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ABSTRACT: Herein we describe a novel, hollow-
structured zeolitic imidazolate framework (ZIF-8-H)
nanosphere as a highly efficient catalyst for [3+3]
cycloaddition reactions. The programmed installation of
acidic Zn2+ species and basic imidazolate moieties creates a
synergistic catalytic system. Appropriate positioning of
these functionalities in the catalytic system makes it
possible to bring two substrates into close proximity and
activate them cooperatively. Moreover, the flexible shell
and the surface mesopores of ZIF-8-H provide the capacity
for favorable binding of various sized substrates, stabilizing
intermediates via their multiple force networks and the
increased accessibility of the active sites. These features
render ZIF-8-H a more highly active promoter than its
homogeneous precursors, bulk ZIF-8 and ZIF-8-N nano-
particles. Finally, the robust catalyst can be easily
recovered and reused 10 times without loss of catalytic
activity.

Despite intensive efforts to synthesize heterogeneous
catalysts by incorporating various functionalities into

nanostructures to mimic an enzyme,1 achieving a level of
catalytic efficiency with a synthetic catalyst similar to that of an
enzyme is still a significant challenging task. It is easy for an
artificial catalyst to lower the activation energy of the reaction but
exceedingly difficult to endow it with the additional catalytic
features enzymes possess,2 such as correct positioning of
appropriate functional groups of the enzyme on the substrate,
selective binding of the substrate via multiple forces, the right size
of substrate fitting in the enzyme active site for optimal activation
and reactivity, and favorable binding of substrates over
products,3,4 in a cooperative manner.5 Therefore, the con-
struction of additional binding and regulating features around the
catalytic center with correct positioning is critical but would
certainly demand sophisticated design and synthesis.
Metal−organic frameworks (MOFs) are porous crystalline

materials constituted bymetal species and polyfunctional organic
linkers in a defined pattern. Their unique properties place these
nanostructures at the frontier between zeolites and enzymes.6

One unrivaled feature of MOFmaterials is that functional groups
can be positioned at precise distances relative to one another.
Zeolitic imidazolate frameworks (ZIFs) are a particularly
appealing class of MOFs for catalysis application because of
their high thermal and chemical stability.7 ZIF-based catalysts

have been explored in simple organic transformations such as
transesterification8 and Knoevenagel reactions,9 simply by
employing their Lewis acid or base features. Nevertheless, the
utilization of their powerful capability in the installation of
functional groups to craft synthetic catalysts in a synergistic
fashion has been slow to emerge.10 Moreover, the use of ZIFs as
catalysts in promoting organic transformations involving multi-
ple-step reactions to efficiently construct complex molecule
structures has not been explored.
Herein we report a facile approach to construct a hollow-

structured ZIF-8 nanosphere (ZIF-8-H) as an efficient hetero-
geneous catalyst for [3+3] cycloaddition reactions to give
synthetically valuable pyranyl heterocycles11 for the first time. It
exhibits higher catalytic efficiency than homogeneous precursors
Zn(NO3)2 and 2-methylimidazole (2-MIM) or bulk ZIF-8 and
ZIF-8-N nanoparticles. The synergistic acid−base catalytic effect
arising from the proper positioning of Zn(II) and imidazolate
functional groups in ZIF-8-H makes it possible to bring two
substrates in close proximity and activate them cooperatively
through multiple interactions. Moreover, the flexible shell and
the surface mesopores enable favorable binding of various sized
substrates over products and stabilizing intermediates (for a
proposed reaction mechanism, see Figure S1). Finally, like a
typical heterogeneous catalyst, the robust ZIF-8-H can be readily
recycled by simple filtration and subsequently reused without
significant loss of its catalytic activity in a 10 times run test.
The synthesis of ZIF-8-H is illustrated in Scheme 1 (for

detailed procedure, see SI). Briefly, carboxylate-terminated

polystyrene (PS) nanospheres with a diameter of 400 nm were
prepared according to a previously reported procedure.12

Coordination of HOOC groups on the surface of the PS
nanospheres with Zn ions and 2-methylimidazole then initiated
the growth of ZIF-8, leading to the formation of a PS/ZIF-8
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Scheme 1. Illustration of the Preparation of ZIF-8-H
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nanocomposite. Finally, the PS cores were removed by
immersing in toluene to give ZIF-8-H.13a The FT-IR spectrum
of ZIF-8-H revealed that the characteristic peaks of the phenyl
ring at 698, 1449, 1492, and 1602 cm−1 in PS had disappeared
(Figure S2), indicating the complete removal of PS.13b In parallel,
the control bulk nonspherical ZIF-8 and ZIF-8-N nanoparticles
without PS as template were synthesized in aqueous solution by
using the same precursors.
Figure 1a shows a scanning electron microscopy (SEM) image

of the synthesized ZIF-8-H. The formation of isolated spheres in

large domains with a nearly uniform size around 500 nm is
observed, while bulk ZIFs display irregular morphology with the
average diameter >3.0 μm (Figure 1b). In comparison with the
PS template (Figure S3), a high-resolution SEM picture reveals
the increasing diameter of ZIF-8-H, with formation of nanosized
crystals on the surface (Figure 1c). The increased size was
confirmed by dynamic light scattering analysis (Figure S4). The
PS nanosphere precursors have an apparent hydrodynamic
radius of 410 nm, while that of ZIF-8-H is about 515 nm,
indicating the average size of the newly formed surface
nanocrystals is about 50 nm. It is noteworthy that the amount
of PS template employed is critical for the morphology of the
nanostructure. Either a decreased (25 mg) or an increased (200
mg) amount did not generate the intact core−shell structured
PS/ZIF-8 nanocomposite, instead resulting in nonuniform
hollow nanospheres (Figure S5). The uniformly spherical hollow
morphology of ZIF-8-H was further characterized by trans-
mission electron microscopy (TEM) analysis (Figure 1d). The
obtained ZIF-8-N nanoparticles of about 60 nm size were
confirmed by SEM and TEM images (Figure S6).
The composition of the shell was analyzed by X-ray diffraction

(XRD) measurement (Figure S7a), which revealed that ZIF-8-H
maintains well-resolved diffraction peaks similar to those of bulk
ZIF-8, indicating that the shell is composed of ZIF-8 materials.14

However, the XRD peaks are relatively weak and broad, which is
consistent with the ZIF-8-N, indicating the formation of
crystalline-sized ZIF-8 at the nanoscale. ZIF-8, ZIF-8-H, and
ZIF-8-N display type I N2 adsorption−desorption isotherms
(Figure S7b). The increase in the volume adsorbed at very low
relative pressure (P/P0 = 0.05) arises from the presence of
micropores. For ZIF-8-N, an additional uptake at high relative
pressure around P/P0 = 0.9 reveals the existence of textural pores
formed by packing of nanoparticles.15 Interestingly, ZIF-8-H has

a slight adsorption at P/P0 = 0.45, suggesting the presence of
some mesopores.2b Moreover, it has a large hysteresis loop at
high pressure, which could be ascribed to the emptying of the
large internal cavity.16 In addition, in comparison with the BET
surface areas of bulk ZIF-8 (1017 m2/g) and ZIF-8-N
nanoparticles (1003 m2/g), no significant decrease in specific
surface area was observed in ZIF-8-H (908 m2/g), indicative of
the microporous shell feature.
As discussed above, the versatile, unique ZIF-8-H is designed

to promote a [3+3] cycloaddition reaction with 1,3-cyclohexane-
diones and enals. The hollow nanostructure with programmed
positioning of acidic and basic functionalities makes it posswible
to bring two substrates in close proximity and simultaneously
activate them. Moreover, the relatively nonpolar products should
prefer the nonpolar solvent instead of the hydrophilic ZIF-8-H,
vacating the binding site(s) for new substrates to come in.
Therefore, it is expected that ZIF-8-H acts as an efficient
nanoreactor in substrate binding and product turnover. Although
the reaction has been demonstrated in homogeneous catalysis
with either base or acid catalysts,11 it is difficult to employ dual
acid−base catalysis in a homogeneous system due to acid−base
interference, as demonstrated in our studies (see below).
Reaction of 1,3-cyclohexanedione with 3-methyl-2-butenal

was used to probe the catalytic performance of ZIF-8-H catalyst
(Table 1). Indeed, ZIF-8-H displayed high catalytic efficiency

Figure 1. SEM images of ZIF-8-H (a) and ZIF-8 (b). High-resolution
SEM (c) and TEM (d) pictures of ZIF-8-H.

Table 1. Catalytic Properties of Different Catalysts in [3+3]
Cycloaddition Reactions between 1,3-Cyclohexanedione and
α,β-Unsaturated Aldehydesa

aReaction conditions: 50 mg of ZIF-8-H, ZIF-8, ZIF-8-N, Zn(NO3)2,
or 2-MIM, 1.0 mmol dione, 1.0 mmol aldehyde, 5.0 mL of CH2Cl2, T
= 20 °C, t = 24 h. b34−86% yields obtained using amine catalyst (see
ref 11k). c17 mg of Zn(NO3)2 and 33 mg of 2-methylimidazole.

dAfter
ball-milling for 0.5 h (500 rpm).
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under mild reaction conditions (89% conversion and 99.9%
selectivity, entry 1). However, in parallel studies homogeneous
acid Zn(NO3)2 (entry 2) and basic 2-methylimidazole (2-MIM,
entry 3) exhibited poorer catalytic performance. Furthermore,
the employment of a mixture of Zn(NO3)2 and 2-MIM as dual
acid−base catalysts gave unsatisfactory results (entry 4): only
15.9% conversion and 85.5% selectivity were observed. This may
be due to the difficulty of manipulating the positioning of the
active species, thus inducing acid−base interference in a
homogeneous system.17,18 Since the use of ZIF-8 as the basic
catalyst has been studied,9 we used temperature-programmed
desorption (TPD) of ammonia to confirm the existence of acidic
sites in ZIF-8-H as a cocatalyst (Figure S8).19 Besides the
desorption peak in the temperature range from 280 to 550 °C
due to the decomposition of organic compounds in ZIF-8-H,
TPD displayed a NH3 desorption peak center at 208 °C,
implying the presence of weak acid sites in ZIF-8-H.
Furthermore, we compared the catalytic activity of ZIF-8-H
and ZIF-8-N in the reactions (entries 6, 10, 16, and 19) and
found that ZIF-8-N exhibited slightly poorer catalytic efficiency
than ZIF-8-H. Moreover, a crushed ZIF-8-H sample was
prepared by ball-milling treatment and tested for catalysis
(entry 7 vs entry 1). It was inferior to that of intact ZIF-8-H as a
result of the change from the hollow structure to dispersed
nanoparticles based on the TEM image (Figure S9). We also
examined the catalytic activity of bulk ZIF-8 (Table 1, entry 5)
and found that a lower catalytic efficiency was observed. X-ray
photoelectron spectra revealed that all N and Zn species in ZIF-
8-H and ZIF-8 were present in the same electronic state (Figure
S10), indicative of their similar chemical microenvironment.
Furthermore, thermogravimety−differential thermal analysis of a
ZIF-8-H sample confirmed that PS templates were removed
completely, since it had weight-loss curve similar to that of ZIF-8
(Figure S11). The inferior catalytic performance of ZIF-8 in
comparison with ZIF-8-H suggests that the increased catalytic
efficiency ZIF-8-Hmust be related to its unique hollow structure.
To explain this phenomenon, we first conducted a vapor-phase

adsorption study of toluene in ZIF-8-H.20 Surprisingly, ZIF-8-H
can absorb toluene to a cage-filling level with high adsorption
amount (6.34 mmol/g, Figure 2a). This implies that the limiting

aperture size of ZIF-8-H exceeds the kinetic diameter of toluene
(0.61 nm), which is much larger than the reported window size
(0.34 nm) of ZIF-8.21 This result supports the observation that
relatively large reactants are able to diffuse into the internal
micropores of ZIF-8-H.22 In addition, its high-resolution TEM
image (Figure 2b) confirmed that the mesopores (marked with
red circles) could be clearly found on the surface of ZIF-8-H. We
believe that these mesopores were mainly produced from

stacking of the nanocrystals.23 Overall, it can be concluded that
this nanocatalytic vehicle possesses the flexible shell and the
mesopores to efficiently facilitate the accommodation and
diffusion of the various sized substrates,24 and the increased
accessibility of active sites resulting from the anti-aggregation and
low density properties.25 These features lead to the enhanced
catalytic activity of ZIF-8-H compared to bulk ZIF-8 and ZIF-8-
N. Indeed, the structural characteristics that endow the high
catalytic behavior are reflected in the tolerance of different sized
α,β-unsaturated aldehydes (Table 1, entries 8−19, and Table 2)

and 4-pyran-3,6-dione (Table 2). These results clearly
demonstrate the advantage and capacity of the hollow-structured
MOF for efficient catalytic synthesis of structurally diverse and
functionalized molecules.
To determine whether the heterogeneous or the dissolved

Zn(II) and/or N active sites were the real catalyst responsible for
the [3+3] cycloaddition reaction, the following step was carried
out according to the procedure proposed by Sheldon et al.26

After reaction for 10 h with the conversion exceeding 40%, the
solid catalyst was filtered, and the mother liquor was allowed to
react for another 12 h under the same conditions. No significant
change in either the conversion or the product yield was
detected, indicating that the reaction indeed occurred due to
ZIF-8-H rather than dissolved Zn(II) and/or N active sites.
Finally, the heterogeneous ZIF-8-H catalyst was proved to be a

robust promoter for the [3+3] cycloaddition process, using 1,3-
cyclohexanedione and 3-methyl-2-butenal as examples (Figure
S12). ZIF-8-H could be recycled and reused at least 10 times
without losing its original activity. The XRD pattern and TEM
image (Figure S13) of the recycled ZIF-8-H were consistent with
those of the as-prepared one.
In summary, we have developed a new hollow-structured ZIF-

8-H nanosphere as an efficient catalyst for [3+3] cycloaddition
reactions. This is the first example demonstrating the use of ZIF
as promoter for a cascade process to facilely assemble an array of

Figure 2. Toluene vapor adsorption isotherm (a) and high-resolution
TEM image (b) of ZIF-8-H.

Table 2. Catalytic Properties of ZIF-8-H, ZIF-8, and ZIF-8-N
in [3+3] Cycloaddition Reactions between 4-Pyran-3,6-dione
and α,β-Unsaturated Aldehydesa

aReaction conditions are given in Table 1.
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synthetically useful molecules. The heterogeneous promoter is
easily constructed. It displays unique catalytic behavior with high
catalytic efficiency by virtue of cooperative interactions and
activation and favorable binding of substrates over products.
Furthermore, the nanostructures can be recycled and reused at
least 10 times without loss of activity. Further exploration of the
strategy and application of the heterogeneous system in new
organic transformations are being pursued in our laboratories.
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