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ABSTRACT: Metal nanoparticles stabilized by crystalline metal−organic frameworks (MOFs) are highly promising for green
heterogeneous catalysis. In this work, in situ formed ultrafine Pd nanocatalysts with an average size of 3.14 nm have been successfully
immobilized into the mesopores or defects of a water-stable indium-based MOF by the double-solvent method and subsequent
reduction. Significantly, the obtained Pd@InOF-1 displays an obvious and satisfactory size-selective effect in the Suzuki−Miyaura
coupling reaction between arylboronic acids and aryl bromides. On the basis of the synergistic effect, microporous InOF-1 nanorods
afford a confined space for improving the selectivity of target products while Pd nanoparticles endow abundant active sites for
catalysis. Herein, choosing the smallest size reactant with only one benzene ring gives the highest isolated yield of 90%, and if the size
is larger, the yield is obviously reduced or even the target product could not be collected. Looking forward, this demonstrated study
not only assembles a well-designed Pd@MOF composite with unique micro-nanostructures but also delivers an impressive option
for cross-coupling reaction, which has implications for the further development of MOF hybrids for sustainable applications.

The formation of carbon−carbon bonds has long been
regraded as one of the most prevalent and challenging

methodologies in synthetic organic chemistry.1,2 Among these
strategies, Suzuki−Miyaura cross-coupling is recognized as the

protagonist for the facile preparation of various asymmetric and
symmetric biphenyl compounds that shows great significance in
practical pharmaceutical applications.3−5 In principle, the above
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Scheme 1a

a(a) Synthetic route for Pd@InOF-1 composite, (b) reactions of
arylboronic acids (1) and arylbromides (2) with Pd@InOF-1, and (c)
diagram of size effect catalyzed by Pd@InOF-1.

Figure 1. (a) SEM, (b) TEM, and (c−e) HR-TEM images, (f)
HAADF-STEM and element mapping images, and (g) EDS pattern of
Pd@InOF-1.
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coupling reaction proceeds conveniently with the addition of
metal catalysts, among which palladium (Pd) is the most
commonly used due to its high activity.6,7 With this method,
attaching Pd species to a heterogeneous carrier yields a catalyst
that combines the advantages of homogeneous catalysis
(catalytically active sites) and sustainable heterogeneous
catalysis (high stability and convenient separation). Although
many reports on Suzuki−Miyaura coupling over diverse Pd-
based heterogeneous nanomaterials have been unveiled,8−10

there is no report on well-designed catalysts with size-selective
reaction to date.11 Meanwhile, it is worth mentioning that the
Pd-based catalyst for the Suzuki−Miyaura coupling should be
water-resistant in aqueous systems for better recovery and
reuse.12

On the other hand, metal−organic frameworks (MOFs), as an
emerging subclass of porous hybrids, are self-assembled from
inorganic metal centers with versatile organic linkers.13,14

Multifunctional MOF materials are very appealing as a result
of their large porosity, high specific surface area, diversified
functionality, and tailorable structural chemistry.15−17 MOFs
have been well demonstrated to be utilized in efficient catalysis
when they are combined with external catalysts.18−25 However,
employing microporousMOFs as robust host materials to afford
a confined space where the limited growth of ultrafine metal
particles can be achieved under certain conditions.26,27 These
well-dispersed metal nanoparticles (NPs) precisely encapsu-
lated inside large MOF pores are a potential platform for
heterogeneous catalysis with high selectivity. Inspired by this, it
is found that MOFs assembled with high-valent metals, such as
In(III) and Zr(IV),28 can greatly improve the structural stability
in aqueous solutions, which are obviously favorable when
employed as a robust host for heterogeneous catalysis.
Herein, one type of water-stable InOF-1 is reasonably selected

to yield Pd NPs immobilized within tetragonal pores of 1.11
nm,29 which can be effectively obtained by the solvothermal
method. In its single-crystal structure, each deprotonated

BPTC4− spacer uses four carboxylates to connect to eight
independent In(III) nodes, which are 6-coordinated by four
carboxylate oxygen atoms and two oxygen atoms from μ2-H2O
to form one-dimensional indium−oxygen chains (Figure S1,
Table S1). It exhibits excellent structural stability when exposed
to the atmosphere and immersed in distilled water and even in
boiling water as verified by powder X-ray diffraction (PXRD)
(Figure S2). After activation, these desolvated MOF nanorods
are well dispersed into a hydrophobic solvent (n-hexane) by
ultrasonication, then a relatively small volume of hydrophilic
solvent (deionized water) dissolved with Pd(NO3)2 is further
dropped into the above n-hexane solution.30 In this case, the
restricted volume of the Pd solution could be fully drawn into
presynthesized InOF-1 channels through capillary force.
Followed by subsequent reduction with sodium borohydride
(NaBH4), it would result in the in situ growth of ultrafine Pd
particles into MOF nanopores or defects created during the
metalation process, denoted as Pd@InOF-1 (Scheme 1a,
Figures S3 and S4). In Scheme 1b and c, a series of Suzuki−
Miyaura reactions have been logically investigated using this
Pd@InOF-1, which reveals obvious catalytic activity according
to the highly efficient size selectivity. The microstructure and
morphology of the as-obtained Pd@InOF-1 composite are first
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). It is worth
mentioning that the employment of a palladium source during
the preparation of Pd@InOF-1 does not cause serious corrosion,
which retains the highly crystalline nanotube with a smooth
external surface similar to that of its precursor (Figures 1a,b and
S5). Interestingly, ultrafine Pd particles are uniformly encapsu-
lated inside the MOF as seen in the high-resolution TEM (HR-
TEM) images (Figures 1c and S6), certifying the spatial
confinement effect.31−33 It can be clearly observed that these Pd
species display an average diameter of 3.14 nm, while some
identifiable lattice fringe spacings of 0.221 nm are ascribed to the
(111) plane of metallic Pd in Figure 1d,e. Furthermore, high-

Figure 2. (a) PXRD patterns, (b) N2 isotherms and corresponding PSD curves, (c) FT-IR spectra, and (d) Raman spectra of Pd@InOF-1.
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angle annular dark-field scanning TEM (HAADF-STEM) and
its corresponding mapping images reveal the uniform
distribution of Pd, In, C, and O atoms, and energy-dispersive
X-ray spectroscopy (EDS) also confirms coexistence of these
four elements (Figure 1f,g). In this case, these in situ formed Pd
NPs embedded into nanosized MOF pores are featured with
abundant catalytic sites for heterogeneous catalysis.
In order to verify the structural components of composites,

PXRD is used to show two sets of peaks attributed to the
tetragonal phase of InOF-1 and face-centered-cubic phase of Pd
(PDF#65-2867), respectively (Figure 2a). In detail, the
unchanged peak positions with reduced intensity indicate the
successful integration of porous MOF and Pd species where one
moderate peak at ∼40° belongs to the (111) plane of Pd.34 In
Figure 2b, similar Type-I isotherms are observed, and their pore

size distribution (PSD) curves exhibit a maximum distribution
of ∼0.51 and ∼0.66 nm for InOF-1 and Pd@InOF-1,
respectively. The calculated specific surface areas are 724.32
and 380.51 m2 g−1 for pure InOF-1 and Pd@InOF-1,
respectively, indicating that the obtained Pd species would
partially block MOF channels (Table S2). The Pd ratio in Pd@
InOF-1 has been tested by ICP-MS (Table S3). Furthermore,
FT-IR analysis reveals the aromatic ring skeleton vibration
(Figure 2c), where two peaks of 1676 and 1256 cm−1

correspond to the O�C and C−O stretching from organic
ligands. In particular, the main differences in 3200−2400 cm−1

are assigned to the O−H stretching, and a peak at 1540 cm−1 is
assigned to coordination bonds. Meanwhile, two bands at 1004
and 1605 cm−1 come from symmetric C−H bending vibrations
of biphenyl-3,3′,5,5′-tetracarboxylic acid (H4BPTC) in the
Raman spectra (Figure 2d). Compared to InOF-1 and Pd@
InOF-1, the C�O stretching (1258 cm−1), C−O symmetric
(1340 cm−1), and asymmetric (1470 cm−1) vibration peaks shift
to lower wavenumbers after coordination.35,36 The discussion
above confirms the robust structural stability of Pd@InOF-1
after loading fine metal NPs, which lays the foundation for the
following size-selective catalysis.
A series of reactions between different arylboronic acids and

aryl bromides are performed to evaluate the catalytic perform-
ance of Pd@InOF-1 in terms of size effect.37−40 After optimizing
solvent conditions, the optimal reaction is conducted in a
mixture of solvents of DMF and H2O using Na2CO3 as the base
(Table S4). First, no reaction occurs in the system without
additive and in the case of only pure MOF without Pd (Table
S5). Second, using the smallest sized phenyl boronic acid 1e as a
substrate to react with bromobenzene 2a, the biphenyl 3a
product is collected in the highest isolated yields of 94% (Entry
1) with high selectivity in Tables 1 and S6. With bromobenzene
2a as the reactant, its reaction with 4-methoxyphenylboronic
acid 1a gives an isolated yield of the desired product (3b, 90%,
Entry 2). In addition, bromobenzene 2a with electron
withdrawing 1-bromo-4-nitrobenzene 2e could produce the
desired product in 77% yield on account of the inhibition of
strong electron withdrawing groups and size effect of the
substrate (3c, Entry 3). Third, 4-biphenylboronic acid 1b can
also be activated with a moderate yield of 62% (3d, Entry 4);
while using 1-naphthaleneboronic acid 1c, the yield is reduced to
be 41% (3e, Entry 5). Under the same conditions, the target
product could not be collected using 9-anthraceneboronic acid
1d (Entry 6). Fourth, various aryl bromides are also examined to
attest the size effect of the Pd@InOF-1 catalyst, in which the
combination of 1-bromo-4-methylbenzene 2d and 4-methox-
yphenylboronic acid 1a provides a reasonable yield of 91% (3f,
Entry 7). When using 4-methoxyphenylboronic acid 1a as a
substrate to react with 1-bromo-2-methylbenzene 2b, the
product (3g, Entry 8) is collected in 37% yield, demonstrating
that the steric effect of aryl bromides is sensitive to the reaction.
When using 1-bromonaphthalene 2c and 4-methoxyphenylbor-
onic acid 1a as the reactants, it shows the desired product with
26% yield (3h, Entry 9). Similarly, 9-anthraceneboronic acid 1d
and 1-bromonaphthalene 2c are not able to produce the desired
product on account of the severe spatial hindrance (Entry 10).
Furthermore, the influence of the concentration of Pd on the
catalysts was also examined (Table S5). The synthesized Pd@
InOF-1-L endows few Pd species and low activity with a retained
morphology as well as preserved crystallinity, while the overall
framework of Pd@InOF-1-H is mostly destroyed as shown in
Figure S7. The prominent peak of Pd is detected by XRD,

Table 1. Suzuki−Miyaura Coupling Reaction Catalyzed by
Pd@InOF-1

aUnder N2, all reactions were carried out using arylboronic acids 1
(1.2 mmol), aryl bromides 2 (1.0 mmol), Na2CO3 (2.0 mmol), Pd@
InOF-1 (10.0 mg) in H2O/DMF (2.0 mL/1.0 mL) at 80 °C for 6 h.
bIsolated yields.
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indicating severe Pd particle aggregation in Pd@InOF-1-H, and
is not suitable for size-selective catalysis (Figure S8). For more
detailed synthetic products and their NMR data with high size-
selective efficiency, please see Figures S9−S17 and Table S7. All
the sizes of the optimized molecular structures are calculated
from Materials Studio, unless otherwise mentioned (Figures
S18−S29).
In summary, crystalline and robust InOF-1 nanorods with

large tetragonal channels are employed to confine Pd particles
with an average size of 3.14 nm on account of a double-solvent
method followed by NaBH4 reduction. The obtained Pd@
InOF-1 composite behaves as a highly size-selective catalyst and
reveals excellent performance in the Suzuki−Miyaura coupling
reaction. Based on the above discussion, several conclusions can
be made as follows: (i) The parent InOF-1 shows no catalytic
activity, which only endows the nanosized channels for in situ
formed Pd NPs. (ii) The as-synthesized Pd@InOF-1 exhibits an
obvious size effect for the coupling reaction. (iii) Small-sized
reactants (two or fewer benzene rings) including aryl bromides
or arylboronic acids can smoothly and freely come in and out of
the nanochannels to give the corresponding smaller products in
relatively higher yields, while large-sized reactants have greater
steric hindrance, giving the products in lower yields even though
no reaction occurred. The facile synthesis and rational design as
well as satisfactory selectivity of Pd@InOF-1 in this work might
pave new paths to MOF-based composites for wide applications
in heterogeneous catalysis in the near future.
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