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ABSTRACT: Great attention has been given to metal—organic frameworks (MOFs)-
derived solid bases because of their attractive structure and catalytic performance in
various organic reactions. The extraordinary skeleton structure of MOFs provides many
possibilities for incorporation of diverse basic functionalities, which is unachievable for
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conventional solid bases. The past decade has witnessed remarkable advances in this > :
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vibrant research area; however, MOFs for heterogeneous basic catalysis have never been ; W ik
reviewed until now. Therefore, a review summarizing MOFs-derived base catalysts is ug ; “/t\_,
highly expected. In this review, we present an overview of the recent progress in MOFs- ‘@' y -
derived solid bases covering preparation, characterization, and catalytic applications. In L— |

the preparation section, the solid bases are divided into two categories, namely, MOFs
with intrinsic basicity and MOFs with modified basicity. The basicity can originate from
either metal sites or organic ligands. Different approaches used for generation of basic
sites are included, and each approach is described with representative examples. The
fundamental principles for the design and fabrication of MOFs with basic functionalities
are featured. In the characterization section, experimental techniques and theoretical calculations employed for characterization
of basic MOFs are summarized. Some representive experimental techniques, such as temperature-programmed desorption of
CO, (CO,-TPD) and infrared (IR) spectra of different probing molecules, are covered. Following preparation and
characterization, the catalytic applications of MOFs-derived solid bases are dealt with. These solid bases have potential to catalyze
some well-known “base-catalyzed reactions” like Knoevenagel condensation, aldol condensation, and Michael addition.
Meanwhile, in contrast to conventional solid bases, MOFs show some different catalytic properties due to their special structural
and surface properties. Remarkably, characteristic features of MOFs-derived solid bases are described by comparing with
conventional inorganic counterparts, keeping in mind the current opportunities and challenges in this field.
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1. INTRODUCTION

Interest in the development of heterogeneous catalysts has
undergone a marked increase in recent years. > As an
important group of heterogeneous catalysts, solid bases have
attracted great attention because they possess a series of merits
over their liquid analogues.*”® By using solid bases, instead of
stoichiometric amounts of liquid bases, the overall atom
efficiency of reactions is improved and the turnover number
(TON) of catalysts is enhanced. Solid bases are far less
corrosive and lead to scarcer treatment problems. Moreover,
the recovery of products and the separation of catalysts after
reactions become easy, and thus, it is convenient to reuse the
catalysts.”~'" Therefore, solid bases provide an economic and
environmentally friendly approach to synthesize chemicals,
which is extremely desirable for green chemistry and sustainable
development but difficult to realize by use of conventional
liquid base catalysts.

In comparison with their counterparts, solid acids, relatively
less attention has been given to solid bases. Nevertheless, solid
bases play an important role in many organic reactions, which
vary from Knoevenagel condensation and aldol condensation to
Michael addition and transesterification reaction, to name just a
few. Some of these reactions are crucial for the synthesis of
organic intermediates and fine chemicals.”*"'™"" For the
effective utilization of solid bases as heterogeneous catalysts, a
case in point is the preparation of 4-methylthiazole (4-MT). 4-
MT is an important starting material for the synthesis of the
fungicide thiabendazole. Traditionally, the preparative route
involves five-step reactions, and several hazardous chemicals are
employed.'* The multistep process initiates from the reaction
of chlorine with acetone (to yield the intermediate
chloropropanone) and the reaction of carbon disulfide with
ammonia (to yield the intermediate ammonium dithiocarba-
mate). The reaction of two intermediates gives 4-methylthia-
zole-2-thiol, which then reacts with NaOH followed by
oxidation to form the target product 4-MT. It is worth noting
that the preparative route can be diminished from traditional
five steps to two steps in the presence of a solid base (namely,
the Cs-containing zeolite). The most important part of this new
route is the preparation of 4-MT through the reaction between
the imine and the sulfur dioxide catalyzed by the solid base.
Apparently, the preparative route is greatly shortened, and
some hazardous chemicals (such as chlorine and carbon
disulfide) are evaded by utilizing the solid base as a catalyst.
Dating back to the 1950s, Pines et al. prepared a material by
depositing metallic sodium on alumina, which is the first report
of solid bases and initiates the investigation of this kind of
material.'> With the development of synthetic methods and
characterization techniques, a huge amount of solid bases have
been reported from then on. Introduction of basic species to
porous supports is a regular method for the preparation of solid
bases. Thus far, various materials have been employed as
supports for solid bases, and the supports range from inorganic
materials (such as alumina, zeolites, and mesoporous
silicas)'®™>' to organic ones (such as porous organic
polymers).”” " Apparently, supports have a significant effect
on the surface properties and the catalytic activity of resultant
solid bases.

Metal—organic frameworks (MOFs),””™** also called porous
coordination polymers (PCPs)33’_35 or porous coordination
networks (PCNs),**™** are organic—inorganic hybrids as-
sembled from metal ions (or clusters) and organic ligands.
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MOFs not only combine the respective beneficial character-
istics of inorganic and organic components but also often
exhibit unique properties that exceed the expectations for a
simple mixture of the components.””~** Early efforts in this
research area were mainly devoted to the synthesis of new
materials; "> however, in recent years the search for potential
applications has been a topic of much interest.””°' Owing to
their special characteristics such as hybrid compositions,
adjustable functionality, and diverse structure, MOFs are of
pronounced interest for various applications such as separation,
sensing, and catalysis.”*”"* The occurrence of MOFs opens up
new opportunities for the development of solid bases. MOFs-
derived solid bases are of great significance from both
fundamental and practical points of view. In contrast to the
traditional solid bases, MOFs can incorporate different types of
basic sites into both metal nodes and organic ligands, leading to
the fabrication of a range of base catalysts with special
characteristics. To date, various MOFs-derived solid bases have
been reported. The origin of basicity varies from inorganic
species to organic ones, and the basic functionalities can be
introduced by either direct synthesis or postsynthetic
modification.””™”> The structure of basic MOFs is tunable
through the judicious selection of metal centers and organic
ligands, which shows almost infinite variations theoretically.
Both metal centers and organic ligands in MOFs are facile for
introduction of basic functionalities; moreover, these con-
nections are plentiful, site isolated, and periodically organized.
As a result, MOFs bring a great deal of opportunities for the
development of new solid bases with characteristic features
which are unachievable by traditional porous materials. The
obtained MOFs with basic functionalities are able to catalyze an
assortment of organic reactions including Michael addition,
Knoevenagel condensation, transesterification, etc. Recent
studies also show that MOFs-derived solid bases can be
applied in the field of energy and environment such as
preparation of biodiesel”® and chemical fixation of CO,.”””®
The past decade has witnessed rapid progress in MOFs-derived
solid bases. MOFs with various functionalities for applications
including separation,”” sensing,*’ photochemistry,”" and energy
storage®”®’ have been summarized recently. Very recently, a
review on Brensted acidity in MOFs was published in Chemical
Reviews.®* To the best of our knowledge, however, MOFs for
heterogeneous basic catalysis have never been reviewed to date.
Therefore, a review summarizing MOFs-derived base catalysts
is highly expected.

In this paper, we provide a comprehensive review of MOFs-
derived solid bases, summarizing recent advances from various
research groups and ours. Different methods that were utilized
to incorporate basic sites into MOFs are covered, and each
method is described with representative examples. The
fundamental principles for the design and synthesis of basic
MOFs are featured. The generation mechanism of basic sites on
MOFs is discussed. Different approaches, including exper-
imental techniques and theoretical calculations, applied to
characterize the basicity of MOFs are presented. Afterward,
applications of MOFs in heterogeneous basic catalysis are
given. Noteworthily, characteristic features of basic MOFs are
discussed and compared with that of traditional solid bases,
bearing in mind the current opportunities and challenges in
MOF-derived solid bases. It is expected that this review would
raise interest in gaining fundamental understanding of MOFs-
derived solid bases and assist in the judicious design and
construction of novel heterogeneous basic catalysts.
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Figure 1. Classification of basic MOFs and typical methods for generation of basicity on MOFs.

2. GENERATION OF BASIC SITES

Thus far, various approaches have been developed for the
generation of basic sites on MOFs, leading to the production of
a series of MOFs-derived solid bases. These solid bases can be
generally divided into two classes, namely, (i) MOFs with
intrinsic basicity and (i) MOFs with modified basicity (Figure
1). For the first class, MOFs are obtained from the self-
assembly of special metal ions and/or functional ligands, and
the resultant MOFs possess intrinsically basic frameworks. A
well-known example is IRMOF-3, Zn,O(NH,-BDC);, that
assembled from Zn(NO;), and 2-aminoterephthalic acid (NH,-
BDC);* the ligands containing amino groups endow the
frameworks with basicity.”® For the second class, the synthetic
MOFs are not basic in nature and further modification is
required. For example, basic species ethylenediamine (ED) can
be grafted onto the coordinatively unsaturated metal sites
(CUSs) of MIL-101(Cr), Cry(F,0H)(H,0),0(BDC);; this
leads to the fabrication of solid base MIL-101(Cr)-ED, and the
pendent groups play the role of immobilized basic sites.”” For
clarity, a MOF functionalized through CUSs with R groups is
denoted as MOEF-R in this review, while that functionalized
through ligands is denoted as R-MOF. This section covers two
categories for the fabrication of basic MOFs, that is, MOFs with
intrinsic basicity due to special metal ions and/or functional
ligands as well as MOFs functionalized with basic species after
synthesis.

2.1. MOFs with Intrinsic Basicity

According to the composition of MOFs, basicity may originate
from either metal ions or ligands. Metal ions that act as the
catalytically active sites become the first consideration. The
metal centers can not only perform as Lewis acid sites but also
act as basic sites, which depends on their type. For metal
centers, two main aspects should be taken into account. The
first one is the alkaline earth metal, such as Mg, Ca, Sr, and Ba.
Certain alkaline earth metal MOFs, which possess high
dispersion of metal—oxygen or metal—hydroxide strands, may
provide a starting point for imparting basic catalytic activity to
these MOFs. The second one is the hybrid metal node. Because
a charge polarization will be induced on the hybrid metal
nodes, the activity of the unsaturated metal sites may be
enhanced. Apart from the intrinsic basicity from metal sites, the
basicity can also come from organic ligands. There are generally
two kinds of ligands that can create basicity. The first one is N-
containing ligands (for instance, NH,-BDC), which is the
broadest selection for the formation of basic sites. The other
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one exhibits the potentially available basic sites arising from
structural phenolates. In this subsection, various explorations of
basicity on MOFs stemmed from metal ions and ligands are
dealt with. In the case of metal ions, alkaline earth metals and
hybrid metal nodes are covered. For organic ligands, N-
containing ligands and structural phenolates are described in
sequence.

2.1.1. Basicity from Alkaline Earth Metal Sites. In
MOFs the high density of exposed metal sites has been widely
used in the catalytic field as Lewis acid centers. Compared with
the acidity of metal sites, research on the basicity comes out
somewhat later. Taking into account that alkali metal
oxides*® ™ and alkaline earth metal oxides”'"* are well-
known basic species, attention has been given to the fabrication
of basic MOFs by using these metal ions as nodes. In general,
MOFs assembled from alkali metal ions are limited, due to the
stability issue (see ref 103 and literature cited therein). MOFs
based on various alkaline earth metal ions has been successfully
fabricated, which include Mg,'**~'%® Ca,'77110 g, 10109111112
and Ba, 108110113114

MgO is a benchmark solid base, and the synthesis of Mg-
based MOFs is thus attempted. An Mg-based carboxylate
framework, Mg;(PDC)(OH);(H,0),, was constructed from
Mg(NO;), and 3,5-pyrazoledicarboxylic acid (H;PDC) in
water at 170 °C for 3 days.'® The structure shows three Mg
centers in the asymmetric unit, and all Mg centers have
distorted octahedral geometry. A secondary building unit
(SBU) is the Mg; triad (Figure 2). An edge is shared by the
Mg; centers and the Mg, centers, and the Mg; centers are
bonded with the Mg, centers as well, leading to the formation
of a three-dimensional (3D) framework. This MOF can be
represented as I°0® in terms of its connectivity. The result of
N, adsorption demonstrates the microporosity of Mg;(PDC)-
(OH),;(H,0),, and the Brunauer—Emmett—Teller (BET)
surface area is 450 m>g "' To examine the basicity of
Mg, (PDC)(OH);(H,0),, the aldol condensation reactions of
aromatic aldehydes with acetone were employed.'”® At
temperatures between S and 10 °C, the product benzylidenea-
cetone can be obtained. For example, the reaction of p-, 0-, and
m-nitrobenzaldehyde with acetone gave the corresponding f-
aldol products with 94, 82, and 76 wt % of the isolated yield,
respectively. To confirm the heterogeneous process, a hot
filtration exam was conducted when the reaction was 30—40%
completed.'” No product was yielded after further reaction
under the same conditions, which implies no leaching of basic
species from the MOF catalyst. In addition, the stability of this
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Figure 2. Schematic structure of Mg;(PDC)(OH);(H,0),, depicting
the fabrication of the Mg, triad SBU and a one-dimensional (1D)
helical chain produced by the edge sharing of Mg, centers.
Reproduced with permission from ref 106. Copyright 2012 Wiley-
VCH.

Mg-based MOF was quite good, and the catalyst could be
recovered by simple filtration and reused a couple of times with
good maintenance of activity.

In addition to Mg, Ba is also able to assemble with the same
ligand, H;PDC, affording a new 3D alkaline earth MOF,
Ba(PDC)H,0.""" In this Ba-based MOF, each alkaline earth
metal jon is coordinated with one N atom and eight O atoms.
Each ligand coordinates to six metal centers via two carboxylate
groups, each of which adopts a p3-17,:17,-bridging coordination
mode to give a 3D framework. Aldol condensation reactions
were also used to evaluate the basicity of the Ba-based MOF.'"*
In contrast to its Mg-based counterpart, the Ba-based MOF
showed superior catalytic activity under similar reaction
conditions. The respective isolated yield of $-aldol product is
96, 90, and 80 wt % for the reaction of p-, o-, and m-
nitrobenzaldehyde with acetone over the Ba-based MOF, which
is higher than that over the Mg-based MOF (82, 77, and 70 wt
%, respectively)."”® It is known that the base strength of
alkaline earth metal oxides decreases in the order BaO > SrO >
CaO > MgO. The identical sequence of activity for Mg- and
Ba-based MOFs indicates that alkaline earth metals are involved
in the heterogeneous basic catalysis.

A systematic study on the formation of basic sites in alkaline
earth MOFs was carried out by De Vos's group.” The
investigation concentrated on the Ba-based MOF possessing
the structure Ba,(BTC)(NO,)(DMF),'"” where the ligand
H,BTC is 1,3,5-benzenetricarboxylic acid and the solvent DMF
is N,N’-dimethylformamide. The Ba—O—Ba bonds in
Ba,(BTC)(NO;)(DMF) outspread in three dimensions, and
the framework is symbolized as I?°0°. The inorganic SBUs and
the organic ligands generate hexagonal prism-shaped crystals
possessing three-leaf-clover-shaped pore channels running
lengthwise through the crystals in the [001] direction (Figure
3A). The size of the broadest part of each pore is about 13 A,
while the size of the narrowest point is 6.5 A. It is worthy of
note that nitrate anions that keep charge neutrality exist in the
structure (Figure 3B). Upon thermal activation, decomposition
of nitrate anions leads to the formation of basic Ba**—0*"—
Ba®" species within the pores.

In order to obtain the most catalytically active state of the
material, activation of Ba,(BTC)(NO,;) was attempted at
different temperatures. An elevated activation temperature
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Figure 3. (A) Schematic structure of Ba,(BTC)(NO;), and (B) close
view of the nitrate chain running along the MOF pores. Color scheme:
for Ba atoms, green; for N atoms, blue; for O atoms, red; for C atoms,
gray; for H atoms, white. Reproduced with permission from ref 4.

Copyright 2014 Royal Society of Chemistry.

played a remarkable role in enhancing its basicity. By thermal
treatment of the MOF overnight at 320 °C, the nitrate anions
were well decomposed and resulted in replacement of two
nitrate anions by one single O>~ anion (Figure 4A). In the
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Figure 4. (A) Proposed pathway for generation of basic sites on the
MOF Ba,(BTC)(NO,) after thermal treatment. (B) IR and (C) XPS
of the nitrate anions upon thermal treatment. Adapted with permission
from ref 4. Copyright 2014 Royal Society of Chemistry.

meanwhile, multiple low-coordination metal sites, Ba>*—0*"—
Ba®* motifs, were produced as a new type of basic active sites. A
comparison of the electron paramagnetic resonance (EPR)
spectra before and after activation demonstrated the formation
of new electron-rich active sites during activation. The results of
fluorescence microscopy (FM) suggested that the basic sites
were located in the pore channels of the MOF. The entire
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activation process of Ba,(BTC)(NO;) was investigated by
thermal gravimetric (TG) analysis equipped with a mass
spectrometer (MS) detector.” Physisorbed and chemisorbed
DMF molecules were gradually released when the temperature
was lower than 300 °C. As the temperature rose to 320 °C,
NO, species including NO, NO,, and N,O were detected,
which indicates the decomposition of nitrate in the pores.''*'"”
By combing the results of Fourier transform infrared (IR,
Figure 4B) spectroscopy and X-ray photoelectron spectroscopy
(XPS, Figure 4C), the loss of at least 70% of nitrate from the
framework was observed. In terms of the results from
colorimetric assay and inductively coupled plasma (ICP), an
even higher nitrate loss (~85%) was detected. It should be
stated that after activation, the loss of long-range order and the
decrease of crystallinity of the material was reflected by the X-
ray diffraction (XRD) data. The decomposition of structure-
embedded nitrate may cause stress in the structure, and
relaxation of the material leads to partial degradation of the
framework. Similarly, basic sites can also be formed through
thermal treatment of the Sr-variant Sr,(BTC)(NO,).*""" Both
Sr- and Ba-MOFs were active in the typical heterogeneous
base-catalyzed reactions including Knoevenagel condensation
and Michael addition.” The order of activity for the activated
Sr- vs Ba-MOFs was in line with the order of base strength for
corresponding oxides (i.e, SrO < BaO).

In summary, the assembly of alkaline earth metals with
proper ligands is a good approach to fabricate basic MOFs,
considering that alkaline earth metal oxides are classic solid
bases. The basicity of oxides is derived from low-coordination
sites located at the corner and edge as well as on the surface. In
the case of alkaline earth MOFs, the structural anions can be
transformed to create defect sites, leading to the formation of a
new type of basic sites which are uniformly dispersed in the
structure. In comparison with the coordination chemistry of
transition metals with ligands, less attention has been paid to
the alkaline earth metal coordination frameworks and even less
for alkali metals-based MOFs. This hinders the development of
this kind of MOF-derived solid base. Although a certain
amount of alkaline earth MOFs are constructed, the reports
concerning their basicity are relatively scarce. One reason is that
early studies are mainly focused on the preparation of materials
rather than their applications. Another reason is that the
basicity of MOFs is strongly dependent on the activation
conditions. Typically one needs to pretreat the MOFs at
relatively high temperatures aiming to expose the basic sites,
which is different from the removal of solvents used for the
traditional MOFs. Structural destruction is also possible if these
MOFs are activated improperly. Further growth of this category
of basic MOF relies on the development of synthetic
techniques as well as appropriate activation methods.

2.1.2. Basicity from Hybrid Metal Nodes. With the
purpose of producing catalytically active sites in MOFs,
hybridization has been employed during the past decades. It
is noticeable that most studies are focused on hybrid
ligands.''®~"** Very recently, some pioneering studies started
to examine the possibility of hybrid metal nodes in
MOFs.'*™"** The employment of hybrid metal nodes during
the self-assembly process has gradually become an effective
approach, which is expected to obtain frameworks with more
diverse performance compared to the use of only one type of
metal.

To generate basicity on Cu—BTC, also recognized as
HKUST-1 or Cus(BTC),(H,0);, through hybridization,
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tungsten (W) ions were selected due to the reasons that
follows."”® On one hand, W is active in CO, activation and
inexpensive; on the other hand, incorporation of W into Cu—
BTC should occur readily since W is in an identical group to
Mo and Cr, and the synthesis of Mo—BTC">” and Cr—BTC"**
with the same topology have been reported. A hybrid MOF,
W—Cu—BTC, was designed by incorporating W ions into the
frameworks of Cu—BTC on the basis of density functional
theory (DFT) calculations.'”® When 50% of Cu ions were
replaced by W ions, the triclinic crystalline structure slightly
expanded because the W—Cu bond (2.74 A) is longer than the
Cu—Cu bond (2.57 A). Simultaneously, the atomic binding
energy rose from 6.69 (Cu) to 10.78 €V (W) on the basis of a
cluster model, reflecting that the stability was enhanced. In
order to create open W ions in W—Cu—BTC, the framework
was heated at about 500 K; the six coordination of each W
cation was reduced to five coordination. This means that the
unsaturated W ions may be potential catalytically active sites.
The data of CO adsorption show that CO molecules attract a
small number of electrons from the exposed W ions, indicating
that W ions function as Lewis base. This is different from the
parent Cu—BTC and some other MOFs which lose electrons in
CO adsorption.

To further reveal the basicity, the adsorption mode of the
acidic molecule CO, on W—Cu—BTC was studied by
calculating the electron density difference (EDD).'*® Five
modes were considered as shown in Figure S. The area around
the open W ion was depleted of electrons, in contrast to the
electron accumulation region surrounding the interacted O
atom. In addition, the electron depletion around W and
electron accumulation around C or O virtually overlapped in
the activated complexes 1'(C), 7*(CO), and #*(00), which
indicates that charge transfer occurs from W to CO,. This
suggests that the exposed W ions in W—Cu—BTC act as strong
Lewis bases in the activation process of CO, by transferring
electrons from W ion to CO,. The frontier molecular orbital
theory was employed to illustrate the interaction between CO,
and the open metal ions in W—Cu—BTC."*® The highest
occupied molecular orbital (HOMO) of W—Cu—BTC is
remarkably localized on the W 5d orbital along the W—Cu
axis. On the basis of the principle of orbital symmetry matching,
the lowest unoccupied molecular orbital (LUMO) of CO,
interacts with the W 5d orbital between one C=O bond and
the W ion in W—Cu—BTC by maximum overlapping. These
results show that W—Cu—BTC is capable of activating CO,.
Further studies according to the calculated IR and XPS results
exhibit vibrational frequency and ionization energy shift of the
adsorbed CO, as well. It should be stated that the parent Cu—
BTC and 100% W-substituted Cu—BTC (namely, W—BTC)
show no basic catalytic activity. The asymmetric W—Cu dimer
in the hybrid node plays a vital role in the formation of basic
sites owing to the unequal electron negativity.

In conclusion, the synthesis of hybrid MOFs with mixed
metals is relatively infrequent in contrast to single metals. The
parent MOFs with one type of metal usually reveal the Lewis
acid nature of metal cations. Due to a charge polarization, Lewis
base sites can be generated on the hybridizing metal nodes
subjected to heat treatment. Obviously, such a mechanism is
different from that of basicity derived from alkaline earth
MOFs. It should be stated that the metals used for
hybridization are crucial. For instance, Mo and Cr were also
employed for hybridization, and Mo—Cu—BTC and Cr—Cu—
BTC were formed, respectively.'*® The capacity on CO,
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Figure S. Structure and corresponding EDD of the five interaction
modes between CO, and W—Cu—BTC. Geometry parameters in the
dashed areas are given in the right corner of each mode. Selected plane
of EDD consists of C, O, and W atoms (distances in Angstroms).

Adapted with permission from ref 126. Copyright 2012 Royal Society
of Chemistry.

activation of Mo—Cu—BTC and Cr—Cu—BTC is much weaker
as compared with W—Cu—BTC. A significant increase or
decrease in the amount of hybrid metals has an effect on basic
properties because of the unequal electron negativity. A
collection of recent reports demonstrates that the synthesis of
hybrid MOFs can be achieved by utilizing either mixed
substrates or postsynthetic exchange of metal ions. The
development of synthetic techniques, in combination with the
judicious choice of hybrid metals, makes it possible to fabricate
a series of hybrid MOFs possessing basicity.

2.1.3. Basicity from N-Containing Ligands. One of the
most attractive advantages of MOFs is the tunable functionality
of organic ligands. Basicity can be introduced to MOFs by using
basic N-containing ligands as building blocks.'*”~"** On one
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hand, N-containing ligands can be employed, instead of their
nonfunctional counterparts, for construction of MOFs. For
example, IRMOF-1 (commonly known as MOF-S) is
constructed from the ligand BDC, while replacement of BDC
with NH,-BDC yields IRMOF-3, which shows basic proper-
ties.”” On the other hand, partial substitution of original
ligands with functional N-containing ones is an interesting
alternative. For instance, the synthesis using mixed ligands
consisting of both BDC and NH,-BDC leads to the formation
of MIXMOFs (Table 1).'*37131%4=15% Thijs subsection
describes the fabrication of basic MOFs via two ways, namely,
complete utilization of N-containing ligands as well as partial
substitution with N-containing ligands.

For the direct synthesis of basic MOFs, the most frequently
used N-containing ligand is NH,-BDC. Thus far, a range of
metals (e.g, Zn,86 Zr,"*® AL Fe,'"** Ti,"*® and Cu156) has
been employed to assemble with NH,-BDC, resulting in the
formation of various MOFs as listed in Table 1. Due to the
similarity of NH,-BDC with BDC, these basic MOFs show
identical crystal structure to their nonsubstituted analogues
(Figure 6). A detailed comparison of NH,-UiO-66 with UiO-66
was made by De Vos’s group.'*® The basic MOF NH,-UiO-66
can be synthesized from ZrCl, and NH,-BDC under
solvothermal conditions at 120 °C in DME."*® The synthetic
conditions are the same as the preparation of UiO-66 except
the simple substitution of BDC with NH,-BDC (Figure 7). In
the XRD patterns, NH,-UiO-66 presents quite similar
diffraction peaks to UiO-66, indicating preservation of the
original crystal structure (Figure 8)."*® The existence of amino
groups does not lead to an obvious decrease in BET surface
area, suggesting the highly accessible surface of both NH,-UiO-
66 and UiO-66. The scanning electron microscopy (SEM)
images indicated that both NH,-UiO-66 and UiO-66 showed
small cubic crystals of around 100 nm. TG results indicated that
NH,-UiO-66 collapsed at 275 °C, which is lower than UiO-66
at temperatures above 450 °C. What is pleasantly surprising,
the structure of NH,-UiO-66 can be maintained for 3 months
at 160 °C, which suggests that the material has long-term
thermal stability. In terms of TG analysis of DMF-free NH,-
UiO-66 and UiO-66, they were moisture stable. Thus, a mild
dehydration is necessary before initiating reactions with
adsorbed organic compounds. The dehydration processes of
these samples were examined by in situ IR. In the case of both
NH,-UiO-66 and UiO-66, the original IR spectra can be
restored. These results, in combination with XRD follow-up,
demonstrate that both materials keep intact during dehydration
treatment."*° In the heterogeneous catalytic synthesis of
jasminaldehyde through condensation of heptanal and
benzaldehyde, NH,-UiO-66 exhibited higher activity with
higher selectivity than UiO-66."*° The examination of hot
filtration confirmed that the catalytic activity was related to the
solid exclusively and not to the liquid phase.

Similar to NH,-UiO-66, IRMOF-3 can be synthesized by
replacement of BDC with NH,-BDC.** The amino-containing
MOF shows interesting basic properties. The basicity of the
aniline-like amino group is enhanced upon incorporation into
the framework, which increases the pK, of basic catalyst and is
more active than pure aniline.”® For instance, in the
Knoevenagel condensation, the conversion of benzaldehyde
was almost double that of pure aniline after 2 h of reaction. In
the optimized geometry, the benzene rings in IRMOEF-3 lie in-
plane with the zincoxocarboxylate rings and are stabilized by an
intramolecular hydrogen bond between the amino group and a
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Table 1. Summary of Basic MOFs Constructed Directly from Various N-Containing Ligands

No. | MOF name and/or formula | metal salt | ligand ligand structure ref
2-aminoterephthalic HQ, o]
1 | IRMOF-3 Zn(NOs), 0}'_@_/{0,4 sase
acid (NH,-BDC) NH,
2-aminoterephthalic HQ [o] 77,134
2 | NHp-UiO-66 zCly O@OH
acid (NH,-BDC) NH, 139
2-aminoterephthalic HQ, o]
3 | NHp-MIL-101(Al) AICl; O}'_Q_'(OH 140,141
acid (NH,-BDC) NH,
2-aminoterephthalic HQ, o]
4 NH,-MIL-101(Fe) FeCly O>/ < ? QOH 141-143
acid (NH,-BDC) NH,
2-aminoterephthalic HO, o] 86,144-
5 | NHyMIL-53(Al) AICly O}'_Q_'(OH
acid (NH,-BDC) NH, 147
2-aminoterephthalic HQ o]
6 | NHy-MIL-53(Fe) FeCls o@m *
acid (NH,-BDC) NH,
2-aminoterephthalic HOQ, o} 143,148,
7 | NHo-MIL-125(Ti) Ti(OC4Hs)s O}'_Q—{OH
acid (NH,-BDC) NH, 149
/N
8 | zZIF-8 Zn(NO3), | 2-methylimidazole ‘(N] 76150,
H
(H-MeIM) sl
HO
o]
4,4’ 4"-tricarboxytriph HO
9 | Tb-TCA Tb(NO;); )/-—QN 152
enylamine (H;TCA) °©
OH
o]
N
1,3,5-benzene | S
>
[Cd(4-BTAPA),(NO;),]-6H, tricarboxylic acid HN O
10 Cd(NO3), 153
0-2DMF tris[N-(4-pyridyl)am o N
~NH o | N
ide] (4-BTAPA) N P
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Table 1. continued

No. | MOF name and/or formula metal salt ligand ligand structure ref
1,4-bis(3-phenol)-2, @/\\
Q)
0
11 | [CA(BPDB)(SCN),]-CH,Cl, | Cd(SCN), | 3-diaza-1,3-butadien ° 154
~ I
) =
¢ (BPDB) NN N
o
44" 47-s-triazine-1, HOKQ
NH o
N)\N OH
o . 155
12 | PCN-100 Zn(NO;), 3,5-triyltri-p-aminob HN)\\NJ\N
H
enzoate (H;TATAB) ?
HO o
4.4’ 4”-(benzene-1,3 jl©\
HO
,5-triyltris(azanediyl g i
OH 1 155
13 PCN-101 Zn(NO3),
HN N
)tribenzoate ? H
(H;BTATB) oo
N\
5,5’-((pyridine-3,5-d o M 1 o
14 | PCN-124 Cu(NO3), HooC NH HN coon | 136
icarbonyl)bis-(azane \Q/ \Q/
COOH COOH
diyl))diisophthalate
(H4PDAI)
benzene-1,4-dicarbo HO}_@_.(O
o OH
15 | MIXMOF Zn(NOs), | xylate (H,BDC) and HO o 133
(e} : OH
NH,-BDC NH,
oxalic acid (H,OA)
HZN—N/§I
and W=N
16 | Zny(OAYATZ), (H,0)os ZnCO; 157
3-amino-1,2,4-triazo ° o
HO OH
le (ATZ)

carboxylate oxygen (Figure 9)."*’ The formation of intraframe-
work hydrogen bonding with an electron-donating oxygen from
the carboxylic group increases the base strength of the MOF.
As a result, the basic catalytic activity of IRMOF-3 is obviously
better than that of pure aniline.

The same N-containing ligand, NH,-BDC, can also be used
to fabricate basic MOFs with mesoporosity such as NH,-MIL-
101(Al)"**'** and NH,-MIL-101(Fe)."**'* These mesopo-
rous MOFs are able to catalyze reactions involving bulky
molecules, which is difficult for microporous MOFs such as
NH,-Ui0-66."°" Alternatively, construction of mesoporous
MOFs can be realized using elongated ligands. By using
Zn,0(CO,)s as SBUs and two extended linkers containing
amino functional groups, 4,4',4"-s-triazine-1,3,5-triyltri-p-ami-
nobenzoate (TATAB) and 4,4',4”-(benzene-1,3,5-triyltris-
(azanediyl) )tribenzoate (BTATB), two isostructural mesopo-
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rous MOFs with cavities up to 2.73 nm were prepared and
represented as PCN-100 and PCN-101, respectively (Figure
10)."°° Both of the ligands have free amines which are not
coordinated with metals. As a result, the basic functionalities are
preserved in the frameworks and function as active sites for
catalysis. For PCN-100, the mesoporous cavity (with an
internal diameter of about 2.73 nm) is constructed from
eight TATAB ligands and six Zn,0(CO,); clusters; the size of
windows is approximately 1.32 nm X 1.82 nm (Figure 10).
Further connection of these mesoporous cavities via TATAB
results in the formation of a 3D network. The obtained
mesoporous MOFs PCN-100 and PCN-101 were applied to
catalyze Knoevenagel condensation between butyl cyanoacetate
and three aldehydes possessing different molecular dimensions,
ie, benzaldehyde (linear; 0.61 nm X 0.87 nm), 4-phenyl-
benzaldehyde (linear; 0.61 nm X 1.33 nm), and benzophenone
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NH,

IRMOF-3

Figure 6. Structure of (A) IRMOF-1 and (B) IRMOF-3 derived from
the nonfunctionalized ligand BDC and N-containing ligand NH,-
BDC, respectively. Color scheme: for Zn atoms, blue; for O atoms,

red; for C atoms, black; for N atoms, blue.

Yol

o._OH
NH; DMF
120°C

L =
ZrgO4(OH)4(CO2)1,
HO™ "0

NH-Ui0-66

Figure 7. Synthesis of NH,-UiO-66 from ZrCl, and NH,-BDC. Color
scheme: for Zr atoms, green; for O atoms, red; for N atoms, blue; for
H atoms, white.
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Figure 8. Powder XRD patterns UiO-66 and NH,-UiO-66.
Reproduced with permission from ref 136. Copyright 2011 Royal
Society of Chemistry.

(angular; 0.66 nm X 1.14 nm)."** In the case of benzaldehyde,
the conversion reached 93% under the catalyst PCN-100. For
4-phenylbenzaldehyde with a slightly larger size, the conversion
was declined to 58%. Remarkably, when benzophenone was
used as the reactant, no conversion was observed over the same
catalyst PCN-100. Under the catalysis of PCN-101, an identical
trend of reactivity for different reactants was found as well. This
indicates that PCN-100 and PCN-101 show size selectivity
during catalysis and that the reactions proceed in the cavities of
mesoporous MOFs.
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Figure 9. Intramolecular hydrogen bond formed inside IRMOF-3 in
its minimum energy configuration. Color scheme: for O atoms, red;
for carbon atoms, gray; for N atoms, blue; for H atoms, white.

A

Figure 10. Elongated ligands (A) TATAB and (B) BTATB of PCN-
100 and PCN-101 linked to three Zn,O(CO,)s SBUs. (C)
Mesoporous cavity of PCN-100 with an internal size of 2.73 nm.
(D) Window of the cavity with about 1.32 nm X 1.83 nm. Adapted
with permission from ref 155. Copyright 2010 American Chemical
Society.

Apparently, porous materials with sufficient pore sizes are
important for the accessibility of active sites inside the pores,
which makes the diffusion of reactants/products possi-
ble."**™'* It is worth noting that some unusual MOFs with
N-containing ligands possess structure lacking the porosity
required for intraporous catalysis, featuring basic sites mainly at
lattice-terminating surface sites. The typical examples are zeolite
imidazolate frameworks (ZIFs), which are an important family
of MOFs with remarkable chemical stability.'>'®* The
assembly of tetrahedrally coordinated cations with organic
imidazolate ligands affords the formation of tunable and
chemically versatile structure, including similar topologies to
those of zeolites."® The N-containing ligands endow some
ZIFs with basicity. Taking ZIF-8 as an example, its synthesis is
easy to realize from a zinc compound and 2-methylimidazole
(H-MeIM) via a solvothermal process.166 In the ZIF-8
structure, zinc atoms are connected through nitrogen atoms
by MeIM ligands, producing nanosized pores formed by 4-, 6-,
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8-, and 12-membered ring ZnN, tetrahedral clusters.'“**¢” The
N, adsorption—desorption isotherm gives the characteristic
shape of type I, which is the feature of microporous materials.
Calculation from the isotherm data indicates that ZIF-8
possesses a BET surface area up to ~1800 m2~g_l.150 ZIE-8
presents an average pore diameter of 10.1 A, which falls into the
microporous regime. Nevertheless, the six-membered-ring pore
windows of ZIF-8 are as narrow as 3.4 A, which hinders the
access of large molecules to the pores. Most reactions should
take place on the external surface of ZIF-8 particles.”® In this
sense, smaller size crystals may exhibit higher catalytic activity
because of the increased external surface. To demonstrate this
point, Phan’s group investigated the effect of the particle size of
ZIE-8 on the catalytic activity.*” ZIF-8 crystals with a different
particle size of 143, 184, and 282 yim were employed to catalyze
the Knoevenagel condensation of benzaldehyde with malono-
nitrile. It was found that the increase of the particle sizes of the
ZIF-8 catalyst resulted in a significant drop in the conversion.
Further studies based on experimental results and DFT
calculations indicate that N~ moieties and OH groups on the
external surface act as the basic sites.”®

In addition to the use of N-containing ligands instead of
nonfunctional ligands, partial substitution with N-containing
ligands is also a good alternative to incorporate basic sites into
MOFs.">” A series of MIXMOF materials Zn,O(BDC),(NH,-
BDC);_, was synthesized in which the BDC ligands were
substituted partially by NH,-BDC."** It is worthy of note that
the synthetic conditions are of great importance for the
formation of a phase-pure material. To allow for a random
distribution of the two ligands, no additional base is added.
Otherwise, slow addition of the base would most probably lead
to a selective deprotonation of the stronger acid first, resulting
finally in core—shell particles. At a reaction temperature of 150
°C up to 90% of NH,-BDC ligands could be introduced to the
MIXMOFs. By using conventional XRD, identical patterns are
expected for pure IRMOF-1, IRMOF-3, and MIXMOF
materials; it is thus impossible to prove the presence of
randomly distributed ligand molecules in the framework.
Hence, high-resolution XRD experiments using synchrotron
radiation were employed to characterize the materials.'** The
results show a clear linear shift of the peak positions from
IRMOF-1 to the higher substituted MIXMOFs (Figure 11),
which indicates a random distribution of the two ligand
molecules in terms of Vegard’s law. The basic catalytic activity
of MIXMOFs were tested by the synthesis of propylene
carbonate from propylene oxide and carbon dioxide.'*” A
comparison of MIXMOFs from 0% to 40% of NH,-BDC
revealed a dependence of activity on the number of amino
groups.

In summary, MOFs with basicity can be constructed by using
N-containing ligands as the building blocks. Direct function-
alization shows the merits of a simple one-pot synthesis that
enables straightforward introduction of the desirable function-
ality. The introduction of basic sites can be realized through the
utilization of N-containing ligands instead of nonfunctional
ligands as well as partial substitution with N-containing ligands
(that is, mixed ligands). Note that for the direct synthesis, two
issues should be considered. First, some ligands such as
carboxylic acids produce protons in the process of MOFs
synthesis, which may interact with N-containing ligands and
compromise the basicity. Second, for MOFs that are
synthesized at high temperatures such as MIL-101(Cr),
amino groups cannot be incorporated due to the decom-
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Figure 11. (A) Peak shift of the MIXMOF series with the increase of
NH,-BDC ratio from 0% to 90% in high-resolution XRD. (B) Partial
substitution of BDC by NH,-BDC leads to a slightly contracted unit
cell, which is displayed by a linear correlation of NH,-BDC content
and peak shift to higher 26 values. Adapted with permission from ref
133. Copyright 2010 Wiley-VCH.

position of starting materials during synthesis."*® In this regard,
postsynthetic modification provides a good alternative, in which
MOFs are first constructed followed by the attachment of
functionality to organic ligands (as discussed later in section
2.2.2). Generally speaking, investigations concerning the
fabrication of MOFs with prefunctionalized ligands are
increasing, while more attention should be paid to their
applications as base catalysts rather than to their synthesis and
applications in gas adsorption.

2.1.4. Basicity from Structural Phenolates. The hybrid
frameworks M,DHTP (DHTP = 2,5-dihydroxyterephthalate,
M* = Mg*, Co*", Ni**, Cu**, and Zn?*), also known as CPO-
27 or MOF-74, are a kind of MOFs receiving much
attention.'” "> The high density of exposed metal ions in
these MOFs have sparked much interest in the field of
adsorption and separation of various gases like CO, CO,, CH,,
ethane, acetylene, propane, and propylene.'”>'”*~"”” However,
reports concerning the use of these materials as base catalysts
are very scarce. Surprisingly, Valvekens et al. showed that these
MOFs were active catalysts in typical base-catalyzed reactions
such as Knoevenagel condensation recently.'”® The catalytic
results indicated a distinct influence of the metal ion on the
performance of the catalyst, with a clear preference for
Ni,DHTP as the most active material in the reactions of
malononitrile (or cyanoacetate) with benzaldehyde.

To understand the origin of basicity, the structure of
M,DHTP materials is examined in detail. The structure
comprises metal oxide chains connected by the DHTP ligands,
generating a honeycomb-like structure possessing 1D hexagonal
pores with a diameter of ~1.2 nm (Figure 12A)."7% As the
linker molecule, DHTP is fully deprotonated in the framework,
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Figure 12. (A) Scheme showing the pores in M,DHTP. (B)
Representation of the potential basic sites in the framework. Color
scheme: for O atoms, red; for carbon atoms, brown; for metal atoms,
orange. Adapted with permission from ref 178. Copyright 2014
Elsevier.

and carboxylate oxygen atoms as well as phenolate oxygen
atoms coordinate the metal centers (Figure 12B). The
carboxylate oxygen atoms possess quite weak basicity, whereas
a phenolate oxygen, which is a conjugate base to the weakly
acidic phenol, should be far more basic. As is logical, the
phenolate oxygen atoms function as basic sites in these MOFs,
which deprotonate the acidic substrate such as malononitrile
and subsequently activate the compound for further reaction.
The CUS near the phenolate oxygen atom functions as a
docking site for the deprotonated substrate molecule. The
other substrate like benzaldehyde in the Knoevenagel reaction
is able to be adsorbed on the protonated phenolate oxygen,
followed by coupling of the substrates. This interplay of CUSs
and phenolate oxygen atoms in the creation of active centers in
catalysts is comparable to what occurred in alkaline earth metal
binaphtholate catalysts."”” The basic sites existing in M,DHTP
were also confirmed by the chemisorption of pyrrole observed
with IR spectroscopy.'”®

As described above, the basicity of M,DHTP is dependent
on the nature of metal ions (ie, Mg’*, Co*, Ni**, Cu*', and
Zn*"), since the coordination of the phenolate to the metal ion
affects the electron density of the oxygen atom. Proton affinity
(PA) is considered the first indication for the basicity of a
material and was used to explain the experimental results.'”®
PAs were calculated for both phenolate (denoted as PA1) and
carboxylate oxygen atom (denoted as PA2). As shown in Table
2, the protonation is promoted on phenolate oxygen atoms,
since PAL1 is generally larger than PA2 for all metals. As a result,
the deprotonation of donor molecules (e.g., malononitrile) will
be preferred to occur on phenolate oxygen atoms. The high PA
of the phenolate in Ni,DHTP is in agreement with the high
basicity, though it is unlikely to rationalize all basicity tendency
based on the PA values alone.'”®

In summary, the intrinsic basicity of MOFs can originate
from either metal sites or ligands. In comparison with metal
sites that were normally limited to alkaline earth metal ones,
organic ligands seem to provide more possibilities due to their
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Table 2. Proton Affinities (PAs) of M,DHTP for the
Phenolate Oxygen Atom (PA1) and Carboxylate Oxygen
Atom (PA2) as Well as the Calculated Adsorption Energies
of Acetonitrile (AE,4,)”

M PA1 (kJ-mol™") PA2 (kJ-mol™") AE,4, (kJ-mol™")
Mg 930 913 91
Co 947 918 —-83
Ni 946 757 —91
Cu 923 905 —47
Zn 944 917 =79

“Adapted with permission from ref 178. Copyright 2014 Elsevier.

diversity. The ligand NH,-BDC is extensively used for the
construction of various MOFs with basicity. In these MOFs, N-
containing moieties function as basic sites. It should be noted
that the basicity of this kind of material is relatively weak,
because of the electron-withdrawing carboxylic groups on the
same aromatic ring. Aiming to enhance the base strength,
ligands with stronger basicity are expected for the fabrication of
MOFs. Of course, the successful fabrication of stronger basic
MOFs depends on the development of synthetic techniques. In
the meanwhile, decontamination of the basic sites should also
be considered in the synthetic process. In contrast to the use of
N-containing ligands as the source of basicity, much less
attention has been paid to the intrinsic basicity of MOFs arising
from the presence of phenolate oxygen atoms coordinated to
metal ions. Such intrinsic basicity is believed to exist in MOFs
other than the M,DHTP series, which deserves further design
and discovery. For MOFs with intrinsic basicity, more
characterization on basic properties and their applications in
base-catalyzed reactions are expected.

2.2. MOFs with Modified Basicity

Rather than preparing functional MOFs via direct solvothermal
synthesis, functionalities can be introduced through modifica-
tion in a heterogeneous manner after the formation of
MOFs."**~"** The type and number of basic functional groups
can be incorporated into MOFs with great controllability. As a
result, much attention has been paid to the generation of basic
sites on MOFs through postsynthetic modification. The
judicious combination of basic guests with MOFs allows the
fabrication of new types of materials with a range of interesting
properties. Moreover, a given MOF structure can be modified
with different reagents, thereby generating a large number of
topologically identical but functionally diverse MOFs. By use of
postsynthetic modification, both the metals and the organic
linkers can be functionalized without affecting the overall
structure of MOFs. In other words, modification of MOFs with
basicity can be accomplished by either grafting of organic
molecules on the metal sites that created after solvent removal
or introducing covalent attachment to the organic ligands.
2.2.1. Functionalization of Metal Sites. Through proper
treatment, solvents and/or water coordinated on metal sites can
be removed, resulting in the exposure of CUSs in MOFs
(Figure 13). These CUSs are suitable for introducing chemical
bonding with electron-rich amine molecules, which leads to the
production of basic sites in MOFs.'* ™% To date, a series of
amines (ranging from aliphatic'®’ ™" to aromatic'”® and even
to chiral amines'”'"?) has been grafted onto the CUSs in
various MOFs such as IRMOF-1,'"° IRMOF-10,"”° MIL-
101(Cr),*”"”* and MgZDHTP,194 and a variety of basic MOFs
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Figure 13. Grafting amines onto the metal sites of MIL-101(Cr). (A)
Perspective view of the mesoporous cage of MIL-101(Cr) with
hexagonal windows; (B and C) evolution of CUSs from chromium
trimers in mesoporous cages of MIL-101(Cr) after thermal treatment
in vacuum; (D) modification of MIL-101(Cr) via selective grafting of
typical amine molecules, namely, EA onto CUSs. Color scheme: for
Cr/octahedra atoms, yellow; for C atoms, gray; for O atoms, red.
Adapted with permission from ref 87. Copyright 2008 Wiley-VCH.

with interesting properties have been fabricated as summarized
in Table 3.

Diamines are commonly employed for the functionalization
of metal sites. If one amino group of diamine is grafted onto a
CUS in MOFs, the other amino group is capable of acting as
immobilized basic site. Among various diamines, ED is the
most frequently used one. Due to the robust frameworks and
very accessible unsaturated Cr sites with high concentration (up
to 3.0 mmol-g™'), MIL-101(Cr) becomes one of the most
frequently studied MOFs for amine functionalization.'”” The
trimeric Cr octahedral clusters possess terminal water
molecules, which can be eliminated from MIL-101(Cr)
subjected to thermal treatment at 150 °C in vacuum (Figure
13). This leads to the formation of CUSs in the framework that
is suitable for modification. As a result, electron-rich ED
molecules can be successfully immobilized on the CUSs.*”
Typically, the modification of CUSs by amines was conducted
in refluxing toluene.®”'** It should be stated that this idea is not
applicable to the surface modification of mesoporous silica
materials because of the absence of unsaturated surface
Sites.198_201

Various techniques, including XRD, IR, N, adsorption, XPS,
and TG, were employed to characterize the MOFs modified
with ED.*”"**'* MIL-101(Cr)-ED exhibited quite similar
XRD patterns to MIL-101(Cr) while with minor changes in the
Bragg intensity, indicating that the crystallinity was well
preserved.'® The introduction of amine molecules was
observable from N, adsorption results. The BET surface area
decreased from 4230 m*g~" for the parent MOF MIL-101(Cr)
to 3555 m>g~! for MIL-101(Cr)-ED; also, the decline of pore
size was visible after modification.”” The IR spectrum of MIL-
101(Cr)-ED showed the bands ascribed to C—H and N—H
stretching vibrations, which suggests the existence of ED.
Moreover, the C—H stretching bands shifted to high
wavenumbers due to the coordination of ED with metal sites,
and thus, the grafting of ED molecules onto CUSs was
evidenced.”” The selective grafting of ED onto CUSs can also
be demonstrated by the decline of CUSs concentration with the
increase of ED loading from CO adsorption results.®”

In addition to IR, the XPS technique was used to characterize
the coordination of introduced ED molecules with the CUSs in
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MOFs as well. As reported by Chen et al. in ED-modified
IRMOE-10, introduction of ED was confirmed by the N 1s
signal.190 Furthermore, the N 1s signal of IRMOF-10-ED can
be deconvoluted into two peaks at 399.9 and 401.2 eV, which is
caused by the free amino group and the coordinated amino
group, respectively.202 The comparison of Zn 2p XPS spectra
for the materials before and after amine modification also gives
interesting results. In the case of parent IRMOF-10, the Zn 2p
XPS spectrum showed doublet peaks at 1019.3 eV derived from
Zn 2p;), and 1042.2 eV stemming from Zn 2p, (Figure 14),
implying the existence of the coordination of Zn with the ligand
4,4 -biphenyldicarboxylic acid (BPDC). For IRMOF-10-ED,
the Zn 2p spectra were deconvoluted into two main doublet
peaks. In addition to the typical peaks at 1019.3 and 1042.2 eV
originated from the Zn carboxylate of framework, new doublet
peaks at 1020.8 and 1043.2 eV ascribed to amine-coordinated
Zn appeared.””” These results verify the coordination of ED
molecules with the CUSs.

Several methods including nuclear magnetic resonance
(NMR),"”® TG,"* and element analysis®” have been used to
quantify the loading amount of amines in MOFs. For NMR
analysis, the samples are digested in deuterated solvents, and
the areas of "H NMR peaks give precise amine loading levels.'”’
As a result, the empirical formula of amine-modified MOFs can
be obtained as listed in Table 4. In the case of IRMOF-10, the
grafting amount of 4-dimethylaminopyridine (DMAP) was
about 95% based on Zn sites. However, the grafting amount for
IRMOF-1 was only about 48% under the same conditions. This
is probably because IRMOF-1 has smaller pore sizes as
compared with IRMOF-10, and a relatively limited amount of
amine molecules can be incorporated. It should be stated that
TG data also provide information on the stability of amines in
MOFs besides the quantitative analysis of amines loading. As
shown in Table 4, the amine-modified MOFs are stable at
temperatures higher than the boiling points of corresponding
amines.'”” This confirms that the amines are grafted onto CUSs
in MOFs.

Basic MOFs with different properties can be obtained by
introduction of the same diamine to different MOFs; in the
meanwhile, the type of diamine also has an effect. A systematic
study on the effect of diamine was conducted by Kasinathan et
al'"® Four diamines, namely, ED, butane-1,4-diamine (BD),
decane-1,10-diamine (DD), and benzene-1,4-diamine (PD),
with different pK, (see Table 3) were grafted onto the same
MOF MIL-101(Cr). The XRD patterns showed that the
crystalline frameworks of MIL-101(Cr) were retained, while the
intensity of the diffraction lines decreased to some extent owing
to the introduction of diamines. Upon modification, the pore
sizes of MOFs decreased in general, and the decrease for the
material from small molecules was not that obvious. The
quantitative results from elemental analysis displayed that the
nitrogen contents were 2.1, 1.9, 1.4, and 1.3 mmol'g_1 for MIL-
101(Cr)-ED, MIL-101(Cr)-BD, MIL-101(Cr)-PD, and MIL-
101(Cr)-DD, respectively.'®” The decrease in nitrogen content
with the increase of amine size reveals the steric hindrance
effect during modification. In the case of MIL-101(Cr)-PD, the
low nitrogen content may also be caused by the weak
electronegativity of the phenyl amine group, which functions
as an obstacle to amine grafting onto the CUSs. The
Knoevenagel condensation of benzaldehyde with ethyl
cyanoacetate was performed to evaluate the basic properties
of MIL-101(Cr) modified with different diamines.'® The
activity of materials in terms of turnover frequency (TOF)
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Table 3. Summary of the Modification of Metal Sites with Amines

No | amine structure pK." MOF ref
87,18
IRMOF-1, IRMOF-10,
7,188,
1 ethylenediamine (ED) TR 9.92 MIL-101(Cr), Mg,DHTP,
190,1
H3[(CuyCl)s(BTTri)g]”
94
2 butane-1,4-diamine (BD) NS NH2 10.80 MIL-101(Cr) 189
3 | decane-1,10-diamine (DD) | HNK TN, 1097 | MIL-101(Cr) 18
diethylenetriamine H 87,19
4 NN, 9.97 MIL-101(Cr) 3
(DETA)
1,4-diazabicyclo[2,2,2]oct 1951
5 N 3.00 [Zn(TPDC)]:DMF-2H,0 °
[NJ 96
ane (DABCO)
6 benzene-1,4-diamine (PD) HZNONHZ 6.31 MIL-101(Cr) 189
4-dimethylaminopyridine __ IRMOF-1
190
7 NN 9.52
(DMAP) IRMOF-10
(1R,2R)-1,2-cyclohexaned NH,
8 g 9.93 MIL-101(Cr) 1
iamine “NH;
(1R,2R)-1,2-diphenylethyl NH, O
9 9.78 MIL-101(Cr) 1
enediamine O NH,
(S)-N-(pyridin-3-yl)-pyrrol H D
10 N N N 1334 | MIL-101(Cr) 152
idine-2-carboxamide A 0
(S)-N-(pyridin-4-yl)-pyrrol H D
11 N N ™ N 13.05 MIL-101(Cr) 192
idine-2-carboxamide N~ ©O

“Data from the CRC Handbook of Chemistry and Physics; CRC Press: London, 2005 and SCIFinder. bH3BTTri = 1,3,5-tris(1H-1,2,3-triazol-5-
yl)benzene); TPDC = terphenyl-3,3’-dicarboxylate.
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Figure 14. Zn 2p, ), and Zn 2p;,, XPS spectra of (a) IRMOF-10 and
(b) IRMOF-10-ED. Adapted with permission from ref 190. Copyright
2014 Royal Society of Chemistry.

decreased in the order of MIL-101(Cr)-BD > MIL-101(Cr)-
DD > MIL-101(Cr)-ED > MIL-101(Cr)-PD, which is generally
consistent with the pK, value of the corresponding diamine
except MIL-101(Cr)-DD. Among the four diamines, DD
exhibits the highest pK, value. The relatively low activity of
MIL-101(Cr)-DD originates from the long carbon chain that
obstructs the diffusion of substrates. In addition, the diamine
possessing a long chain may form a hydrogen bond with
adjacent amino groups or the pending amino groups further
coordinate with the neighboring CUSs.

In summary, functionalization of metal sites with amines
provides a fascinating method to create basicity in MOFs.
Amines with various basicity can be immobilized on the CUSs
due to the intrinsic chelating property. Upon immobilization,
one amino group is grafted onto one CUS by coordination,
whereas the other amino group serves as the immobilized basic
site. This method is convenient for MOFs but unlikely for some
conventional supports such as mesoporous silica because there
is no CUSs on the surface. It should be stated that diamines are
frequently used for grafting, and basicity derives from free
amino groups. This means that the molar amount of basic sites
is only one-half of the molar amount of diamines. To enhance
the amount of basic sites, triamines such as DETA can be
utilized for functionalization. Among various MOFs, MIL-
101(Cr) is the most frequently investigated one; this should be
related to the high chemical stability of MIL-101(Cr). To this
end, chemically stable MOFs should be considered for amines
functionalization. Despite the fact that the reusability of these
basic MOFs in catalysis has been proven by some researchers,
leaching of basic sites could be a concern in some cases owing
to the coordination bonds. In this regard, the amines
functionalization of ligands via covalent bonds presents high
stability against leaching as shown in the next section.

2.2.2. Functionalization of Ligands. Basic functional
groups can be attached covalently to ligands via direct synthesis

or modification after the formation of MOF lattices. In the case
of direct synthesis, prefunctionalized ligands are utilized to
assemble with metals in the fabrication of MOFs (as discussed
in section 2.1.3). For postsynthetic functionalization, MOFs are
synthesized first and then basic functional groups are
immobilized on ligands via covalent bonding. The attachment
of basic functionality permits the modification of features while
maintaining the crystalline structure of parent MOFs. Thus far,
three predominant approaches have been adopted to attach
basic functionality to ligands, namely, (i) direct amination of
aromatic rings, (ii) amination of the aromatic amine/aldehyde
tags, and (iii) exchange of pending hydroxyl protons to
alkaline/alkali earth metal cations.

A typical example of direct amination of aromatic rings in
ligands was reported by Stock’s group.'®® Although some
amine-containing MOFs can be synthesized directly by
replacing the unfunctionalized ligands by corresponding
amine-functionalized ligands (e.g, H,BDC by NH,-BDC),
this is not always easily accomplished. There are two possible
difficulties, namely, the coordination of amino groups with
metal sites as well as the stability of amine-functionalized
ligands. A case in point is the synthesis of NH,-MIL-101(Cr);
the method of direct synthesis is challenging. Traditionally,
MIL-101(Cr) is prepared under hydrothermal conditions above
200 °C. Under such conditions the decomposition of NH,-
BDC takes place simultaneously in the synthetic process of
NH,-MIL-101(Cr)."*® Hence, Stock’s group developed a
postsynthetic approach to attach amino groups on the ligands
of MIL-101(Cr)."®® As illustrated in Figure 15, two steps were

HNOyH,80, _SnCly, EtOH
¢ T e

Figure 15. Schematic illustration of direct amination of ligand
aromatic rings in MIL-101(Cr). Process includes nitration of MIL-
101(Cr) to NO,-MIL-101(Cr) followed by reduction of NO,-MIL-
101(Cr) to NH,-MIL-101(Cr).

designed including the nitration of MIL-101(Cr) to NO,-MIL-
101(Cr) and subsequent reduction to NH,-MIL-101(Cr).'*®
Nitration of MIL-101(Cr) was performed in the nitrating acid
containing HNO; and H,SO, for 5 h at 0 °C. The reduction
step was conducted in the presence of SnCl, and ethanol for 6
h at 70 °C. EDX analysis showed the existence of Sn
composition, which can be removed via dissolution using
concentrated HCI followed by treatment with H,O and
ethanol. The result of XRD indicated that the crystalline

Table 4. Physical and Chemical Properties of Some Amine-Grafted MOFs via Metal Sites”

sample molecular formula”
IRMOF-1-ED Zn,0(BDC);-(ED);,
IRMOF-10-ED Zn,0(BPDC)5(ED),,

IRMOE-1-DMAP
IRMOF-10-DMAP

Zn4O(BDC)3~(DMF)1_2~(DMAP)1_9
Zn,O(BPDC);(DMAP);

density of basic sites (mmol-g™")

thermal stability” (°C) boiling point of amine (°C)

0.76 200 117-119
0.81 200 117-119
0.53 275 162 (50 mmHg)
0.59 315 162 (50 mmHg)

“Data from ref 190. "Derived from the 'H NMR data of digested MOFs. “On the basis of TG data.
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structure of the obtained material NH,-MIL-101(Cr) was well
maintained. The permanent porosity was evidenced by N,
adsorption measurement. The successful ligand modification
can be proven by IR spectra.'®® In NO,-MIL-101(Cr) the
distinct stretching vibration of nitro groups was observed
clearly but disappeared due to the succedent reduction of the
nitro to amino groups. Instead, the asymmetric and symmetric
N-—H stretching vibrations of the amino groups in NH,-MIL-
101(Cr) were observed. The 'H NMR measurement of
digested materials gave further evidence of the attachment of
amino groups.'®® If the nitration reaction was performed for $
h, only nitroterephthalic acid was detected after the digestion of
NO,-MIL-101(Cr). In addition, only NH,-BDC was observed
for NH,-MIL-101(Cr). This indicates the successful amination
of aromatic rings in ligands through the postsynthetic method.
The reactivity of the amino groups in NH,-MIL-101(Cr) was
investigated by the reaction with ethyl isocyanate.'®® The NMR
results confirmed the generation of the desirable urea
derivative. No additional signals in NMR spectra indicated
the conversion of amino groups was nearly complete. The
results suggest the accessibility and reactivity of the amines
covalently attached to ligands.

The amination of aromatic rings in ligands affords basic sites
to MOFs. In the meanwhile, aromatic amine as well as aldehyde
tags present opportunities for the introduction of new basic
functionalities to MOFs.”*">% The base strength of aromatic
amine-containing MOFs is relatively low because of the low
pK, values and low electron densities caused by the adjacent
carboxylate groups. The amination of aromatic amine/aldehyde
tags can introduce aliphatic amines which are more basic than
aromatic amines. A recent study on the amination of aromatic
amine tags was conducted by Chen et al.'”” The alkylation of
NH,-MIL-53(Al) with 2-chloro-N,N-dimethylethanamine was
realized, and new pendant aliphatic tertiary amines was
covalently bonded to the original aromatic amines (Figure
16A). The functionalization process was performed in a water
solution in which 2-chloro-N,N-dimethylethanamine was added
to the suspension of NH,-MIL-S3(Al) in the presence of
K,CO;. After the reaction at 80 °C for 2 days under a nitrogen
atmosphere, the functionalized material NMe,-NH-MIL-53(Al)

X x)

A
NHz 1) c|/\/ ~ \/\N/
2) K,CO, |
0”0 0”0
m MM
® 0
0+ 0
B A N
~"\NH,

(o o}

L

Figure 16. Covalent postsynthetic functionalization of aromatic
amine-tagged MOFs with (A) 2-chloro-N,N-dimethylethanamine and
(B) 2-methylaridine.
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can be obtained. The XRD results indicated that there was no
obvious loss in crystallinity after covalent grafting.'”® The
grafting percentage was about 45% (based on the organic ligand
NH,-BDC) according to the 'H NMR spectrum of digested
NMe,-NH-MIL-53(Al). TG results indicated that NMe,-NH-
MIL-53(Al) was thermally stable up to 450 °C, which is similar
to the parent material NH,-MIL-5S3(Al). The result of acid—
base titration showed that the amount of basic sites was 0.65
mmol-g~". Through suspending NMe,-NH-MIL-53(Al) in a
water solution, the apparent pH of 8.49 was measured. The
characterization of basic properties implies that NMe,-NH-
MIL-53(Al) could serve as an immobilized base catalyst.'” In
the liquid-phase transesterification of triglycerides with
methanol, the conversion over NMe,-NH-MIL-53(Al) ex-
ceeded 99%, which is much higher than that over the parent
material NH,-MIL-53(Al) (3.9%) under the same reaction
conditions. In other words, the aliphatic tertiary amines are
more basic than aromatic amines.

To further enhance the base strength, aliphatic primary
amines were immobilized on MOFs through tagged amine
sites. Recently, Wang’s group employed 2-meth9ylaridine as the
precursor for functionalization (Figure 16B).”° Amine-tagged
MOFs were suspended in chloroform followed by the addition
of the precursor 2-methylaridine. The modification process was
conducted at 45 °C for 6 h. A collection of amine-tagged MOFs
was used for modification including IRMOE-3, NH,-UiO-66,
NH,-MIL-53(Al), and NH,-MIL-101(Cr). The powder XRD
results showed that after 2-methylaridine modification, all
MOFs except IRMOEF-3 can preserve their crystalline structure.
This means that IRMOF-3 is not proper for modification with
strongly basic species. On the basis of the results of "H NMR
and elemental analysis, the modification rate was calculated.””’
The modification rate for NH,-MIL-101(Cr) was 36%, which is
higher than that for NH,-UiO-66 (28%) and NH,-MIL-53(Al)
(15%). The high modification rate of NH,-MIL-101(Cr)
should be related to its larger pores, which is beneficial to
the diffusion of the precursor 2-methylaridine. The MOFs
containing aliphatic primary amines were used as solid base
catalysts. Their activity in the Knoevenagel condensation of
benzaldehyde with malononitrile is apparently higher than that
of their parent materials.””” In the case of primary amine-
modified NH,-UiO-66, the conversion of benzaldehyde
reached 97% at 2 h; under identical reaction conditions,
however, the parent material NH,-UiO-66 exhibited a
conversion of around 5%.

In addition to aromatic amine tags, the aldehyde tags in
ligands can also be used for amination, which leads to the
introduction of extra basic sites. An interesting study was
carried out by Yaghi’s group using ZIF-90.°°° ZIF-90 was
assembled from Zn(NO,), with imidazolate-2-carboxyaldehyde
(ICA); it showed the structure related to the sodalite topology
through substituting the O and Si for ICA ligands and Zn,
respectively (Figure 17). The pendant aldehyde groups make it
possible to modify ZIF-90 with basic species. Ethanolamine was
employed to react with ZIF-90 in the methanol solution at 60
°C, and the obtained material possessing amino groups was
named as ZIF-92°%° In the solid-state NMR spectrum of
sample after reaction for 3 h, no resonance of aldehyde groups
(ZIF-90) was detected, suggesting the quantitative formation of
imine (ZIF-92). In the IR spectrum, there was no C=O0O
stretching vibration ascribed to aldehyde groups in ZIF-92,
while the band originating from C=N bonds became visible.
The IR results thus confirmed the NMR data, demonstrating
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ZIF-90

H2N/\/0H

MeOH, 60°C

ZIF-92

Figure 17. Crystal structure of ZIF-90 and the covalent postsynthetic functionalization of aldehyde groups with ethanolamine to give ZIF-92. Color

scheme: for C atoms, black; for N atoms, green; for O atoms, red.

the complete conversion of aldehyde to imine. Due to the high
stability of ZIF-90, introduction of basic groups did not cause
any damage to the crystalline structure.”’

Although organic amines are frequently used for the
functionalization of ligands, inorganic alkaline/alkali earth
metals have been attempted to decorate ligands as well. The
idea is based on the exchange of pending hydroxyl protons to
alkaline/alkali earth metal cations. A representive study was
reported by Hupp and co-workers.”"* As depicted in Figure 18,

A o o
HO | “ ’ || OH
\/\T/\ o
O
HO. o = OH
T T Zn(NOy)26H,0
o
—_—
+ DMF, 80°C

HO-MOF

LiO-MOF

Figure 18. (A) Synthesis and crystal structure of the diol-containing
MOF (HO-MOF), and (B) exchange of pending hydroxyl protons to
Li ions. Color scheme: for C atoms, gray; for N atoms, blue; for O
atoms, red; for Zn/tetrahedra, yellow.

the hydroxyl-containing MOF (denoted as HO-MOF) was
utilized for modification and synthesized from Zn(II) centers
and two ligands. The single-crystal XRD characterization
indicated that HO-MOF had a single framework possessing
large cavities, which makes the hydroxyl groups highly
accessible for modification. Taking account of the stability of

HO-MOF in the presence of some harsh reagents (such as
methyllithium), a mild reagent lithium tert-butoxide (LiO‘Bu)
was used.”"" To realize the exchange of hydroxyl protons, the
solvent DMF was replaced by tetrahydrofuran (THF) and HO-
MOF was stirred in the THF/CH;CN solution of LiO'Bu,
leading to the formation of LiO-MOF. The degree of exchange
could be controlled by tuning the stirring time and rate. The
results of nitrogen adsorption suggested that the microporous
structure of LiO-MOF was maintained after Li exchange.”'* In
the extreme of low Li content, LiO-MOF preserved a surface
area comparable to HO-MOF. For the material with high Li
content, nevertheless, the surface area decreased significantly
and the crystalline structure was destroyed. This may be caused
by the fractional displacement of Zn by Li. Similarly, the
reaction of HO-MOF with Mg(OMe), could replace hydroxyl
protons with Mg cations. By adjusting the exchange conditions,
the samples possessing about one or two Mg cations per glycol
strut can be prepared.”'® The purpose of the introduction of Li
(or Mg) to MOFs is to enhance the heat of adsorption for
hydrogen in Hupp’s work, and the basic properties of materials
are not explored.”'” However, these materials should be
stron%ly basic according to our previous study on mesoporous
silica.”"* The exchange of silanol protons to Li cations in SBA-
15 using LiO'Bu yielded solid strong bases. The optimal Li-
containing SBA-15 sample was quite active in the trans-
esterification reaction between methanol and ethylene carbo-
nate. The results of reactions showed that the yield of target
product reached 41.3%. This catalytic activity was higher than a
series of solid bases including MgO (7.6%), CsX (6.1%), CaO/
Zr0O, (15.1), and Na,0/Al,0, (28.2%).>"*

It is worth mentioning that both metal sites and organic
ligands are modifiable, which makes it possible to introduce
different and even antagonistic functionalities to MOFs
simultaneously. In addition to basic functionality, the
introduction of incompatible acidic functionality through spatial
isolation is realized in MOFs.'*>*'**'* The acid—base bifunc-
tional MOFs are able to catalyze multistep or cascade reactions
in one pot, being cost efficient and time savin§ (details on
cascade reactions are shown in section 4.7)."*%?">7*'% An
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Figure 19. Formation of acid—base bifunctional active sites on MOFs.
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interesting example of functionalization of both metal sites and
ligands was shown by Li et al. on MIL-101(Cr).”"* A process
containing three steps was designed as illustrated in Figure 19.
In the first step, mono-BOC-ethylenediamine was grafted onto
CUSs via a primary amino group and amine-protected MIL-
101(Cr)-NHBOC was produced. In the second step, the
obtained MIL-101(Cr)-NHBOC was sulfonated at the skeleton
phenylene units using chlorosulfonic acid, which led to the
formation of SO;H-MIL-101(Cr)-NHBOC. In the third step,
deprotection of the amino groups by thermal treatment gave
the bifunctional catalyst SO;H-MIL-101(Cr)-NH,. The results
of elemental analysis showed that about 1.08 SO;*~ and 0.85
ED per formula unit were immobilized on the ligands and
CUSs.”" The structure of the materials was not altered after
the functionalization process based on the XRD patterns. The
N—H and C—H vibrational bands which displayed on the IR
spectra demonstrated that basic sites were retained after the
following modification process. The N, adsorption—desorption
isotherms revealed the characteristic type I shape of materials.
Due to the presence of functionalized groups, a downward
trend on the BET surface area and pore volume appeared after
grafting, but the open pores and high surface areas were still
maintained, which is essential for the diffusion of substrates and
products in catalysis.

In conclusion, postsynthetic modification is a useful approach
to introduce basic functionality to MOFs. It is noticeable that
aliphatic amines are successfully attached on organic ligands via
postsynthetic modification. Due to the comparatively high pK,
values of aliphatic amines, the basicity of these MOFs are
relatively strong. This is obviously different from their
counterparts from direct synthesis, through which only
aromatic amines with relatively low basicity are involved.
Meanwhile, direct synthesis of MOFs using amine-containing
ligands generally presents a relatively low basicity because of
the competitive coordination of basic nitrogen sites with metal
centers. It should be mentioned that in the postsynthetic
modification, attention should be paid to the chemical stability
of MOFs in the presence of aliphatic amines. The degradation
of some MOFs is observed during modification owing to the
strong basicity of aliphatic amines. An obvious advantage of the
basic sites introduced by ligand functionalization is the
resistance to leaching. In comparison with functionalization of
metal sites through coordination, the functionalization of
ligands is realized by covalent bonding. As a result, the leaching
of active sites during catalysis can be well avoided. Thus far,
several pathways have been designed for the postsynthetic
functionalization of organic ligands, and amino groups can be
directly attached to aromatic rings. Also, the aromatic amines
and aldehyde tags are suitable for further modification reactions
to form new basic sites. Actually, a variety of approaches
including click reactions for postsynthetic modification of
MOFs have been developed (as summarized by Cohen et
al.).”**=**! Inspired by such approaches, a series of new basic
MOFs, which are extremely desirable for organic trans-
formations, is expected to be synthesized via postsynthetic
modification.

3. CHARACTERIZATION OF BASIC SITES

Various techniques have been used to characterize the basic
sites on MOFs. Results from different techniques present
different information regarding the basic characteristics. Each
technique is able to reveal part of the characteristics rather than
all of them. The combination of data from different techniques
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enables one to clarify the characteristics systematically including
the strength, amount, and activity of basic sites in MOFs. To
date, both experimental methods and theoretical calculations
have been employed to evaluate the basicity of MOFs. This
section will deal with the experimental techniques first and
subsequently the computational ones.

3.1. Experimental Techniques

3.1.1. CO,-TPD. Temperature-programmed desorption of
CO, (CO,-TPD) is a frequently used technique for the
evaluation of basic properties. In general, in a TPD plot the
desorption temperature of CO, can reflect the strength of basic
sites, while the desorption amount represents the number of
basic sites. A larger peak area means a higher amount of basic
sites, and a higher desorption temperature of CO, reflects
stronger basicity. It should be stated that this technique is hard
to express the base strength and the amount of basic sites in an
accurate way. Provided that a series of solid catalysts is
measured under similar conditions, their relative strength and
amount of basic sites can be compared from the CO,-TPD
results.

The CO,-TPD experiments for MOFs are generally identical
to that for conventional solid bases.”**~*** A certain amount of
sample (typically ~0.1 g) is pretreated at a prescribed
temperature (e.g, 100 °C) in an inert atmosphere (e.g, N,
or He) to remove impurities adsorbed on the surface (e.g,
water). After the pretreated sample is exposed to CO, until
saturation, the physically adsorbed CO, is purged by an inert
gas flow. At last the sample is heated to a certain temperature,
and the CO, liberated is detected by a thermal conductivity
detector (TCD) or MS. A case in point is the work from Ahn’s
group;’” they reported the solvothermal synthesis of a series of
typical MOFs with high purity, including IRMOEF-1, IRMOE-3,
HKUST-1, Ui0-66, NH,-UiO-66, Mg,DHTP, MIL-101(Cr),
and ZIF-8. The TPD plots of CO, desorbed from these MOF
samples were obtained (Figure 20). No CO, signal peaks
appeared for IRMOF-1 and HKUST-1, showing that no basic
sites existed in these samples. Only one weak peak was
observed at about 300 °C in MIL-101(Cr), which could be
attributed to medium to strong basicity. The desorption peaks

CO, desorbed (a.u.)

(9)
(h)

50

T T T T T
150 200 250 300 350
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Figure 20. CO,-TPD profiles of different MOFs (a) NH,-UiO-66, (b)
Ui0-66, (c) Mg,DHTP, (d) IRMOF-3, (e) ZIF-8, (f) MIL-101(Cr),
(g) HKUST-1, and (h) IRMOF-1. Adapted with permission from ref
77. Copyright 2012 Elsevier.
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of IRMOF-3 and ZIF-8 with similar characteristics were located
around 120 and 320 °C, which implies the presence of feeble
medium to strong basicity. Mg,DHTP and UiO-66 exhibited
two desorption peaks as well, which were caused by some weak
and strong basic sites. Obviously, there were three TPD peaks
in the pattern of NH,-UiO-66 at approximately 120, 300, and
370 °C, corresponding to the significant strong basicity with a
distinctively high population of weak basic sites. The amine-
functionalized organic ligands (for NH,-UiO-66 and IRMOF-
3) and basic N atoms in the imidazolium ring (for ZIF-8) could
contribute to the basicity of MOFs.”” Meanwhile, the O atoms
in the organic ligands [for UiO-66, Mg,DHTP, and MIL-
101(Cr)] connected to metal clusters via covalent bonding
were also likely responsible for the basicity.”” On the basis of
the CO,-TPD results, it is apparent that MOFs constructed
from N-containing ligands possess stronger basicity than their
counterparts without N-containing ligands.

To summarize, CO,-TPD is an effective technique for the
estimation of basicity on MOFs. However, the thermal stability
of MOFs should be taken into full account during examination.
Due to the existence of organic ligands, the degradation of
MOFs can also yield CO, in most cases. It is unlikely to
distinguish the CO, desorbed from basic sites and the CO,
from MOFs degradation. In other words, CO,-TPD is not
suitable for characterization of basic sites in MOFs with very
high strength. In any case, CO,-TPD can be viewed as a
convenient approach for the evaluation of weak and medium
basicity with regard to both strength and amount.

3.1.2. IR of Adsorbed CO,. Apart from CO,-TPD, IR
spectroscopy of adsorbed CO, is also a useful technique for
characterization of basic MOFs. Carbon dioxide is an electron
acceptor and able to function as a Lewis acid to interact with
functional groups on MOFs that act as electron donors.”*® IR
spectra of adsorbed CO, on MOFs can reflect whether the
MOFs have basic sites available for the interaction. Because an
acidic molecule may interact strongly with basic sites, this
technique gives information about the adsorption state of the
acidic molecule and subsequently the surface properties of basic
MOFs.

For the convenience of comparison, IR spectra of MOFs are
often used as background and subtracted from that of CO,-
adsorbed samples. IR spectra of CO, adsorbed on two amine-
containing MOFs, namely, IRMOF-3 and NH,-MIL-53(Al),
were recorded by Gascon et al. (Figure 21).5¢

The spectrum on IRMOF-3 gave two IR bands (a double
band) at 653 and 669 cm™ as well as a shoulder at 667 cm™!
derived from gaseous CO,. The double band is caused by the
stretching vibration of CO,, implying the decrease of symmetry
after adsorption.”*® The low and high bands could be ascribed,
respectively, to in-plane and out-of-plane bending vibrations.
The two bands exhibit quite similar intensity in the spectrum,
which indicates the presence of only one kind of adsorbed
species on IRMOF-3. In comparison with that on IRMOEF-3,
the IR spectrum of CO, adsorbed on NH,-MIL-53(Al) showed
more bands, indicating more complicated interaction between
CO, molecules and the MOF framework.*® Four IR bands at
649, 655, 661, and 669 cm™" appeared (Figure 21B). Among
them, the bands at 669 and 655 cm™! are in accord with that
detected on IRMOF-3, while the two new IR bands are
consistent with that observed on unfunctionalized MIL-
53(Cr).”*° These results indicate that CO, adsorbed on NH,-
MIL-53(Al) via two approaches, creating electron donor—
acceptor complexes by interacting with amine and hydroxyl
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Figure 21. IR spectra of CO, adsorbed on (A) IRMOF-3 and (B)
NH,-MIL-53(Al). Adapted with permission from ref 86. Copyright
2009 Elsevier.

groups in the framework. Additionally, a number of IR bands
were visible in 1000—1700 cm™. The band at 1450 cm™
suggests the formation of carbamic acid due to the interaction
of CO, with amines. Subsequently, carbonates (bicarbonates or
formates) may be produced from the reaction of carbamate
species with adsorbed hydroxyl groups or adsorbed water.
Besides, hydrogen carbonates were also created as evidenced by
the band at 1029 cm™" in NH,-MIL-53(Al). These IR data of
adsorbed CO, thus show the distinct feature of basicity in
different MOFs.

In summary, CO, is able to interact with the functional
groups, and the adsorption state of CO, reflects the surface
structure of MOFs including basic sites. In contrast to CO,-
TPD that treats MOFs at elevated temperatures, IR spectra of
adsorbed CO, can be recorded at room temperature. This is of
great importance for MOFs, especially those with lower thermal
stability, although thermal treatment of inorganic materials
(such as silica) at high temperatures is quite common. On the
other hand, the IR spectra of adsorbed CO, are sort of complex
sometimes. The combination of theoretical and experiential
methods is beneficial to give rational explanations.

3.1.3. IR of Adsorbed Pyrrole. Besides CO,, pyrrole is
also an acidic molecule which can be used to probe the basicity
of materials. Due to the interaction of the hydrogen atoms in
pyrroles with basic sites, the IR band of the N—H stretching
vibration shifts to a low wavenumber.”*”**® Moreover, such a
shift of frequency is related to the strength of basic sites.

IR of adsorbed pyrrole was used to characterize the basicity
of Ni,DHTP.**” In a typical measurement, the sample is treated
under vacuum at certain temperatures to remove the
contaminants on the surface, and then the vapor of pyrrole is
introduced for adsorption at room temperature.'’® After the
physical adsorbed pyrrole is evacuated, the spectrum of
chemisorbed pyrrole can be collected. In the IR spectrum of
pyrrole adsorbed on Ni,DHTP, two distinct signals were
observed (Figure 22).'”® The absorption band at 3405 cm™
could be assigned to the stretching vibration of the NH group
interacting via an NH—7z complex with the ring of another
pyrrole molecule. Another absorption band with a high
intensity was monitored at 3253 cm™’, distinguishing from
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Figure 22. IR spectrum of pyrrole adsorbed on Ni,DHTP. Adapted
with permission from ref 178. Copyright 2014 Elsevier.

the exact position of free pyrrole (3500 cm™). The strong
bathochromic shift of this band was generally attributed to
pyrrole species interacting with an H-bond acceptor (e.g, a
basic site on the surface) stronger than pyrrole. The shift of the
N-H stretching vibration frequency could be viewed as a
measure for the base strength of the adsorption site. A shift of
250 cm™' is analogous to that detected for the interaction of
pyrrole with alumina.**® In addition to Ni,DHTP, the IR
spectra of pyrrole adsorbed on M%ZDHTP, Co,DHTP, and
Zn,DHTP were studied (Table 5)."”" A shift of 202—270 cm™!

Table S. N—H Vibration Frequency [¥(N—H)] of Free
Pyrrole as Well as Pyrrole Adsorbed on Different M,DHTP
Materials' "

sample v(N-H) (ecm™)
free pyrrole 3500
pyrrole on Mg,DHTP 3230
pyrrole on Co,DHTP 3281
pyrrole on Ni,DHTP 3253
pyrrole on Zn,DHTP 3298

was observed for the N—H vibration of pyrrole, indicating the
presence of strong H-bond acceptors in all MOFs. In the
meanwhile, different shifts of the N—H vibration band imply
that the environment of basic sites is associated with the type of
metal ions in M,DHTP.

To summarize, the adsorption of pyrrole and subsequent
characterization with IR spectroscopy provide a good
alternative for the investigation of basic MOFs. To interact
with a basic site, pyrrole is via the H atom while CO, is via the
carbon atom as an electron acceptor. As a result, information
about the basic properties of MOFs can be obtained. It should
be stated that the molecular size of pyrrole is larger than that of
CO,, and some basic sites in small micropores may be
inaccessible. In this case, CO, can be used as the probe
molecule thanks to its small molecular size.

3.1.4. Propyne Adsorption. Propyne is an interesting
probe molecule and can explore both the acidity and the
basicity of MOFs. This is different from CO, and pyrrole,
which are only able to probe the basicity. Propyne presents
double active centers, a basic center and an acid center, that is,
propyne acting as a probe molecule can interact simultaneously
with acidic and basic sites.”*" As a basic center, the C=C bond
of propyne acts as a proton acceptor and can perturb the IR
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v(O—H) band of the hydroxyl groups on the surface. As an
acidic center, the =C—H band as the acid site functions as a
proton donor and can undergo a perturbation of its IR v(C—H)
band in the spectral range. As a result, the basic properties as
well as the acidic ones of a MOF can be determined through
propyne adsorption.

The experimental process of propyne is similar to that of
CO, and pyrrole. The sample is pretreated thermally under
vacuum followed by introduction of propyne. Adsorption is
carried out at different pressures of propyne, and a collection of
IR spectra can be obtained. A typical example is the adsorption
of propyne on CH;-MIL-53(Fe), which was synthesized via a
solvothermal method from iron(III) perchlorate hydrate and 2-
methylterephthalic acid (CH;-BDC).”* In the IR spectrum of
CH,-MIL-53(Fe) after activation, the characteristic bands of
S5(OH) at 843 cm™' and v(OH) at 3646 cm™' were observed
(Figure 23), reflecting the existence of free hydroxyl groups
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Figure 23. IR spectra in the (A) low and (B) high wavenumber range
of (a) CH;-MIL-53(Fe) pretreated at 150 °C in vacuum followed by
introduction of a different amount of propyne at the equilibrium
pressure of (b) 2 and (c) 6 mbar at room temperature. Adapted with
permission from ref 232. Copyright 2014 Elsevier.

lack of any intraframework interaction.”> After the adsorption
of propyne on CH,-MIL-53(Fe), the v(OH) band of free
hydroxyl groups was perturbed and shifted from 3646 to 3470
cm ™. Similarly, the perturbation led to the shift of the 5(OH)
band from 843 to 925 cm™'. Such variations in IR bands
demonstrate the creation of hydrogen-bonded species via
modes 1 and 3, where the C=C bond plays the role of proton
acceptor (Figure 24). In addition, an intense band was visible at
3307 cm™' in the range of ¥(=CH) and was somewhat
dissymmetric toward lower wavenumbers.”*> The peak shape of
v(=CH) did not vary after introduction of more propyne. The
band at 3307 cm ™ means the formation of the special species
adsorbed on CH;-MIL-53(Fe), where the =CH group acts as
proton-donor center and forms a hydrogen bond via mode 2 as
shown in Figure 24. The IR spectra of adsorbed propyne
indicate that the OH groups free of intramolecular interactions

DOI: 10.1021/acs.chemrev.7b00091
Chem. Rev. 2017, 117, 8129-8176


http://dx.doi.org/10.1021/acs.chemrev.7b00091

Chemical Reviews

Mode 1 Mode 2 Mode 3
CH, CH, CH,
l w
ﬂf ..... HO—% M H b+ w
| | u | (L

-§

Figure 24. Proposed adsorbed modes of propyne on acidic sites
(mode 1), basic sites (mode 2), and acid—base pair sites (mode 3).

H

in CH;-MIL-53(Fe) have a predominant effect on the
interaction with the probe molecule propyne as proton donors
and via the oxygen atom. Besides CH;-MIL-53(Fe), CI-MIL-
53(Fe) and Br-MIL-53(Fe) were also examined through IR
spectra of adsorbed propyne.”*” A supplementary interaction
was proved at high propyne dosages, involving the halogen
atoms, which act as basic sites toward propyne.

In summary, various experimental techniques have been
attempted to evaluate the basicity of MOFs. These techniques
provide information on different aspects of basic properties.
Information on both the strength and the amount of basic sites
can be offered by CO,-TPD. However, the application of CO,-
TPD is limited due to the relatively poor thermal stability of
some MOFs. Actually, the desorption of CO, on some
superbasic sites occurs at temperatures even higher than 700
°C.****** At such harsh conditions no MOFs reported until
now can survive. On the contrary, the adsorption of probe
molecules (e.g, CO,, pyrrole, and propyne) and subsequent
characterization with IR spectroscopy can be operated under
mild conditions. Most MOFs are capable of preserving their
structure during characterization. This characterization techni-
que can afford qualitative results and to some extent
quantitative analysis, while the accuracy is dependent on
operation conditions. It should be stated that some well-known
methods used for characterization of inorganic solid bases have
not been employed for basic MOFs to date. A typical one is the
measurement of base strength using Hammett indica-
tors,' /23523 During measurement an acidic indicator is
adsorbed on the surface of solids whose color can be changed
to that of the corresponding conjugate base if the solid base
shows sufficient strength to denote electrons to the acidic
indicator. For the application of this technique in MOFs, white
samples are preferred for the convenience of the observation of
color change. In addition, XPS characterization of oxygen and
nitrogen can reflect the base strength. A good correlation
between the binding energy of the N, band and the basicity has
been established for a wide variety of organic compounds. To
discover the basic properties of MOFs systematically, more
characterization techniques are expected. Last but not the least,
some base-catalyzed reactions such as Knoevenagel condensa-
tion can be used as model reactions to characterize solid bases.
The capacity of converting different substrates catalytically and
the yield of target products over different solid bases reflect
their basicity evidently (see section 4).

3.2. Theoretical Calculations

Theoretical calculations play an important role in exploring the
basic properties of materials. With the development of
calculation methods, theoretical calculations can provide more
and more reliable information at a molecular/atomic level. The
calculation approach has been used for the investigation of
reactions to build an understanding of some catalytic processes.
In the meanwhile, this approach is also able to characterize the
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structure and properties of the working catalysts.””’~>*

Furthermore, the basicity of newly generated active sites can
be verified by theoretical analysis. To examine the basicity of
MOFs, DFT-based simulations are frequently employed. The
basicity of MOFs can be estimated via two ways, namely, the
PA values of MOFs and the electron transfer from MOFs to
probe molecules.

The PA of a MOF is closely related to its basicity, and a
higher PA suggests a MOF with a high strength of basic sites.
After thermal treatment, nitrate can be removed from
Ba,(BTC)(NO;), which leads to the formation of Ba®*—
0% —Ba** motifs with basicity.” DFT calculations were used to
estimate the PAs of newly formed sites and compared with the
original nitrate-rich MOF before thermal treatment.'”® The
computed PAs of the optimized MOF clusters are shown in
Figure 25." The PA value of the MOF cluster increases
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Figure 25. Calculated PAs of the Ba,(BTC)(NO;) and BaO clusters
with optimized structure. (A) Original NO;-containing cluster before
activation. (B) Cluster containing defect sites after activation. (C)
Cluster containing defect sites and NO; units after activation. (D)
Theoretical PA of the (BaO),¢ cluster. Protonated structure is
illustrated; position of the proton is marked using a purple circle, while
position of the defect site is marked using a blue circle. Adapted with
permission from ref 4. Copyright 2014 Royal Society of Chemistry.

obviously during decomposition of nitrate. The calculated PA
value is enhanced from 876 to 1153 kJ-mol™" when a defect site
—Ba—[*]-Ba—O— is generated. Moreover, the PA value
increases to 1233 kJ-mol ™" in the case of a defect site combined
with a residual nitrate unit. These results indicate the
enhancement of basicity after thermal treatment, which is
inconsistent with experimental data and confirms the enhanced
basicity caused by the formation of defect sites.” To further
study the feature of basic sites on the MOF, the typical solid
base, cubic BaO, was employed as a comparison. The PA of the
BaO cluster is calculated to be 1312 kJ-mol™', which is
comparable to that of the activated Ba,(BTC)(NO;). These
calculations suggest that the basicity of the newly formed O*~
defect sites is similar to that of the edge sites in BaO.

The basic properties of MOFs can be evaluated through
calculatin% the electron transfer from MOFs to probe
molecules.”” Among probe molecules, CO is a frequently
used one and quite sensitive to the electronic environment of
adsorption sites. By incorporating W into Cu-BTC, a basic
material W-Cu-BTC can be produced and the surface
properties are monitored based on DFT calculations using
the probe molecule CO."*° The calculation was first conducted
on Cu-BTC before hybridization. The results showed that Cu
centers in Cu-BTC were Lewis acid sites upon CO adsorption.
This is in line with the results of CO adsorption over Cu-BTC
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reported previously.”*" It is known that the CO molecule can

bind linearly on the exposed Cu sites of Cu-BTC in an end-on
fashion via the carbon atom.”*' In a similar approach, a linear
structure is also observed for the adsorption of CO on the W
centers of W—Cu—BTC. This presents a binding energy of 2.15
eV, which is apparently stronger than that of the interaction
between CO and MOFs. The natural bond orbital charge
analysis implies that 0.04 electrons are transferred from the W
site to the CO molecule. Actually, CO is a m-acceptor because
of the empty #* orbitals. It is found that the d orbital of W
interacts with the empty LUMO of CO, leading to the
formation of m-back-donation. Unlike losing electrons upon
adsorption on the parent Cu-BTC, CO draws a small amount
of electrons from the exposed W site and makes the W ion
function as a Lewis base.'*® Similarly, by DTF calculations of
CO adsorbed on the surface, the existence of basic sites
(hydroxyl groups and N~ moieties) on ZIF-8 is evidenced.”

In conclusion, theoretical calculations provide useful
alternatives to examine the basic properties of MOFs. Through
DFT calculations, the PAs and the electron transfer from
MOFs to probe molecules can be obtained. On the basis of
these data, the basicity of different MOFs can be easily
compared. By combining theoretical calculations and exper-
imental techniques, one is likely to gain further insight into the
features of basic MOFs. Of course, theoretical calculations can
be used to verify the experimental results. More importantly,
theoretical calculations are able to predict some properties of
materials, which are difficult or inefficient to achieve through
experimental approaches. Under the guidance of theoretical
calculations, it is possible to develop new basic MOFs via a
time-saving and cost-efficient way.

4. CATALYTIC APPLICATIONS

From an environmentally friendly point of view, heterogeneous
reactions catalyzed by solid bases are attracting more and more
attention.””””>** There is a parallel relation between the
catalytic performance of a catalyst and its basic ;Jroperties (e.g.,
structure, strength, and amount of basic sites). 457247 Rational
design of basic active centers allows one to substantially
improve the catalytic performance, in particular, to enhance the
activity and selectivity. In theory, MOFs-derived solid bases
have potential to catalyze the well-known “base-catalyzed
reactions” like Knoevenagel condensation and Michael
addition. Meanwhile, in contrast to conventional solid bases,
MOFs may show some different catalytic features due to their
particular structural and surface properties. In this section,
selected examples of heterogeneous reactions catalyzed by basic
MOFs are described (Figure 26). The one-pot cascade
reactions catalyzed by basic sites and acidic sites via a
cooperative way are included as well.

4.1. Knoevenagel Condensation

Knoevenagel condensation is defined as the reaction between
an aldehyde (or ketone) and a compound with an active
methylene group. It is an extensively employed approach for
C—C bond formation with applications in the synthesis of
diverse chemicals such as intermediates of antihypertensive
drugs and calcium antagonists.”****° Figure 27 shows the
representative Knoevenagel condensation of benzaldehyde with
various active methylene compounds (e.g., malononitrile, ethyl
cyanoacetate, and ethyl acetoacetate). Different reaction
mechanisms have been groposed according to the nature of
the solid base catalysts.””'~>** For catalysts with high base
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Figure 26. Some of the typical heterogeneous reactions catalyzed by
basic MOFs.
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Figure 27. Schematic representation of Knoevenagel condensation of
benzaldehyde with methylene compounds.

strength, direct abstraction of proton from active methylene
compounds by basic sites takes place. This leads to the
formation of carbanion, which attacks the carbonyl carbon
atom of benzaldehyde. For weaker bases such as amine-
containing MOFs, it is generally accepted that the reaction
initiates on the interaction of amine sites with benzaldehyde
and an imine intermediate is formed along with one molecule
of water."**'*! The addition of methylene compound causes a
molecular arrangement, leading to the yield of condensation
product. This mechanism is not only for amine-containing
MOFs but also for other catalysts with similar base strength. It
is noticeable that Knoevenagel condensation is not only an
approach that generates a C—C bond but also a model reaction
to evaluate the basicity of MOFs.

A large number of MOFs with different types of basic sites
have been applied to catalyze Knoevenagel condensation.
Among various reactants, benzaldehyde and malononitrile/
ethyl cyanoacetate are most frequently used, and the activity of
different MOFs in these two reactions is summarized in Table
6. Various kinds of basic sites (CUSs-immobilized diamines,
pendant amino groups on ligands, alkaline earth metal centers,
structural phenolate-derived basic sites, etc.) are active in the
reactions. In the case of unfunctionalized MOFs like UiO-66,
however, the catalytic activity was negligible, and the yield was
<1% for the reaction of benzaldehyde with malononitrile in
toluene at 23 °C for 2 h’** Under the same reaction
conditions, the yield over NH,-UiO-66 was increased to 5%,
indicating that the aromatic amines are active in the
Knoevenagel reaction. Interestingly, the sample RNH,-NH-
UiO-66 subjected to further primary aliphatic amines
functionalization exhibited much higher activity with a high
yield of 97%.”” Similar activity (98% at RT for 2 h) was also
observed on MIL-101(Cr)-DETA whose CUSs were grafted
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Table 6. Knoevenagel Condensation Reactions of Benzaldehyde (BA) with Malononitrile (MN) or Ethyl Cyanoacetate (EC)

Catalyzed by Different Solid Bases

catalyst
MIL-101(Cr)-ED

MIL-101(Cr)-BD
MIL-101(Cr)-DD
MIL-101(Cr)-PD

MIL-101(Cr)-DETA

NH,-MIL-101(Al)

NH,-MIL-101(Fe)

Ui0-66

NH,-UiO-66

RNH,-NH-UiO-66
[Cd(4-BTAPA),(NO,),]-6H,0-2DMF

IRMOF-3

ZIF-8

Ba,(BTC)(NO,)

Co,DHTP

synthetic method

grafting of ED onto the CUSs of

MIL-101(Cr)

grafting of BD onto the CUSs of

MIL-101(Cr)

reactants, solvent, and ratio (reactantl:reactant2:
solvent:catalyst/mmol: mmol:mL:mg)

BA, MN, cyclohexane, 1:1: 25:20

grafting of DD onto the CUSs of

MIL-101(Cr)

grafting of PD onto the CUSs of

MIL-101(Cr)

grafting of DETA onto the CUSs

of MIL-101(Cr)

solvothermal synthesis from AlCl;

and NH,-BDC

solvothermal synthesis from FeCl,

and NH,-BDC

solvothermal synthesis from ZrCl,

and BDC

solvothermal synthesis from ZrCl,

and NH,-BDC

modification of NH,-UiO-66 with

2-methylaridine

solvothermal synthesis from Cd
(NO;),-4H,0 and 4-BTAPA

solvothermal synthesis from Zn
(NO,), and NH,-BDC

solvothermal synthesis from Zn
(NO;), and H-MeIM

activation at 320 °C for 16 h to
decompose nitrate

solvothermal synthesis from Co
(NO,), and DHTP
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BA, EC, cyclohexane, 1:1:25:20
BA, EC, toluene, 1:1:30:20
BA, EC, toluene, 1:1:30:20

BA, EC, toluene, 1:1:30:20
BA, EC, toluene, 1:1:30:20

BA, MN, toluene, 1:2:2.6:10.5

BA, EC, cyclohexane, 1:1:25:20
BA, MN, toluene, 1:1:2.5:17.5

BA, EC, toluene, 1:0.88:0.63:5.7
BA, EC, DMF, 1:0.88:0.63:5.7

BA, MN, toluene, 1:1:2.5:17.5

BA, MN, toluene, 1:1.5:2:2.9
BA, MN, toluene, 1:1.5:2:2.9

BA, EC, EtOH, 1:2:1:28.8

BA, EC, DMF, 1:2:1:28.8

BA, EC, DMSO, 1:2:1:28.8

BA, EC, DCM, 1:2:1:28.8
BA, EC, EtOAc, 1:2:1:28.8
BA, EC, THF, 1:2:1:28.8

BA, EC, toluene, 1:2:1:28.8
BA, MN, toluene, 1:1.5:2:10.6

BA, MN, benzene, 1:1:5:50

BA, EC, DMF, 1:0.88:0.63:6.1

BA, MN, toluene, 1:2:2.6:10.5

BA, MN, toluene, 1:1:2:50

BA, EC, toluene, 1:1:2:50

BA, MN, toluene, 1:1:2:50

BA, EC, toluene, 1:1: 2:50

reaction
temperature,  yield
time (%) ref

80°C,05h 90 87

80 °C, 2 h 9

80 °C, 19 h 97 87
60 °C, 15 h 89 189
60 °C, 15 h 98 189

60 °C, 15 h 82 189
60°C,15h 45 189
RT, 0.5 h 48 193

RT, 2 h 98
80 °C, 19 h 97 87
80°C,05h 61 141

80 °C,3h 90
40°C, 1 h 10 255
40°C, 3 h 30
40°C,1h 52 285
40 °C,3h 78

80°C,05h 78 141

80 °C, 3 h 92
23°C,2h <1 209
23°C,2h 5 209

40 °C, 05 h 25 138

40 °C, 2 h 79
80 °C,2h 94
40°C,05h 27
40°C,2h 92

60°C,05h S8
80°C,05h 91
40°C,05h 31

40 °C, 2 h 95

40 °C, 2 h s

40°C,2 h 3

40 °C,2 h 2

40°C,2 h <1
23°C,2h 97 209
RT, 12 h 98 153

40°C,05h S8 86

40°C,2h 74
RT, 1 h 20 150
RT,2h s1
RT, 6 h 97

110 °C, 24 h 97 4

110°C,24h 85
70 °C, 2 h 4 178

70 °C, 24 h 32
70 °C, 2 h 0 178
70 °C, 24 h 9
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Table 6. continued

catalyst synthetic method

Cu,DHTP solvothermal synthesis from Cu
(NO,), and DHTP

Mg, DHTP solvothermal synthesis from Mg
(CH,CO0O0), and DHTP

Ni,DHTP solvothermal synthesis from Ni
(CH,CO0), and DHTP

Zn,DHTP solvothermal synthesis from Zn
(NO,), and DHTP

MgO

NaY-850N nitridation of NaY zeolite with
ammonia at 850 °C

NH,-SBA-15 grafting of 3-

reaction
reactants, solvent, and ratio (reactantl:reactant2:  temperature, yield
solvent:catalyst/mmol: mmol:mL:mg) time (%) ref

BA, MN, toluene, 1:1:2:50 70 °C, 2 h 39 178
70°C,24h 69

BA, EC, toluene, 1:1:2:50 70 °C, 2 h 0 178
70 °C, 24 h 9

BA, MN, toluene, 1:1:2:37 70 °C, 2 h 17 178
70°C,24h 73

BA, EC, toluene, 1:1:2:37 70 °C,2 h 3 178
70 °C, 24 h 14

BA, MN, toluene, 1:1:2:50 70 °C, 2 h 60 178
70 °C, 24 h 99

BA, EC, toluene, 1:1:2:50 70 °C, 2 h 3 178
70 °C, 24 h

BA, MN, toluene, 1:1:2:50 70 °C, 2 h 13 178
70°C,24h 77

BA, EC, toluene, 1:1:2:50 70 °C, 2 h 3 178
70°C,24h 14

BA, MN, toluene, 1:1:2.5:50 80 °C, 0.5 h 72 141

BA, MN, toluene, 1:1:2.5:50 80°C,05h 40 256

BA, EC, cyclohexane, 1:1:25:20 80 °C, 16 h 70 87

aminopropyltrialkoxysilane onto

SBA-1S

with primary aliphatic amines.'”” In the case of ZIF-8, the yield
for the reaction of benzaldehyde with malononitrile was 51%
under similar conditions. With the increase of reaction
temperature, the yield of target product raises. Under the
catalysis of NH,-MIL-101(Fe) at 80 °C for 3 h, the yield was
92%,”>* while the yield was 69% over Ni,DHTP after reaction
at 70 °C for 2 h."”® These results clearly show that among
various active sites, primary aliphatic amines exhibit the best
performance in the Knoevenagel condensation.

Attention has been paid to the comparison of basic MOFs
with conventional solid bases. The ED-grafted MIL-101(Cr)
presented a yield of 97% in the Knoevenagel condensation of
benzaldehyde with ethyl cyanoacetate in cyclohexane (80 °C,
19 h).”” As a comparison, typical mesoporous silica SBA-15 was
functionalized with 3-aminopropyltrialkoxysilane and NHS,-
SBA-15 was obtained. The solid base NH,-SBA-15 was
employed to catalyze the same reaction under similar
conditions. It is worthy of note that the yield was only 70%.
Further calculation displayed that MIL-101(Cr)-ED had a TOF
of 328 h™', which is over 10 times higher than that of NH,-
SBA-15 (32 h™).*” The higher catalytic activity of MIL-
101(Cr)-ED could be ascribed to the large surface area as well
as the high accessibility of amino groups. However, the poorer
activity of NH,-SBA-15 should be caused by the creation of
hydrogen bonds between active amines. The comparison was
also conducted between NH,-MIL-100(Fe) and conventional
solid bases. For NH,-MIL-100(Fe) with pendant aromatic
amino groups, the yield reached 78% in the Knoevenagel
condensation of benzaldehyde and malononitrile (80 °C, 0.5
h)."*! Under the same reaction conditions, the yield over the
classic solid base MgO was 72%.**" The nitridized NaY zeolite,
NaY-850N, gave a yield of 40%.”°° On the basis of these results,
it is clear that amine-containing MIL-100(Fe) shows superior

8151

activity in Knoevenagel condensation as compared with
conventional solid bases MgO and nitridized NaY zeolite.
The type of diamines grafted onto CUSs has an effect on the
catalytic activity in Knoevenagel condensation. As listed in
Table 6, the same conditions (the reaction of benzaldehyde
with ethyl cyanoacetate in toluene at 60 °C for 15 h) were
employed to compare the catalytic activity of MIL-101(Cr)
functionalized with different diamines including ED, BD, DD,
and PD."® The activity of different materials was associated
with the pK, of diamines (Table 3). MIL-101(Cr)-BD showed
a high yield of 98% due to the high pK, value of the diamine
BD (10.80). In the case of MIL-101(Cr)-ED and MIL-
101(Cr)-PD, the yield was 89% and 45%, respectively, which is
lower than that over MIL-101(Cr)-BD owing to the low pK,
value of ED (9.92) and PD (6.31). The low pK, value of PD
(6.31) is caused by the delocalization of a lone pair of electrons
on the nitrogen atom. It is interesting to note that under the
catalysis of MIL-101(Cr)-DD, the yield was only 82%, despite
the high pK, value of DD (10.97). The lower activity of MIL-
101(Cr)-DD is caused by the longest chain length of DD that
obstructs the diffusion of substrate/product molecules. In
addition, the formation of hydrogen bonds from the
neighboring amino groups in the long carbon chain is possible
or the pendant amines coordinate with the CUSs.””’
Different substrates (both aldehydes and active methylene
compounds) show quite different reactivity toward the
Knoevenagel condensation over basic MOFs. From the
viewpoint of the aldehyde reactant, an interesting size
selectivity has been observed.””” Benzaldehyde with a size of
5.0 X 5.6 A is able to enter all of the three MOFs functionalized
with aliphatic amines, namely, RNH,-NH-UiO-66, RNH,-NH-
MIL-53(Al), and RNH,-NH-MIL-101(Cr) (Figure 28 and
Table 7). All of the three MOFs exhibited high activity (87—
99%) in the Knoevenagel reaction of benzaldehyde with
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Figure 28. Schematic representation of the window sizes of different
MOFs. Adapted with permission from ref 209. Copyright 2015 Royal
Society of Chemistry.

malononitrile. When 1-naphthaldehyde, the aldehyde with a
larger size, was used for the reaction, RNH,-NH-UiO-66 and
RNH,-NH-MIL-53(Al) presented obviously declined activity
with a yield of 11-27%. The molecular dimension of 1-
naphthaldehyde is 5.6 A X 7.5 A, which is comparable to the
pore windows of RNH,-NH-UiO-66 and RNH,-NH-MIL-
53(Al). Due to the large pore size of RNH,-NH-MIL-101(Cr),
the conversion of 1-naphthaldehyde was less influenced. An
even larger reactant 9-anthracenecarboxaldehyde (9.6 A X 6.4
A) was finally employed, and a negligible amount of products
was obtained over RNH,-NH-UiO-66 and RNH,-NH-MIL-
53(Al). Under the catalysis of RNH,-NH-MIL-101(Cr), the
yield of Knoevenagel product was still as high as 35%. From the
viewpoint of the active methylene compound, the acidity
determines the reactivity, since it acts as a donor molecule in
base-catalyzed Knoevenagel condensation. The effect of active

methylene compounds was examined over activated Ba,(BTC)-
(NO,).* Three typical active methylene compounds malononi-
trile (pK, = 11.1, in dimethyl sulfoxide, DMSO), ethyl
cyanoacetate (pK, = 13.1, in DMSO), and ethyl acetoacetate
(pK, = 14.3, in DMSO) were employed to react with
benzaldehyde. For the three reactions, the yield of Knoevenagel
product was 97%, 85%, and 6%, respectively (see Table 7 for
the reaction conditions). This means that the reactivity
decreases with the increase of pK, values of donor molecules.
In short, both substrates including aldehydes and active
methylene compounds strongly affect the Knoevenagel
condensation over basic MOFs.

The polarity of solvent shows a great effect on MOFs-
catalyzed Knoevenagel reactions. To examine the effect of
solvent polarity, a series of reactions between benzaldehyde and
ethyl cyanoacetate was carried out over NH,-UiO-66 under the
same conditions except solvent (Figure 29)."** For the
reactions in solvents DMF (dielectric constant, £ = 36.7) and
DMSO (e = 48.9) with high polarity, the yield reached 92%
and 95%, respectively, at 40 °C for 2 h (Table 6). Protic solvent
ethanol (EtOH) with the & value of 36.7 was a nice medium for
the Knoevenagel condensation as well, and the yield was 79%.
Nevertheless, in less polar solvents such as toluene (¢ = 2.4),
ethyl acetate (EtOAc, ¢ = 6.02), THF (e 7.5), and
dichloromethane (DCM, ¢ = 9.1), the yield was less than 5%.
Apparently, polar solvents are beneficial to the Knoevenagel
condensation. This can be explained by the fact that solvents
with high polarity help to stabilize the charged transition-state

Table 7. Effect of Substrate Size on the Knoevenagel Condensation of Different Aldehydes with Malononitrile”

yield over different catalysts (%)
No. aldehyde b
RNH,-NH-UiO-66 RNH,-NH-MIL-53(Al) | RNH,-NH-MIL-101(Cr)
1 97 87 99
benzaldehyde
56 A——
75A
2 11 27 93
1-naphthaldehyde
96A———
6.4 A
3 0 1 35
9-anthracenecarboxaldehyde

“Adapted with permission from ref 209. Copyright 2015 Royal Society of Chemistry. Reaction conditions: 1 mmol of aldehyde, 1.5 mmol of
malononitrile, 2 mL of toluene, 1 mol % of catalyst, RT, 2 h. bSimulated by use of Wave function Spartan 08.
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Figure 29. Effect of dielectric constant (&) on the Knoevenagel
condensation of benzaldehyde with ethyl cyanoacetate. Reaction
conditions: 5 mmol of benzaldehyde, 10 mmol of ethyl cyanoacetate, S
mL of solvent, 144 mg of catalyst (NH,-UiO-66), 40 °C, 2 h. Data
used with permission from ref 138. Copyright 2014 Elsevier.

intermediate of the condensation reaction.”>® Moreover, the
polar solvents DMF and DMSO exhibit a strong hydrogen-
bonding acceptor capacity which is able to favor proton
transfer.*®

In summary, MOFs-derived solid bases are widely applied in
heterogeneous Knoevenagel reactions of various aldehydes and
active methylene compounds. Although reaction conditions
may vary in the literature, it is possible to compare the activity
of different catalysts under similar reaction conditions. MOFs
with different basic sites show quite different activity. For
instance, MOFs functionalized with aliphatic amines are
obviously superior to that with aromatic amines. Some factors
such as the molecular size of aldehydes, the acidity of active
methylene compounds, and the polarity of solvents affect the
reactions significantly. Because Knoevenagel condensation has
been carried out on a large number of MOFs, it can be used as
a probe reaction to characterize the basicity of catalysts as well.
For MIL-101(Cr)-ED obtained by grafting the diamine ED
onto CUSs, the activity in Knoevenagel condensation is higher
than the well-known solid base NH,-SBA-15. Also, the catalytic
activity of NH,-MIL-100(Fe) containing pendant amines is
comparable to, if not higher than, the conventional solid bases
MgO and nitridized NaY zeolite. This information is valuable
for a comparison of the basicity of different basic MOFs as well
as the basicity between MOFs and conventional solid bases.

4.2. Aldol Condensation

Aldol condensation is another important group of organic
reactions available for C—C bond formation.”**** The aldol
condensation includes reactions producing A-hydroxy alde-
hydes (f-aldols) or p-hydroxy ketones (f-ketols) by self-
condensations or mixed condensations of aldehydes and
ketones as well as reactions yielding @,f-unsaturated aldehydes
or a,f-unsaturated ketones.””" The a,f-unsaturated ketones are
formed by the dehydration of intermediates B-aldols or f-
ketols. By and large, the aldol condensation is catalyzed by
either acids or bases, but the latter is more frequently
employed.”*>*** Basic MOFs are catalytically active in a variety
of aldol condensation reactions between ketones (e.g., acetone,
cyclohexanone, acetophenone, and cyclopentanone) and
aldehydes (e.g., aromatic aldehydes with different substitutin
groups including NO,, Cl, Br, Me, and OMe).lOé’HS’%l’2
Representative examples of the reactions between aldehydes
and a typical ketone (cyclopentanone) are shown in Figure 30.
The Mg-based MOF, Mg,;(PDC)(OH);(H,0),, was em-
ployed to catalyze aldol condensation due to its basic feature as
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Figure 30. Schematic representation of the Aldol reaction of aldehydes
with a typical ketone cyclopentanone.

shown above.'”® To avoid the self-condensation of aldehydes,
the aldol reactions were carried out in the presence of an excess
amount of ketones.”** A mixture of THE/H,O was used as the
medium for reactions by Koner’s group.' ' They found that the
ratio of THF to H,O strongly affected the reactions. The
highest yield of f-aldol product could be obtained in the
medium with 3:1 THF/H,O for the reaction of acetone and p-
nitrobenzaldehyde (82%, Table 8).*°" Such a yield was much
higher than that obtained in the single solvent THF (62%) or
water (29%). The optimum solvent was then employed for the
aldol reactions of various substrates as listed in Table 8. In the
reactions investigated, all aldehydes were converted to their
corresponding f-aldols as the individual product. The catalytic
activity of the Mg-based MOF was compared with the
conventional solid base MgO. In contrast to the yield of 82%
over Mg;(PDC)(OH);(H,0), for the aldol reaction of acetone
and p—nitrobenzaldehzde in 6 h, the yield of 75% was obtained
over MgO in 24 h.*°"*® This indicates that the Mg-based
MOF is superior to the traditional solid base MgO with regard
to aldol reaction. It is known that unsaturated ketones can be
further produced from the dehydration of aldols. However, all
of the reactions listed in Table 8 were conducted at a
temperature of 5—10 °C. Under such conditions, aldols were
formed as the sole product. With the increase of reaction
temperature, the aldols can be further converted to
corresponding unsaturated ketones.”**

The structure of aldehydes and ketones greatly influences the
aldol reaction on basic MOFs. From the viewpoint of
aldehydes, both the type of substituting group and its position
in the benzene ring matter. For benzaldehyde without
additional substituting groups, the yield of aldol product is
58% (Table 8).°' The presence of nitro, an electron-accepting
group, in the ring facilitates the reaction, and the yield from the
aldol condensation of acetone and p-nitrobenzaldehyde
increased to 82%. Similarly, the yield of f-aldol product
increased to 69% by replacing benzaldehyde with p-
chlorobenzaldehyde. In contrast, introduction of an electron-
donating group like methyl in the ring hampers the aldol
reactions evidently. The yield declined to 46% for the reaction
of acetone with p-methylbenzaldehyde. The effect of the
position of substituting groups can be reflected from the
reactions involving p-nitrobenzaldehyde, o-nitrobenzaldehyde,
and m-nitrobenzaldehyde. Upon reaction with acetone, the
yield of f-aldol product was 82%, 77%, and 70%, respectively
(Table 8).”°" The presence of a nitro group at the ortho and
para positions offers a negative mesomeric and inductive effect,
which enhances the electrophilicity of the aldehyde group.
However, the nitro substituent at the meta position provides
merely the negative inductive effect. For o-nitrobenzaldehyde
and p-nitrobenzaldehyde, the steric hindrance at the ortho
position may obstruct the reaction. From the viewpoint of the
other substrates, namely, ketones, the yield of f-aldol product
overall declined in the order of acetone > acetophenone >
cyclopentanone.”®’ In the case of cyclopentanone and
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Table 8. Aldol Reactions of Different Aldehydes with Ketones Catalyzed by Mg;(PDC)(OH),(H,0),”

isolated yield
No. ketone aldehyde product TON
(Wt%)
CHO O OH
1 acetone )‘\)\© 58 84
CHO
O OH
2 acetone © )J\/K@ 82 120
MO, NO,
CHO O OH NO,
O.N
3 acetone \© )J\)\(j 77 112
CHO O OH
4 acetone /@ )K)\©/Noz 70 100
O,N
CHO O OH cl
5 acetone @/C' )‘\/K© 80 109
CHO O OH
6 acetone @\ )‘\/K©/C| 74 102
Cl
¢HO O OH
7 acetone © )‘\/K©\ 69 92
Cl cl
¢HO O OH
8 acetone © */KQ\ 52 79
OMe OMe
¢Ho O OH
9 acetone © )‘\/K©\ 46 65
Me Me
CHO O OH
10 acetophenone © 50 79
CHO
O OH
11 acetophenone © 78 116
NG, NO,
CHO O OH NO,
12 acetophenone OzN\@ O O 71 110
CHO O OH
13 acetophenone /© NO, 65 97
O,N
CHO O OH cCI
14 acetophenone @/ cl 75 106
CHO O OH
15 acetophenone 70 96

$
Q
;i
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Table 8. continued

isolated yield
No. ketone aldehyde product TON
(Wt%)
CHO o oH
16 acetophenone © 66 87
¢ Cl
CHO o OH
17 acetophenone © 44 72
OMe OMe
CHO o OH
18 acetophenone © 37 61
Me Me
CHO o OH
19 cyclopentanone © b)\@ 51 74
CHO
o OH
20 | cyclopentanone b/‘\@ 75 112
Yo, NO,
CHO o OH NO,
21 cyclopentanone OzN\© m 70 107
CHO o OH
22 cyclopentanone /© b)\©/ NO, 64 96
O,N
CHO fo) OH CI
23 cyclopentanone @/C' b)\@ 74 102
CHO o OH
24 cyclopentanone @\ b)\@u 70 94
Cl
CHO
o) OH
25 cyclopentanone b)\@ 65 84
a Cl
CHO
o OH
26 cyclopentanone m\ 45 69
OMe OMe
CHO
o OH
27 | cyclopentanone b)\@ 36 59
Me Me

“Data used with permission from ref 261. Copyright 2013 Royal Society of Chemistry. Reaction conditions: 2 mmol of aldehyde, 4 mmol of ketone,

3 mL of THF, 1 mL of H,0, $ mg of catalyst, 5—10 °C, 6 h.

acetophenone, a similar tendency to acetone in the aldol
reactions was observed.

Besides the Mg-based MOF, another alkaline earth metal Ba-
based MOF, Ba(PDC)H,0, was also catalytically active in the
aldol reactions.''> For the reaction of acetone with
benzaldehyde, the yield of f-aldol product was 67%. The
reaction conditions were identical to that for Mg;(PDC)-
(OH);(H,0), as shown in Table 8 except temperature (5—10
°C for Ba-MOF and 0—5 °C for Mg-MOF) and time (8 h for
Ba-MOF and 6 h for Mg-MOF). 1t is reasonable to consider
that the reaction conditions for the Ba-MOF are equivalent to,
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if not stricter than, that for Mg-MOF. As a result, Ba-MOF with
a yield of 67% should be more active than Mg-MOF with a
yield of 58% from the reaction of acetone with benzaldehyde
under their respective conditions. Similarly, for the reaction
between acetone and p-nitrobenzaldehyde, the yield was 96%
over Ba-MOF and apparently higher than that over Mg-MOF
(82%).'">*°! These results indicate that Ba(PDC)H,O is more
active upon aldol reactions than Mg;(PDC)(OH),(H,0),,
which is consistent with the order of base strength of the
corresponding alkaline earth metal oxides.
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For MOFs-based catalysts, attention should be paid to their
stability in catalytic processes. After the catalytic reactions are
finished, basic MOF catalysts can be recovered through
filtration or centrifugation followed by additional treatments
such as washing and drying. The structure of recovered MOFs
is usually characterized by XRD. For instance, Mg;(PDC)-
(OH);(H,0), and Ba(PDC)H,O were analyzed by XRD after
aldol reactions.'**" Quite similar XRD patterns of the
recovered MOFs to the fresh ones were observed. This
suggested that the structure of basic MOFs was well maintained
after the aldol reactions. The recyclability of MOFs in aldol
condensation was also examined. Under the catalysis of
Mg;(PDC)(OH);(H,0),, the yield at the fifth cycle was 80%
for the reaction of acetone with p-nitrobenzaldehyde, which
was analogous to the fresh one (82%).2°" Ba(PDC)H,0 also
exhibited high stability upon recycling, and the conversion
could be well kept after several runs.'"

To summarize, both Knoevenagel and aldol reactions are
elegant approaches for C—C bond formation, while the
application of basic MOFs in aldol reactions is much less.
Besides alkaline earth metals-based MOFs, amine-containing
MOFs are also good catalysts for aldol condensation, and
attention should be given to the catalysis of this kind of solid
base. In the aldol condensation of a series of aldehydes and
ketones, the Ba-based MOF is superior to its Mg-based
counterpart, which is in line with the order of basicity of the
corresponding metal oxides. It is interesting to note that the
Mg-based MOF, Mg;(PDC)(OH);(H,0),, shows better
catalytic activity in comparison with the traditional solid base
MgO. The alkaline earth metals-based MOFs exhibit good
stability and recyclability in aldol reactions and can be used
several times without loss of activity.

4.3. Michael Addition

The Michael reaction typically refers to the base-catalyzed
addition of a nucleophile (Michael donor) to an activated a,f3-
unsaturated carbonyl-containing compound (Michael accept-
or).*°>*” The Michael addition is also normally termed
conjugate addition and attracts increasing attention in the
synthesis of fine chemicals as well as functional polymers for
various applications.”****” Basic MOFs are catal?rtically active in
a range of Michael addition reactions.”"”®'”" Characteristic
examples of the Michael addition reactions between different
donors and a typical acceptor (methyl vinyl ketone) are
illustrated in Figure 31. In this subsection, the catalytic activity

Ri Rz
(o)
Ri_R: + )]\/ —_—
o

Ry, R, = CN, CO,Et, C(O)Me

Figure 31. Schematic representation of Michael addition of different
donors with a typical acceptor methyl vinyl ketone.

of different MOFs in Michael addition will be compared, and
the effect of the donor on the reaction will be then discussed
over the optimized catalysts.

The activity of M,DHTP (M?** = Mg*!, Co*", Ni**, Cu*", and
Zn*") in the Michael addition of methyl vinyl ketone with ethyl
cyanoacetate is summarized in Table 9. As described above, the
basicity derives from phenolate oxygen atoms in the frame-
works, which is supposed to be active in Michael addition. The
type of metal center influences the reaction obviously. For the
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reaction of methyl vinyl ketone with ethyl cyanoacetate at 70
°C, the catalyst Ni,DHTP gave a yield of 26% in 2 h and 66%
in 24 h."”® Other catalysts showed lower yields under the same
reaction conditions, for instance, the yield was 6% in 2 h and
35% in 24 h over Mg,DHTP. The catalytic activity of M,DHTP
is in accordance with their basicity (see section 2.1.4),
indicating that the Michael addition is catalyzed by basic sites
in this case. After proper activation to decompose the nitrite,
Ba,(BTC)(NO,) was also active in Michael addition.” Because
some reactions were conducted at the exactly same conditions
for Ba,(BTC)(NO;) and Ni,DHTP, it is easy to compare their
catalytic activity (Table 9). By comparing the yields from the
reactions of a series of substrates, it is safe to say that Ni, DHTP
is somewhat superior to Ba,(BTC)(NO,).

The effect of donor on Michael addition has been studied by
use of both Ni,DHTP'”® and Ba,(BTC)(NO,).* The same
acceptor methyl vinyl ketone was employed for all reactions,
while various donors with pK, values ranging from 11.1 to 16.4
were used (Table 9). Prior to Michael addition, the effect of
donor on Knoevenagel condensation was investigated using
Ni,DHTP.'”® The yield of Knoevenagel product is closely
related to the pK, value of the donor, and the highest yield was
obtained for the most acidic compound malononitrile with the
lowest pK, value of 11.1. In the Michael addition over
Ni,DHTP, however, the reactivity of different donors is
complicated. On the face of it, the yield was reverse from
what was expected. The lowest yield was detected for
malononitrile (18% in 2 h) with the lowest pK, value of 11.1,
while the highest yield was obtained for not so acidic donor,
ethyl acetoacetate (93% in 2 h), with a pK| value of 14.3. By use
of diethyl malonate with a pK, value of 16.4, the yield was 66%
at 2 h, which was lower than that using ethyl acetoacetate.”® A
similar trend was also found in the Michael addition reactions
catalyzed by Ba,(BTC)(NO;).* To clarify such a tendency in
reactivity, Valvenkens et al. proposed a different mechanism for
Michael addition, in which both donor and acceptor could be
activated.'”® During the reaction, a proton is abstracted from
the donor by a basic site in MOFs, while the a,f-unsaturated
carbonyl compound is able to be activated through
coordination on a CUS. Nonetheless, if the anion is more
readily created from the donor, as for the more acidic donor
molecules, or if there is an excessive amount of coordinated
nitrile groups (such as in malononitrile), the CUSs might be
entirely occupied by either carbanions stemmed from the donor
or the nitrile groups. The coordination could limit the
activation of acceptor molecule and subsequently hinder the
overall reaction. As a result, malononitrile possessing two nitrile
functional groups exhibits the poorest activity, which is closely
followed by the donor ethyl cyanoacetate. The site-blocking
phenomenon is less anticipated for other donors without nitrile
groups including ethyl acetoacetate, 2,4-pentanedione, and
diethyl malonate.

In conclusion, MOFs with certain basicity are capable of
catalyzing Michael addition reactions between various
nucleophiles and @,f-unsaturated ketones under prescribed
conditions. The results from the reactions of various substrates
demonstrate that Ni,DHTP (with basic sites derived from
phenolate oxygen atoms) is somewhat more active than
Ba,(BTC)(NO;) (with basic sites similar to corresponding
alkaline earth metal oxide). Interestingly, the reactivity of donor
molecules in the Knoevenagel condensation over MOFs is
dominated by their pK, values, but total different donor
reactivity order is observed in the Michael addition reactions.
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Table 9. Michael Addition Reactions of Methyl Vinyl Ketone with Different Donors under the Catalysis of Different Basic

MOFs®
pK, of donor reaction temperature,
catalyst donor yield (%)
(DMSO) time

Mg, DHTP N\\\j\o/\ 13.1 70 °C, 2 h 6
70 °C, 24 h 35

Co,DHTP N\\\io/\ 13.1 70°C,2h 9
70 °C, 24 h 42
Cu, DHTP N\\\io/\ 13.1 70°C,2h 13
70 °C, 24 h 38
Zn,DHTP N\\\io/\ 13.1 70°C, 2h 19
70 °C, 24 h 44
Ni,DHTP NS A 1.1 110°C,2 h 18
110°C, 24 h 55
N\\\j\o/\ 13.1 70°C,2h 26
70°C, 24 h 66
110°C,2 h 32
110°C, 24 h 75
j\/ﬁ\ 133 110°C,2h 58
110°C, 24 h 99
j\/ﬁ\ - 143 110°C,2 h 93
° 110°C, 24 h 99

(0] o o
A 16.4 110°C,2 h 66
110°C, 24 h 86
Bay(BTC)(NO;)” NS AN 1.1 110°C, 24 h 33
N\\\)CJ)\O/\ 13.1 110°C, 24 h 77
)Oj\/loj\ 13.3 110°C,24 h 99
MO/\ 14.3 110°C, 24 h 99
0] (o)
/\o)l\/lLo/\ 16.4 110°C, 24 h 1

“Data from refs 4 and .178 Reaction conditions: 1 mmol of acceptor (methyl vinyl ketone), 1 mmol of donor, 2 mL of toluene, SO mg of catalyst.

*The sample was activated at 320 °C for 16 h to decompose nitrate.

This is due to the different mechanism for the activation of
substrate molecules. Moreover, Michael addition commonly
requires stronger bases than Knoevenagel condensation,
whereas competition between the two reactions is observed
owing to different reaction mechanism.'”®

4.4. Henry Reaction

Henry (or nitroaldol) reaction is a valuable alternative for C—C
bond formation between a nitroalkane and a carbonyl
compound bearing a hydrogens. Representative examples of
Henry reactions between different nitroalkanes and a typical
carbonyl compound, p-nitrobenzaldehyde, are depicted in
Figure 32. As a coupling reaction in essential, the overall
transformation in Henry reaction enables the formation of a
C—C bond with the concomitant generation of a new
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o

OH
H 4+ R-NO, —»
R
O,N

R =H, CH3, CH,CHj, (CH3),, CgHy4

O,N

Figure 32. Schematic representation of Henry reactions of different
nitroalkanes with a typical carbonyl compound p-nitrobenzaldehyde.

functional group, namely, the f-nitroalcohol function. Henry
reactions are widely employed in organic synthesis. The
product nitroalcohols are useful intermediates in the prepara-
tion of nitroalkenes, a-nitroketones, and f-aminoalcohols
derivatives (e.g,, ephedrine and norephedrine).””**”" Previous
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reports show that Henry reaction could be catalyzed by the
Lewis acidic Cu(II) centers in the MOF framework.””” In this
section, Henry reaction catalyzed by the basic sites of MOFs
will be described.

The MOF, [Zn(TPDC)]-DMF-2H,0, with the potential
structural linker DABCO, was utilized to catalyze Henry
reactions.'”> Because only one nitrogen atom in DABCO is
coordinated on the Zn center, the other free nitrogen atom can
act as a basic site. Such a MOF has 1D channels containing
cage-like open spaces interconnected with windows possessing
a smaller size of about 6.48 A x 5.32 A."”° The accessibility of
the free nitrogen atoms in MOF channels has been evidenced
by the high adsorption enthalpy of CO,."”® Henry reactions
between p-nitrobenzaldehyde and nitroalkanes with various
molecular dimension were carried out over [Zn(TPDC)]-
DMEF-2H,0 (Figure 33)."”" If the Henry reaction takes place

16A

5.52A

.

6.75A

1

5.52A

:}}75,&

Figure 33. Molecular dimensions of various nitroalkanes. To estimate
the dimensions of the molecules, two suitable atoms were selected to
calculate their center-to-center distance by Chem3D followed by
adding their van der Waals radii. Color scheme: for N atoms, blue; for
O atoms, red; for C atoms, gray; for H atoms, white. Adapted with
permission from ref 195. Copyright 2011 Royal Society of Chemistry.

o

e
-
e
8

e

on the basic sites in the 1D channels, the conversion would be
inversely proportional to the molecular dimension of nitro-
alkanes. This is caused by the reactant size selection effect of
the microporous channels as reported in the catalytic processes
involving zeolites.””*7*

On the basis of the assumption above, a series of Henry
reactions between p-nitrobenzaldehyde and nitroalkanes was
conducted over [Zn(TPDC)]-DMF-2H,0 (Figure 34).1%°
When nitromethane with the smallest molecular dimension
(5.10 A X 5.16 A) was used as the reactant, the conversion
reached 80%. Under the same reaction conditions, the
conversion decreased sharply to 34% for the reactant
nitroethane with a larger molecular dimension (649 A X
5.20 A). Further increasing the molecular dimension of reactant
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Figure 34. Henry reactions of p-nitrobenzaldehyde with nitroalkanes
possessing different molecular dimensions over [Zn(TPDC)]-DMF-
2H,0. Reaction conditions: 1 mmol of p-nitrobenzaldehyde, 10 mL of
nitroalkanes, 10 mg of catalyst, 60 °C, 120 h. Adapted with permission
from ref 195. Copyright 2011 Royal Society of Chemistry.

molecules from 2-nitropropane (6.68 A X 6.75 A) to 1-
nitropropane (7.38 A X 5.52 A) and nitrocyclohexane (8.92 A
X 6.75 A), the conversion decreased accordingly from 2-
nitropropane (30%) to l-nitropropane (19%) and nitro-
cyclohexane (12%). Hence, the conversion of reactants is
strongly dependent on the molecular dimension of nitro-
alkanes. The electronic effect of nitroalkanes was examined as
well.'” Nitromethane has a pK, value of 10.24, which is
obviously higher than 2-nitropropane (pK, 7.7-7.8),
nitroethane (pK, = 8.60), and l-nitropropane (pK, = 8.98).
In other words, nitromethane is less acidic than other
nitroalkanes investigated but the most active in the Henry
reaction. It is thus clear that the higher reactivity of
nitromethane is ascribed to the size-selectivity effect rather
than the electronic effect.'”

The stability of MOFs after Henry reactions has attracted
attention as well due to the importance of catalyst stability in
practical applications. In order to assess the stability, the
powder XRD pattern of retrieved [Zn(TPDC)]-DMF-2H,0
after the fourth run between p-nitrobenzaldehyde and nitro-
methane was recorded (Figure 35)."”> The recovered MOF
presented an almost identical XRD pattern to the as-
synthesized one after desolvation, revealing the MOF is robust
for the Henry reaction. It is interesting to witness a weak
diffraction line at 26 of about 5.6°, which was also detected at a
comparable position for the MOF subjected to desolvation and
CHCI; exchange.'”'”® Hence, in the process of catalytic
reactions, the solvate molecules in the as-synthesized MOF
were exchanged with the reactant molecules nitroalkanes. In
this regard, the as-synthesized MOF could be used for catalysis
without any pretreatment. During the Henry reactions
involving nitroalkanes, the solvate molecules (ie. water and
DMF) were exchanged with the substrates readily.'”

To summarize, the free nitrogen atoms in MOFs are able to
serve as active basic sites for Henry reactions. In the case of
MOFs with pore sizes comparable to the dimensions of
reactant molecules, the strong dependence of reactant
dimension is observed while the electronic effect (reflected by
the pK, values of reactant) is negligible. Although the activity of
the nitrogen atoms in DABCO has been demonstrated, the
base strength is weaker than that of a variety of basic centers
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Figure 35. Powder XRD patterns of (a) the simulation from X-ray
crystallography, (b) as-synthesized [Zn(TPDC)]-DMF-2H,0, (c)
CHCl;-exchanged and desolvated MOF, and (d) the recovered
sample after 4 times of Henry reaction in nitromethane. Adapted with
permission from ref 195. Copyright 2011 Royal Society of Chemistry.

such as primary amines. The applications of other basic MOFs
in Henry reactions are thus expected. In short, Henry reaction
is a useful alternative for the synthesis of intermediates. Further
transformations involving the newly formed p-nitroalkanol
functionality (e.g., oxidation, reduction, and dehydration) will
follow, thereby depending on the requirements and the overall
goals of multistep synthetic plans.

4.5, Transesterification Reaction

Transesterification is one of the classic organic reactions with
numerous laboratorial and industrial applications. It is a process
where an ester is transformed to another one through
interchange of the alkoxy moiety.””> >’ Organic chemists
take advantage of this reaction quite often as a convenient
means to prepare esters. Besides producing the esters of oils
and fats, transesterification processes also play a central role in
the paint industry such as curing of alkyd resins. Since
transesterification is an equilibrium process, the transformation
occurs essentially by simply mixing the two components. In
other words, excess alcohol can be used to shift the equilibrium
to the products side due to the reversibility of the reaction. It
has long been known that the presence of a base catalyst can
accelerate the conversion, which is similar to aldol con-
densation.”””

The transesterifications of triglycerides (e.g., glyceryl
triacetate and glyceryl tributyrate) with alcohols (e.g.,
methanol) are important model reactions for biodiesel
production (Figure 36). A series of basic MOFs was employed
to catalyze the transesterification of glyceryl triacetate with

methanol."” Due to the Lewis acidity resulted from CUSs, the
2
O0-C-R
Q o
0-8-R + R—OH —» HOT Y TOH _r
OH R Y07
R
O0-C-R
R' = Me, Et, n-Pr, n-Bu, i-Pr, t-Bu

Figure 36. Schematic representation of transesterification reactions of
triglycerides with different alcohols.
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unfunctionalized MOFs showed weak catalytic performance, for
example, 10.4% of conversion over IRMOF-10 (Table 10)."”

Table 10. Transesterification Reactions of Triglycerides with
Methanol under the Catalysis of Different Basic MOFs“

reaction conversion
entry catalyst triglyceride  temperature, time (%)
1 IRMOF-1 glyceryl 50°C,4h 9.2
triacetate
2 IRMOEF-10 glyceryl 50°C,4h 104
triacetate
3 NH,-MIL-$3(Al) glyceryl 50°C, 3 h 39
triacetate
4 IRMOE-1-ED glyceryl 50°C,3h >99.9
triacetate
S IRMOE-10-ED glyceryl 50°C, 4h >99.9
triacetate
6 NMe,-NH,-MIL-  glyceryl 50 °C,4h >99.9
53(Al) triacetate
7 IRMOE-1-DMAP  glyceryl 50 °C,4h 92.0
triacetate
8 IRMOF-10- glyceryl 50 °C,4h 93.3
DMAP triacetate
9 IRMOEF-1-ED glyceryl 60 °C, 6 h >99.9
tributyrate
10 IRMOEF-10-ED glyceryl 60 °C, 6 h >99.9
tributyrate
11 NMe,-NH,-MIL-  glyceryl 60 °C, 6 h 94.7
53(Al) tributyrate
12 IRMOEF-1-DMAP  glyceryl 60 °C, 6 h 78.1
tributyrate
13 IRMOF-10- glyceryl 60 °C, 6 h 83.9
DMAP tributyrate

“Data used with permission from ref 190. Copyright 2014 Royal
Society of Chemistry. Reaction conditions for the reaction of glyceryl
triacetate with methanol: 181 mg of glyceryl triacetate, 1 mL of
methanol, 30 mg of catalyst. For the reaction of glyceryl tributyrate
with methanol: 302 mg of glyceryl triacetate, 1.2 mL of methanol, 30
mg of catalyst.

By contrast, the amine-containing MOFs exhibited much better
activity, and almost 100% of conversion was observed over
IRMOEF-10-ED. Similar conversion of >99.9% was also detected
on IRMOF-1-ED and NMe,-NH,-MIL-53(Al). Slightly lower
conversion was obtained under the catalysis of the other two
MOFs modified with DMAP, namely, IRMOF-1-DMAP
(92.0%) and IRMOF-10-DMAP (93.3%). These results
evidently show that basic sites in MOFs are responsible for
the activity in transesterification. However, different basic
MOFs exhibit quite different catalytic activity. It is known that
the catalytic activity is related to a collection of factors including
catalyst structure, morphology, pore architecture, basic feature,
etc. Hence, it is not easy to correlate the activity with one
special characteristic of a catalyst. Nevertheless, for IRMOEF-1
and IRMOF-10, they possess parallel structure and the identical
postsynthetic modification is used for introduction of basic
species ED and DMAP."” This makes it possible to clarify the
relationship between basic feature and catalytic activity
quantitatively. Interestingly, a linear correlation between the
density of basic sites and the TOF of four MOFs in the
transesterification of glyceryl triacetate with methanol is
observed (Figure 37)."" These results demonstrate that the
density of basic sites plays an important role in the
transesterification reactions.

Both reactants have an essential effect on the trans-
esterification reactions over basic MOFs. In addition to glyceryl
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Figure 37. Catalytic activity of basic MOFs versus the density of basic
sites in the transesterification reactions of methanol with (a) glyceryl
triacetate and (b) glyceryl tributyrate. Adapted with permission from
ref 190. Copyright 2011 Royal Society of Chemistry.

triacetate, the transesterification of glyceryl tributyrate with
methanol can also proceed smoothly over basic MOFs. When
amine-functionalized MOFs were used as catalysts, the
conversion was higher than 78.1% (Table 10)."”” Taking
IRMOE-10-ED as an example, almost 100% conversion can be
obtained. By comparing the catalytic activity between glyceryl
triacetate and glyceryl tributyrate, it is easy to find that the
reactivity of short-chain glyceryl triacetate is higher than the
long-chain counterpart. Further evidence is displayed in Figure
37; the TOF of glyceryl triacetate was about twice as high as
that of glyceryl tributyrate methanolysis."”® This can be
explained by the molecular sieving effect of MOFs, namely,
the higher accessibility of relatively smaller glyceryl triacetate to
the basic sites inside the pores of MOFs than that of glyceryl
tributyrate.”’***" The effect of alcohols on the transester-
ification reactions was examined as well”® For the trans-
esterification of vegetable oil with alcohols, a series of linear
alcohols including methanol, ethanol, 1-propanol, and 1-
butanol as well as branched ones including isopropanol and
tert-butanol was employed (Figure 38). Obviously, the
reactivity of alcohols relies on their feature greatly. The

1401 ZIF-8 © methanol x  1-butanol
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Figure 38. Transesterification of vegetable oil with different alcohols
into monoglyceride under the catalysis of ZIF-8 as well as the
conventional catalyst ZnAl,O,. Reaction conditions: S0 g of methanol
and rapeseed oil (molar ratio 27.5), 0.5 g of catalyst, 200 °C. Adapted
with permission from ref 76. Copyright 2010 American Chemical
Society.
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conversion declined with the acidity of linear alcohols, while
quite low conversion was detected for branched alcohols. The
traditional catalyst ZnAl,O, was also applied to catalyze the
same reactions.”® For the reaction of vegetable oil with
methanol, ZIF-8 was able to convert oil to monoglycerides
completely within 2 h. Under the same conditions, however,
the conversion over ZnAl,O, was only about 55%. A similar
trend was also observed when other alcohols were used for the
reactions, indicating the better performance of ZIF-8 in
comparison with the traditional ZnAlL,O, catalyst in trans-
esterification.

The recyclability of basic MOFs in heterogeneous catalysis
attracts much attention. The recyclability of a typical catalyst,
IRMOFEF-10-ED, in the transesterification between methanol
and glyceryl triacetate was evaluated.'”® In order to gain deep
insight into the reusability, the recycling experiments were
carried out at a low conversion level. For the fresh catalyst, the
conversion of glyceryl triacetate was 57.6%. The conversion
declined progressively, and after four cycles, only 36.6% of
glyceryl triacetate was converted. These results suggest that the
catalyst IRMOF-10-ED was partially deactivated. To inspect the
reasons, XRD and IR techniques were employed to characterize
the catalysts before and after catalysis."”” The recovered sample
exhibited an identical XRD pattern to the fresh IRMOF-10-ED,
implying that the crystalline structure was well preserved. From
IR spectra it is easy to find that the relative intensity of ED in
IRMOE-10-ED declined apparently after reaction. By combin-
ing the XRD and IR results it is clear that the loss of activity is
caused by the leaching of ED in the IRMOF-10-ED catalyst.
Taking into consideration that the active species ED are grafted
onto CUSs via coordination, the leaching in the polar medium
methanol after several recycles is conceivable.

In conclusion, in comparison with some other solid base-
catalyzed reactions like Knoevenagel condensation, trans-
esterification requires catalysts with stronger basicity. To
improve the catalytic efficiency, a series of amine-functionalized
MOFs have been introduced. These functionalized MOFs
display admirable activity in transesterification. By comparing
the activity for MOFs with similar structure and identical
functionalization method, a linear correspondence between the
density of basic sites and the activity in terms of TOF is
proposed. It should be stated that for the diamines grafted onto
CUSs, the leaching of diamines from MOFs is observed in the
process of transesterification involving polar solvents like
methanol. In this regard, the covalently attached basic species
should be more stable upon recycling. ZIF-8 exhibits
considerable activity in transesterification at high temperatures,
and such activity is higher than the traditional ZnAl, O, catalyst.

4.6. Cycloaddition Reaction

In recent years, cycloaddition reactions involving CO, have
received increasing attention since the excessive emission of
CO, is considered a predominant anthropogenic contributor to
climate change and greenhouse effect.”®'~*** Actually, CO, is
an alternative C; source and can be transformed into useful
chemicals. One of the few commercial routes using CO, as a
raw material in this area is the insertion of CO, into epoxides to
produce cyclic carbonates by chemical fixation,”*>~""" that is,
one carbon atom and two oxygen atoms from CO, can be
incorporated in one step with high atom efficiency. In general,
the addition reaction of CO, to epoxides can produce cyclic
carbonates, which have wide applications such as alkylating
agents, electrolytes in secondary batteries, monomers for
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Figure 39. Reaction pathway for the cycloaddition between an epoxide and CO, catalyzed by (A) basic sites as well as (B) acidic and basic sites.

Adapted with permission from ref 77. Copyright 2012 Elsevier.

synthesizing polycarbonate, and polar aprotic solvents.
Interestingly, such reactions can be catalyzed by basic sites,
acidic sites, or acidic/basic sites.””'*****7*°7 The reaction
mechanism involving basic sites is presented in Figure 39. In
the presence of a basic site, CO, is adsorbed and activated
followed by insertion into the C—O bond of the epoxide
through nucleophilic attack.””® The high ring strain in the
ethylene oxide portion of styrene oxide can easily lead to ring
opening once it is attacked by a 6~ charge in CO,. Such
nucleophilic attack will be enhanced once the 6~ charge in CO,
becomes stronger after the adsorption of CO, on a basic site.
Figure 39 also depicts the mechanism of the cycloaddition
reaction catalyzed by the collaboration of acidic and basic
sites.”” CO, adsorbed on a basic site and an epoxide adsorbed
on an adjacent acidic site lead to the reaction of intermediates
and subsequently the production of cyclic carbonates.

A variety of basic MOFs have been utilized to catalyze the
cycloaddition reactions as summarized in Table 11. In the
reaction of CO, with styrene oxide, 4-phenyl-1,3-dioxolan-2-
one was detected as a single product in most cases.””*”® The
high conversion (>94%) was obtained by using NH,-UiO-66
and Mg,DHTP as the catalysts after the reaction for 4 h.
Moreover, the conversion over NH,-UiO-66 reached 70% in 1
h, suggesting the best activity among the MOFs investigated.®®
Under the catalysis of HKUST-1 and MIL-101(Cr) possessing
open metal centers, a moderate conversion of styrene oxide was
observed (48% and 68% in 4 h, respectively). Despite their
good catalytic performance in Knoevenagel condensation,
IRMOEF-3 and ZIF-8 exhibited relatively poor activity in
cycloaddition and the conversion was only 33% and 11%,
respectively. In the case of IRMOF-1, the conversion was as low
as 1%, indicating the negligible activity in cycloaddition. To
clarify the catalytic performance, the acidity/basicity of these
MOF catalysts was determined by use of TPD.”” The basicity
of MOFs decreased in the order of IRMOEF-3 > NH,-UiO-66 >
ZIF-8 > Mg,DHTP > MIL-101(Cr) > HKUST-1, IRMOF-1,
while the sequence of acidity is Mg,DHTP, MIL-101(Cr) >
NH,-UiO-66 > HKUST-1 > ZIF-8, IRMOF-1, IRMOEF-3.
Inspection of acidity/basicity implied that the high catalytic
activity in cycloaddition appeared in MOFs containing both
basic and acidic sites (e.g, NH,-UiO-66 and MgZDHTP).77
Similar results were also reported in conventional solid bases
such as Cs/AlLO;, pointing out that the collaboration of basic
and acidic sites favors the cycloaddition reactions.*””

In order to understand the catalytic behavior of MOFs
deeply, the cycloaddition reactions were conducted under the
catalysis of the synthetic precursors of MOFs as a
comparison."***** In the case of NH,-UiO-66, the precursors
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including Zr compounds and NH,-BDC were employed as
catalysts.” The catalyst NH,-UiO-66 gave a high conversion of
95% as shown in Table 11. Under identical conditions, no
styrene oxide was converted at all by using ZrO, or ZrCl, as
catalysts, while the ligand NH,-BDC showed a conversion of
45%. When both Zr compounds and NH,-BDC were used for
catalysis, the conversion was raised obviously. The combination
of NH,-BDC with ZrCl, was more active (with the conversion
of 73%) than that of NH,-BDC combined with ZrO, (with the
conversion of 65%), which can be ascribed to the much higher
solubility of ZrCl, in the solvent chlorobenzene (ZrO, was
insoluble at all). In short, the catalytic activity of precursors is
obviously lower than that of the corresponding MOF.*® This
reveals the heterogeneous catalysis of MOFs in cycloaddition,
in which basic and acidic active sites are located closely in
frameworks with high porosity and accessibility.

The structure of the reactant epoxide has an apparent effect
on the cycloaddition of CO,. Usually three kinds of epoxides
are employed, namely, aliphatic epoxides, styrene oxide, and
cyclohexene oxide (disubstituted epoxide).””***® Cycloaddition
reactions of typical epoxides with CO, over NH,-UiO-66 are
shown in Table 11.” Despite the use of different epoxides,
NH,-UiO-66 was able to convert them into corresponding
cycloaddition products. The conversion of hexene oxide was
97% after the reaction for 3 h, which was analogous to that of
styrene oxide after the reaction for a longer time (4 h). In the
case of cyclohexene oxide, the converison was 83% in 4 h and
increased to 95% with prolonged time to 6 h. The low reactivity
of the disubstituted epoxide, cyclohexene oxide, should be
attributed to the high steric hindrance during cycloaddition.
The general reactivity over NH,-UiO-66 declines in the order
of aliphatic epoxides > styrene oxide > cyclohexene oxide,”’
which is also observed in other MOF catalysts such as NH,-
UMCM-1* and MOF-205.””

To summarize, the cycloaddition reactions are rather
different with some typical base-catalyzed reactions such as
Knoevenagel condensation and transesterification reactions.
Not only basic sites but also acidic sites are active in
cycloaddition, and the existence of additional acidic sites
increases the catalytic activity of basic sites. It has been reported
that a nucleophilic cocatalyst (tetraalkylammonium halides) is
favorable to the cycloaddition reactions.'****>*%° In some cases
almost full conversion of epoxides can be obtained at room
temperature in the presence of the cocatalyst, whereas in the
absence of the cocatalyst, around 100 °C is normally required
to realize the same conversion. This indicates that different
concepts should be adopted for design of efficient catalyst
systems for cycloaddition. Thanks to the use of CO,, which is a
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Table 11. Cycloaddition of CO, with Different Epoxides under the Catalysis of Various Materials”

cycloaddition
catalyst epoxide reaction time (h) conversion (%)
product
(o]
IRMOF-1 o o4
o]
ZIF-8 9 o4
o]
IRMOF-3 Q oA
[o]
HKUST-1 o] oA
o]
MIL-101(Cr) o] oA
° o]
Mg, DHTP ©/u o ,/(o 1 59
©/]\/ 4 94
NH,-Ui0-66 o} J<O
L-UiO-
o 3 97
\/\/A M/O
Q P 1 70
o o
@2\/ 4 95
[0)
o)
@ O | )
(o) (o]
(0]
6 95
o]
7r0, O o4
[o]
ZrCly o] -
O
o]
NH,-BDC Q oA
[o]
NH,-BDC+ZrO, Q o4
o]
NH,-BDC+ZrCly Q oA

“Data from ref 77. Reaction conditions: S mmol of epoxide, 2 MPa CO, pressure, 30 mL of chlorobenzene, 20 mg of catalyst, 100 °C.

gaseous reactant at reaction temperatures, the cycloaddition
reactions are often carried out at certain pressures. As a result, a

high-pressure stainless-steel autoclave is frequenly employed in
the reactions.
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4.7. One-Pot Cascade Reaction

Nature offers enzyme catalysts which can catalyze complex
reactions via a sophisticated way. The high catalytic perform-
ance of enzymes is due to the cooperation of isolated active
sites with different functionalities. Inspired by enzymes,
fabrication of artificial cooperative catalysts attracts much
attention.”** %> MOFs are of great interest for the synthesis of
cooperative catalysts because both metal sites and ligands are
available for functionalization.>*>~3% In addition to basic sites,
the antagonistic acidic sites can coexist in MOFs due to site
isolation.”””**® The obtained bifunctional MOF catalysts can
catalyze some interesting cascade reactions in one pot (e.g,
deacetalization—Henry reaction”"’ and Meinwald rearrange-
ment—Knoevenagel reaction'*’), which is unlikely to realize in
homogeneous catalytic systems.

The bifunctional catalyst SO;H-MIL-101(Cr)-NH, with
—NH, and —SO;H immobilized, respectively, on the metal
center and ligand was used to catalyze one-pot deacetalization—
Henry reaction (Figure 40).>"* The deacetalization of

B
o— Hz0 4 CH;3NO,

Figure 40. One-pot cascade reaction including deacetalization of
benzaldehyde dimethyl acetal over acidic sites and subsequent Henry
reaction of benzaldehyde with nitromethane over basic sites.

benzaldehyde dimethyl acetal to benzaldehydes takes place
over acidic sites, and subsequently, the Henry reaction of
benzaldehyde with nitromethane occurs over basic sites, leading
to the formation of 2-nitrovinylbenzene as the ultimate
product. As shown in Table 12, the initial substrate

Table 12. One-Pot Cascade Reaction Including
Deacetalization of Benzaldehyde Dimethyl Acetal (BDA) to
Benzaldehyde (BA) and Henry Reaction of BA to 2-
Nitrovinyl Benzene (NVB)“

conversion of yield of  yield of
entry catalyst BDA (%) BA (%) NVB (%)
1 SO,H-MIL-101(Cr)-NH, 100 3.0 97.0
2 SO;H-MIL-101(Cr)- 100 100 trace
NHBOC
3 MIL-101(Cr)-NH, trace trace trace
SO,H-MIL-101(Cr) 100 100 0
5 SO,H-MIL-101(Cr)-NH, + 100 95.5 45

p-toluene sulfonic acid

6  SO,H-MIL-101(Cr)-NH, +
ethylamine

trace trace trace

7 p-toluene sulfonic acid + trace trace trace

ethylamine
“Data used with permission from ref 213. Copyright 2012 Royal
Society of Chemistry. Reaction conditions: 1 mmol of benzaldehyde
dimethyl acetal (BDA), S mL of CH;NO,, 90 °C, 24 h.

benzaldehyde dimethyl acetal was converted to the ultimate
product 2-nitrovinylbenzene with a high yield of 97% over the
bifunctional catalyst SO;H-MIL-101(Cr)-NH,.*"* Under the
catalysis of SO;H-MIL-101(Cr) and SO;H-MIL-101(Cr)-
NHBOC, benzaldehyde was detected as the main product,
and the yield of 2-nitrovinylbenzene was very tiny since there
was no basic active sites. When MIL-101(Cr)-NH, was
employed as the catalyst, only a trace amount of 2-
nitrovinylbenzene was yielded due to the absence of acidic
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sites; meanwhile, the yield of benzaldehyde was negligible. After
introduction of the corresponding amount of free base
(ethylamine) or acid (p-toluene sulfonic acid) to SO;H-MIL-
101(Cr)-NH,, the yield of 2-nitrovinylbenzene decreased
sharply because of the contamination of acidic or basic active
sites. In addition, no catalytic activity was observed upon use of
the homogeneous mixture of free base (ethylamine) and acid
(p-toluene sulfonic acid). These results thus demonstrate the
cooperative catalytic behavior of the acid—base bifunctional
SO,H-MIL-101(Cr)-NH, in the deacetalization—Henry cas-
cade reaction.

It is known that some metal centers in MOFs may act as
Lewis acids, which can thus cooperate with basic sites to
catalyze cascade reactions in one pot. A case in point is NH,-
MIL-101(Al) assembled from trimeric AI** clusters and NH,-
BDC.'* The free amino groups function as basic sites, while
AP centers function as acidic sites. Through the cooperation of
acidic/basic sites, NH,-MIL-101(Al) can thus catalyze the
Meinwald rearrangement—Knoevenagel condensation cascade
reaction.'*® As depicted in Figure 41, Meinwald rearrangement

CN

[o] NC™ X

©>u Acid
—_—

Figure 41. Typical one-pot cascade reaction including the Meinwald
rearrangement of epoxide over acidic sites and subsequent
Knoevenagel condensation of aldehyde with malononitrile over basic
sites.

Base

N

NC CN

of the epoxide first takes place over acidic sites followed by the
Knoevenagel condensation of intermediate aldehyde with
malononitrile over basic sites. Control experiments were also
conducted by using acid or base as a sole catalyst."* In the
presence of AICl;, a typical Lewis acid, the Meinwald
rearrangement reaction proceeded, whereas the Knoevenagel
condensation did not occur. When dimethyl 2-aminotereph-
thalate, an ester analogue of the organic ligand in NH,-MIL-
101(Al), was employed as the catalyst, the Meinwald
rearrangement cannot take place at all. This indicates that the
cascade Meinwald rearrangement—Knoevenagel condensation
reaction only proceeds in the presence isolated acidic and basic
sites which work in a cooperative way.

To summarize, the bifunctional MOFs with basicity and
acidity are highly efficient in catalyzing one-pot cascade
reactions including deacetalization—Henry reaction and
Meinwald rearrangement—Knoevenagel reaction, which are
unlikely to realize by monofunctional catalysts with only basic
or acidic sites. In consideration of possessing two antagonistic
functions, acid—base bifunctional MOFs exhibit activity that is
not achievable by homogeneous catalysts. By spatial isolation in
frameworks, two incompatible active sites coexist and work
cooperatively. Regardless of the increasing interest, the
possibility of combining bifunctional catalytic sites in MOFs
remains largely unexplored. These acid—base bifunctional
MOFs possess potential in catalyzing various cascade reactions.
In addition to acidic sites, other functionalities (e.g, metal
nanoparticles) are also possible to be introduced to MOFs,
leading to fabrication of novel catalysts with two or even more
functionalities.
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5. CHARACTERISTIC FEATURES OF MOFS-DERIVED
SOLID BASES

In general, basic MOFs are one important branch on the great
tree of solid bases. They have some common features of solid
bases, for instance, the obvious merits regarding postreaction
separation and reuse over their homogeneous analogues.
However, the special composition (constructed coordinately
from metal ions and organic ligands) makes basic MOFs
different with conventional solid bases derived from alumina,
zeolites, mesoporous materials, etc. In this section, character-
istic features of MOFs-derived solid bases will be described
(from the aspects of preparation, activation, and basic
properties) and compared with those of conventional basic
materials.

5.1. Preparation

For the preparation of MOFs-derived solid bases, the stability
(including hydrostability and thermal stability) of MOFs should
be taken into consideration. Some classic methods for the
preparation of solid bases may not be applicable to MOFs
directly. Taking the conventional solid base K,O/ALO; as an
example, it is prepared via impregnation of the support Al,O; in
the aqueous solution of precursor KNO; followed by thermal
treatment to decompose KNOj to basic species K,O. For the
use of MOFs as supports, organic solvents (e.g., methanol) are
recommended more than water. Water molecules can attack
coordination bonds in frameworks, and degradation of the
structure may occur for some MOFs with low hydro-
stability.”””~*"" MOFs are less thermally stable when compared
to the conventional inorganic supports such as Al O;.
Therefore, the stability of MOFs is crucial during thermal
treatment to decompose the base precursor. As a result, thermal
treatment of MOFs is often conducted under vacuum, which
decreases the temperature for treatment. For instance, the
nitrate in Ba,(BTC)(NO;) can be decomposed at about 300
°C under a pressure of <1 mbar.” Recently, our work reveals
that KNO; can be converted to basic species on some MOFs at
300 °C under atmospheric pressure, which is achieved by using
the redox interaction between the base precursor (possessing
oxidizing ability) and some metal ions like Cr’* in MIL-
101(Cr) (possessing reducing ability). Therefore, it is necessary
to design proper methods to generate basic sites on MOFs in
terms of the nature of given MOFs. It is worth mentioning that
rapid progress has been made on the synthesis of MOFs with
enhanced stability; some MOFs (e.g, PCN-224,>'* PCN-
777,>" and BUT-12'") are reported to be stable in harsh
conditions including boiling water, concentrated HCI, and/or
NaOH solution. These robust MOFs provide interesting
alternatives for construction of solid bases.

In fact, the occurrence of MOFs brings new opportunities for
the preparation of solid bases. The special structure of MOFs
(constructed from metal ions and organic ligands) presents
some marked advantages for generation of basicity. First, the
diversity of origins and types of basicity is noticeable for MOFs-
derived solid bases. The structure of basic MOFs is tailorable
through the judicious choice of metal centers and organic
ligands, which gives almost infinite variations in theory and is
impossible for traditional solid bases. On one hand, by using
proper metal ions and/or functional ligands it is possible to
fabricate MOFs with intrinsic basicity. These MOFs are
inherently active in heterogeneous basic catalysis. On the
other hand, basicity can be incorporated into the frameworks
through postsynthetic modification. This is particularly useful
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for MOFs without inherent basicity. Second, the methods for
introduction of basic sites to MOFs are noteworthy. Both metal
centers and organic ligands in MOFs are easy to modify with
basic species. These connections are abundant, site isolated,
and periodically organized, which is not possible to realize for
any conventional supports. For example, an interesting strategy
for functionalization of metal sites is coordination using
diamines. One of the amino groups in diamine is immobilized
on a metal site by coordination, and the other pendant amino
group acts as the basic site. This convenient method is widely
used for functionalization of MOFs but improbable in the case
of conventional sugports such as mesoporous silica due to the
absence of CUSs.*'*™2'7 In addition, various methods have
been developed for covalent attachment of functionalities on
the ligands of MOFs, as shown in Cohen’s reviews and
references therein.”””'” In short, the discovery of MOFs opens
up a great deal of opportunities for the fabrication of new solid
bases with characteristic features. Different types of basic sites
can be introduced to both metal nodes and organic ligands,
resulting in the fabrication of a range of base catalysts which are
unattainable by conventional porous materials.

5.2. Activation

Prior to catalytic reactions, activation of solid bases to remove
contaminants (such as CO,) from active sites is frequently
required. For conventional inorganic solid bases, high-temper-
ature calcination is quite popular, while for MOF:s the activation
conditions are dependent on the nature of basic sites. If the
basicity is originated from metal centers, MOFs are usually
subjected to solvent exchange (e.g, from DMF to methanol
and CH,Cl,). The new solvent molecules are weakly bonded
with metal centers and thus can be removed under mild
conditions. In the case of other basic sites such as amines,
thermal treatment at relatively low temperatures is usually
enough to remove the contaminants. Of course, evacuation can
be utilized to facilitate activation if need be.

5.3. Basic Properties

To discuss the characteristic basic properties of MOFs, the
origins of basicity in MOFs are grouped into three classes. For
the first class, the origin of basicity in MOFs is identical to that
in conventional solid bases. For example, immobilized primary
amines are the basic source for ED-grafted MOF, MIL-
101(Cr)-ED, as well as 3-aminopropyltrialkoxysilane-grafted
mesoporous silica, NH,-SBA-15.%” The base strength of these
materials should be the same. For the second class, the basicity
in MOFs stems from alkaline earth metals. Despite the fact that
alkaline earth metal oxides are well-known solid bases, the basic
properties of alkaline earth metals cannot be predicted and
strongly depend on the structure of MOFs. A case in point is
Ba,(BTC)(NO,), the Ba**—0? —Ba®* species formed after
activation of the basic source, which is reminiscent of the low-
coordination sites in BaO.* Such low-coordination sites locate
at the corner and edge as well as on the surface of BaO;
nevertheless, almost all Ba*>*—0>"—Ba®" species are uniformly
dispersed in the framework of Ba,(BTC)(NOj;) and available as
active sites. For the third class, the origins of basicity are only
observable in MOFs and have never happened in conventional
solid bases. These include the basicity from hybrid metal nodes
(see section 2.1.2) as well as from the interplay between metal
ions and organic ligands (see basic sites from structural
phenolates in section 2.1.4). Such interesting intrinsic basicity
may also exist in a range of MOFs and deserves much attention,
although more characterization on the basicity is demanded. In

DOI: 10.1021/acs.chemrev.7b00091
Chem. Rev. 2017, 117, 8129-8176


http://dx.doi.org/10.1021/acs.chemrev.7b00091

Chemical Reviews

contrast to traditional solid bases, MOFs are crystalline
materials with highly periodical order. When a given MOF is
used as a solid base (for those with intrinsic basicity) or as a
support (for those not basic in nature) for introduction of basic
species, the position and amount of basic sites are already
recognized. As a result, the basic properties of MOFs are
somewhat predictable, which is impossible for traditional solid
bases.

It is possible to compare the catalytic performance of basic
MOFs with conventional solid bases when the same reactions
are carried out under identical conditions. Although pendant
primary amines act as active sites for both MIL-101(Cr)-ED
and NH,-SBA-15 as discussed above, MIL-101(Cr)-ED exhibits
higher activity than NH,-SBA-1S5 in Knoevenagel condensa-
tion.”” This means that the structure of solid bases has a
significant effect on the catalytic activity. Pendant aromatic
amino groups are common basic sites in MOFs as well. In the
case of NH,-MIL-100(Fe) with pendant aromatic amino
groups, the yield of Knoevenagel product is higher than that
on classic solid base MgO and the nitridized NaY zeolite."*'
These investigations indicate MOFs-derived solid bases are
more active in some reactions as compared with a collection of
conventional solid bases. From the viewpoint of pore sizes,
MOFs bridge two conventional materials with ordered pore
structure, namely, zeolites and mesoporous silicas. The suitable
pore sizes, in combination with the tunable basic functionalities,
make basic MOFs promising in size-selectivity catalysis despite
the fact that the use of basic MOFs in this field is still in its
infancy, 5529

6. SUMMARY AND PERSPECTIVES

Increasing attention is given to MOFs-derived solid bases
because of their attractive structural features and catalytic
performance in various organic reactions. Remarkable progress
has been made regarding their preparation, characterization,
and catalytic applications especially in the past decade, which
becomes an exciting research area. It is worthy of note that
MOFs-derived solid bases are much more than straightforward
immobilization of corresponding homogeneous basic species
on the frameworks. Some reactions proceed solely over
heterogeneous base catalysts. The extraordinary skeleton
structure offers numerous possibilities for the incorporation
of diverse basic functions. Two antagonistic functions are able
to harmonize in the frameworks and work in a cooperative way,
which is incredible for their homogeneous counterparts. Unlike
most conventional solid bases, basic MOFs are crystalline
materials with high periodicity and regularity, and all of the
basic sites are supposed to possess exactly the same structure.
This makes it easy to predict/characterize the basic properties
and, more importantly, design MOFs-derived solid bases
precisely to promote a given reaction.

There are a large variety of organic ligands available, and
MOFs with nearly all of the transition metals have been
reported. This suggests the extraordinary diversity in the design
and synthesis of MOFs-derived solid bases. The basic sites of
MOFs can be generated by either direct synthesis or
postsynthetic modification. In the case of direct synthesis, the
basicity may originate from metal centers, organic ligands, and
the interplay between the two. For postsynthetic modification,
both metal sites and ligands are available for introduction of
basic species. Each method has its advantages and disadvan-
tages. Some basic sites such as aromatic amines in MOFs can be
obtained via either direct synthesis or postsynthetic mod-
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ification, while the former is evidently simpler. For other basic
sites like aliphatic amines, nevertheless, it is easy to introduce
through postsynthetic modification but quite difficult through
direct synthesis. Therefore, the preparation method should be
selected according to the type of basic species required for a
prescribed reaction. In comparison with inorganic porous
materials, one of the predominant issues for MOFs is stability.
This limitation, however, can be overcome if suitable
preparation conditions are used, for instance, utilization of
organic solvents instead of water and treatment at relatively low
temperatures under vacuum. Moreover, there are existing
examples of MOFs in this field exhibiting enhanced thermal
and chemical stability, which are robust enough to survive
under various preparation conditions. An increasing number of
MOFs can be anticipated to add to the list, part of them
possessing high potential in the preparation of solid bases.
Although a great deal of organic basic species have been
incorporated into MOFs, introduction of inorganic ones is
scarce. More attention should be paid to the functionalization
of MOFs with inorganic basic species, since they represent an
important type of active component with interesting catalytic
performance and are already widely employed for the
fabrication of conventional solid bases.

Systematical characterization of basic sites in MOFs is
important for understanding the catalytic mechanism. A
number of MOFs do show high activity in base-catalyzed
reactions, but the origination of activity is not always well
clarified. Some experimental techniques (mainly CO,-TPD and
adsorption with probe molecules) have been employed to
characterize the basicity of MOFs. Such techniques can give
various information on the basic sites in MOFs. Also, some
base-catalyzed reactions like Knoevenagel condensation are
useful probe reactions to characterize basic MOFs. The ability
in converting substrates with different reactivity mirrors the
basicity of catalysts. Actually, some renowned techniques for
characterization of conventional solid bases have not been
utilized for basic MOFs. A case in point is the detection of base
strength using Hammett indicators, which is operated under
mild conditions, and the structure can be well preserved even
for MOFs with poor stability. Of course, the color of MOFs
should be fully considered because the mechanism for
Hammett indicators is based on color change. To systematically
reveal the basic properties of MOFs, more characterization
techniques are expected. Actually, each technique can only
disclose part of basic properties rather than all. The
combination of different characterization results enables one
to disclose the basic properties comprehensively including the
strength, amount, and activity of basic sites in MOFs. It should
be stated that such techniques principally offer overall
information about basic MOFs. Detailed information at the
molecular level (such as the spatial position and distance of
different active sites) is more vital, particularly for MOFs with
more than one functionality. For conventional inorganic solid
bases, the surface basic properties are complicated, and usually
basic sites with different amounts and strengths coexist. On the
contrary, thanks to the crystal lattice of the ideal structure, high
periodicity and regularity of basic sites can be presented on
MOFs-derived solid bases. This ensures that all of the basic
sites should possess an identical environment in MOFs. In this
regard, theoretical calculations are very suitable for clarifying
the nature of basic sites in MOFs. The combination of
theoretical calculations with experimental techniques delivers a
powerful way to elucidate the relationship between structure
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and activity, which is of significant importance for the
fabrication of eflicient basic catalysts.

MOFs-derived solid bases have been demonstrated to be
active in various organic reactions. Some MOFs with basic
functionalities show higher activity than their conventional
counterparts with the same functionalities. Also, the highly
ordered pore architecture makes basic MOFs promising in
catalyzing reactions with size selectivity, especially the reactions
hitherto inaccessible for conventional catalysts based on zeolites
and mesoporous silicas due to the special needs on pore sizes
and functionalities. It is noticeable that industrial applications
are much behind the preparation of MOFs-derived solid bases.
Actually, stability should not be considered an issue, since there
are already examples of MOFs with sufficient robustness and
more are anticipated to add to the list. As for industrial
applications of basic MOFs, two factors should be taken into
account. The first factor is the scale up of basic MOFs.
Although industrial production of several MOFs has been
reported, some special issues concerning the preparation of
basic MOFs should be considered (e.g., the of raw materials
and synthetic routes). Another issue worthy of note for basic
MOFs is that basic sites are sensitive to CO,, and loss of
activity may take place if the materials are handled in air.
Hence, special attention should be paid to the preparation and
storage of basic MOFs. The second factor is that restricted
attention is given to the organic reactions from the standpoint
of industrial applications, in spite of the high potential of basic
MOFs in some industrially significant organic reactions. Some
organic reactions are merely used to probe the basicity, and
some literature only report proof-of-concept investigations.
Aiming at industrial applications, further investigations
concerning the scale up of basic MOFs and the applications
beyond proof-of-concept inspections are expected. Perhaps
there is still a long way to go, but we are really heartened by the
recent commercial successes of MOFs in gas storage.318’319
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ABBREVIATIONS

Chemicals Including Ligands

ATZ 3-amino-1,2,4-triazole

BD butane-1,4-diamine

BPDB 1,4-bis(3-phenol)-2,3-diaza-1,3-butadiene

BPDC 4,4'-biphenyldicarboxylic acid

4-BTAPA 1,3,5-benzene tricarboxylic acid tris[ N-(4-pyridyl)-
amide]

CH;-BDC 2-methylterephthalic acid

DABCO 1,4-diazabicyclo[2,2,2]octane

DD decane-1,10-diamine

DETA diethylenetriamine

DHTP 2,5-dihydroxyterephthalate

DMAP 4-dimethylaminopyridine

DMEF N,N’-dimethylformamide

DMSO dimethyl sulfoxide

4-MT 4-methylthiazole

ED ethylenediamine

H,BDC benzene-1,4-dicarboxylate

H,OA oxalic acid

H,BTATB 4,4',4"-(benzene-1,3,5-triyltris(azanediyl))-
tribenzoate

H,BTC 1,3,5-benzenetricarboxylic acid

H;BTTri 1,3,5-tris(1H-1,2,3-triazol-5-yl)benzene

H;PDC 3,5-pyrazoledicarboxylic acid

H;TATAB 4,4’ 4" -s-triazine-1,3,5-triyltri-p-aminobenzoate
H;TCA 4,4',4"-tricarboxytriphenylamine

H,PDAI 5,5'-((pyridine-3,5-dicarbonyl)bis(azanediyl))-
diisophthalate

H-MeIM 2-methylimidazole

DOI: 10.1021/acs.chemrev.7b00091
Chem. Rev. 2017, 117, 8129-8176


mailto:lbsun@njtech.edu.cn
http://orcid.org/0000-0002-2975-7977
http://orcid.org/0000-0002-6395-312X
http://dx.doi.org/10.1021/acs.chemrev.7b00091

Chemical Reviews

ICA imidazolate-2-carboxyaldehyde
LiO'Bu lithium tert-butoxide
NH,-BDC 2-aminoterephthalic acid
PD benzene-1,4-diamine

THEF tetrahydrofuran

TPDC terphenyl-3,3’-dicarboxylate

Common Terminology

BET Brunauer—Emmett—Teller

CUS coordinatively unsaturated metal site
DFT density functional theory

1D one-dimensional

3D three-dimensional

EDD electron density difference

EPR electron paramagnetic resonance

FM fluorescence microscopy

HOMO highest occupied molecular orbital
ICP inductively coupled plasma

IR infrared

LUMO lowest unoccupied molecular orbital
MS mass spectrometer

MOF metal—organic framework

MOF-R MOF functionalized with R groups via metal sites,
e.g, MIL-101(Cr)-NH,

R-MOF MOF functionalized with R groups via organic
ligands, e.g,, NH,-MIL-101(Cr)

NMR nuclear magnetic resonance

PCN porous coordination network

PCP porous coordination polymer

PA proton affinity

SEM scanning electron microscopy

SBU secondary building unit

TCD thermal conductivity detector

TG thermal gravimetric

TOF turnover frequency

TON turnover number

TPD temperature-programmed desorption
XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
ZIF zeolite imidazolate framework
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