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ABSTRACT: To better understand the structure-catalytic property relationship, a platform of urea containing MOFs with
diverse topologies as hydrogen bonding (H-bond) catalyst has been well established in the present work. During the con-
struction of MOFs, we have proposed a new strategy called isoreticular functionalization approach, in which the desired
topological net is firstly considered as blueprint, and then two pre-designed functionalized polydentate ligands link to
four different metal clusters by de novo routes to achieve the MOFs with expected pore structure and catalytic sites. By
means of this strategy, we have successfully synthesized four programmed MOFs (termed as URMOF-1 through URMOF-
4) with diverse topologies, pore morphologies and sizes and distribution of active sites. And subsequently, we have sys-
tematically investigated the Friedel-Crafts reactions of 1-methylpyrrole or 1-methylindole with nitroalkene derivatives
with diverse sizes to assess the catalytic properties of the abovementioned URMOFs. These four URMOFs can act as reus-
able H-bond catalysts and show varied catalytic capacities and size-selectivity properties. Most significantly, the open
morphologies of pores, large channels in the framework and effective distribution of active sites on the wall of channel are
proved to facilitate the catalysis. This urea-containing MOF catalytic platform provides a new insight into on the catalytic
properties of MOFs with same kind of active sites but diverse topologies, pore morphologies and sizes and distributions of

catalytic sites.

INTRODUCTION

Metal-organic frameworks (MOFs), as a class of im-
portant nanoporous organic-inorganic hybrid materials,
have attracted much attention owing to their diverse,
porous and crystalline features, and the researches on
MOFs have been one of the focuses and frontiers in the
advanced materials field™. Based on broad varieties and
flexibilities of the constituents’ geometry, size, and func-
tionality, more than 20,000 MOFs have been reported and
studied over the past decade.>® However, the boundless
of compositions, in some degree, lead to a bewildering
variety of MOFs prepared, which has become one of the
growing challenges for the current researchers on MOFs.
Although stubbornly pursuing new MOFs possessing
novel topologies may still be valuable work, researchers
need to dial back on refining, modifying and functionaliz-
ing the reported MOFs whose properties are not fully
explored or enhanced. Besides, much more effort should
also be put on systematic and in-depth studies on the
structure-properties relationships of the synthesized
MOFs. And it might be hopefully to discover new pro-
spects for potential industrial applications.

It has been well documented that numerous MOFs ex-
hibit excellent feasibilities in many applications, such as

gas storage’ >, molecule separation,** sensing and

25-29 39

recognition, catalysis,® etc. And the catalysis in
MOFs has become one of the most actively studied appli-
cations. In principle, MOFs as catalyst are superior to
other porous materials due to the high versatility and
crystalline nature.*” On the one hand, the catalytic site
and environment in MOFs can be rationally designed,
which will help us to modulate their functionalities for
desired catalysis. And on the other hand, the high order
and uniformity of the porous network for size and shape
selectivity in MOFs are favorable for catalysis.* But, un-
fortunately, the systemic researches on the relationship
between structures and catalytic properties of MOFs are
still deficient. Up to now, only some catalytic platforms
based on isoreticular MOFs have been built to study the
relationship between pore size and catalytic activity.**
And yet, more deep researches should be needed to gain
insight into the influences of pore properties on catalysis
in MOFs due to the fact of that the catalytic reaction rate
is extremely related to the transport speed of substrates
and products which are determined by kinds of pore
properties of MOFs. Additionally, the relationships be-
tween diverse topological nets and catalytic properties in
MOFs with same type of catalytic sites are still unex-
plored. Therefore, it is necessary to establish a platform in
which MOFs can show different topologies, pore sizes and
morphologies and metal clusters but possess same type of
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catalytic sites. This platform can help us to further grasp
the relationships between MOFs’ structures and their
catalytic activities by systematic studies.

To establish this kind of catalytic platform, reticular

chemistry is a good option,** which was first developed by
Yaghi et al and has been well established nowadays. As is
well-known, reticular chemistry can provide a unique
opportunity for the rational design and synthesis of MOFs
with predictable topology and property.” ** In view of this,
we have proposed a new strategy as follows. Firstly, the
expected topological net can be regarded as a blueprint
which will be formulated from a diverse range of SBUs
and ligands. Furthermore, the functionality can be pre-
incorporated in the ligand which can be predesigned and
synthesized. We call this proposed strategy “isoreticular
functionalization approach” that will provide an oppor-
tunity for establishing a platform in which MOFs can pos-
sess not only the desired distinct topologies but also the
same type of programmed functionality.
Scheme 1. Illustration of design of L, and L,, urea groups
as catalytic sites were pre-incorporated into the backbone
of selected hexatopic and tritopic carboxylate ligands
while maintaining the initial linking geometries.
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In the present work, we have establish a catalytic plat-
form with tunable topologies, pore morphologies and
sizes and distribution of active sites by means of this iso-
reticular functionalization strategy in order to explore the
structure-catalytic property relationship in MOFs. Here,
urea group has been chosen as the catalytic sites in MOFs
due to the following major reasons. First of all, urea as an
important functional group is well known in organocatal-
ysis field and supramolecular chemistry. Its two-point H-
bonding character makes it applied to hydrogen bond
catalysis,**> cooperative catalysis,* > molecular recogni-
tion,”*>® ion transport® and anion coordination chemis-
try,°® and so on. Hence, the introduction of urea group
into MOF might improve or generate novel catalytic per-
formance in comparison with parent MOFs. Secondly, to
our knowledge, currently reports on urea-containing
MOFs (URMOFs) as catalysts are still not much. And
there are only a handful of MOFs incorporating urea
group as H-bond catalyst.®**> 7 Farha, Hupp, and

Scheidt, et al. first reported seminal work on the synthesis
of a novel urea-containing MOF as H-bond catalyst,
which avoided self-quenching of urea unit and was more
suitable to catalyze small substrate.** Thereafter, urea
group was combined into Cr-MIL-101 and UiO-67 by post-
synthesis and mixed dicarboxylic strut approach, respec-
tively.65’ % In these two cases, the functional groups stuck
out from the wall of hole, which sacrificed porosity rela-
tive to their parent MOFs. Worse, the lack of the single
crystal structure data in the aforementioned examples
made the accurate distributions of active sites still un-
known, which was not beneficial to understand the rela-
tionship between structure and catalytic activity.

Herein, we have reported four URMOFs according to
the isoreticular functionalization strategy, and have dis-
cussed the relationship between catalytic activity and
structure As shown in Scheme 1, the functional urea
groups have been pre-incorporated into the hexatopic
and tritopic ligands (labeled as L, and L,), whereas the
initial linking geometries remain unchanged. During the
construction of MOFs, the rht and qom topology are re-
garded as blueprint, and then L, and L, are combined
with the well-known [Cu,(so0l),(O,CR),],
[Zn,(sol),(O,CR),] and [Zn,(p,-O)(O,CR)s] SBUs respec-
tively to generate three programmed urea-containing
MOFs by de novo routes, termed as URMOF-1 through
URMOF-3. URMOF-4 are formed by combining L, with
the reported [In,(OH)(j1,-O)(O,CR)4] SBUs,®® ® which
possesses a special flu-3,6-P3121 topological net that has
previously been generated theoretically’” but never been
observed in crystals. By using this isoreticular functionali-
zation approach, URMOF-1-4 present both desired pore
structures and catalytic capabilities within the MOFs.
And subsequently, based on this established catalytic
platform composed of these four URMOFs, we have sys-
temically studied for the first time the Friedel-Crafts reac-
tions of 1-methylpyrrole or 1-methylindole with nitroal-
kene derivatives with diverse sizes in order to give a deep
insight into the influences of the distinct topologies, pore
morphologies and sizes, and distribution of active sites of
MOFs.

RESULTS AND DISCUSSION

Design and synthesis of ligands

MOFs as heterogeneous catalysts must possess large open
channels in order to transport organic substrates and
products which are typically very large.* Therefore, to
design and synthesize MOFs with large pore is crucial.
For the sake of obtaining MOFs with non-interpenetrated
nets and large pores, the reported rht”"** and gom topo-
logical nets*"* are considered as the blueprint. Mean-
while, as expected by the topological symmetry rules, tri-
topic linker combining with 6-connected trigonal-
prismatic cluster [M;0(CO,)s] can present huge channel.
Thus, we chose the hexatopic and tritopic carboxylate
ligands as organic struts to obtain the programmed MOFs
with desired topological nets. 3,3',3",5,5',5"-benzene-1,3,5-
triyl-hexabenzoate ~ (bhb),  4,4',4"-benzene-1,3,5-triyl-
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benzoate (btb) and their elongated derivatives are the
common-used hexatopic and tritopic carboxylate linkers,
which can link diverse SBUs to form plenty of MOFs with
different topologies, large pore size and high surface area
due to their special geometries.” As shown in Scheme 1,
urea groups were incorporated into the backbone of bhb
and btb to form the pre-designed ligand L1 and L2, which
are both elongated and functionalized with urea groups
while maintaining the primary linking geometries. Owing
to the fact that the active sites are all lying in the back-
bones of ligands, this kind of incorporation for urea
groups not only brings the functionality to the subse-
quent construction but also gives the best possibility to
avoid sacrifice of the porosity. In experimental procedure,
the ligands were synthesized via the reactions of 1,3,5-
triisocyanatobenzene that was prepared according to the
published method™ ** with dimethyl 5-aminoisophthalate
for He-L, and with benzocaine for H;-L,. More detailed
synthetic routes are shown in Scheme 2.

Scheme 2. Synthesis route of He-L, and H,-L,.
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Construction and structures of MOFs

As mentioned in introduction, the design and synthesis of
MOFs with large pores and open channels are crucial to
transport organic substrates and products in the catalytic
process. Some cases of topological nets with inherent ca-
pacity of forbidding framework interpenetration have
been utilized in the practice of isoreticular chemistry that
can produce MOFs with large pore size in high possibility.
Hexatopic linker with 1,3-benzenecarboxylate unit com-
bining with dicopper paddle-wheel unit is often used to
construct 3D MOFs with a (3,24)-network topology.”””
The rht topology has been utilized progressively in the
practice of isoreticular chemistry. Moreover, the higher
surface areas and larger free pore volumes can be
achieved through the expansion of the organic linker for
the reason that the formation of isophthalate-sustain
cuboctahedra prohibits framework from interpenetration.
Therefore, we choose this (3,24)-connected rht topology

Chemistry of Materials

as blueprint. Reaction of Hs-L, with Cu(NO,),-6H,0 in
dimethylformamide (DMF) at 75 °C for 24 h afforded dark
green single crystals of URMOF-1. Single-crystal X-ray
crystallography reveals that URMOF-1 crystallizes in the
tetragonal I4/m space group. As expected, linking 24
isophthalate moieties with 12 dinuclear paddle-wheel
units created a cuboctahedron, which and then connected
to each other though coordination bonds to form 3D
MOFs with (3,24)-connected rht topology (Figure 1).

As calculated by PLATON,* URMOF-1 present void
volumes of 75.2% or 72.2% of the crystal volume for re-
moving the coordinated H,O or not. Although precise
solvent content cannot be determined by X-ray crystal-
lography resulting from their disordered nature, by means
of the SQUEEZE routine of PLATON® and quantitative
element analysis, it is found that the void space is filled by
the DMF and water molecules. When H¢-L, reacting with
Zn(NO,),-6H,0 in DMF at 8o °C for 30 h, isostructural
orange crystals of URMOF-2 were formed. URMOF-1 and
-2 are isoreticular with reported (3,24)-connected MOFs
while functionalized by the pre-incorporated urea groups.
And the desired (3,24)-connected rht topological nets and
programmed functionalities of MOFs have been success-
fully duplicated.

connected rht network. H atoms are omitted for clarity. Car-
bon, gray; oxygen, red; nitrogen, blue; copper, green. The
largest spheres that the cavity of each cage can accommodate
are represented in yellow.

Figure 2. (a) Crystal structure of URMOF-3 is formed by
linking the Zn,O clusters with a trigonal ligand L2. H atoms
are omitted for clarity. Zinc, blue. The largest sphere that the
channel can accommodate is represented in yellow. (b) (3,6)-
connected pyr net in URMOF-3.

6-Connected octahedral Zn,0(CO,)s clusters as SBUs
combining with tritopic linkers can produce an isoreticu-
lar series of structures featuring qom topology, such as
MOF-177, MOF-180 and MOF-200. These MOFs are all
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non-interpenetrated due to the gqom topological inherent
nature, while they show extra-large pores, high porosity
and ultra-high BET surface areas. This huge enhancement
of accessible internal volume and open channel size in
non-interpenetrated structures are crucial to improve the
catalytic performance by facilitating the diffusion of reac-
tants and products. With this inspiriting gom topology as
blueprint, reaction of tritopic L, with Zn(NO,),-6H,O in
DMF/N-methyl-pyrrolidinone (NMP) at 100 °C for 36 h
gave colorless crystal of URMOF-3. Single crystal analysis
showed URMOF-3 crystallized in cubic Pa-3 space group.
The asymmetric unit contains one-third ligand, two-third
Zn atom and one-sixth O atom. Surprisingly, though a
(3,6)-connected net was constructed (Figure 2) by the
centre of the octahedral Zn,0(CO,); cluster as the site of
6-connection and the centre of L, linker as the site of 3-
connection, the type of topology was not the expected
gom but pyr. In despite of it, the (3,6)-connected pyr net
looks very like gom net and URMOF-3 also possesses
high void volumes of 88.5% of the crystal volume as cal-
culated by PLATON. The treatment of solvent content in
the void space is same with that of URMOF-1 and -2. Re-
markably, (3,6)-connected pyr net in MOFs have been
reported, most of the case afforded interpenetrated struc-
ture.’® ¥ However, the pyr net in URMOF-3 is non-
interpenetrated that is a rare occurrence and same as the
reported PCN-100 and PCN-100.** The non-
interpenetrated nature is essential to the application in
catalysis.

Assembly of benzene tricarbonic acid (btc) with trigo-
nal-prismatic cluster [M,0(CO,)s] (M=Cr, Fe, Al, V) can
afford classic MOFs MIL-100."" Within this type of
isostructural MOFs, the unique supertetrahedra and the
mesoporous cages are fascinating for construction of
MOFs catalyst. Unfortunately, no any extent frameworks
have been reported. Nevertheless, in terms of the topolog-
ical symmetry rules, there is a high possibility that the
assembly of the elongated tritopic linker combining with
6-connected trigonal-prismatic cluster might form the
MOFs with huge channel. Since the single crystal of MIL-
100(M) (M=Cr, Fe, Al, V) is hard to obtain, our approach
is to extend this [M;0(CO,)s] to contain In element. As is
well known, In,0(CO,), cluster is a commonly used SBUs
that presents 6-connected trigonal-prismatic.”® ® Reac-
tion of L, with In(NO;)-4H,0 in DMF/NMP at 75 °C for 36
h gave colorless crystal of URMOF-4. Single crystal analy-
sis shows URMOF-4 crystalized in trigonal P3,21 space
group. The asymmetric unit contains one ligand, a half of
In,0(CO,), cluster, a half of OH and one coordinated
H,O. Tritopic L, linking with 6-connected trigonal-
prismatic cluster affords a special flu-3,6-P3121 topologi-
cal net (Figure 3) which just has been predicted theoreti-
cally but never been observed in crystals before. URMOF-
4 also has high void volumes of 88.1% or 87.5% of the
crystal volume with removing the coordinated water or
not. More significantly, URMOF-4 is the first framework
constructed by unmixed In,O(CO,), cluster with tritopic
linker, which would promote the research on the assem-
bly of [M,0(CO,)s] with tritopic linker.

To sum up, utilizing the isoreticular functionalization
approach, the well-known rht and qom topological net
have been regarded as blueprints and the programmed
URMOF-1-3 can be successfully obtained. In comparison
with the classic reported MOFs, URMOF-1—3 are iso-
reticular or close to isoreticular while possessing the de-
sired active sites. And, both the desired pore structure
and catalytic capability within the MOFs have been
achieved. As for URMOF-4, it presents a unique topologi-
cal net and can be readily formed by combining
[In,0(CO,)q] with tritopic L, ligand, in which the desired
large open channels have been obtained as well. The four
functionalized MOFs containing urea groups provide an
idea catalytic platform for systematic research on the rela-
tionship between catalytic activity and structure.

<K
e O

e e

Figure 3. (a) Crystal structure of URMOF-4 is formed by
linking the In;O clusters with a trigonal ligand L2. Indium,
pink or green. H atoms are omitted for clarity. (b) (3,6)-
connected flu-3,6-P3121 net in URMOF-4.

Theoretical characterization of pore structure

On the basis of the crystal structure of URMOF-1-4, high
porosity and open channel are all obtained which are
needed to efficiently transport substrate and product
molecule to facilitate catalysis. However, nitrogen adsorp-
tion measurements are unsuccessful to give the expected
experimental area despite various of activated methods
such as solvent exchange, solution freeze-drying®™ °* and
even supercritical CO, exchange have been adopted. It
might be attributed to framework distortion upon solvent
removal, which is a common phenomenon observed for
MOFs with large open channels.*” % Furthermore, the
organic struts are all semi-rigid in these four MOFs which
could accelerate the framework distortion. Despite of
that, powder X-ray diffraction patterns of fresh wet sam-
ple for URMOF-1-4, as shown in Figure S1-S8, indicate
that the frameworks are stable in the solution. As we all
know, high stability for catalyst in air is conductive to
catalytic application especially in industry, and intention-
ally demanding high stability out of the reaction envi-
ronment for catalyst is irrational. H-bond catalytic reac-
tions are usually performed in solution, URMOF-1-4 are
all stable in solution which is sufficient for store and ap-
plication in the field of H-bond catalysis.
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Figure 4. Accessible surfaces (denoted in green) of URMOF-1, -3 and -4 with probe radius of 1.8 A.

Table 1 Theoretical pore structure information for
URMOF-1—4

Porosity Density  SA Vp

Compound Formula %) (g/cm?) (mfg) (cmle)
URMOF-1* Cu,(L,)(H.0), 72.2 0.63 2910 114
URMOF-1° Cu,(L) 75.2 0.60  3295° 125
URMOF-2* Zn,(L,)(H,O), 72.6 0.62 2980 117
URMOF-2" Zny(L,) 75.5 059  3431° 128
URMOF-3* Zn,0(L,), 88.5 025 5843  3.50
URMOF-3° Zn,0(L,), 88.5 025 6695°  3.50
URMOF-4" In;O(OH)(L,)(H,O); 875 0.28 5194 3.09
URMOF-4>  In,O(OH)(L,) 88.1 028 5061° 3.20

SA is the accessible surface area. V;, is the calculated pore volume. a,
not removed the coordinated H,O; b, removed the coordinated H.,O. c,
the simulated BET surface area.
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Figure 5. The simulated pore size distribution as seen by
GCMC simulation for URMOF-1-4, coordinated H,O in the
MOFs were removed. a-d for URMOF-1-4, respectively.

The calculated pore volumes were calculated by
PLATON with probe radius of 1.8 A, the accessible surfac-
es were created and calculated using Mercury and
Poreblazer (Figure 4).° In order to better understand the
pore structures, the atomistic Grand canonical Monte
Carlo (GCMC) simulations were performed to estimate
the adsorption isotherms of N2 at 77.35 K for URMOF-1-4
using RASPA,* which implements the latest state-of-the-
art algorithms for molecular dynamics. As show in the
Figure S18, the GCMC N, sorption of URMOF-1-4 clearly

shows type-I isotherms, and the simulated BET surface
areas for URMOF-1-4 are estimated as 3295, 3431, 6695
and 5061 m*/g, respectively (Figure Si9 - S22). The cacu-
lated pore volume and the simulated BET surface areas of
these URMOFs are listed in Table 1. The URMOF-1 and -2
have the almost same values of surface area and pore vol-
ume due to the nature of the isomorphism, while
URMOF-3 and -4 show high theoretical surface areas
which are up to 6695 and 5061 m*/g respectively. Figure 5
plots the simulated pore size distributions (PSDs) by
GCMC simulations for URMOF-1-4 without coordinated
solvents. The PSD of URMOF-1 shows four peaks at 7.0,
10.9, 12.4 and 17.6 A, which correspond to the four types of
polyhedral cages in structure considering the curvature of
the ligand. The maximum probe size of URMOF-1is 17.6 A.
However, the pore limiting diameter is only about 7.0 A,
which will hamper the diffusion of larger substrate during
catalytic reaction. The PSD of URMOF-2 shows the simi-
lar characteristic as URMOF-1. The PSDs of URMOF-3
and -4 are similar to each other and feature a main peak
in 17.3 and 19.6 A, respectively. Compared with URMOF-1
and -2, the pore limiting diameters of URMOF-3 and -4
are much larger than the former and exceed 12.4 A. Analy-
sis of the connectivity of the porous space shows that the
pore systems in URMOF-3 and -4 are percolated in 3 di-
mensions (Figure 4). The 3D pores with large pore size in
URMOF-3 and -4 make them good candidates for catalyt-
ic reaction.

Structure-catalytic performance relationship

At first, the catalytic activities of URMOF 1-4 as catalysts
were assessed by the Friedel-Crafts alkylation reaction of
trans-B-nitrostyrene with 1-methylpyrrole. Using 10 mol%
(based on per urea unit) of URMOF-1-4 as catalyst, the
reactions were carried out in CH,CN at 60 °C for 24 h and
48 h, respectively. The yields of desired products are pre-
sented in Table 2 (entries 1-4), which indicated that the
Friedel-Crafts reaction can be well catalyzed by these
urea-containing MOFs. And then a series of control ex-
periments without URMOFs catalysts were performed
under the same condition in order to well understand the
catalysis of these URMOFs. As shown in entries 5-11 of
Table 2, only trace product were found even after 48 h,
confirming that these URMOFs can effectively catalyze
the Friedel-Crafts reaction. From the structure point of
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view, it can be noted that there are four different metal
clusters as SBUs existed in the four framework, which are
[Cu,(H,0),(0,CR),, [Zn,(H,0),(O,CR),], [Zn,0(O,CR),]
and [In;0(CO,)s] for URMOF-1—4, respectively. Although
it has been reported that the metal clusters as Lewis acids
have low catalytic activities for Friedel-Crafts reaction,*
% it is still necessary to evaluate the catalytic activities of
the metal clusters in these URMOFs. And therefore, other
control experiment were designed and performed. With
the aid of these control experiments, a further insight into
the roles of urea units and SBUs of the URMOFs in cata-
lytic reactions could be gained. Since it is hard to synthe-
size MOFs with same structures and pore sizes whereas
without urea units related to the corresponding URMOFs,
we choose some similar reported MOFs without urea
groups as catalysts, whose SBUs were same with that of
URMOFs. According to the literatures, Cuy(BTC),,"”
MOF-14," MOF-177" and
[In,0(CsO,H,),(H,0), s(C;N,H,)(C;N,H,), ;] DMF-0.5(CH,

CN)® were prepared to carry out the Friedel-Crafts reac-
tions under the same conditions as described above, re-
spectively. It is should demonstrated that these MOFs
have different structures and molecular formulas compar-
ing with those of the URMOFs. Thus, crudely utilizing 10
mol% of these MOFs as catalyst is not rational, and the
used mole equivalents of metal clusters in the MOFs
should be equal to that of URMOFs base on per urea unit.
The product yields of these control experiments are given
in entries 6-9 of Table 2, which reveal that these MOFs
have lower catalytic activities in comparison with
URMOFs under same condition. In addition, these results
also demonstrated that the high catalytic activities of
URMOF-1—4 arise mainly from urea groups, and that the
metal clusters can be only seen as some added active sites
on the wall of pore besides urea groups in some degree.
Actually, the low catalytic contribution of metal clusters
in the framework cannot interfere with the expected re-
search on the relationship between pore morphologies,
sizes and the catalytic properties. Finally, the control ex-
periments by using L, methyl ester and L, ethyl ester as
catalysts were also carried out under the same condition,
and still low yields (Table 2, entries 10, 11) were found due
to the poor solubility of the two esters in CH,CN. In fact,
these esters present very poor solubility in most of gen-
eral organic solvents. So that, under such condition, these
esters can be actually considered as heterogeneous cata-
lysts due to their insolubility. The strong intermolecular
H-bond maybe exist in the solid state for these esters,
which lead to low catalytic reactivity in comparison with
URMOF-1—4.

With these results in hand, we set out to change the
substrates diverse in sizes to explore the relationship be-
tween catalytic activities and pore properties for URMOF-
1—4. The four MOFs present different topologies, pore
morphologies and sizes and diverse clusters while pos-
sessing same kind of urea groups as active sites, which
can provide a rational catalytic platform to investigate the
relationship between catalytic activities and above struc-
tural features. Thus, Friedel-Crafts reactions of 1-

methylpyrrole or 1-methylindole with nitroalkene deriva-
tives were performed to evaluate the catalytic activities
for these URMOFs, in which four kinds of nitroalkene
derivatives with different sizes and shapes (Table 3, and
4) were employed.

Table 2. URMOFs catalyzed Friedel-Craft alkylation
between trans-B-nitrostyrene and 1-methylpyrrole
and control experiments *

/ ==

@ . ®/\/N02 catalyst (10%) —N_

CH;CN, 60°C R NO,

entry catalyst 24h yield(%)” 48h yield(%)"

1 URMOF-1 56 72

2 URMOF-2 55 73

3 URMOF-3 ()1 94

4 URMOF-4 93 95

5 No catalyst - -

6 Cu,(BTC), 22 27

7 MOF-14 18 30

8 MOF-177 25 34

9 In,O-MOF* 7 14

10 L, methyl ester 9 15

1 L, ethyl ester 15 23

¢ Reactions were carried out with 1-methylindole (1.5 mmol), nitroalkene
(0.5 mmol), catalysts (10 mol%, based on per urea unit for URMOFs and
ligand esters, or mole equivalents of metal clusters equal to those of
URMOF for other MOFs), CH;CN (0.75 mL). b the yield is based on ni-
trostyrene.  ©  Trace, d [In;0(Cs0,H,);(H.0).5(C;N.H;) (C;N,H,)
o5 DMF-0.5(CH,CN).

Still under the same conditions described above, the
Friedel-Crafts reactions of 1-methylpyrrole with diverse
nitroalkene derivatives (S-,) were carried. As shown in
Table 3, desired products are all obtained but with differ-
ent yields. It can be note that URMOF-1 and URMOF-2
have not high catalytic activities due to their structural
features. Furthermore, because of isostructure for
URMOF-1 and -2, reactions catalyzed by them show little
difference in yields, which also in part proves that the
reaction are mainly catalyzed by urea sites and that Cu
and Zn in the SBUs hardly influence the yield. Based on
URMOF-3, the reactions give desired products with high
yields except for S,, implying that URMOF-3 possesses
high activity towards the reaction. As compared with
URMOF-1-3, URMOF-4 shows the highest catalytic activi-
ty for these reactions. As shown in Tables 3, one can note
that the size of nitroalkene derivatives has an important
influence on the reaction yields. Figure 6a clearly shows
the relationship between the yields for 1-methylpyrrole
corresponding to different URMOFs catalysts and the
nitroalkene derivatives with different sizes. It can be seen
that for the same reaction, URMOF-4 and -3 present bet-
ter reactivity. This plot also reveals that the catalytic reac-
tions for 1-methylpyrrole and 1-methylindole show similar
tendencies of yields of the desired products for diverse
nitroalkene derivatives upon URMOF-1—4. The catalytic
activities can be demonstrated in the order of URMOF-
4>URMOF-3>URMOF-2~URMOF-1. To confirm this ten-
dency, reactions of 1-methylindole with nitroalkene were
also carried out under the same condition, the yields of
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reactions of 1-methylindoleare all slightly higher than
those of 1-methylpyrrole, indicating that the inherent re-
activity of 1-methylindole is superior to that of 1-
methylpyrrole. As shown in Table 4 and Figure 6b, the
tendency of yields for the desired products for diverse
nitroalkene derivatives upon URMOF-1—4 are according
with those of 1-methylpyrrole.

Table 3. URMOFs catalyzed Friedel-Craft alkylate for
1-methylpyrrole’

Chemistry of Materials

are two kinds of channels along c-direction while urea
groups distribute in the windows of smaller channel (Fig-
ure 4a). Therefore, URMOF-1 and -2 show lower catalytic
activities for all the reactions despite of the fact that they
possess high porosity.

Table 4. URMOFs catalyzed Friedel-Craft alkylate for
1-methylindole’

/ =

N URMOF (10%) ~—N__
() * R\Nop ———
CH4CN, 60°C R NO,
Yield(%)®

nitroalkene product  URMOF-1 URMOF-2 URMOF-3 URMOF-4
24h 48h 24h 48h 24h 48h 24h 48h

A N0 N7

\

(J w56 72 55 73 91 94 93 95
S ©4

Br N0, 'N—/

\©N s~ 54 74 50 71 93 95 94 96
Sz =~

s oy Tos 7 6 B 8 o

A

NN NO; ~NZ
O /‘::.\I/x»"\/ WO,
Ss PN - - - - 10 20 69 77

=

“ Reactions were carried out with 1-methylpyrrole (1.5 mmol), nitroalkene
(0.5 mmol), URMOFs (10 mol%, based on per urea unit), CH;CN (o0.75
mL). ® Theyyield is based on nitroalkene. ¢ Trace.

yields(%)

—=— URMOF-1
—e— URMOF-2
—A— URMOF-3

—&— URMOF-1
—e— URMOF-2

—h— :
sl = belors 2 iR
oF oF
s1 s2 S3 sS4 S1 s2 S3 sS4
nitroalkenes nitroalkenes

Figure 6. URMOF-1-4 catalyzed Friedel-Craft alkylate for 1-
methylpyrrole (a) and 1-methylindole (b). The reaction were
carried out with 1-methylpyrrole or i-methylindole (1.5
mmol), nitroalkene (0.5 mmol), URMOFs (10 mol%), CH,CN
(0.75 mL) for 48 h, relationship of the yields based on ni-
troalkene derivatives diverse in size (S,—,) upon URMOF-1—4
catalyst were illustrated. In which, the sizes of S,—, are gradu-
ally increasing.

As mentioned above, the four URMOFs show different
catalytic performances, which can be attributed to their
structure features. As shown in Figure 7a, four two-third
of L, linking two SBUs forms an irregular paddle wheel
unit, and the H atoms of urea groups are pointing to the
inner of paddle wheel unit. The short distances of O-O
and H-H imply that the channels are narrow, and cannot
facilitate transportation of the substrates and products,
and that urea groups are not accessible to interaction
with the substrate. Meanwhile, according to the 3D coor-
dination framework of URMOF-1, one can note that there

\

N
/
N URMOF (10%) \
©/\/) * RT\No, ——
CH,CN, 60°C R NO,
Yield(%)®

nitroalkene product URMOF-1 URMOF-2 URMOF-3 URMOF-4
24h 48h 24h 48h 24h 48h 24h 48h
W=\

= s, @ (o 69 8 65 8 96 98 95 98
N~
Br X N0, N\\)
s, o w, 72 8 69 78 94 95 96 98

N

12 21 10 24 77 94 92 96

Je®,

N
A 02

1 # \%

¢ Reactions were carried out with 1-methylindole (1.5 mmol), nitroalkene (0.5
mmol), URMOFs (10 mol%, based on per urea unit), CH;CN (o.75 mL). b the
yield is based on nitroalkene. ° Trace.

74
\
H
_
.
V) ]
.
N
0]
W

14 23 72

For URMOF-3, high porosity and large pore make it be-
come an excellent catalyst for nearly all substrates except
S,. As shown in Figure 2, L, linking with SBUs affords a
(3,6)-connected pyr net with the center of the octahedral
Zn,0(CO,)s cluster as the site of 6-connection and with
the center of the L2 linker as the site of 3-connection. The
structure of this non-interpenetrated net determines large
pore size. As a result, URMOF-3 has extra-large pores
capable of transporting the substrate and product rapidly.
Furthermore, each one-third of L, is equitably allocated to
the vertex of octahedral Zn,0(CO,)s cluster (Figure 7b),
which can maximize the distance of urea groups. Thus the
urea groups as accessible active sites are exposed in the
large pores (Figure 4b).
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Figure 7. The positions, surroundings and distances of urea groups in subunits of the sturctures. (a) for URMOF-1, (b)
for URMOF-3 and (c) for URMOF-4. H atoms are omitted for clarity except for urea groups. Carbon, gray; oxygen, red;

nitrogen, blue; metal ion, green.

(3,6)-connected flu-3,6-P3121 net of URMOF-4 provides
three kinds of rings in the structure, as shown in Figure
7¢, these two-, three- and four-membered rings are
formed by sharing one-third of ligand. The distances of
urea group are diverse in different rings, and most of
them are long. It is more important that the packed struc-
ture can afford large open channels along the same direc-
tion (Figure 4c¢), and that parts of urea groups are fixed on
the wall of these large channels. Thus, all of the selected
substrates can be well catalyzed by URMOF-4 due to the
huge channels and accessible urea groups. It should be
noted that the substrate S, is one of the largest nitroal-
kene derivatives in size in comparison with those utilized
in the MOFs catalyses based on urea group. Moreover, all
of the reported urea containing MOFs® ® 7 along with
URMOF-1-3 in this article show lower activities as en-
countering the large substrates. In other word, URMOF-4
is a unique and excellent catalyst that can provide high
catalytic activities even for large substrate.

Obviously, pore morphologies and sizes and effective
distribution of the urea groups are all play crucial roles in
catalytic reaction. In such reaction environments defined
by these factors, URMOF-1—4, thus, present distinct cata-
lytic activities and show size selectivities. It is also indi-
cated that these catalytic reactions mainly occur in the
pores of the MOFs. The open shape of pores, large chan-
nel in the framework and effective distribution of active
sites on the wall of channel also make contribution to
catalyzing the reaction. Furthermore, distinct clusters
maybe influence the transportation of organic molecules
which have been proved by the separation application of
MOFs. Due to the fact that the catalytic reaction rate is
extremely related to the transport speed of substrates and
products, the distinct cluster in URMOF-1—4 might affect
catalytic reaction rate in some degree. As testing the recy-
clability of the urea-containing MOF heterogeneous cata-
lyst, as shown in Figure S13, one can note that the
URMOF-3 and -4 can be easily isolated from the reaction
suspension by centrifugation and can be reused at least
five times with little or no loss of activity, whereas they
still retain their crystallinity as verified by PXRD. On the
contrary, the catalytic activities of URMOF-1 and -2 are
lost in some degree, which might be ascribed to their nar-

row windows of cuboctahedron. After catalysis, the prod-
uct or the byproduct could stoppage the channels and the
transfer of the substrate and product could be stopped.
However, their frameworks are still stable as verified by
PXRD. Overall, these MOFs with different topologies and
precise structural feature provide an excellent platform
for investigating the relationship between catalysis and
structure. Despite the fact that some MOFs possessing
the same topologies and the relationship of pore size and
catalytic activity have been reported, *** to our best of
knowledge, the catalytic MOFs platform with same type
of functional group but possessing diverse topological
nets, pore morphologies and sizes and distinct distribu-
tion of activity sites has never been reported. This work
has investigated the relationship of these features and
catalytic activity for the first time.

Conclusion

In summary, a catalytic MOFs platform with tunable to-
pologies, pore morphologies and sizes and accessible ac-
tive sites has been established for the first time. By re-
viewing the library of MOFs, a new isoreticular function-
ality approach has been developed. With the desired top-
ological nets as blueprints, by means of pre-incorporating
urea groups into the selected polytopic ligand with fixed
linking geometry and choosing rational SBUs, four pro-
grammed urea-containing MOFs as H-bond catalysts with
distinct topological nets have been constructed by de no-
vo synthesis. Base on this platform, the relationship be-
tween the catalytic activity and the features of distinct
topologies, pore shapes and sizes and distribution of ac-
tive sites in the framework have been investigated sys-
tematically. The morphology of pores, open large channel
in the framework and effective distribution of active sites
on the wall of channel play key roles in the catalysis, and
the better reactivity mainly originates from these features.
Meanwhile, isoreticular functionality approach provides
an opportunity to obtain MOFs with same type of func-
tional group but possessing tunable topologies. We antic-
ipate that the number of urea containing MOFs could be
explosively increased and abounding of desired topologi-
cal nets with urea units could be duplicated by using this
facile approach. The present study might pave a new way
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of research on interdiscipline for MOFs and supra-
molecule chemistry based on urea, and other application
of these MOFs such as molecule recognition, ions transfer
may be realized.

EXPERIMENTAL SECTION

General experimental section and detailed procedures for
the reported MOFs, catalytic substrates and products syn-
thesis and characterization are provided in the Support-
ing Information. Only experimental procedures for the
ligands and MOFs are shown below.

Synthesis of L, methyl ester: A solution of 1,3,5-
benzenetriisocyanate (2.0 g, 10 mmol) in dry toluene (100
mL) was added dropwise to a solution of dimethyl-5-
aminoisophthalate (10.46 g, 50 mmol) in dry toluene (200
mL) at 8o °C. After stirring the mixture for 12 h, the pre-
cipitation was filtered and washed by toluene and CH,Cl,,
respectively. The white solid of L, methyl ester was ob-
tained and dried in air (Yied: 88% based on 1,3,5-
benzenetriisocyanate). IR (KBr pellet, cm™): 3395, 3376,
3110, 2956, 1708, 1609, 1547, 1438, 1352, 1259, 1214, 1006, 756,
721, 675. 'H NMR (400MHz, DMSO-dg): 8 9.05 (s, 3H, N-
H), 8.92 (s, 3H, N-H), 8.36 (s, 6H, Ph-H), 8.10 (s, 3H, Ph-
H), 7.49 (s, 3H, Ph-H), 3.92(s, 18H, C-H). *C NMR (100
MHz, DMSO-d¢): 8 165.9, 152.8, 141.3, 140.5, 1311, 123.1,
123.0, 102.9, 53.0. Anal. Caled for C;H,NcO,, (Mes-
L,-2H,0): C 54.17, H4.66, N 9.72%. Found: C 54.30, H 4.59,
N 9.87%.

Synthesis of Hg-L,: L, methyl ester was dispersed in 40
mL CH,OH / 40 mL H,0, excessive LIOH was added, the
mixture was stirred for 8 h at 65 °C, then cooled to room
temperature and 100 mL H,O was added, finally, 5% hy-
drochloric acid (HCI) aqueous solution was added to the
solution until the pH value is adjusted to 2. White desired
powdered Hg-L, was obtained by filtration, washed by
water and acetone and dried in air (Yield: 81% based on
1,3,5-benzenetriisocyanate). IR (KBr pellet, ¢m™):3099,
2562, 1713, 1564, 1447, 1262, 1227, 899, 759, 675. 'H NMR
(400MHz, DMSO-dg): 8 13.17 (s, 6H, -COO-H), 9.21 (s, 3H,
N-H), 9.05 (s, 3H, N-H), 8.31 (s, 6H, Ph-H), 8.09 (s, 3H,
Ph-H), 7.41 (s, 3H, Ph-H). *C NMR ( 100 MHz, DMSO-dg):
8 167.1, 153.0, 141.0, 140.6, 132.2, 123.6, 122.9, 102.9. Anal.
Caled for C,H,CLNgO,s (He-L-5HCluH,0): C 35.23,
H4.57, N 7.47%. Found: C 35.43, H 4.28, N 7.52%.
Synthesis of L, ethyl ester: A solution of benzocaine
(8.26 g, 50 mmol) in dry toluene (200 mL) was added
dropwise to a solution of 1,3,5-benzenetriisocyanate (2.0 g,
10 mmol) in 70 mL toluene at 8o °C. After stirring the
mixture for 12 h, the precipitation was filtered and washed
by toluene and acetone, respectively. L, ethyl ester was
obtained as white solid and dried in air (Yield: 80% based
on 1,3,5-benzenetriisocyanate). IR (KBr pellet, cm™): 3383,
3290, 3120, 2982, 1715, 1679, 1596, 1535, 1454, 1368, 1282, 1210,
1172, 1105, 1019, 854, 768, 694. 'H NMR (400MHz, DMSO-
ds): 8 8.92 (d, 6H, N-H), 7.90 (m, 6H, Ph-H), 7.59 (m, 6H,
Ph-H), 7.38 (s, 3H, Ph-H), 4.29(d, 6H, C-H), 1.32(t, 9H, C-
H). ®C NMR (100MHz, DMSO-d¢): § 165.5, 152.0, 144.3,
140.1, 130.4, 122.8, 117.3, 102.1, 60.3, 14.3. Anal. Calcd for
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C36H3sNO, (Et,-L,-H,0): C 60.61, H5.30, N 11.96%. Found:
C 60.50, H 5.36, N 11.76%.

Synthesis of H;-L,: L, ethyl ester was dispersed in 40 mL
CH,CH,OH / 40 mL H,O, excessive LiOH was added, the
mixture was stirred for 8 h at 65 °C, then cooled to room
temperature and 10omL H,O was added, finally, 5% hy-
drochloric acid (HCI) aqueous solution was added to the
solution until the pH value is adjusted to 2. White desired
powdered H;-L, was obtained by filtration, washed by
water and acetone and dried in air (Yield: 74% based on
1,3,5-benzenetriisocyanate). IR (KBr pellet, cm™): 3113, 2541,
1608, 1541, 1419, 1313, 1220, 172, 765, 665. 'H NMR
(400MHz, DMSO-dy): § 12.58 (s, 3H, -COO-H), 8.91 (d, 6H,
N-H), 7.88 (m, 6H, Ph-H), 7.58 (t, 6H, Ph-H), 7.38 (d, 3H,
Ph-H). ®C NMR (100MHz, DMSO-dg): 8 167.9, 152.9, 144.7,
140.9, 1314, 124.5, 181, 103.0. Anal. Caled for
C3H,,N6O,5(H;-L,-4H,0): C 52.63, H4.71, N 12.28%. Found:
C 52.24, H 4.69, N 12.35%.

Synthesis of URMOF-1: 5 mg HeL, and 15 mg
Cu(NO,),-6H,0 were dissolved in 1.5mL DMF, 4 drops of
HBF4 (40% in water) were added to the solution. The
mixture was sealed in a glass vial and heated at 75°C for
24 h. After cooling to room temperature, dark green crys-
tals of URMOF-1 were obtained in a yield 65% base on
Hg-L,. IR (KBr pellet, cm™): 1657, 1557, 1420, 1380, 1218, 1105,
777, 668.

Synthesis of URMOF-2: 5 mg Hg¢L, and 15 mg
Zn(NO,),-6H,0 were dissolved in 1.5 mL DMF, 2 drops of
HBF4 (40% in water) were added to the solution. The
mixture was sealed in a glass vial and heated at 75 °C for
36 h. After cooling to room temperature, brown crystals
of URMOF-2 were obtained in a yield 57% base on Hg-L,.
IR (KBr pellet, cm™): 1654, 1561, 1419, 1387, 1210, 1105, 775,
665.

Synthesis of URMOF-3: 10 mg H;-L, 40 mg
Zn(NO,),-6H,0, 1.5 mL DMF and 1.5mL NMP were sealed
in a glass vial and heated at 100 °C for 32 h, then cooled to
room temperature, colorless crystals of URMOF-3 were
obtained in a yield 72% base on H,-L,. IR (KBr pellet, cm’
"):1620, 1554, 1400, 1320, 1224, 1178, 1019, 954, 777, 694.
Synthesis of URMOF-4: 10 mg H;-L, 15 mg
In(NO,),-4H,0, 1.5 mL DMF and 0.5 mL NMP were sealed
in a glass vial and heated at 75 °C for 36 h, cooled to room
temperature afford colorless crystal of URMOF-4 in a
yield 41% base on H;-L,. IR (KBr pellet, cm™): 1657, 1605,
1415, 1387, 1317, 1217, 1175, 1101, 784, 668.
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Detailed experimental section and procedures for the re-
ported MOFs, catalytic substrates and products synthesis
and characterization, simulated adsorption isotherms of
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