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’ INTRODUCTION

Indole nuclei occur widely in natural and pharmacological
products as the building blocks and have unique biological
activities.1 Numerous synthetic strategies have been developed
for their preparation in the past century.2�8 Among them, the
catalytic synthesis of indole ring systems through cycloadditions
of 2-haloanilines with alkynes has proven to be themost powerful
tool.9 Generally, this reaction proceeds via an intermediate
alkyne which then cyclizes in situ (Scheme 1). Because homo-
geneous palladium complexes can catalyze both the Sonogashira
cross-coupling reaction and the subsequent ring-closure reac-
tion,10�15 they have been the most frequently employed for one-
pot catalytic synthesis of indoles.16�19 This one-pot process
displays advantages in its lower costs mainly linked to separation
and refining procedures;20�24 however, homogeneous catalysis
also presents a number of drawbacks, particularly including the
catalyst reusability and the environmental pollution from heavy
metallic ions.25�29 Additionally, the reaction generally proceeds
in organic solvents where Pd complexes can dissolve to form a
homogeneous system, which also causes the recyclability pro-
blem of organic solvents.30 The development of a heterogeneous
Pd catalytic system in water-medium seems a promising option
to address these problems. Recently, Djakovitch’s group success-
fully used heterogeneous Pd loaded on activated carbon for one-
pot indole synthesis.31,32 Up to now, several heterogeneous Pd-
containing systems had been developed for one-pot indole
synthesis.33�37 Although such heterogeneous catalyst was active
during one-pot synthesis of 2-phenylindole, there is still space to
enhance the reactivity of the Pd catalyst through increase of the

dispersion degree of the Pd active sites. Moreover, the problem
resulting from the use of organic solvent had not been overcome
completely despite the application of mixed DMF/H2O solvent
(1:1). Therefore, a key issue for this study is to find an attractive
support with high porosity and surface hydrophobicity, which
can not only enhance the dispersion of Pd active sites but also
allow for organic reactions performed in water.

Presently, metal organic frameworks (MOFs) have attracted
growing attention from both academia and industry owing to
their outstanding features and thus specific applications, such as
luminescence,38 magnetic properties,39 gas storage and adsorp-
tive separation,40�42 and catalytic properties.43�45 In the domain
of catalysis, besides the well-demonstrated catalytic activity of pure
MOFs,46�53 these materials are also attractive candidates for
catalyst supports because of their unique porous features. Indeed,
MOFs have been used as host matrixes to incorporate metal
nanoparticles because their ultimately large surface area and
narrow micropore distribution facilitate high metallic dispersion,
which is of high interest for catalytic activity.54�66 By an incipient
wetness infiltration of Pd(acac)2 (acac = acetylacetonate) pre-
cursor followed by reduction in hydrogen or under vacuum, Sabo
et al. prepared Pd nanoparticles loaded onMOF-5 [Zn4O(bdc)3,
bdc = benzene-1,4-dicarboxylate], which had been demonstrated
to be a good catalyst for styrene hydrogenation.54 However, the
as-prepared Pd/MOF-5 is unstable in contact with water or
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humid air because of the low hydrothermal stability of the MOF-5
support.54 In 2005, F�erey’s group reported the synthesis and
characterization of MIL-101 [Cr3F(H2O)2O(bdc)3],

67 which
offers sufficient possibilities for application in heterogeneous
catalysis because of its ultimately large specific surface area
combined with a high crystallinity, mesoporous nature, and
relatively high thermal and chemical stability in water. Using
amine-grafted MIL-101 as support, Hwang et al. successfully
encapsulated Pd nanoparticles by ionic reaction of ammonium
groups with [PdCl4]

2� and a subsequent reduction with sodium
borohydride, which showed comparable reactivity with that of a
commercial Pd/C catalyst during the Heck coupling reaction.53

Henschel et al. prepared a hydrogenation catalyst, Pd/MIL-101,
via incipient wetness impregnation, which is a more facile
method for the incorporation of Pd nanoparticles into MIL-101
since no additional surface grafting of functional groups is
needed to chelate palladium species.62 El-Shall et al. developed
an effective microwave-assisted chemical reduction approach to
incorporating Pd nanoparticles into MIL-101, and compared the
catalytic activity toward CO oxidation of embedded Pd nano-
particles with those loaded on the outer surface.63 More recently,
Pan et al. demonstrated that Pd@MIL-101 had enhanced
catalytic efficiency in a one-step synthesis of methyl isobutyl
ketone than Pd on traditional materials, such as metal oxides and
zeolites.65 Although the above-mentioned Pd/MIL-101 catalysts
were investigated for catalytic activity and stability, to the best of
our knowledge, their catalytic behavior in aqueous organic
reaction has been rarely addressed so far.66 As a class of
organic�inorganic hybrid materials, MOFs are more hydropho-
bic relative to the traditional inorganic supports (silica, carbon,
and alumina).68 The enhanced surface hydrophobicity will be
anticipated to increase the catalytic efficiency in aqueous organic
reactions through enriching the organic substances on the
catalyst surface,69 which can open the door to green catalysis
using water as replacing solvent in organic synthesis. In the
present work, we embedded Pd nanoparticles within MIL-101
via a facile incipient wetting procedure followed by reduction
with hydrogen. Their catalytic properties are evaluated in an
atom-economy synthesis of indole in water which shows superior
catalytic efficiency when compared to other catalysts, such as
Pd/MCM-41 and commercial Pd/C. On the basis of various
characterizations, the correlation of catalytic observations to the
structural characteristics has been tentatively established.

’EXPERIMENTAL PROCEDURES

Catalyst Preparation. All of the chemicals used in this
experiment were analytical grade and used without further
purification. MIL-101 was synthesized following the method
reported by F�erey et al.67 The supported Pd samples were
prepared according to the procedure described as follows: first,
7.1 mg Pd(acac)2 was dissolved into 0.30 mL of chloroform. A
calculated amount of activated MIL-101 was then impregnated

with the Pd precursor solution. The mixture was stirred vigor-
ously for 3 h in Argon flow. After being dried at 423 K for 4 h, the
impregnated MIL-101 samples were reduced in a 10% H2/Ar
flow at 493 K for 2 h. The as-prepared samples were designated as
x%-Pd/MIL-101, where x% denotes the nominal Pd loading. For
comparison, the reference 3%-Pd/MCM-41 catalyst was pre-
pared through the same incipient wet impregnation followed by
the reduction method.
Catalyst Characterization. The bulk composition and Pd

loading were analyzed by means of inductively coupled plasma
(ICP; Varian VISTA-MPX). The crystalline structure was de-
termined by X-ray diffraction (XRD; Rigaku D/Max-RB with Cu
Kα radiation). The catalyst shapes and morphologies were
observed by both field emission scanning electron microscopy
(FESEM; HITACHI S-4800) and transmission electron micro-
scopy (TEM; JEOL JEM2100). The location of Pd nanoparticles
within the framework of MIL-101 support was determined by
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM; JEOL JEM2100F). The sur-
face electronic states were investigated by X-ray photoelectron
spectroscopy (XPS; ULVAC-PHI PHI5000 VersaProbe using
Al Kα radiation). All of the binding energy (BE) values were cali-
brated by using C 1s = 284.6 eV as a reference. N2 adsorption�
desorption isotherms were obtained at 77 K using a Quantachrome
NOVA 4000e apparatus. By N2 adsorption, the Brunauer�
Emmett�Teller (BET) surface area (SBET) was calculated by
using the multiple-point BET method in the relative pressure
range of P/P0 = 0.05�0.2. The pore volume and pore size
distribution curve were obtained by the Barrett�Joyner�
Halenda model. The active surface area (Sact) was measured by
the CO chemisorption at room temperature, which was per-
formed on a Micromeritics AutoChem II 2920 instrument using
a dynamic pulse method. The sample was purged under an argon
flow (purity of 99.997%, treated with an Alltech Oxy-Trap
column) at 423 K for 2 h. The pretreated sample was cooled
down to room temperature under argon atmosphere, and CO
pulses were injected at 303 K until the calculated areas of
consecutive pulses were constant. According to the CO chemi-
sorption, Sact of the as-prepared catalyst was calculated assuming
Pd/CO = 1 and a Pd surface density of 1.27 � 1019 atoms m�2.
Every sample was measured three times. The reproducibility of
the results was checked by repeating the measurements three
times on the same catalyst and was found to be within acceptable
limits (< ( 2%).
Activity Test. In a typical experiment, 2-iodoaniline (1.0 mmol)

and phenylacetylene (1.2 mmol) were added into water (10 mL).
To this were added catalyst (containing 0.01mmol Pd), PPh3 (0.02
mmol), CuI (0.05mmol), and K2CO3 (1.5mmol), and themixture
was stirred at 363 K under argon. Reaction samples were taken at
regular intervals and monitored by GC-MS (Agilent 6890n-5973i
equippedwith aDB-5 capillary column), fromwhich the conversion
of 2-iodoaniline and the yield of 2-phenylindole were calculated. For
the recycling test, the recovered catalyst was further washed
sufficiently with ethanol followed by water.

’RESULTS AND DISCUSSION

Characterization of the Catalysts. ICP analysis reveals that
the Pd loadings in all the Pd-containing samples were very similar
to the nominal Pd loadings in the preparationprecursors (seeTable 1).
XPS spectra (Figure 1) demonstrate that almost all the Pd species
in all the Pd-containing samples except 1%-Pd/MIL-101 and

Scheme 1. Catalytic Synthesis of Indole through Cycloaddi-
tion of 2-Haloanilines with Monosubstituted Alkyne
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2%-Pd/MIL-101 were present in the metallic state with the BE
about 335.1 eV in the Pd 3d5/2 core level.

70 The presence of PdO
species in 1%-Pd/MIL-101 was confirmed by fitting the high-
energy shoulder on the metallic Pd lines at BE of about 336.9 and
342.6 eV (inset in Figure 1).71 For 2%-Pd/MIL-101, the amount
of oxidized Pd species is much lower than 1%-Pd/MIL-101
(Figure 1b). The production of oxidized Pd species could be due
to the oxidation of metallic Pd left in an oxygen-containing
environment.72,73 XPS analyses of 1%-Pd/MIL-101 and 2%-Pd/
MIL-101 were also performed after in situ treatment in a 10%
H2/Ar flow at 493 K for 2 h. It was found that no significant PdO
species could be observed over both samples after such treatment
(Supporting Information, Figure S1), which further demon-
strated that the presence of oxidized Pd species was due to the
exposure of metallic Pd to air.
The low-angle XRD pattern of the as-prepared MIL-101

(Figure 2a) is in excellent agreement with the simulated pattern
reported by F�erey et al.67 The almost unchanged XRD pattern of
3%-Pd/MIL-101 (Figure 2b) shows that the Pd incorporation
occurred with no apparent loss of structure integrity, but with
some slight variations of the Bragg intensities. Furthermore, no
significant diffraction peak characteristic of Pd species is detected
from the wide-angle XRD pattern for 3%-Pd/MIL-101 (Figure 3),
which might be related to the embedding of Pd nanoparticles
into the pores of MIL-101. This observation is very similar to the
results reported by El-Shall et al.,63 where the incorporation of Pd
in MIL-101 produced hardly significant signals of Pd in the XRD
pattern unless the Pd loading was more than 4.9 wt %.
The N2 adsorption�desorption isotherms and the pore size

distribution profiles of the as-prepared MIL-101 and 3%-Pd/
MIL-101 are shown in Figure 4. The SBET and total pore volume
of MIL-101 were calculated to be 3820 m2 g�1 and 1.86 cm3 g�1,

respectively, which are close to the reported values.52,63,65,67 The
isotherms ofMIL-101 have secondary uptakes around P/P0 = 0.1
and 0.2 (Figure 4a), indicating the existence of two kinds of
nanopores.52 The pore size distribution curve of MIL-101 also
displays two different pore sizes, 1.7 and 2.2 nm (Figure 4b),
which are similar to the results reported recently by Hwang
et al.53 and Pan et al.65 Compared with the bare MIL-101, SBET
and pore volume of 3%-Pd/MIL-101 decreased to 3200 m2 g�1

and 1.58 cm3 g�1, respectively, mainly because of the occupation
of the cages of MIL-101 by the monodisperse Pd nanoparticles.
Meanwhile, the incorporation of Pd also led to a slight decrease
of the pore sizes (Figure 4b).
As shown in FESEM image (Figure 5a), the as-prepared MIL-

101 is on the micrometer scale, which is similar to the previous
reports.52,63 From the TEM image of the as-prepared MIL-101
(Figure 5b), the cubic symmetry of the bare MIL-101 is also
reflected in the shape of the crystals. In Figure 5b, we could also
observe well-defined MIL-101 crystalline with highly ordered
two-dimensional porous structures. The angle between vector A
and B with same d spacing (dA = dB = 4.9 nm) is about 70.5�,
which could be indexed as the zone axis [110] of MIL-101.74 The
vector A and B are (111) and (111), respectively. TEM image of
3%-Pd/MIL-101 (Figure 5c) reveals similar morphology and
pore structure to the bare MIL-101, demonstrating that the
structural integrity of MIL-101 was preserved after the Pd
incorporation. In this image, only a few particles appear on the
surface of MIL-101. It is important to note that the high-
resolution TEM (HRTEM) image was taken in the shortest

Figure 1. XPS of (a) 1%-Pd/MIL-101, (b) 2%-Pd/MIL-101, (c) 3%-
Pd/MIL-101, (d) 4%-Pd/MIL-101, and (e) 3%-Pd/MCM-41. The inset
is the peak separation of Pd 3d level for (a).

Figure 2. Low-angle XRD patterns of (a) MIL-101, and (b) 3%-Pd/
MIL-101.

Figure 3. Wide-angle XRD pattern of 3%-Pd/MIL-101.

Table 1. Some Structural Properties of the As-Prepared
Pd-Based Catalysts

sample Pd loading (wt %) SPd (m2/g) dPd
a (nm)

1%-Pd/MIL-101 0.96 144 ( 2.6 3.5

2%-Pd/MIL-101 2.0 156 ( 2.1 3.2

3%-Pd/MIL-101 2.9 191 ( 1.2 2.6

4%-Pd/MIL-101 3.8 165 ( 2.1 3.0

3%-Pd/MCM-41 2.8 127 ( 1.5 3.9
aCalculated as 6/(FSPd), F = 12.02 g/cm3.
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possible time because MIL-101 is extremely sensitive to the
electron beam and, in usual conditions, the structure collapses
after a few minutes.74 Despite the distorted HRTEM image
(Figure 5d), it suggested that the particles located outside
MIL-101 had a typical face-centered cubic (fcc) Pd structure, which
corresponded to a Pd (111) interplanar spacing of 0.224 nm.75

This observation indicated that most of the Pd nanoparticles
actually inserted within the MIL-101 crystals, which is in clear

contrast to the result of 3%-Pd/MCM-41 where a portion of
Pd particles were located at the external surface (Supporting
Information, Figure S2).
It is difficult to estimate the Pd dispersion when obtaining

accurate Pd crystallite size distribution histograms from TEM
micrographs because of the poor particle-support contrast when
particles are embedded in the cages of MIL-101. Thus, we used
CO chemisorption to measure the Pd particle size,76 and this

Figure 4. (a) N2 adsorption�desorption isotherms and (b) pore size distributions of MIL-101 and 3%-Pd/MIL-101.

Figure 5. (a) SEM and (b) TEM images of MIL-101, (c) TEM and (d) HRTEM images of 3%-Pd/MIL-101.
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technique offers reproducible results (shown in Table 1). For x%-
Pd/MIL-101, the metal dispersion degree increased first and
then decreased with the increase of Pd loading. The maximum
SPd was obtained at 3%-Pd/MIL-101. The decrease in SPd with
the increase of Pd loading is reasonable; however, the SPd of
1%-Pd/MIL-101 and 2%-Pd/MIL-101 calculated on the basis of
total Pd weight is lower than 3%-Pd/MIL-101. The reason for
such abnormality is that 1%-Pd/MIL-101 and 2%-Pd/MIL-101
contain much more oxidized Pd, as confirmed by the XPS
analysis. Comparing to the results in Table 1, it is observed that
3%-Pd/MIL-101 had much higher Pd dispersion degree than
3%-Pd/MCM-41 regardless of nearly the same Pd loading. It can
also be concluded that most of the Pd particles in 3%-Pd/MIL-
101 are confined in the cages of MIL-101 because the mean
diameter of Pd particles (2.6 nm) is slightly larger than the pore
diameters of MIL-101.65 However, for 3%-Pd/MCM-41, the
measured Pd diameter (3.9 nm) is much larger than the pore size
of MCM-41 (2.4 nm), suggesting that most of Pd particles
aggregated on the outer surface of MCM-41 support.
To further confirm the embedding of Pd nanoparticles within

the cages of MIL-101, some images were obtained by HAADF-
STEM for the 3%-Pd/MIL-101 catalyst, which was recorded in SE
(Secondary electron), STEM-BF (STEMBright-Field) and STEM-
DF (STEM Dark-Field) modes, respectively (Figure 6). The SE
mode could only show the surface morphology (5�10 nm depth)

and STEM-BF mode exhibits the projection of both surface and
inner structure information. The STEM-DF mode could en-
hance the contrast of heavy metal atoms by collecting the high-
angle incoherent scattering signals, which confirmed the infor-
mation of the STEM-BF mode. The three images at same
position clearly demonstrated the locations and distribution of
Pd nanoparticles. Generally, the particles on the surface are really
unavoidable; however, only a few of the particles are found on the
surface and many nanoparticles are monodispersed at the inner
space. The average particle size is around 2.1 nm (Figure 6d)
which could be attributed to the limitation of mesopores of
MIL-101. Accordingly, even though we could not record the
channel with clusters simultaneously, the HAADF-STEM observa-
tions strongly support that the locations of the Pd nanoparticles are
inside the cages of MIL-101.
The combined results from N2 physisorption, TEM, CO

chemisorption characteristics, and HAADF-STEM demon-
strated the existence of Pd nanoparticles within the cages of
MIL-101, which is most likely relative to the special structure of
the host material.63,64 First, the very large surface area of the as-
prepared MIL-101 is favorable for the dispersion of Pd active
sites. Second, the presence of an organic moiety in MIL-101
could also improve the Pd particle distribution owing to the
isolating effect of the hydrophobic groups,77 which can inhibit
the migration and agglomeration of the Pd ions and Pd particles

Figure 6. STEM images of 3%-Pd/MIL-101 catalyst: (a) SE, (b) STEM-BF, and (c) STEM-DFmodes. (d) The corresponding particle size distribution
histogram.
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during the drying and preparation processes. Third, the presence of
monodisperse pores have a confinement effect on the growth and
gathering of Pd particles in the cages.67Once the Pd precursors were
introduced into the cages, the growth of Pd particles during the
reduction process would be confined by the pores with fixed
dimension, leading to monodisperse Pd particles on the scale of
1 to 3nm.63,64 BecauseMCM-41material possesses straight channels,
there was no remarkable confinement effect. As a result, a portion of
the formed Pd particles might emigrate out the pore channels of
MCM-41, and agglomerate on the outer surface.
Catalytic Performances. Both the crystallinity and the frame-

work integrity of MIL-101 are very stable, and can be well
preserved even after being treated in water at 373 K for 48 h
(Supporting Information, Figure S3�S5). Additionally, this
hybrid solid is more hydrophobic than the traditionally used
pure inorganic supports,61 facilitating the enrichment and ad-
sorption of organic substances on the catalyst in aqueous
solution. These properties present the opportunities for using
this material in aqueous organic reactions.
The as-prepared Pd-based catalysts were subjected to one-pot

synthesis of indole between 2-haloaniline and monosubstituted
alkyne in water. We first tested the catalytic activity of x%-Pd/
MIL-101 for the reaction between 2-iodoaniline and phenylace-
tylene using the same amount of Pd to investigate the influence of
Pd loading on catalytic activity. Preliminary study revealed that
the maximum 2-iodoaniline conversion was obtained on 3%-Pd/
MIL-101 (Figure 7). Obviously, the highest reactivity over 3%-
Pd/MIL-101 may be attributed to its highest SPd (Table 1). The
3%-Pd/MIL-101 was therefore selected for the following studies.
Figure 8 showed the reaction profile of reaction of 2-iodoani-

line and phenylacetylene over 3%-Pd/MIL-101 and 3%-Pd/
MCM-41. The intermediate compound 2-phenylethynylaniline
resulting from the Sonogashira C�C coupling reaction between
2-iodoaniline and phenylacetylene could be observed in these
experiments, which revealed that the present indole synthesis
reaction is a consecutive reaction, as previously reported in the
literature.7,8,31,32,36 Despite similar Pd loading, 3%-Pd/MIL-101
was much more active than 3%-Pd/MCM-41 (Figure 8), since
complete conversion of 2-iodoaniline was achieved within 2 h
over the former while 4 h was needed to convert 2-iodoaniline
completely over the latter. This should be mainly attributed to
the larger number of Pd active sites in 3%-Pd/MIL-101 relative
to 3%-Pd/MCM-41 (see SPd values in Table 1), which would

allow more favorable oxidative addition of the metallic Pd to the
carbon�halogen bond, and therefore obtain more efficient
catalyst.78 Additionally, the 2-iodoaniline conversions within
0.5 h were 67% and 34% over 3%-Pd/MIL-101 and 3%-Pd/
MCM-41, respectively. Thus, the initial reaction rate over 3%-
Pd/MIL-101 was 2.0 times of that over 3%-Pd/MCM-41.
Because the SPd of 3%-Pd/MIL-101 was 1.5 times of that of
3%-Pd/MCM-41, we can conclude that the larger SPd of 3%-Pd/
MIL-101 was not the only factor responsible for its higher
activity. Obviously, the enhanced surface hydrophobicity68 and
the existence of Lewis acidity66 onMIL-101 owing to the organic
linkers (bdc) and the open metal (Cr3+) sites would favor the
adsorption of 2-iodoaniline, and thus enhance the reactivity of
3%-Pd/MIL-101. From Figure 8a, it can be clearly seen that the
conversion of 2-iodoaniline increased almost linearly with the
reaction time over 3%-Pd/MIL-101, indicating that the adsorp-
tion for 2-iodoaniline on MIL-101 reached surface saturation. A
deviation from the straight line was observed when the 2-iodoani-
line conversion was more than 85%, possibly because of the
extremely low 2-iodoaniline concentration. However, for 3%-
Pd/MCM-41, no linear increase of 2-iodoaniline conversion with
the reaction time could be observed (Figure 8b). The obtained
ln(1-conversion) increased linearly with the reaction time
(Supporting Information, Figure S6), implying the present
reaction was first-order with respect to 2-iodoaniline over 3%-
Pd/MCM-41. This result suggested that the adsorption for
2-iodoaniline over 3%-Pd/MCM-41 could not reach surface

Figure 7. Conversion of 2-iodoaniline obtained on x%-Pd/MIL-101.
Reaction conditions: 2-iodoaniline (1.0mmol), phenylacetylene (1.2mmol),
PPh3 (0.02 mmol), CuI (0.05 mmol), K2CO3 (1.5 mmol), H2O (10 mL),
and Pd/MIL-101 (1.0 mol % Pd), T = 363 K, t = 0.5 h.

Figure 8. Reaction profiles of 2-iodoaniline and phenylacetylene over
(a) 3%-Pd/MIL-101 and (b) 3%-Pd/MCM-41. Reaction conditions:
2-iodoaniline (1.0mmol), phenylacetylene (1.2mmol), PPh3 (0.02mmol),
CuI (0.05 mmol), K2CO3 (1.5 mmol), H2O (10 mL), and Pd/MIL-101
(1.0 mol % Pd), T = 363 K.
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saturation at the present concentration because of the weaker
adsorption of 2-iodoaniline on MCM-41 in comparison with
MIL-101. After reaction for 15 h, an excellent 93% yield of
2-phenylindole could be obtained over 3%-Pd/MIL-101 (entry 1
in Table 2). However, in comparison with Pd/C reported by
Djakovitch’s group (72% yield at 393 K in 6 h),32 3%-Pd/MIL-
101 (40% yield at 363 K in 6 h) showed lower activity. This is
clearly due to the lower reaction temperature in this study than
that used previously. For comparison, a commercial Pd/C
catalyst (3 wt % Pd loading) was measured under the same
reaction conditions, and only 25% yield of 2-phenylindole was
achieved using Pd/C in the reaction between 2-iodoaniline and
phenylacetylene in 6 h. The XPS analysis (Supporting Informa-
tion, Figure S7a) reveals that all Pd species in the commercial Pd/
C were present in metallic state. Meanwhile, both the TEM image
(Supporting Information, Figure S7b) and the XRD pattern
(Supporting Information, Figure S7c) demonstrated that the
metallic Pd is present in the form of spherical particles with average
size of more than 5 nm. Thus, one could conclude that the superior
activity of 3%-Pd/MIL-101 to the commercial Pd/Cwasmainly due
to the highly dispersed Pd active sites originating from the confine-
ment effect of the cages of MIL-101 on the Pd nanoparticles.
3%-Pd/MIL-101 was also an active catalyst for the one-pot

indole synthesis reaction between various 2-iodoanilines and
phenylacetylene. The reactants of 2-iodoaniline with an electron-
withdrawing or electron-donating group showed obvious differ-
ence in reactivity (entries 2�5 in Table 2), indicating that such
reaction was sensitive to the electronic characteristics of the
substituent under the present reaction conditions.
3%-Pd/MIL-101 could be easily separated from the reaction

solution via centrifugation and could be used at least for 10 times
during the one-pot aqueous indole synthesis reaction between
2-iodoaniline and phenylacetylene (Figure 9), showing its

superiority over the homogeneous catalysts. XPS analysis of
the reused 3%-Pd/MIL-101 (Supporting Information, Figure
S8a) indicated the no oxidation of metallic Pd occurred during
the recycling test. Meanwhile, TEM image (Supporting Informa-
tion, Figure S9a) showed that themorphology and pore structure
of 3%-Pd/MIL-101 was mostly retained after 10 catalytic cycles.
The catalyst weight decreased slightly after 10 consecutive runs,
and no leaching of Pd could be determined by ICP analysis in the
reaction mixtures during repetitive runs. The detection limit of
Pd in the aqueous phase is determined as 9� 10�4 mg/L in the
present ICP analysis. Therefore, during the recycling test, the Pd
content in the solution is less than 0.9 ppb.We thus argue that the
weight loss of catalyst during the separation process, rather than
the leaching of Pd species from 3%-Pd/MIL-101, was the main
factor responsible for the slight decrease of the 2-phenylindole
yield during the recycling tests. 3%-Pd/MCM-41 displayed a
significant loss of reactivity (>20%) after being used repetitively
for 6 times. Similarly, no significant PdO species could be
observed over the reused 3%-Pd/MCM-41 (Supporting Infor-
mation, Figure S8b), and only slight weight loss of 3%-Pd/
MCM-41 after 6 consecutive runs was determined, while no leaching
of Pd could be detected in the reactionmixtures for 3%-Pd/MCM-41
during repetitive uses. These implied that there existed other reason
for the deactivation of 3%-Pd/MCM-41 during recycling tests.
TEM morphology (Supporting Information, Figure S9b) re-
vealed that the deactivation of 3%-Pd/MCM-41 could be mainly
due to severe collapse of the pore structure of MCM-41 support
and agglomeration of Pd nanoparticles. In contrast, because of
the robust hydrothermal stability of the MIL-101 matrix and the
confinement effect of the cages of MIL-101, the Pd nanoparticles
in MIL-101 are durable during the reaction. According to this
observation, the high durability of 3%-Pd/MIL-101 should be
attributed to the special structure of MIL-101 which retards the
agglomeration of Pd nanoparticles during the reaction.

’CONCLUSIONS

In summary, palladium nanoparticles (<3 nm) confined in the
cages of MIL-101 could be employed as a catalyst for the domino

Table 2. 3%-Pd/MIL-101 Catalyzed One-Pot Indole Synthe-
sis Reactionsa

aReactionconditions: 2-iodoaniline (1.0mmol), phenylacetylene(1.2mmol),
PPh3 (0.02 mmol), CuI (0.05 mmol), K2CO3 (1.5 mmol), H2O (10 mL),
and Pd/MIL-101 (1.0mol % Pd),T = 363K, t = 15 h. bDetermined byGC
analysis.

Figure 9. Recycling tests of 3%-Pd/MIL-101 and 3%-Pd/MCM-41.
Reaction conditions: 2-iodoaniline (1.0 mmol), phenylacetylene (1.2
mmol), PPh3 (0.02 mmol), CuI (0.05 mmol), K2CO3 (1.5 mmol), H2O
(10 mL), and Pd/MIL-101 (1.0 mol % Pd), T = 363 K, t = 15 h.
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synthesis of indole in water, and exhibited enhanced efficiency
relative to Pd/MCM-41 because of the special pore structure, the
enhanced surface hydrophobicity, and the existence of Lewis
acidity on of MIL-101. Meanwhile, the Pd/MIL-101 catalyst
possessed better stability and could be used repetitively for at
least 10 times, showing good potential for practical application.
Our findings demonstrate the advantages of MIL-101 as support
for metal nanoparticle catalysts in water-medium clean organic
synthesis.

’ASSOCIATED CONTENT

bS Supporting Information. XPS of 1%-Pd/MIL-101 and
2%-Pd/MIL-101 after in situ treatment in a 10% H2/Ar flow at
493 K for 2 h, 3%-Pd/C catalyst, 3%-Pd/MIL-101 after 10
consecutive runs, as well as 3%-Pd/MCM-41 after 6 consecutive
runs; TEM images of fresh 3%-Pd/MCM-41 and 3%-Pd/MCM-
41 after 6 consecutive runs, 3%-Pd/C catalyst, and 3%-Pd/MIL-
101 after 10 consecutive runs; time�ln(1-conversion) curve
during the reaction between 2-iodoaniline and phenylacetylene
over 3%-Pd/MCM-41; XRD pattern of 3%-Pd/C catalyst; low-
angle XRD patterns, N2 adsorption�desorption isotherms, pore
size distributions, and TEM images of MIL-101 after hydro-
thermal treating. This material is available free of charge via the
Internet at http://pubs.acs.org.
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