27), which further bridges Zn2 and Zn5
atoms. For the five-coordinate Zn5 ion, the basal-plane is
constituted by three Ocarboxylate atoms and a bridging O27hydroxide
atom, whereas the apical site is satisfied by a water molecule.
Notably, one of the Zn2+ ions, Zn6, is present in the crystal

lattice as a Zn(H2O)6 cluster. The Zn(H2O)6 cluster is trapped
within the crystal lattice with the help of strongH-bonds between
Oamide atoms and Zn6-bound water molecules (Table S4, SI). It is

Scheme 1. Synthetic Routes for Networks 3−6

Table 2. Selected Ranges for the Bond Distances (Å) Observed for Networks 3−6

bond lengths 3 4 5 6

Co1−Npyridine 1.851−1.881 1.847−1.859 1.859−1.860 1.840−1.855
Co1−Namide 1.923−1.984 1.939−1.962 1.950−1.979 1.949−1.970
M−Ocarboxylate 1.961−2.474 2.088−2.326 2.295−2.525 2.323−2.549
M−Obridging carboxylate 1.961−2.093 2.015−2.171 2.159−2.459
M−Ooxo 2.111−2.123 2.010−2.077
M−Obridging water 2.255−2.289
M −Oterminal water 1.903−2.172 2.010−2.229 2.263−2.582 2.194−2.459
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important to mention that this Zn(H2O)6 cluster does not come
out from the crystal lattice even when the powdered sample is
suspended in various solvents. Further, when the powdered
network is suspended in solution containing several other metal
ions, no exchange was noticed even after 72 h. These experiments
suggest the stable nature of Zn(H2O)6 cluster within the
network. The presence of Zn(H2O)6 cluster appears to be driven
by the requirement of charge balance.

The unit cell of network 4 contains 1 building block, 3 Zn2+

ions, 1 hydroxide group, 6 coordinated and 11 uncoordinated
water molecules. Here, a 2D layer structure is generated via
coordination between Zn2+ ions and arylcarboxylate fragments
that are originated from different building blocks (Figure 2a,c).
Out of three Zn2+ ions, two are six-coordinate (Zn1, Zn2),
whereas the third one (Zn3) displays a five-coordinate geometry.
A μ3-hydroxide group bridges all three zinc atoms. The Zn1
forms bond with five Ocarboxylate atoms, while the sixth site is

Figure 1. (a) Stick representation of a selected part of the crystal structure of network 3. Color code: orange, Co; yellow, Zn; blue, N; green, Ocarboxylate;
purple, Owater; red, Oamide; gray, C. (b) Packing diagram in a view along the a-axis. (c) Space-filling view along the a-axis showing pores and channels in
the structure of network 3; the coordinated water molecules are omitted for clarity to show accessible Lewis acidic Zn2+ ions (yellow spheres).
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Figure 2. (a) Stick representation of a selected part of the crystal structure of network 4. Color code: orange, Co; yellow, Zn; blue, N; green, Ocarboxylate;
purple, Owater; red, Oamide; gray, C. (b) Packing diagram in a view along the a-axis. (c) Space-filling view along a-axis showing pores and channels in the
structure of network 4; the coordinated water molecules are omitted for clarity to show accessible Lewis acidic Zn2+ ions (yellow spheres). Panels (d)
and (e) showing layered structure where individual layers are connected through water molecules (red spheres) via H − bonds (shown by black dots).
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satisfied by a bridging hydroxide group (O13). Similarly, the Zn2
ion is coordinated to O7carboxylate, O13hydroxide, and four water
molecules. The Zn3 ion is coordinated to two Ocarboxylate atoms,
while the remaining sites are occupied by a bridging O13hydroxide
and two water molecules. Notably, network 4 is a layered
material where 2D layers are stacked through water molecules
(shown as red spheres in Figure 2d,e). The layers are held
together via H-bonds between Oamide groups and coordinated
and uncoordinated water molecules (Oamide...Owater separations:
2.584−2.952 Å).
As noted for 3 and 4, both {Co3+−Cd2+} based networks 56g

and 66g displayed similar structure where Co3+-based building
blocks are connected through Cd2+ ions. The unit cell in each
case consists of one building block, 2.5 Cd2+ ions, and several
coordinated and uncoordinated water molecules. In both cases,
every building block offers four arylcarboxylate fragments which

coordinate different Cd2+ ions. Such an arrangement results in
the generation of {Co3+−Cd2+} based networks (Figures 3, 4 and
S7, S8 in SI). Importantly, network 6 is a layered material as also
noted for network 4. Here, individual 2D layers (shown in orange
for 6a and pink color for 6b, Figure 4c,d) are connected to each
other via an array of H-bonds involving Ocarboxylate, Oamide,
coordinated, and uncoordinated water molecules (O···O
separations: 2.713−2.827 Å).
Although all four networks show assorted molecular

structures, interestingly however, topologically, all four are
quite similar.16a,b For example, all four networks offer secondary
building units (SBUs) which are composed of Zn2+ or Cd2+ ions
coordinated by a certain number of arylcarboxylic acid
fragments: Zn5(COO)8 (3); Zn3(COO)4 (4); Cd(COO)2 (5);
Cd3(COO)4 (6a); and Cd2(COO)4 (6b).16a,b The assorted
SBUs are expanded through the tetra-connected cobalt-based

Figure 3. (a) A selected part of the crystal structure of network 5 in a view along the a-axis. (b) Space-filling view along the a-axis showing pores and
channels; the coordinated water molecules are omitted for clarity to show accessible Lewis acidic Cd2+ ions (yellow spheres).

Figure 4. In a view along the a-axis showing a selected part of the crystal structure of network (a) 6a and (b) 6b; the coordinated water molecules are
omitted for clarity to show accessible Lewis acidic Cd2+ ions (yellow spheres). Panels (c) and (d) show a layered structure where individual layers are
connected through water molecules (red spheres) via H-bonds (shown by black dots).
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building blocks to generate the extended networks.16c Thus, 3 is
composed of octagonal SBUs expanded to a 4,8-connected
network through Co-based tetra-connected nodes. Similarly,
network 4 may be viewed as 4,4-connected network via
tetrahedral SBUs and Co-based nodes, whereas network 5
shows 4,2-connected network. On the other hand, both networks
6a and 6b are composed of tetrahedral SBUs and tetra-connected
Co-based nodes.
All networks show solvent-accessible voids (SAVs) of different

volume, and a noticeable difference was found between the
networks created by para- versus meta-arylcarboxylic acid based
building blocks. For example, the crystal structures of networks 3
and 5 (both with para- arylcarboxylic acid groups) showed SAVs
of volume 1861 Å3 and 2637.5 Å3, respectively. These numbers
correspond to 29% and 20% of the unit cell volume for networks
3 and 5, respectively. On the other hand, networks 4 and 6 (both
withmeta-arylcarboxylic acid groups) offered only 2.3% and 0.3%
SAVs per unit cell volume. This difference is due to a highly
symmetrical nature of bonding between the meta-appended
arylcarboxylate groups to that of metal ions (packing behavior) in
the case of networks 4 and 6 that has resulted in very small voids
within the lattice. In fact, a very similar H-bonding based packing
was observed for the Co3+-based metalloligands appended with
meta-arylcarboxylic acid groups offering very small SAVs.5b

All four heterobimetallic networks possess several interesting
structural features. For example, all four networks showed the
presence of well-defined pores and channels within the
microporous network. These channels were found to contain
lattice water molecules which are held together by weak H-
bonding interactions. Interestingly, both networks 3 and 5 with
para-arylcarboxylic acid groups offer two types of pores with
cross sections of 12.5× 9.9 and 17.4 × 14.7 Å2 (for 3) and 17.9×
16.3 and 21.5 × 7.5 Å2 (for 5), respectively.17 It is important to
note that both these networks also offered largest SAVs. In
contrast, networks 4 and 6 (both 6a and 6b) with meta-
arylcarboxylic acid groups were densely packed (thus offered
little SAVs) and only presented a single channel opening: 11.9 ×
10.3 Å2 (for 4), and 13.6× 10.4 (for 6a) and 11.0× 10.9 (for 6b).
Therefore, it could be concluded that the para-arylcarboxylic acid
groups result in an elongated network that generate wider pores
and offer large SAVs. Such structural features are expected to
enhance the substrate/reagent accessibility. On the other hand,
the layered structural nature for networks 4 and 6 suggests
plausible substrate/reagent intercalation despite densely packed
2D layers. Further, all networks showed the orderly arrangement
of secondary metals within the crystalline structure. Importantly,
these secondary metals are not only Lewis acidic in nature but are
also coordinated with a large number of labile water molecules.
Therefore, it was presumed that the suitable O-based substrates
may interact with the Lewis acidic sites and replace the labile
water molecules without altering the network topology, and such
a situation may assist in possible organic transformations (vide
infra).

■ THERMAL PROPERTIES
Thermal profiles of coordination networks are necessary as many
applications depend on their thermal stability. In the present
work, all networks were found to have a large number of
coordinated as well as lattice water molecules, and it was
important to analyze the fate of these water molecules so as to
ascertain their role in the structural integrity. Therefore, thermal
gravimetric analysis (TGA) and differential scanning calorimetric
(DSC) analyses were performed on all heterobimetallic networks

(Figures S9−S12, SI). All four networks show a very similar
thermal profile owing to a similar network structure. In all four
cases, the first weight loss was due to the liberation of both
coordinated and uncoordinated water molecules. Such a weight
loss was noticed from ambient temperature to ca. 180 °C in the
form of a close match between the observed and calculated
values. For network 3, the observed and calculated weight losses
were 16.50 and 16.68% for the loss of 24 (10 coordinated and 14
uncoordinated) water molecules. In a similar manner, network 4
showed observed weight loss of 12.06% (calcd. 11.90%) for the
loss of 17 water molecules. For network 5, the weight loss (obsd/
calcd (%); 21.11/21.26) corresponded to the liberation of 10
coordinated and 24 uncoordinated water molecules. Similarly,
network 6 also showed the weight loss due to 24 water molecules
(obsd/calcd (%); 15.44/15.79). All four networks were stable
after the loss of coordinated as well as lattice water molecules and
did not show further weight loss up to ca. 350 °C. However,
when the temperature was increased beyond 350 °C, all four
networks showed the sign of thermal decomposition by the
sequential loss of carboxylic acid groups. DSC analyses strongly
supported the TGA findings by displaying broad exothermic
features for the loss of coordinated and lattice water molecules.
The thermal stabilities of networks 3−6 were further supported
by the XRPD analysis. The XRPD patterns of the activated
networks (up to 300 °C) were nearly identical to those of as-
synthesized samples, indicating that the structural integrity is
retained even after the loss of coordinated and lattice water
molecules (Figures S13−S16, SI).

■ SORPTION AND INCLUSION PROPERTIES
In addition to thermal stability, it is also desirable to evaluate the
feasibility of the substrates and/or reagents to freely diffuse
through the pores and channels of a network. Therefore, several
sorption and inclusion studies were carried out. Gas sorption−
desorption studies typically provide information about the
porous nature of a network. However, the N2 sorption analysis
for all networks at 77 K showed negligible uptake (Figures S17−
S18 and Table S5, SI). The Langmuir and BET surface area for all
four networks were between 2.0−5.5 m2 g−1. These studies
revealed an essentially nonporous material compared to well-
established highly porous MOFs.18 The results suggest that a
significant available space is being occupied by the Co3+-based
building blocks themselves. Such an observation has been noted
for our earlier metalloligand-based networks6e,f as well as for
other metalloligand-based materials.19 Therefore, we attempted
to understand possible diffusion as well as inclusion of the
reagents and/or substrates within the pores and channels of the
present networks. For such investigation, combined FTIR
spectral and thermal (TGA and DSC) studies were carried out
for all four networks. Benzaldehyde (substrate; molecular size:
8.21 × 5.83 Å2),20 aniline (reagent; molecular size: 7.44 × 5.83
Å2),20 and (CH3)3SiCN (reagent; molecular size: 7.32 × 6.48
Å2)20 were selected for their distinct FTIR spectral features.
Thus, when networks 3−6 were impregnated with a CH2Cl2
solution containing the aforementioned reagents and/or
substrates, noticeable differences were observed when compared
to neat sample (see Tables S6 and S7, Supporting Information).
For example, νCO stretch for the impregnated benzaldehyde
was red-shifted by 12−17 cm−1 for all four networks. Similarly,
the νCN stretch for the impregnated (CH3)3SiCN was found to
red-shift by 16−21 cm−1 for all four networks. A somewhat
similar observation was noted for aniline-impregnated samples.
Therefore, these experiments suggest that the reagents and/or
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substrates not only have diffused but also got activated within the
microporous network. Importantly, diffusion and the probable
inclusion of these reagents and/or substrates caused significant
perturbation to the νO−H stretches of the coordinated/lattice
water molecules (see Figures S19−S22, Supporting Informa-
tion). More importantly, these results are supported by the TGA
and DSC studies which showed the weight loss for the
impregnated reagent/substrate in addition to the coordinated/
lattice water molecules. On average, weight loss of two molecules
of reagent and/or substrate (benzaldehyde or (CH3)3SiCN or
aniline) was observed from the TGA/DSC studies after replacing
4−11 water molecules. Table S7 and Figures S19−S22
(Supporting Information) provide a detailed account about the
thermal behavior of impregnated samples. In essence, thermal
studies further support the diffusion and possible entrapment of
reagent/substrate within the network. It is important to note that
networks 4 and 6 are layered materials, and a possibility always
exists of intercalation of substrate/reagent within the layers. Such
a situation is also likely to show change in the stretching
frequencies of the substrate/reagent.
A 1H NMR based inclusion experiment21 was carried out to

ascertain the coexistence of both substrate and reagent within the
microporous network and their reaction within the confined
environment. Therefore, ROR of styrene oxide with aniline was
performed as a prototype example using network 3 as the
catalyst. The network 3 was impregnated with a 1:1 mixture of

styrene oxide and aniline and investigated after digesting the
sample (using 1N aqueous HCl solution and extracting the
products into CH2Cl2) at the following intervals: first at 2 h;
second at 4 h; and finally at 12 h. The 1H NMR results at 2 h
display the peaks both for substrate + reagent (styrene oxide and
aniline) as well as the ring-opened product (Figure S23, SI).
Notably, after 12 h, the peaks corresponding to substrate and
reagent were negligible, while product formation was almost
quantitative while the reaction showed ca. 80% completion after
4 h. This experiment provides additional evidence that the
catalysis is occurring within the microporous network.

■ APPLICATION OF {CO3+-ZN2+} AND {CO3+-CD2+}
NETWORKS IN HETEROGENEOUS CATALYSIS

The Lewis acidic nature of secondary Zn2+ and Cd2+ metal ions,
presence of labile water molecules, and their displacement with
substrate/reagent as revealed by inclusion studies; availability of
well-defined pores and channels; and their ability to entrap
substrate/reagent in our heterobimetallic networks depicted the
likelihood of catalysis within the microporous networks. Keeping
these points in perspective, we narrowed down to catalytic
reactions where the substrates are oxygen-based (for ease in
displacing the water molecules), and the reactions are known to
be catalyzed by the Lewis acidic metal ions. The RORs of
epoxides and cyanation reactions (CRs) of aldehydes were
appeared to be the most suitable choices considering the

Table 3. Ring-Opening Reactions of Cyclohexene Oxide with Aniline, Para-Substituted Anilines, and Aliphatic Amines Using
Catalysts 3, 4, 5, and 6

aConditions: catalyst-2 mol %; 4 h stirring, room temperature. bYield calculated from the gas chromatography using internal standard. c,dIsolated
yield after third and fifth run, respectively.
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aforementioned facts.6g Of course, the potential heterogeneous
catalytic activity of networks 3−6 was considered to be an
additional benefit due to their insoluble nature and thus
maintenance of structural integrity during catalysis.
Ring-Opening Reactions. RORs of epoxides with assorted

amine provide an important synthetic route for the synthesis of
β-amino alcohols of pharmaceutical and biological importance.22

Networks 3−6 were investigated as the heterogeneous catalysts
for the aminolysis reaction under solvent-free conditions.
Therefore, for the aminolysis reaction, an equimolar mixture of
cyclohexene oxide and aniline was stirred at ambient temperature
in the presence of only 2 mol % powdered network 3, 4, 5, or 6.
Under these conditions, a smooth reaction resulted that
produced the corresponding β-amino alcohol in high yield. As
shown in Table 3, the networks 3−6 could promote the reaction
between cyclohexene oxide with aniline (entry 1), para-
substituted anilines (entries 2−3), as well as aliphatic amines
(entries 4−6). In the absence of networks 3−6, the reaction did
not proceed at all, thereby supporting the possible Lewis acidic
catalyzed activity of the networks. Further, when the catalyst was
filtered off, the reaction was no longer promoted. Furthermore, a
control experiment of using building block 1 or 2 as the catalyst
did not result in any product formation. Finally, control
experiments using powdered metal salts (Zn(OAc)2·2H2O or
Cd(OAc)2·2H2O) as the catalyst resulted in very little
conversion (see Table S8, SI). These control experiments clearly

demonstrate that the soluble and catalytic active species are not
leached out from networks 3−6 under the employed reaction
conditions. Thus, these experiments strongly support that
networks 3−6 are acting as the true heterogeneous catalysts. In
addition, the heterogeneous catalysts can be conveniently
recovered from the reaction mixture by simple filtration and
used several times (tested five consecutive times; entry 1, Table
3) without much loss in the catalytic efficiency (3% drop in
isolated yield in the fifth run). Moreover, there was no
requirement of any further purification or regeneration of any
of the catalysts. The FTIR and XRPD data showed that the
crystallinity and structural integrity of the recovered catalysts are
preserved after the catalytic reaction. A comparison of XRPD
patterns of the freshly prepared and reused catalysts
unambiguously supports this observation (Figures S24−S27, SI).
In order to explore the effect of electronic substituents on

product yield, electron-donating and electron-withdrawing
groups were placed at the para-position of aniline ring. As
expected, the yield was higher with electron-rich aniline (entry 2)
due to the better nucleophilicity than the one with electron-
deficient aniline (entry 3). Moreover, aliphatic amines such as
piperidine, pyrrolidine, and cyclohexyl amine were used to
compare the nucleophilicity toward RORs. It was found that the
yields were much better in the case of cyclic aliphatic amines
(entry 4−5, Table 3) as compared to aromatic amines (entry 1−
3, Table 3). A similar observation has been noted in the

Table 4. Ring-Opening Reactions of Styrene Oxide with Aniline, Para-Substituted Anilines, and Aliphatic Amines Using Catalysts
3, 4, 5, and 6

aConditions: catalyst-2 mol %; 4 h stirring, room temperature. bYield calculated from the gas chromatography using internal standard. c,dIsolated
yield after third and fifth run, respectively.
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literature.23 Importantly, the stereoselective trans product was
exclusively produced in all cases without any observation of the
cis product.24

To probe the regioselectivity, an asymmetrical substrate
styrene oxide was selected and treated with aniline, substituted
anilines, cyclic aliphatic amines, or cyclohexyl amine (Table 4).
Interestingly, a perfect regioselectivity was observed that resulted
in only a single product in each case with all four catalysts. Out of
two possible products due to the nucleophilic attack either at the
benzylic carbon atom or at the less hindered carbon atom of the
epoxide ring, in all cases, the nucleophilic attack exclusively took
place at the benzylic carbon atom of epoxide.25 The regio-isomer
formed by the reaction of aniline at the benzylic carbon atom of
epoxide ring showed the characteristic molecular ion peak [M+−
31] due to the loss of CH2OH fragment in GC−MS studies.25

There are two probable reasons for the observed regioselectivity.
First, confinement of the catalytic metal centers within the
microporous network allows a substrate to approach in rather
limited or unique orientation, thus inducing the selectivity
(metal-based selectivity). Second, the positive charge on oxygen

atom appears to be localized on the highly substituted benzylic
carbon leading to a single product (electronic selectivity).
Therefore, it became essential to perform additional experiments
to rule out one of the two possibilities.
Consequently, to further establish the regioselectivity, RORs

of glycidic ethers, 2-(phenoxymethyl)oxirane, and 2-tert-
butoxyoxirane with aniline were carried out (Table 5). In each
case, excellent regioselectivity was noticed due to the observation
of a single product. Therefore, the nucleophile exclusively
attacked the less hindered side of the epoxide ring.25 We reason
that in the absence of a resonance effect (as the prevailing cause
in the case of styrene epoxide) the regioselectivity is controlled
by the steric factor, and the nucleophilic attack selectively took
place at the less substituted/terminal carbon atom of the epoxide
ring. The results are complementary to that of styrene epoxide
and support the first hypothesis that the confinement of catalytic
metal center within the microporous network is the key-factor in
controlling the regioselectivity. On the basis of observed
selectivity, a mechanism has been proposed and presented in
Scheme 2.

Table 5. Regio-Selective Ring-Opening Reactions of Few Epoxides with Aniline Using Catalysts 3, 4, 5, and 6

aConditions: catalyst-2 mol %; 4 h stirring, room temperature. bYields calculated from the gas chromatography using internal standard.

Scheme 2. Proposed ReactionMechanism for the Ring-Opening Reaction of Asymmetrical Epoxides with Aniline Catalyzed by the
Networksa

aA representative network 5 has been shown to display the catalytic Cd2+ ions (yellow spheres) located within the microporous network.
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Table 6. Ring-Opening Reactions of Assorted Epoxides with Aniline Using Catalysts 3, 4, 5, and 6

aConditions: catalyst-2 mol %; 48 h stirring, room temperature. bYields calculated from the gas chromatography using internal standard.

Table 7. Cyanation Reaction of Various Aldehydes with Trimethylsilyl Cyanide Using Catalysts 3, 4, 5, and 6

aConditions: catalyst-5 mol %; 4 h stirring, room temperature. bIn order to measure the dimension of the mentioned molecule, two suitable atoms
were selected and their center-to-center distance was measured by Chem3D followed by the addition of their van der Walls radii. cYields calculated
from the gas chromatography using internal standard.
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To understand the effect of steric crowding on the reactivity
and selectivity in our catalytic systems, we conducted the
aminolysis of 2,3-epoxypentane and 2,3-epoxy-2-methylbutane
with aniline (entries 1 and 2, Table 6).26 Interestingly, for both
these epoxides, the nucleophilic attack predominantly occurred
on the less hindered carbon atom. The major products (>95%)
were N-phenylamino-3-pentenol and 2-methyl-3-phenylamino-
butane-2-ol for the former and latter substrates, respectively.26

These results suggest that the epoxide ring has interacted with
the catalytic metal ions through the less-hindered side, possibly
due to steric reasons caused by the attached arylcarboxylic acid
rings and solvent molecules. The catalytic metal ion is capable of
distinguishing between a methyl and an ethyl substituent with a
high selectivity.26 Notably, when nonplanar cyclohexyl amine
was used as the nucleophile, poor conversions were noticed
(entry 6, Tables 3 and 4) when compared to RORs with aniline
(entry 1, Tables 3 and 4). The poor product yield even after
prolonged reaction time (48 h) can be correlated to the hindered
accessibility due to the nonplanar nature of cyclohexyl amine.
Collectively, these results display the importance of accessibility
to the catalytic metal ions confined within the interior of
microporous network. The ring-opening of cyclopentene oxide
with aniline also proceeded smoothly and a trans stereospecificity
was observed in the respective product (entry 3, Table 6).
For a successful catalytic system, it is important that in addition

to control over the regioselectivity; the catalyst also supports the
chemoselectivity. Therefore, epichlorohydrin was selected as a
potential substrate as it contains both an epoxide ring and a good
leaving group, Cl.27 The reaction of aniline with epichlorohydrin
provided an excellent example of chemoselectivity yielding
corresponding amino alcohol due to the nucleophilic attack at
the terminal carbon atom of the epoxide moiety. No product
arising from the nucleophilic displacement of the chlorine atom
was observed with any of the four networks (entry 4, Table 6).
Cyanation Reactions. The cyanation of carbonyl-function-

alized organic substrates provides a convenient route to
cyanohydrins which are intermediates for a variety of fine
chemicals and pharmaceuticals.28 Because of the importance of

such intermediates, extensive research has been aimed to develop
improved Lewis acid catalysts for the reaction of cyanide with
aldehydes.29 In this context, heterogeneous catalysts incorporat-
ing Lewis acidic sites are advantageous. Importantly, cyanation of
aldehyde is comparatively far-more challenging than the
cyanation of an imine group as the latter is an activated substrate.
The success of networks 3−6 as the heterogeneous catalyst in
RORs suggested their potential role in the cyanation reactions.
Therefore, CRs of assorted aldehydes were performed in the
presence of networks 3−6 using trimethylsilylcyanide
(TMSCN) as the cyanide source (Table 7). The reaction
produced the corresponding cyanohydrins in good yield. The
observed catalysis is presumably occurring via displacement of
the labile water molecules by aldehyde before its activation and
reaction (Scheme 3). To demonstrate the functional group
tolerance, cyanation of substituted benzaldehyde, such asm- and
p-anisaldehyde; m- and p-nitrobenzaldehyde was performed.
Benzaldehyde and anisaldehyde gave good product yield (entries
1−3, Table 7), whereas the electron-deficient aldehydes were
equally effective with our catalytic systems (entries 4 and 5, Table
7). Importantly, all networks functioned as the heterogeneous
catalysts and could be recycled several times. Notably, the
application of Zn(OAc)2 and Cd(OAc)2 as the catalyst did not
result in the observation of any product (Table S8, SI), while
other control experiments yielded results similar to those noted
for RORs.
The CRs of aldehydes were primarily targeted to understand

the size-selectivity as such an observation does constitute good
circumstantial evidence for the heterogeneous catalysis within
the pores and channels of a network and not only on the surface.
Thus, to probe the size selectivity, a few aldehydes of increasing
molecular size were investigated.20 Importantly, the reaction
yield was found to systematically depend on the molecular size of
the substrate when cyanation of sterically demanding substrates
such as 1-naphthealdehyde, 2-naphthealdehyde, and 9-anthral-
dehyde was attempted. For network 4, the respective
cyanohydrins were obtained with the yields (%) of 71, 60, and
40, respectively. As expected, the yields are poor in comparison

Scheme 3. Proposed Reaction Mechanism for the Cyanation Reaction of Aldehydes with TMSCN Catalyzed by the Networksa

aA representative network 5 has been shown to display the catalytic Cd2+ ions (yellow spheres) located within the microporous network.
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to benzaldehyde (94%) and follow the following order:
benzaldehyde > 1-naphthealdehyde > 2-naphthealdehyde > 9-
anthraldehyde. The relative substrates-size indicates that the
channels of network 4 are large enough to freely allow
benzaldehyde (8.21 × 5.83 Å2)20 and similar substrates to
diffuse through the pores/channels to reach the catalytic metal
centers. In contrast, 1-naphthealdehyde (9.69 × 8.29 Å2),20 2-
naphthealdehyde (10.67 × 7.49 Å2),20 and especially 9-
anthraldehyde (10.88 × 8.60 Å2)20 are quite bulky to diffuse
smoothly through the pores/channels where the catalytic sites
are located. As a consequence, a poor conversion resulted. A
similar trend was observed for the remaining networks. Thus, it
could be concluded that the conversions are inversely propor-
tional to the molecular size of the aldehydes, and the substrate
accessibility (through pores or through intercalation) to the
catalytic sites controls the catalysis outcome.30

To understand the catalytic efficiency of all four networks,
turnover frequency (TOF) was measured using a common
substrate, 1-naphthealdehyde. TOF was continuously monitored
for the entire duration of the cyanation reaction under the
identical reaction conditions. Results suggest that the network 3
was the most time-efficient in consuming the substrate 1-
naphthealdehyde followed by 5, whereas networks 4 and 6 were
somewhat less effective although comparable to each other. A
closer look to the structure of network 3 displays a unique
orientation of aryl rings lining the channel. We speculate that
such an arrangement assists in bringing/holding the substrate
closer to the catalytic Lewis acidic metal through arene···arene
(π···π) interactions. Naturally, such interactions will be
manifested more strongly with a naphthyl than with a phenyl
ring (see entries 6 and 7, Table 7). However, when the
anthracenyl group was involved, the substrate is too big to
comfortably enter the pore/channel to access the Lewis acidic
metal, and as a consequence product yield dropped dramatically.
It is important to emphasize that in all aforementioned

catalytic examples all four networks provided similar catalytic
results. Interestingly, despite similar structural nature, related
topology, and identical coordinated solvent molecules, the four
networks were expected to show certain differences. We believe
that although networks 3 and 5 with para-arylcarboxylate groups
offer an elongated network with wider pores and therefore higher
substrate/reagent accessibility, the remaining two networks 4
and 6 (with meta-arylcarboxylate groups) are benefitted by their
layered structure. Thus, there is an interesting trade-off between
pore-based and intercalation-based substrate/reagent accessi-
bility. Such an observation nicely illustrates the importance of
designed material to execute as well as control a catalytic event.

■ CONCLUSION
In summary, we have shown few {Co3+−Zn2+} and {Co3+−
Cd2+} heterobimetallic networks that have been synthesized
using Co3+ complexes appended with arylcarboxylate groups as
the building blocks. These examples showcase a great promise in
the development of crystalline network materials with facile
tunability. We showed the application of immobilized catalyti-
cally active Zn2+ and Cd2+ centers in such networks to promote
heterogeneous RORs of epoxides and CRs of aldehydes. A
perfect stereo- and regioselectivity was observed with asym-
metrical epoxides, whereas epichlorohydrin provided an example
of chemoselectivity. CRs of aldehydes have helped us in
rationalizing the molecular size of the substrates to that of
accessibility offered by the networks. The simple synthesis,
reusability, and heterogeneous nature of these heterobimetallic

networks merit wider catalytic applications, and several such
studies are in progress in the laboratory.
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