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Here we report the facile preparation of a urea-containing UiO-68

isoreticular zirconium metal–organic framework (MOF) with mixed

dicarboxylate struts by utilizing a microwave-assisted heating

method. It can work as an efficient hydrogen-bond-donating

heterogeneous catalyst for Henry reactions of benzaldehydes and

nitroalkanes. This mixed strut MOF exhibits improved catalytic ac-

tivity compared to the pure urea-functionalized linker based

analogue.

Organic reactions through hydrogen-bond catalytic processes
have emerged as a useful synthetic method and gained much
intense research interest over the past years.1–4 These
hydrogen-bond-donating (HBD) catalysts usually utilize urea
or thiourea as the key functional moiety on account of two-
point hydrogen bonding via acidic N–H protons.1–7 A variety
of bond-forming transformations, such as Diels–Alder and
Friedel–Crafts (FC) reactions,8,9 have been catalyzed by HBD
species in the solution phase, often along with good to excel-
lent selectivity and yield. However, these HBD catalysts, in
particular urea derivatives, would suffer from the self-
quenching problem in a homogeneous catalysis system, due
to their high propensity of dimerization and oligomerization
via H-bonding interactions of catalyst molecules to each
other.10–14 This undesirable self-association behavior greatly
lowers the catalyst's solubility, resulting in the potential de-
crease of its catalytic reactivity.

Consequently, the immobilization of HBD organocatalysts
into solid architectures in which H-bonding donor sites are
physically separated to prevent their detrimental self-
quenching is a promising and practical strategy to promote
catalyst-substrate recognition for improving the catalytic activ-
ity.15 For example, Portnoy and Tuchman-Shukron have incor-
porated H-bond donors into polystyrene for the asymmetric
nitro-Michael reaction of acetone to nitro-olefins with high
enantioselectivity.16 Borah et al. recently prepared a urea-
pyridine-bridged periodic mesoporous organosilica (PMO) that
exhibited a high catalytic efficacy for the Henry reaction.17

Farha and his coworkers first engineered HBD catalysis into a
metal–organic framework (MOF) material for FC reaction of
pyrroles and nitroalkenes, achieving an increased rate en-
hancement versus its homogeneous urea-counterpart due to
the spatial isolation of catalytic centers in MOF scaffolds.18

Among these materials for anchoring HBD catalysts, MOFs
as a family of hybrid porous materials that are constructed
from inorganic nodes coordinated with polytopic organic
struts possess several unique advantages, including high sur-
face area along with tunable pore size as well as structural di-
versity and tailorability.19–34 These fascinating features of
MOFs enable them to act as a highly versatile platform in this
regard. As a result, continuous effort has been made to fabri-
cate more HBD organocatalyst based MOFs to evaluate and
optimize their performance in recent years.35–47 However, the
wide and practical application of these catalysts is still im-
peded by some challenges, such as poor stabilities of MOFs
during catalysis, as well as unsatisfactory yields and limited
substrate scopes. Besides, the conventional solvothermal reac-
tion for preparing MOF materials is time-consuming and inef-
ficient. In contrast, microwave irradiation that can quickly
heat reactants to high temperature and enable a fast nucle-
ation rate, while reducing the reaction time and promoting
the conversion rate, has emerged as a very promising tech-
nique for MOF production.48–51

It has been well recognized that high-valent ZrĲIV)-based
MOFs exhibited an outstanding stability in contrast to
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divalent metal ions analogues, such as Zn2+ and Cu2+.52,53

UiO series MOFs (UiO stands for University of Oslo), includ-
ing UiO-66, UiO-67, and UiO-68 with an isostructural frame-
work based on the same secondary building unit [Zr6Ĳμ3-
O)4Ĳμ3-OH)4ĲCOO)12] but different dicarboxylate linker
lengths, should be the most representative one among the
stable Zr-MOF materials.54,55 Recently, Hupp, Farha and their
coworkers have utilized the UiO-67 framework for the incor-
poration of self-associative urea and squaramide moieties to
“turn on” their HBD catalysis.37,41 However, it would be diffi-
cult to accept large substrates in these UiO-67 derivatives
composed of biphenyl-4,4′-dicarboxylate struts. With these
concerns, we here report the rapid synthesis of a urea-
containing UiO-68 isoreticular MOF with two mixed
terphenyldicarboxylate (TPDC) struts by the microwave-
assisted heating method (Scheme 1). Its efficacy serving as a
HBD catalyst was subsequently exemplified through Henry re-
actions of benzaldehydes and nitroalkanes. The large pores
or cavities in the UiO-68 framework will facilitate the trans-
port of catalytic substrates and products in the framework,
allowing a broad substrate scope.

The urea-containing TPDC derivative strut H2-utpdc has
been conveniently synthesized by several typical organic reac-
tions as depicted in Scheme S1 (for details see the ESI†). Ini-
tially, we tried to prepare a pure urea strut functionalized
MOF under microwave-assisted solvothermal conditions.
However, we were unable to obtain a good crystalline UiO
MOF even after variation of reaction conditions, presumably
ascribing to the steric bulk of this organic linker. A mixed-
strut approach was employed to introduce such a sterically
demanding urea-functionalized moiety from the linker into
the UiO-68 framework.56–58 Because of the very limited solu-
bility of the TPDC ligand in the original UiO-68 MOF, we uti-
lized another MOF PCN-56 (PCN stands for porous coordina-
tion network) with the same UiO-68 type structure to act as
the parent framework for accommodation of the urea moi-
ety.59 Specifically, a mixture of H2-mtpdc and H2-utpdc struts
in a 1 : 1 molar ratio was reacted with ZrCl4 by using HCl as a
modulator in DMF at 120 °C under microwave irradiation for
1 h (Scheme 1), generating a highly crystalline UiO-68 deriva-
tive MOF material (denoted as PCN-56-UM). In comparison
to the conventional solvothermal method for preparing UiO

Zr-MOFs, which normally takes several days, this microwave
assisted synthesis greatly reduced the reaction time.

In contrast to the pure urea-functionalized strut PCN-56-U,
powder X-ray diffraction (PXRD) of mixed strut PCN-56-UM
reveals its highly crystalline nature with well-resolved and
sharp peaks (Fig. 1). And its PXRD pattern nicely matches
with that of PCN-56, confirming its isostructural UiO-68
framework. Additionally, nitrogen sorption measurements of
these MOF materials at 77 K exhibit typical type I reversible
isotherms but with different Brunauer–Emmett–Teller (BET)
surface areas of 3504, 2594 and 290 m2 g−1 for PCN-56, PCN-
56-UM and PCN-56-U, respectively (Fig. 2). The large decrease
of the BET surface area for PCN-56-UM, relative to parent
MOF PCN-56, should be attributed to the successful incorpo-
ration of the urea motif into the UiO-68 framework. While
there is no remarkable difference between their pore size dis-
tributions (∼1.6 nm) calculated by nonlocal density func-
tional theory (Fig. S3†), this implies that the relatively large
urea-functionalized moiety of the H2-utpdc linker should be
homogeneously distributed within the whole framework of
PCN-56-UM. Besides, the scanning electron microscopy

Scheme 1 Rapid preparation for the mixed strut MOF PCN-56-UM
with TPDC linkers of 2′,5′-dimethyl-[1,1′:4′,1″-terphenyl]-4,4″-
dicarboxylic acid (denoted as H2-mtpdc) and 2′-(3-(3,5-
bisĲtrifluoromethyl)phenyl)ureido)-[1,1′:4′,1″-terphenyl]-4,4″-dicarbox-
ylic acid (denoted as H2-utpdc) via a microwave method.

Fig. 1 Powder X-ray diffraction (PXRD) patterns of simulated UiO-68,
PCN-56, mixed strut PCN-56-UM and post-catalysis PCN-56-UM.

Fig. 2 N2 isotherms of PCN-56, PCN-56-UM and PCN-56-U at 77 K.
The filled and open circles represent adsorption and desorption,
respectively.
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elemental mapping experiment for the PCN-56-UM sample
was performed as depicted in Fig. S4 (ESI†). It was found that
the fluorine element from the H2-uptdc ligand matches well
with other elements, indicative of the single phase instead of
mixed PCN-56 and PCN-56-U phases. In contrast, the elemen-
tal mapping image of the physical mixture revealed the dis-
tinct phase separation in both morphology and elemental
distribution, as indicated by the uneven fluorine distribution
(Fig. S5†).60

The pores or channels in the PCN-56-UM architecture
remained open during this microwave-assisted mixed-strut
synthetic process, thus, facilitating the diffusion of substrates
and products into and out of the framework for efficient
heterogeneous catalysis. Furthermore, the MOF was digested
by HF in DMSO and analyzed by 1H NMR spectroscopy (Fig.
S6 in the ESI†). We can clearly observe two types of proton
signal peaks corresponding to two struts H2-mtpdc and H2-
utpdc with a molar ratio of 1.08 : 1 in the framework. The
slightly higher content of H2-mtpdc should be ascribed to the
steric bulk of the H2-utpdc linker. Besides, no decomposition
of organic linkers was detected in 1H NMR of digested PCN-
56-UM. It suggests that this microwave-assisted MOF prepara-
tion is a mild reaction that did not destroy the catalytically
active urea site.

Considering the high surface area and large open channel
as well as the intact urea moiety in the PCN-56-UM frame-
work, we utilized the Henry reaction of p-tolualdehyde and ni-
tromethane as a model reaction to evaluate its HBD catalytic
ability. As shown in Fig. 3, the reaction with 5 mol% catalyst
loading of PCN-56-UM was performed in THF at room tem-
perature and the progress was monitored by using 1H NMR
method. As expected, the desired 2-nitroalkanol product can
be obtained in a high yield of 90% after 24 h. And no remark-

able increase was detected with further extending the reac-
tion time. While only 14% yield was obtained by using parent
MOF PCN-56 without the urea strut as a control catalyst un-
der the same conditions, this validates that the urea moiety
in the mixed strut PCN-56-UM framework can work as an ef-
fective HBD catalyst site. Besides, the reaction catalyzed by
UiO-67 derivative MOF UiO-67-Urea/bpdc with smaller pore
size gave a lower yield of 65% after 24 h in comparison to
that of PCN-56-UM (Table S1 in the ESI†). This confirmed
that the large open channels in PCN-56-UM should promote
the substrate and product in and out of the framework, thus,
enhancing the catalytic activity.

Because of the better solubility of the diester precursor in
comparison to the H2-utpdc linker, we employed Me2-utpdc
as a homogenous HBD catalyst to perform the reaction, giv-
ing a moderate catalytic activity but lower than that of PCN-
56-UM (56% yield at 24 h vs. 90% yield). This should be as-
cribed to the hydrogen bonding between urea N–H and CO
of ester (Fig. S9 in the ESI†). While the incorporation of the
urea strut into the MOF framework will eliminate this hydro-
gen bonding through spatial isolation, thus, leading to en-
hanced catalytic activity. Additionally, it was found that pure
urea strut functionalized MOF PCN-56-U exhibited a lower
catalytic activity (41% at 24 h, Fig. 3). The low yield may be
caused by the shrinking of pores and collapse of the frame-
work of the MOF (BET 290 m2 g−1 in Fig. 2). This will greatly
limit the diffusion of the substrate and accessibility of the
catalytic urea site in the framework as well as limit the cataly-
sis mainly occurring on its external surface. Furthermore, we
sufficiently ground these two MOF samples and repeated the
catalytic reaction, resulting in 39% and 50% yields for PCN-
56-U and PCN-56-UM, respectively. The large decrease of the
catalytic yield from 90% to 50% for PCN-56-UM before and
after grinding should be attributed to the induced partial col-
lapse and blocking of pores on the external surface, which
makes the catalytic reaction mainly occur on the outer sur-
face. In contrast, the decrease is negligible for the case of
PCN-56-U. Additionally, when PCN-56 was utilized in con-
junction with the pure urea strut PCN-56-U (1 : 1 molar ratio)
as catalysts, no synergistic effect in this physical mixture cat-
alytic system was observed (29% yield at 24 h). These results
indicated that the mixed-strut synthetic approach can allow
PCN-56-UM to preserve the high porosity and open pores of
the framework, which is critical to the catalytic activity of the
urea moiety in the MOF scaffold.

The heterogeneous catalysis of PCN-56-UM was confirmed
by catalyst filtration and recyclability. The MOF HBD catalyst
was removed from the reaction mixture after 5 h (yield: 35%).
And no significant increase of product was observed after an-
other 12 h, indicative of the heterogeneity of MOF PCN-56-
UM along with no leaching of catalytic species into solution
during catalysis. Meanwhile, the reusability of PCN-56-UM
was performed, which can be easily recovered from the reac-
tion system via centrifugation. The same batch of PCN-56-
UM for the catalytic reaction was successively obtained over
five cycles only with a small loss of the catalytic activity (73%

Fig. 3 Catalytic profiles of the mixed strut PCN-56-UM, pure strut
PCN-56-U and Me2-utpdc for the Henry reaction of p-tolualdehyde
and nitromethane in THF. The control reaction was performed by using
urea-free PCN-56 as a catalyst. The reaction progress was monitored
by 1H NMR.
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yield after 5 run, Fig. S8†). Besides, PXRD measurements of
recycled PCN-56-UM after catalysis revealed that its crystal-
line framework structure was well preserved, mainly thanks
to the robust UiO framework.

The substrate scope of PCN-56-UM catalysed reactions was
further examined to explore its broad applications. As shown
in Table 1, most of the products can be obtained in a moder-
ate to good yield. Specifically, aromatic aldehydes with
electron-withdrawing groups, such as –NO2 and –CF3,
exhibited higher yields than those substituted with electron-
donating groups. Moreover, the bulk tBu group substituted al-
dehydes can be readily performed this reaction (3m and 3n in
Table 1), owing to the large open channel in the PCN-56-UM
framework. Aliphatic aldehyde was also amenable to this catal-
ysis giving the expected product 3o in excellent yield. In addi-
tion, we utilized dimethyl malonate as other nucleophilic spe-
cies to react with benzaldehydes, giving a good yield (3p–3t).

In summary, we have demonstrated that a urea-based
HBD organocatalyst can be readily incorporated into a mixed-
strut UiO-68 framework by using a microwave-assisted
solvothermal reaction. Because the unwanted self-aggregation
of the urea moiety has been prohibited in frameworks, the
resulting mixed-strut MOF displays an enhanced catalytic ac-
tivity toward the Henry reaction in comparison to its homoge-
neous urea counterpart. In contrast to its pure-strut ana-
logue, the mixed-strut MOF features a robust framework and
large open pores, thus, allowing accommodation of large sub-

strates. Further studies of the incorporation of chiral HBD
catalysts into MOFs and their application in asymmetric reac-
tions are ongoing.
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