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A novel strategy has been developed to construct a highly stable
core—shell MOF@COF (PCN-222-Co@TpPa-1) bifunctional catalyst
through strong n—n stacking interaction. This hybrid material with
spatially isolated antagonistic acid—base sites can effectively catalyze
the deacetalization—Knoevenagel condensation cascade reaction.

Multifunctional nanocrystalline catalysts, with two or more
functional active sites integrated into one system, have gained
a great deal of attention owing to their highly efficient activity for
one-pot cascade reactions.! Multifunctional catalyst-participated
cascade reactions not only show high atom-economy and are
energy-saving and low-cost, but also provide an intriguing
direction for complex organic synthesis.> However, the design
and fabrication of multifunctional catalysts with precise isolation
of antagonistic acid-base groups to achieve catalytic activity are
probably the main reasons that limit cascade reactions.’
Metal-organic frameworks (MOFs) composed of metal ions
and organic linkers have received increasing attention in recent
years." Owing to their long-range ordered porous structure,
high specific surface area and excellent chemical and thermal
stability, MOFs present promising application in gas storage
and separation, drug delivery, heterogeneous catalysis and so
on.” Similarly, covalent organic frameworks (COFs), as a class of
promising porous crystalline polymers, are also receiving
increasing attention due to their outstanding inherent properties,
such as high surface area, tuneable pore size, and adjustable
frameworks.® COFs, based on reticular chemistry, are constructed
from light elements (e.g;, C, N, B, and O) by strong covalent linkages
and have shown great potential in various applications.” Recently,
core-shell MOF/COF hybrid materials have been developed and still
remain largely unexplored.®*> Zhang and co-workers developed
an NH,-MIL-68@TPA-COF core-shell hybrid material which was
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utilized as an effective photo-catalyst for the degradation of
organic pollutants.” The Kim group reported a Pd/TiATA@LZU1
hybrid material which showed fascinating photocatalytic per-
formance.'® Lan et al. reported NH,-UiO-66/TpPa-1-COF hybrid
materials for photocatalytic H, evolution."”" Zhao and co-workers
fabricated mixed matrix membranes containing NH,-UiO-66/
TpPa-1 hybrid fillers for efficient CO,/CH, sepauration.12 All the
above core-shell MOF@COF hybrid materials were used in the
same synthetic strategy which utilized amino-functionalized
MOFs to graft with imine-based COFs. Though the enormous
efforts are being spent on preparing the composite of MOFs and
COFs, the universality of this strategy is restrained because
amino-functionalized MOFs are fewer than the common MOFs.
Therefore, to develop a general strategy to construct MOF@COF
hybrid materials is urgent. Interestingly, 2D COFs possess a
strong m-electron system with many phenyl rings and planar
structures, which also exist in MOF materials.'> Owing to the
aromaticity of MOFs and the ordered m-columnar structure
characteristics of COFs, strong n-r stacking interaction provides
an opportunity to construct MOF@COF hybrid materials with
tunable nature and function of the parent species. Therefore, it
is anticipated that construction of core-shell MOF@COF hybrid
materials could overcome their inherent weak points and create
a synergistic effect to afford multifunctional properties for
specific applications. To the best of our knowledge, MOF@COF
hybrid materials with a unique core-shell structure, n-n stacking
interaction, and sizable specific surface area have not yet been
reported as bifunctional acid-base cascade catalysts.

Bearing the above points in mind, we proposed a novel
strategy to construct well-defined and hierarchical MOF@COF
hybrid materials through strong n-n stacking interaction. The
as-synthesized core-shell PCN-222-Co@TpPa-1 simultaneously
exhibits the features of PCN-222-Co and TpPa-1, including
(i) Lewis acid active sites in PCN-222-Co (the Co(u) sites and
the Zr(wv) clusters); (ii) Brgnsted base active sites in TpPa-1 (imine
groups); and (iii) strong interaction between the reactants and the
core-shell PCN-222-Co@TpPa-1 hybrid material due to the n-n
stacking interaction. For these reasons, PCN-222-Co@TpPa-1 can
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Scheme 1 The synthetic route of PCN-222-Co@TpPa-1.

act as a highly efficient bifunctional catalyst for one-pot cascade
reactions. Impressively, core-shell PCN-222-Co@TpPa-1 exhibited
high chemical and thermal stability, recyclability, and durable
catalytic activity under mild conditions.

The core-shell PCN-222-Co@TpPa-1 was prepared by a
simple route under room temperature conditions (Scheme 1).
The PXRD pattern confirmed the crystalline structure of PCN-222-
Co@TpPa-1 and showed good agreement with the corresponding
simulated patterns of PCN-222-Co and TpPa-1. Furthermore, due
to the weak intensity of TpPa-1, PCN-222-Co@TpPa-1 exhibited
intense peaks similar to PCN-222-Co (Fig. S1a, ESIt)."** More-
over, the FT-IR spectrum was used to characterize the composi-
tion of PCN-222-Co@TpPa-1. As displayed in Fig. S1b (ESIt), the
obvious appearance of stretching bands was similar to both
PCN-222-Co and TpPa-1."*” The asymmetric and symmetric
stretching vibrations of the carboxylate groups appeared at
1607 and 1418 cm ™', respectively. It can be seen that two new
characteristic adsorption bands in PCN-222-Co@TpPa-1 for
C-N and C=C groups at 1271 cm ' and 1584 cm™ " indicated
the formation of TpPa-1, further proving the successful combination
of PCN-222-Co and TpPa-1. In addition, the chemical stability of
core-shell PCN-222-Co@TpPa-1 was investigated by soaking PCN-
222-Co@TpPa-1 in different solvents including CH;OH, pyridine,
CH,Cl,, DMSO, 1,4-dioxane, toluene, water, and even pH = 2
HCI aqueous solution for 24 h. The PXRD patterns after soaking
in different solvents were the same as that of pristine PCN-222-
Co@TpPa-1, confirming the chemical stability of the hybrid
material (Fig. S1c, ESIT). Variable-temperature PXRD and ther-
mogravimetric analysis (TGA) were also investigated and the
results revealed that PCN-222-Co@TpPa-1 could be stable up to
300 °C in air (Fig. S1d and S2, ESIf). The UV-vis diffuse
reflectance spectroscopy (DRS) spectra of PCN-222-Co, TpPa-1
and PCN-222-Co@TpPa-1 are shown in Fig. S3 (ESIt). The main
absorption peaks are located at about 498 and 572 nm for PCN-
222-Co and PCN-222-Co@TpPa-1, respectively. The large red-
shifts of 74 nm indicated the n-n stacking interaction between
PCN-222-Co and TpPa-1 in PCN-222-Co@TpPa-1."*

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) were performed to evaluate the morphologies of
PCN-222-Co, TpPa-1, and PCN-222-Co@TpPa-1. Fig. 1a shows that
the as-synthesized PCN-222-Co has an ellipsoid shape with a
smooth surface and a uniform average size of 380 + 20 nm and
width of 200 + 20 nm. As shown in Fig. 1b, the bare TpPa-1
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Fig. 1 The SEM images of (a) PCN-222-Co; (b) TpPa-1; (c) PCN-222-Co@
TpPa-1; and (d) the TEM image of PCN-222-Co@TpPa-1.

possesses a plate-like morphology with a regular shape. In addition,
TpPa-1 shells of different thicknesses were constructed: the thin
TpPa-1 shell denoted as PCN-222-Co@TpPa-1(thin) and the thick
TpPa-1 shell denoted as PCN-222-Co@TpPa-1(thick). The SEM
images of PCN-222-Co@TpPa-1, PCN-222-Co@TpPa-1(thin) and
PCN-222-Co@TpPa-1(thick) revealed that the smooth surface of
pristine PCN-222-Co became rough, but the morphology of PCN-
222-Co was well retained (Fig. 1c and Fig. S4, ESIt). The TEM images
of PCN-222-Co@TpPa-1 demonstrated that TpPa-1 uniformly dis-
tributed on the surface of PCN-222-Co and the thickness of TpPa-1
was 15 &+ 3 nm (Fig. 1d). As shown in Fig. S5 (ESIt), the TpPa-1
shell in PCN-222-Co@TpPa-1(thin) was about 3.2 nm and the
aggregation of PCN-222-Co@TpPa-1(thick) was observed. SEM
and TEM confirmed the successful preparation of the core-shell
PCN-222-Co@TpPa-1.

N, adsorption-desorption experiments at 77 K were carried
out for PCN-222-Co, TpPa-1 and core-shell PCN-222-Co@TpPa-1
to evaluate their permanent porosity characteristics (Fig. S6,
ESIt). A typical type-IV isotherm of PCN-222-Co was obtained and
exhibited a steep increase at the point of P/P, = 0.2 corresponding
to the mesoporous channel of 3.7 nm in PCN-222 with a Brunauer-
Emmett-Teller (BET) specific surface area of 2027 m*> g~ .'® The
TpPa-1 absorption isotherm showed a typical typeI isotherm,
suggesting microporosity and a BET surface area of 632 m> g~ "’
The BET surface area of PCN-222-Co@TpPa-1 is 981 m* g~ ', which
is higher than that of pure TpPa-1 due to the presence of PCN-222-
Co in the core of the hybrid material.

The Knoevenagel condensation reaction is well-known, not
only as a base-catalyzed model reaction but also as an important
C-C bond-forming reaction in organic synthesis for the preparation
of coumarins and their derivatives, which are important inter-
mediates in the synthesis of cosmetics, perfumes and pharma-
ceuticals. But, the aromatic aldehydes as the reactants of the
Knoevenagel condensation reaction were easily oxidized under
ambient conditions. Therefore, one-pot deacetalization-Knoevenagel
condensation cascade reaction sequences were extensively investi-
gated for the past few years. On the basis of PCN-222-Co@TpPa-1
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possessing separate antagonistic catalytic sites, PCN-222-Co@
TpPa-1 was used as an acid-base bifunctional catalyst to catalyze
a one-pot cascade deacetalization-Knoevenagel condensation
reaction. The one-pot cascade reaction can be considered to
have two sequential steps: first, the unsaturated Zr(iv) and Co(u)
centres catalyzed benzaldehyde dimethylacetal to generate
benzaldehyde; second, the imine groups in TpPa-1 catalyzed the
Knoevenagel condensation reaction to produce 2-benzylidene-
malononitrile. Typically, the deacetalization-Knoevenagel con-
densation reaction was performed with benzaldehyde dimethylacetal
(0.1 mmol) and malononitrile (0.11 mmol) in DMSO-dg (2.0 mL)
under an N, atmosphere at 50 °C for 10 h. The conversion and yield
were monitored by "H NMR spectroscopy based on the starting
reactants and the results are listed in Table 1. As expected, the result
showed that the one-pot cascade reaction can be efficiently catalyzed
by core-shell PCN-222-Co@TpPa-1 with a high yield of 99.3%
(Table 1, entry 1). More interestingly, the cascade reaction did not
require the addition of extra water, probably owing to the presence of
trace water in the organic solvent or the successive production
of water in the second step of the cascade reaction sequence.
Compared with the other reported catalysts, such as Yb-BCD-NH,,
LZSM-5-AT-OH™~ and PCN-124, PCN-222-Co@TpPa-1 exhibited the
best catalytic activity for the deacetalization-Knoevenagel reaction
(Table 1, entries 2-4).

To better understand the catalytic activity of PCN-222-Co@
TpPa-1, control experiments were investigated. The product
could not be observed when no catalyst was added into the
reaction system (Table 1, entry 5). PCN-222-Co could efficiently
catalyze the first step reaction (acid-catalyzed deacetalization
reaction) to obtain intermediate product benzaldehyde with a

Table 1 One-pot cascade deacetalization—Knoevenagel condensation
reaction monitored by *H NMR?

NC CN
OCH3 o]
Cat. H,0 Cat. CH5(CN),
©/}I\O('Il;m©)LHT20>
a b ¢
Conv. Yield Yield
Entry  Catalyst ofa (%) ofb (%) ofc (%)
1 PCN-222-Co@TpPa-1 99.3 Trace 99.3
2 Yb-BCD-NH,” 97.0 Trace 97.0
3 LZSM-5-AT-OH ™ ¢ 98.5 7.3 91.2
4 PCN-1247 99 — 99
5 No catalyst Trace Trace Trace
6 PCN-222-Co 98.7 91.7 6.0
7 TpPa-1 Trace Trace Trace
8 PCN-222@TpPa-1 47.6 Trace 47.6
9 PCN-222-Co + TpPa-1 99.1 15.2 83.9
10 PCN-222-Co@TpPa-1(thin) 98.6 17.8 80.8
11 PCN-222-Co@TpPa-1(thick)  75.2 Trace 75.2

“ Reaction conditions: benzaldehyde dimethylacetal (0.1 mmol), malono-
nitrile (0.11 mmol), DMSO-des (2 mL) and catalyst (5 mg); reaction
temperature: 50 °C; reaction time: 10 h. ” Benzaldehyde dimethylacetal
(2 mmol), malononitrile (2.1 mmol) and DMSO-ds (2 mL), catalyst
(100 mg), 50 °C and 24 h."®* ¢ Benzaldehyde dimethylacetal (5 mmol),
malononitrile (5 mmol), acetonitrile (2 mL), H,O, (20 pg), catalyst
(50 mg), 80 °C, 15 h.'®  Benzaldehyde dimethylacetal (2 mmol), malono-
nitrile (2.1 mmol), PCN-124 (0.01 mmol), DMSO-ds (2 mL), 50 °C, 12 h.'*
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yield of 98.7%, but could not convert benzaldehyde to 2-benzyl-
idenemalononitrile (Table 1, entry 6). TpPa-1 could not catalyze
the cascade reaction due to the lack of Lewis acid active sites
(Table 1, entry 7). Compared with PCN-222-Co@TpPa-1, the
yield of the target product was low when using PCN-222@TpPa-1
as a catalyst (Table 1, entry 8). As the porphyrin linkers were
metallized with Co(u) ions, Lewis acid sites of PCN-222-Co were
much richer than those of PCN-222. The increase of catalytic
activity was attributed to the presence of dual Lewis acid sites."®
Compared with core-shell PCN-222-Co@TpPa-1, 83.9% yield of
2-benzylidenemalononitrile was achieved by the physical mixture
of PCN-222-Co and TpPa-1 with identical concentrations of
catalytic sites (Table 1, entry 9). The reason was attributed to
the entry of benzaldehyde dimethylacetal into the PCN-222-Co
core to produce benzaldehyde, and then the formed benzaldehyde
can immediately be activated by the TpPa-1 shell and react with
malononitrile to generate target products. However, the cascade
reaction cannot proceed smoothly when using a physical mixture
catalyst as expected, because a part of benzaldehyde can escape
from PCN-222-Co directly without further reaction on TpPa-1.

Moreover, the catalytic performance of PCN-222-Co@TpPa-
1(thin) and PCN-222-Co@TpPa-1(thick) was investigated. When
using PCN-222-Co@TpPa-1(thin) as a catalyst, the conversion of
benzaldehyde dimethylacetal was 98.6%, but the yields of benzal-
dehyde and 2-benzylidenemalononitrile were 17.8% and 80.8%,
respectively, which could be ascribed to a relatively small number
of base sites (Table 1, entry 10). In addition, the catalytic activity
of PCN-222-Co@TpPa-1(thick) was lower than that of PCN-222-
Co@TpPa-1, and the yield of 2-benzylidenemalononitrile was
75.2% because a mass of TpPa-1 partially blocks the reactants’
entry into the pores of the PCN-222-Co catalyst (Table 1, entry 11).

In detail, the kinetic investigation revealed that the reaction
completed within 10 h (Fig. S7, ESI{). During the reaction, PCN-
222-Co@TpPa-1 did not leach with no detection of Co and Zr
ions in the filtrate as measured by ICP-OES and no other active
substance was retained in the isolated solution (Fig. S8a, ESIT).>°
In addition, the recyclability of PCN-222-Co@TpPa-1 was investi-
gated after the catalyst was recovered from the cascade reaction
through centrifugation. The catalytic activity of the catalyst showed
no obvious decrease within 5 runs (Fig. S8b, ESIt). Furthermore,
PXRD and FT-IR revealed that the crystallinity and structural
integrity of PCN-222-Co@TpPa-1 were remained even after 5 cycles,
indicating its excellent stability (Fig. S9a and b, ESIt). After the 5th
cycle, the porosity of PCN-222-Co@TpPa-1 were remained, which
was confirmed by N, adsorption-desorption experiments at 77 K
and a BET surface area of 898 m> g~ ' (Fig. S10, ESIf). The SEM
image of core-shell PCN-222-Co@TpPa-1 after cycling tests revealed
that its morphology remains unchanged (Fig. S11, ESI¥).

In conclusion, a general strategy has been developed to
construct core-shell MOF@COF hybrid materials by employing
strong m-7 stacking interaction. The core-shell PCN-222-Co@
TpPa-1 with both Lewis acid sites (Co(u) sites and the Zr(w)
clusters) and Brensted base active sites in TpPa-1 (imine groups),
which showed high chemical and thermal stability, was prepared
for the first time. In addition, the core-shell PCN-222-Co@TpPa-1
was used to catalyze the one-pot deacetalization-Knoevenagel
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condensation cascade reaction with high catalytic activity (yield
of 99.3%) and good recyclability. This strategy would be extensively
employed in the development of functional MOF hybrid materials
and high performance heterogeneous catalysts that can be applied
in cascade reactions.
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