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ABSTRACT
MetalN-heterocyclic carbenes (M-NHCs) on the pore walls of a porous metal-organic framework (MOF)
can be used as active sites for efficient organic catalysis. Traditional approaches that need strong alkaline
reagents or insoluble Ag2O are not, however, suitable for the incorporation of NHCs on the backbones of
MOFs because such reagents could destroy their frameworks or result in low reactivity. Accordingly,
development of facile strategies toward functional MOFs with covalently boundM-NHCs for catalysis is
needed. Herein, we describe the development of a general and facile approach to preparingMOFs with
covalently linked active M-NHC (M= Pd, Ir) single-site catalysts by using a soluble Ag salt AgOC(CF3)3
as the source and subsequent transmetalation.The well-definedM-NHC-MOF (M= Pd, Ir) catalysts
obtained in this way have shown excellent catalytic activity and stability in Suzuki reactions and hydrogen
transfer reactions.This provides a general and facile strategy for anchoring functional M-NHC single-site
catalysts onto functionalizedMOFs for different reactions.

Keywords:metal-organic framework,N-heterocyclic carbene, MIL-101, Suzuki reaction, transfer
hydrogenation

INTRODUCTION
As a class of important organometallic compounds,
metalN-heterocyclic carbene (M-NHC) complexes
have been used widely in medicinal chemistry,
material chemistry and chemical catalysis [1–3].
Compared to conventional phosphine ligands,
NHC ligands with a σ -electron-donating feature
cause M-NHC complexes to be more active and
more stable during catalysis. Such complexes have
thus been widely employed as highly active homo-
geneous catalysts for various chemical reactions,
including C–C coupling reactions [4], hydrogen
transfer reactions [5], olefin metatheses [6] and cy-
cloaddition reactions [7]. However, homogeneous
M-NHC catalysts often suffer from deactivation and
problems related to catalyst separation and recovery
from the reaction systems for reuse. Heterogeniza-
tion of homogeneous M-NHC catalysts on porous
materials has been recognized as a promising
alternative means of addressing these prob-
lems. Typically, there are two synthetic methods
(Scheme 1) for loading M-NHC catalysts into

porous materials: encapsulation of M-NHC com-
plexes in the pores of porous materials or M-NHCs
covalently bound to the walls of porous materials.
Simply loading M-NHC guests into the confined
pores of host frameworks, however, can lead to their
aggregation and leaching of active components
during catalysis. M-NHC complexes covalently
grafted onto the skeletons of porous materials could
avoid these drawbacks, but early attempts to graft
M-NHC complexes covalently onto traditional
inorganic or organic porous materials such as silica
or amorphous polymers were largely limited by low
site densities and low surface areas [8].

During the past two decades, construction of
metal-organic frameworks (MOFs) using functional
linkers and metal nodes has emerged as a promis-
ing versatile platform to immobilize active species
for highly efficient catalysis due to their crystalline
nature, high surface area, tunable composition and
pore structure [9–13]. The functional linkers of
MOFs in particular can be employed as graft-
ing sites to covalently anchor M-NHC complexes
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Scheme 1. Preparation of M-NHC-functionalized MOFs.

[14,15], which can then serve as active single sites
for highly efficient catalysis. MOF hosts with large
surface areas would offer well-defined pores to fa-
cilitate the diffusion of reactants and transporta-
tion of products [16–19]. To date, two synthetic
approaches have been published for the prepara-
tion of M-NHC-functionalized MOFs, and to de-
scribe the direct self-assembly of M-NHC ligands
with metal salts [14] (Scheme 1, Route 1) or the
post-synthetic modification (PSM) of imidazolium-
functionalizedMOFs (Scheme 1) [20].The first ap-
proach, however, works only in a few special cases
[21] because most of the moisture- and oxygen-
sensitive organometallic M-NHC moieties would
fail to survive the hydrothermal or solvothermal
conditions. Compared with the direct assembly ap-
proach, the post-modification of the imidazolium-
functionalized MOFs is promising, but usually re-
quires the use of strong bases such as potassium
tert-butoxide (KOtBu) (Scheme 1, Route 2), which
can damage most of the MOF structures. Another
choice is the use of solid Ag2O that could gener-
ate Ag-NHC, followed by a transmetalation step to
give final M-NHC complexes (Scheme 1, Route 3)
[14]. However, neither Ag2O or MOFs are solu-
ble in common solvents, and consequently, develop-
ment of a facile and general approach to prepare M-
NHC-functionalized MOFs for highly efficient het-
erogeneous catalysis is highly desirable.

Based on the above considerations, discovery of
a soluble source of Ag to replace the traditional in-
soluble Ag2O reagent in the preparation of MOFs
bonded with M-NHCs could be a feasible strat-
egy. It is known that AgOC(CF3)3 has good solu-
bility in common aprotic solvents such as CH2Cl2,
and excellent reactivity with imidazolium moieties
to form Ag-NHC complexes [22]. This makes it a
perfect candidate for the preparation of M-NHC-
functionalizedMOFs via a transmetalation reaction.

As a proof of concept Im-MIL-101, an imidazolium-
functionalized mesoporous Cr-MOF was selected
as a porous support (Fig. S1) [23,24], with the
same topological prototype as MIL-101(Cr) (MIL,
Material Institute Lavoisier) [25], to produce the
targeted M-NHC-functionalized Im-MIL-101 cata-
lysts, termed M-NHC-MIL-101 (M = Pd, Ir) via
a two-step PSM method (Scheme 1). Im-MIL-101
was treated with the soluble silver salt AgOC(CF3)3
in CH2Cl2 to generate the Ag-NHC functionalized
Im-MIL-101 and this was followed by a transmet-
alation reaction with a metal salt (Fig. 1). Due to
the stablemesoporous frameworkswith high surface
area, the Pd-NHC-MIL-101 and Ir-NHC-MIL-101
bonded single-siteM-NHCs (M= Pd, Ir) that were
obtained can be employed as highly active heteroge-
neous catalysts that promote Suzuki coupling reac-
tions and hydrogen transfer reactions, respectively.
The catalysts could be separated from the reaction
mixture by simple centrifugation and canbe recycled
at least three times without obvious loss of activity.

RESULTS AND DISCUSSION
As a chemically stable mesoporous Cr-MOF with
large windows, Im-MIL-101 contains abundant
imidazolium groups, which make it suitable for the
subsequent introduction of single active M-NHC
sites. The imidazolium-functionalized mesoporous
MOF, Im-MIL-101, was prepared by the solvother-
mal method described in our previous reports
[23,24]. The powder X-ray diffraction (PXRD)
patterns of the resulting Im-MIL-101 matched that
of the simulated MIL-101(Cr), indicating that the
desired Im-MIL-101 had been successfully prepared
(Fig. 2a). The composition of Im-MIL-101 was
further confirmed by Fourier transform infrared
spectroscopy (FT-IR) and X-ray photoelectron
spectra (XPS). As shown in Fig. S2, the IR spectra
showed the vibrations at 1620 cm−1 from the
coordinated carboxylic groups of the imidazolium-
functionalized linkers in Im-MIL-101 [23]. The
XPS in Fig. S3 show peaks centered at 197.3 eV
and 198.5 eV attributed to Cl 2P1/2 and 2P3/2,
respectively, and indicating the existence of free Cl−

counteranions of the cationic imidazolium motifs
in the Im-MIL-101 [26]. The binding energies of
N 1s at 401.3 and 399.3 eV were assigned to two
chemically different types of nitrogen atoms in the
imidazolium of Im-MIL-101 [27]. Notably, the
XPS analysis of Cr2p (Fig. S4) revealed the binding
energies of the Cr(III) species in Im-MIL-101 to be
577.4 eV and 587.1 eV, indicating a chemical envi-
ronment similar to that of Cr(III) in MIL-101 [28].
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Figure 1. The preparation of Pd-NHC-MIL-101 and Ir-NHC-MIL-101 by the reaction of mesoporous imidazolium-functionalized
MIL-101 with the soluble AgOC(CF3)3 reagent followed by a transmetalation process with PdCl2(cod) and [Cp∗IrCl2]2, respec-
tively.

The scanning electron microscopy (SEM)
images (Fig. 2b) show that Im-MIL-101 nanopar-
ticles (NPs) were obtained with a diameter
between 100 and 300 nm, which could facilitate
the contact with substrates and thus promote
catalysis efficiency. Furthermore, the N2 sorption
isotherm analysis revealed that Im-MIL-101 has
a high Brunauer Emmer Teller (BET) surface
area of 1325 m2 g−1 and a large pore volume of
1.05 cm3/g (Fig. 2c). Notably, the pore size distri-
butions indicated that the open cages with internal
free diameters of 18–28 Å still remained (Fig. 2d,
Table S2), which would be beneficial for the sub-
sequent reaction with AgOC(CF3)3 via the PSM
process. Thermogravimetric analysis (TGA) re-
vealed that Im-MIL-101 has a high thermal stability
and should be stable up to 240◦C (Fig. S5). These
unique properties make Im-MIL-101 an excellent
candidate for the subsequent introduction of single
active M-NHC sites and efficient organic catalysis.

The Ag-NHC functionalized Im-MIL-101,
termed Ag-NHC-MIL-101, was obtained by the
PSM of Im-MIL-101 by treatment with the sol-
uble AgOC(CF3)3 reagent in MeCN at 25◦C
for 12 h. Subsequently, the freshly prepared
Ag-NHC-MIL-101 was reacted with dichloro(1,5-
cyclooctadiene)palladium(II) [PdCl2(cod)] in
solution in MeCN at 25◦C for 48 h affording
Pd-NHC-MIL-101. Using the same approach,
Ir-NHC-MIL-101 can also be prepared after the
reaction of Ag-NHC-MIL-101 and [Cp∗IrCl2]2 at
60oC, demonstrating the versatility of this method

in the preparation of M-NHC associated porous
materials. The PXRD patterns of the obtained
Pd-NHC-MIL-101 and Ir-NHC-MIL-101 match
well with those of the parent compound Im-MIL-
101. These results indicate that their crystalline
framework structures were retained after grafting
M-NHCs sites via the two-step PSM (Fig. 2a),
which highlights the advantages of this mild and
facile strategy for the preparation of M-NHC
associated porousMOFs. In contrast, it was noticed
that the traditional method of using strong bases
could destroy the structure of MOFs [29]. Notably,
PXRD patterns related to Pd- or Ir-based particles
were not observed, suggesting the Pd-NHC and
Ir-NHC moieties were not reduced under the PSM
conditions [30]. The inductively coupled plasma
atomic emission spectroscopy (ICP-AES) revealed
that Pd-NHC-MIL-101 and Ir-NHC-MIL-101 have
high Pd and Ir contents of 1.47 wt% and 1.31 wt%,
respectively. Based on the ICP and elemental
analysis results (Table S1), the percentage of
M-NHC loadings were ∼10% and ∼7% in Pd-
NHC-MIL-101 and Ir-NHC-MIL-101 respectively,
with respect to NHC sites. These results indicate
that Pd-NHC and Ir-NHC species could be suc-
cessfully formed and anchored on the pore walls
of Im-MIL-101. Although the nitrogen adsorption
measurements revealed that Pd-NHC-MIL-101 and
Ir-NHC-MIL-101 showed decreasedN2 adsorption
uptake in comparison with Im-MIL-101 (Fig. 2c),
they still have large BET surface areas of 657 m2/g
and 486 m2/g, respectively. Despite the cages
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Figure 2. (a) PXRD patterns of the Im-MIL-101, Pd-NHC-MIL-101 and Ir-NHC-MIL-101 that were obtained. (b) The SEM images
of Im-MIL-101. Scale bar: 100 nm. (c) N2 sorption isotherms at 77 K for Im-MIL-101, Pd-NHC-MIL-101 and Ir-NHC-MIL-101.
(d) Pore size distribution of Im-MIL-101, Pd-NHC-MIL-101 and Ir-NHC-MIL-101 based on the density functional theory (DFT)
method.

being partially occupied by Pd-NHC and Ir-NHC
moieties, the pore size distribution analysis revealed
that Pd-NHC-MIL-101 and Ir-NHC-MIL-101
still have micro- and mesopores of 0.6−2.5 nm
(Fig. 2d) and large pore volumes (Table S2), which
should permit the diffusion of the reactants and
products during catalysis. In addition, the TGA
(Fig. S5) displayed that both Pd-NHC-MIL-101
and Ir-NHC-MIL-101 still have high thermal
stability up to ∼240oC under a N2 atmosphere,
which is beneficial for their subsequent catalytic
applications.

The SEM images in Fig. 3a show that Pd-NHC-
MIL-101 possesses a nanoscale size similar to that
of the parent Im-MIL-101 between 100–300 nm,
which could facilitate its contact with the substrate,
thus promoting catalytic efficiency [31]. Transmis-
sion electron microscopy (TEM) and high-angle
annular dark-field scanning transmission electron
microscopy (HAADF-STEM) were further used
to investigate the state of the metal species in the
obtained M-NHC-based catalysts. As shown in
Fig. 3b, no obvious Pd NPs were observed in the
Pd-NHC-MIL-101 sample, further suggesting

the Pd-NHC species were not reduced, which is
consistent with the PXRD result (Fig. 2a). Notably,
the TEM element mapping images demonstrated
that Pd, N and Cl elements were homogeneously
distributed over the entire architecture (Fig. 3c
and d). These results suggest that single Pd-NHC
sites were successfully anchored in Im-MIL-101.
Similar TEM and HAADF-STEM results were also
observed in Ir-NHC-MIL-101 (Fig. S6), indicating
the facility of our strategy for preparing targeted
M-NHC-associatedMOF catalysts.

XPSwas carried out to confirm the local chemical
environment of the Pd single site in Pd-NHC-MIL-
101. As shown in Fig. 4a, the binding energies (BEs)
of Pd 3d5/2 and Pd 3d3/2 in Pd-NHC-MIL-101 are
336.9 and 342.1 eV, respectively, indicating that
only the Pd(II) species was present with no Pd(0)
being produced [32]. Compared with the metal
precursor PdCl2(cod), significant negative shifts of
1.1 eV from 338.0 eV and 343.2 eV to 336.9 eV and
342.1 eV, respectively, were observed in Pd-NHC-
MIL-101. These results indicate that the NHC
moieties serve as strong σ donors to coordinate Pd
species, which make the Pd species electron-rich,
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Figure 3. (a) SEM image of Pd-NHC-MIL-101. Scale bar: 100 nm. (b) TEM image of Pd-NHC-MIL-101. (c) HAADF-STEM image
and (d) corresponding EDS mapping of C, O, Cr, N, Cl and Pd elements in selected areas of Pd-NHC-MIL-101 as in (c).

thus promoting the subsequent Suzuki reactions
[33]. Similar results were seen in the XPS analysis
of Ir-NHC-MIL-101 (Fig. 4b), suggesting the
presence of covalently bound, linked Ir-NHC
species on the backbones of Ir-NHC-MIL-101.

Synchrotron-based X-ray absorption spec-
troscopywas performed to confirm the coordination
environment of these single-site M-NHC species
in Pd-NHC-MIL-101 and Ir-NHC-MIL-101. As
shown in the X-ray absorption near-edge structure
(XANES) of the Pd K-edge in Pd-NHC-MIL-101
(Fig. 5a), the Pd absorption edge position of Pd-
NHC-MIL-101 is located in between Pd foil and
PdO, indicating that the Pd-NHC single-site species
carries positive charge between the metallic Pd(0)
and fully oxidized state Pd(II) [34]. When com-
pared with PdCl2(cod), the Pd absorption edge of
the white line in Pd-NHC-MIL-101 shifted to lower
energy, which suggested that some electrons were
transferred from NHC to the Pd species, consistent
with theXPS analysis [35]. In the IrL3-edgeXANES
profiles in Fig. 5b, the absence of the pre-edge at
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Figure 4. (a) XPS Pd 3d spectra of Pd-NHC-MIL-101 and PdCl2(cod). (b) XPS Ir 4f spectra
of Ir-NHC-MIL-101 and [Cp∗IrCl2]2.

around 11 212 eV of Ir-NHC-MIL-101 indicates
that its coordination environment is different from
that of Ir powder or IrO2.The white line intensity of
Ir-NHC-MIL-101 in Ir L3-edge XANES spectrum is
situated between those of Ir foil and IrO2, indicating
that the positively charged iridium is between Ir(0)
and Ir (IV) in Ir-NHC-MIL-101 [36].

The coordination environment of the M-NHC
species in the catalysts was further analyzed by ex-
tended X-ray absorption fine structure (EXAFS). As
shown in Fig. 5c in the PdR-space of Pd-NHC-MIL-
101, a prominent peak located at ca. 1.8 Å can be
ascribed to the Pd-C/Cl scattering path, which is
similar to that of PdCl2(cod) (1.77 Å) [37]. This
result suggested that a Pd species had been grafted
to Im-MIL-101 with covalently bound Pd-NHCs.
More importantly, no obvious signals assigned to
Pd-Pd (2.45 Å) and Pd-O (1.54 Å) were detected,
further showing that isolated single-site Pd-NHC
species are predominant and no Pd NPs or PdO
were formed [38], which is consistent with theTEM
andXPS results (Figs 3 and4). In order to accurately
determine the coordination environment of Pd, the
fitting results from EXAFS show that the coordina-
tion number of Pd species in Pd-NHC-MIL-101 can
be calculated to be 5.0 (Fig. S7 and Table S3). This
result agrees well with the XANES spectra (Fig. 5a)
and is different from the coordination number of the
precursor PdCl2(cod), proving that the Pd-NHC
single sites had been inserted into the pore walls of
Pd-NHC-MIL-101 [39]. The same analysis with Ir-
NHC-MIL-101 (Fig. 5d) also showed that Ir NPs
and IrO2 were absent, and revealed that the Ir single
site adopted six coordination structures in Ir-NHC-
MIL-101 (Fig. S7 and Table S3).

EXAFS wavelet transform (WT) analysis was
also performed for further confirmation of the
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Figure 5. (a) Normalized Pd K-edge XANES spectra of the Pd-NHC-MIL-101, PdCl2(cod), PdO and Pd foil. (b) Normalized Ir
L3-edge XANES spectra of the Ir-NHC-MIL-101, [Cp∗IrCl2]2, IrO2 and Ir powder. (c) Fourier transform EXAFS results (open
circles) in R-space with the corresponding EXAFS fitting results (black solid lines) of the Pd-NHC-MIL-101, PdCl2(cod), PdO
and Pd foil. (d) Fourier transform EXAFS results (open circles) in R-space with the corresponding EXAFS fitting results (black
solid lines) of the Ir-NHC-MIL-101, [Cp∗IrCl2]2, IrO2 and Ir powder.

single-site M-NHC species, due to its capability of
discriminating between the backscattering atoms by
providing radial distance resolution and k-space res-
olution [39]. From the EXAFS WT contour plots
of Pd foil (Fig. S8), only one intensity maximum
at 9.6 Å−1, ascribed to the Pd–Pd bond, was ob-
served. The single intensity maximum at 5.0 Å−1 in
PdO is standard, and can be ascribed to the Pd–
O bond. Notably, the WT analysis of Pd-NHC-
MIL-101 reveals only one intensity maximum at
∼6.3 Å−1, which is assigned to the contributions
from Pd–C. No intensity maximum corresponding
to Pd–Pd or Pd–O bonding was observed in Pd-
NHC-MIL-101, further demonstrating that single-
sitePd-NHCspecieswere generated.TheWTanaly-
sis for Ir-NHC-MIL-101 is also shown inFig. S8, and
proves intuitively that the Ir species in Ir-NHC-MIL-
101 and [Cp∗IrCl2]2 are in different states, further
suggesting that the generated Ir-NHC single sites
were covalent bonded with Ir-NHC-MIL-101 [40].

Inspired by the improved performance of the
unique structures of M-NHC-MIL-101 (M = Pd,
Ir), two typical model organic reactions were
selected to evaluate their catalytic performance.

The palladium-catalyzed Suzuki–Miyaura cross-
coupling reaction represents a very important
carbon–carbon coupling reaction in organic chem-
istry [41].The Suzuki–Miyaura coupling reaction of
arylboronic acids and aryl halides was thus chosen
as a model reaction with which to investigate the
catalytic activity and recyclability of Pd-NHC-
MIL-101. The catalytic results are summarized
in Table 1. Interestingly, in the presence of Pd-
NHC-MIL-101 (Pd 1.47 wt%), various aryl halides
(Table 1, entries 1−5), including the relatively inert
1-bromo-4-methoxybenzene (Table 1, entry 4),
could be smoothly converted to the cross–coupled
biaryl products in yields from 91% to 99% within
3 h at 60◦C under ambient atmosphere. The less
active chlorobenzenes (Table 1, entry 6) also gave
a high yield of 90% within 6 h at 80◦C. In contrast,
when the reaction was carried out in the presence
of Im-MIL-101, no desired coupling product was
detected under the same reaction conditions (Ta-
ble 1, entry 7), suggesting that the Pd-NHCmoiety
was the active site for the Suzuki–Miyaura coupling
reactions. Moreover, compared with the high yield
of 95% achieved by Pd-NHC-MIL-101 (Table 1,
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Table 1. Catalytic Suzuki–Miyaura coupling reactions by Pd-NHC-MIL-101.a

Entry R1 X R2 Product Yieldb TOF (h−1)

1 H I 4−OMe 95% 317

2 H I H 99% 330

3 Me I H 97% 323

4 4−OMe Br H 91% 303

5 H Br H 93% 310

6c H Cl H 90% 150

7d H I 4−OMe 0 −

8e H I 4−OMe 41% 136

9f H I 4−OMe 73% 243

aReaction conditions: aryl halide (1mmol), arylboronic acid (1.2mmol), K2CO3 (2mmol) and Pd-NHC-
MIL-101 (0.1mol%) in 1,4-dioxane/H2O (3/1mL), 60◦C, 3 h. bYields were determined byGC-MS. cThe
reaction was performed in 80◦C for 6 h. dThe reaction was catalyzed by Im-MIL-101. eThe reaction was
catalyzed by PdCl2(cod), in which the contents of Pd is the same as in Pd-NHC-MIL-101. fThe catalytic
result was based on a physical mixture of Im-MIL-101 and PdCl2(cod), in which the contents of Pd was the
same as in Pd-NHC-MIL-101.

entry 1), a yield of only 41% was obtained for the
target product by using a homogeneous PdCl2(cod)
catalyst under the same reaction conditions
(Table 1, entry 8), and a moderate yield of 73% was
afforded when a physical mixture of Im-MIL-101
and PdCl2(cod) (Table 1, entry 9) was used,
indicating the important role of Pd-NHC species
inserted on the pore walls of theMOF as a single site
promoting the catalytic reaction.Therefore, the high
activity of Pd-NHC-MIL-101 can be reasonably
attributed to the accessibility of spatially isolated
active Pd-NHC single sites through its micro–and
mesoporous pores. Such excellent catalytic activity
for Pd-NHC-MIL-101 with a turnover frequency
(TOF) value of 330 h−1 (Table 1, entry 2) caused
Pd-NHC-MIL-101 to rank among the most active
heterogeneous catalysts for the reported Suzuki–
Miyaura coupling reactions of arylboronic acids and
aryl halides under atmosphere conditions [41].

The unique features of the mesoporous MOF
with covalently boundM-NHCsingle sites could en-
hance the liquid phase catalytic reaction efficiency,
and this was also verified by a transfer hydrogena-
tion reaction. This hydrogenation reaction, which
is usually catalyzed by iridium complexes, could be
improved by avoiding the use of high pressure hy-
drogen to reduce multiple bonds [42]. Typically,
the transfer hydrogenation reactions catalyzed by
Ir-NHC-MIL-101 were carried out in isopropanol,
which also served as a hydrogen source. A low

(5 mol%) concentration of KOH was used as a
base and the reaction was performed at 80◦C un-
der an ambient atmosphere. In the primary study,
acetophenone was selected as a substrate in the
model reaction. Interestingly, Ir-NHC-MIL-101 (Ir
1.31 wt%) showed excellent catalytic activity for the
conversion of acetophenone to 1-phenylethanol in
only 3 h (Table 2, entry 1). Halogen-containing
substrates like 4-fluoro- or 4-chloro-substituted ace-
tophenone, also gave high yields of the correspond-
ing alcohols and no dehalogenated side product was
detected (Table 2, entries 3 and 4). Sterically de-
manding substrates such as isobutyrophenone and
pivalophenone could also be successfully converted
to the corresponding alcohols. In contrast, the reac-
tion failedwhen Im-MIL-101was used (Table 2, en-
try 9), suggesting that Ir-NHC moieties are the ac-
tive sites for the transfer hydrogenation reaction. In
comparison with the high yield of 92% obtained for
the 1-phenylethanol, only 35% and 62% yields were
obtained over the homogeneous [Cp∗IrCl2]2 and a
physical mixture of Im-MIL-101 and [Cp∗IrCl2]2,
respectively (Table 2, entries 7 and 8).These results
indicate that the highly distributed Ir-NHC single
sites in themesoporous Ir-NHC-MIL-101 play a key
role in efficient catalysis of hydrogenation reactions.

We noticed that, compared with other hetero-
geneous catalysts [43], the lower required amount
of catalyst (0.1 mol% Ir) and the shorter reaction
time highlight the advantages of using an M-NHC
single-site catalyst to improve catalytic performance
[44–46].

Because the Cr-based MOF materials includ-
ing MIL-101 have good chemical stability in vari-
ous organic solvents, water, and even under weak
basic conditions with protic solvents [25,47], M-
NHC-MIL-101 could be recovered and reused.
To confirm whether the reactions involved hetero-
geneous catalysis, a series of control experiments
were performed (Fig. S9). After the reaction pro-
ceeded for 1 h, the catalyst Pd-NHC-MIL-101 or
Ir-NHC-MIL-101 was removed from the hot reac-
tion mixture, and the isolated solution did not ex-
hibit any further reactivity under the same reaction
conditions. Moreover, after the reactions were com-
plete, the ICP-AES analysis revealed that almost
no Pd or Ir leached out into the isolated solution,
which attests to the excellent stability of the cova-
lently bound M-NHC catalyst. The reusability of
Pd-NHC-MIL-101 and Ir-NHC-MIL-101 was fur-
ther examined. As shown in Fig. S10, both of these
catalysts could be used at least three times with-
out any obvious loss of catalytic activity and selec-
tivity, which demonstrated the excellent chemical
and thermodynamic stability of M-NHC-MIL-101
(M = Pd, Ir). The PXRD patterns showed that the

Page 7 of 10



Natl Sci Rev, 2022, Vol. 9, nwab157

Table 2. Catalytic transfer hydrogenation reactions by Ir-NHC-MIL-101.a

b

c

d

e

aReaction conditions: aromatic ketone (1 mmol), isopropanol (2.5 mL), KOH (5 mol%) and Ir-NHC-
MIL-101 (0.1mol%) at 80◦C for 3h under ambient atmosphere. bYields were determined byGC-MS. cThe
reaction was catalyzed by [Cp∗IrCl2]2. The content of Ir is the same as in Ir-NHC-MIL-101. dThe catalyst
was a physical mixture of Im-MIL-101 and [Cp∗IrCl2]2, in which the contents of Ir was the same as in
Ir-NHC-MIL-101. eThe reaction was catalyzed by Im-MIL-101.

structural integrity and crystalline nature were still
maintained after catalysis (Fig. S11). Besides, theN2
sorption isothermanalysis and thepore size distribu-
tion analysis revealed that these recovered catalysts
retain their porous structure (Fig. S12). The SEM
(Fig. S13) andHAADF-STEM (Fig. S14) images of
the recoveredM-NHC-MIL-101 catalysts indicated
that the material morphologies were still retained.
No obvious metal nanoparticles (MNPs) were ob-
served in their TEM images, suggesting that the cor-
responding metal species were still highly dispersed
inM-NHC-MIL-101.XPSanalysis showed that only
Pd(II) and Ir(III) species were present in the corre-
sponding recycled catalysts (Fig. S15), which is con-
sistent with the TEM results (Fig. S14).

CONCLUSION
In summary, we have developed a facile and general
approach to the preparation of functionalized
MOF catalysts with a covalently anchored and
well-defined M-NHC single site by using a soluble
AgOC(CF3)3 source and a subsequent transmetala-
tion reaction. This unique strategy could efficiently
avoid the formation of MNPs and destruction of
the framework structure of MOFs during the prepa-

ration process. The single-site M-NHCs associated
with Pd-NHC-MIL-101 and Ir-NHC-MIL-101 that
were obtained not only show enhanced catalytic
activity compared to the homogeneous metal
precursors, but also can be readily used for a broad
scope of substrates in Suzuki reactions and transfer
hydrogenation reactions. This facile synthesis
strategy is widely applicable to the preparation of
other porous materials such as covalent organic
frameworks, metal organic cages and porous organic
polymers with covalently bound M-NHC single
sites, for highly efficient catalysis.
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