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ABSTRACT: A unique 3D framework containing three
different types of nanoscale polyhedron cages was
constructed by incorporating dinuclear [M,(u,-OH)-
(C00),] (M = Co, Ni) secondary building units and
pyridyl-carboxylic-acid-supported tetracarboxylates. The
assembled complexes possess isolated bifunctional sin-
gle-site Lewis acid and Brensted acid and can be used as
highly efficient heterogeneous catalysts for the solvent-free
Biginelli reaction with a high turnover frequency value of
338.4 h™". Interestingly, a variety of 3,4-dihydropyrimidin-
2(1H)-ones have been obtained in high yields and short
times.

S ingle-site catalysts, as heterogeneous catalysts with isolated
active sites, have gradually become the frontier research
field in diverse reactions.' As reported, the single-site catalysts
combine the excellent catalytic performance of homogeneous
catalysts with the classical advantages of heterogeneous
catalysts, which can be removed from the mixture reaction
and recycled.” Furthermore, most catalysts have catalytic
functions that are more complex and difficult to control,
whereas single-site catalysts are relatively simple and easy.’
Therefore, single-site catalysts for catalyzing organic reactions
are not only a green, cost-effective process but also maximize
atomic utilization.* Although great progress has been achieved,
the fabrication of single-site catalysts with high density and
uniform distribution of bifunctional active sites remains a
significant challenge.’

Metal—organic frameworks (MOFs) are a highly versatile
type of crystalline porous materials formed by metal centers
and organic ligands,” which have been widely used in gas
storage and separation’ and catalysis.” More importantly, their
periodic network structure results in the spatial separation of
unsaturated metal sites and functional organic ligands, which
makes MOFs promising candidates for bifunctional single-site
catalysts.” As an example, Zhou and coworkers demonstrated
PCN-124, which contains various functional groups and
exhibits excellent catalytic activity in the tandem deacetaliza-
tion—Knoevenagel condensation reaction.'’ Recent reports
have illustrated some examples where different approaches
have been applied to create MOF bifunctional single-site
catalysts.'" One way is the use of postsynthesis modification,
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which may cause the metal ion precursors to aggregate on the
surface of MOFs and seriously block the pores. As a result,
their catalytic behaviors will be limited due to the low diffusion
efficiency of the substrates.'”” Another efficient way is to
integrate the metal active sites as inorganic nodes with
functional organic ligands by a rational design, which makes
the bifunctional active sites in MOFs have a uniform
dispersion.> Hence, the design and synthesis of easily
prepared, efficient, and bifunctional single-site MOF catalysts
urgently require further development.

In this work, a unique 3D framework incorporating [M, (4,
OH)(C00),] (M = Co, Ni) secondary building units (SBUs)
(Figure 1a) and pyridyl-carboxylic-acid-supported tetracarbox-
ylates was successfully synthesized by direct self-assembly
methods with the formula [(CH;),NH,][M,(x,-OH)-
(COO0),(HDDIA)(H,0),]-(solv), (M-DDIA), [H,DDIA =
2,5-di(3,5-dicarboxyl-phenyl) isonicotinic acid]. The resulting
materials were expected to exhibit highly dispersed active sites
with a uniform distribution of nanocages that might be more
favorable for trapping substrate molecules. More strikingly, Ni-
DDIA demonstrates a higher catalytic performance toward the
Biginelli reaction under solvent-free conditions, surpassing
almost all reported MOF-based catalysts due to the
cooperative effect of the Lewis acidic Ni(II) sites and Bronsted
acidic =COOH groups.

The reaction of M(NOj;),-6H,0 (M = Co and Ni) with
H,DDIA in a mixture of dimethylformamide (DMF) and H,O
at 85 °C affords crystals of M-DDIA. Single-crystal X-ray
crystallography showed that Co-DDIA crystallizes in the cubic
space group Fm3m (Table S1)'* and exhibits a 3D porous
structure with a high density of coordinatively unsaturated
metal sites and uncoordinated carboxyl groups on the surfaces
of the pores. In one asymmetric unit, there are two
crystallographically independent Co®* ions that form a
dinuclear Co,(u,-OH)(COO), (abbreviated as Co,) cluster
as an SBU (Figure 1a), one HDDIA*", two coordinated water
molecules, one y,-OH, and 1/4 [(CH,;),NH,]" originating
from the decomposition of DMF during the reaction. The Co,
cluster adopts a D,;, symmetry, alternately connected by four
carboxylate groups of organic linkers and terminal H,O
moieties. Each H;DDIA ligand is connected to four Co,
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Figure 1. Single-crystal structure for M-DDIA: (a) Polyhedron view
of the 3D frameworks. (b) Three types of cages: the large octahedron
cage (left), medium tetrahedron cage (middle), and small hexahedron
cage (right). Guest molecules, water molecules, and H atoms have
been omitted for clarity. Color code: metal ions, purple; O, red; N,
blue; C, gray.

clusters, resulting in a 3D porous framework. Co-DDIA
features three types of nanocages: a large M;,L,, octahedron
cage, which is composed of eight HDDIA*" ligands with a cage
diameter of 1.9 nm (Figure 1b, left); a medium M,,L
tetrahedron cage, which is composed of six HDDIA*" ligands
with a 1.7 nm diameter (Figure 1b, middle); and a small

octahedron that is also composed of 12 HDDIA*" ligands with
a cage diameter of 0.7 nm (Figure 1b, right). These three cages
are in a staggered configuration (Figure 1a). The powder X-ray
diffraction (PXRD) patterns demonstrate the isostructural
nature of Co-DDIA and Ni-DDIA (Figure S1). The
PLATON'" calculation certifies that the total solvent-
accessible volume of Co-DDIA is 41254.6 A’ per unit cell,
which makes up ~61.4% of the cell volume. From the
topological point of view, if the HDDIA*" ligand and Co,
cluster are considered as four-connected nodes, then the 3D
structure of the Co-DDIA can be simépliﬁed as an NbO
topology with a Schlifli symbol of 6*82'

To investigate the chemical stabilities of Co-DDIA and Ni-
DDIA, the samples were soaked in dichloromethane,
methylbenzene, acetonitrile, benzaldehyde, and ethylacetona-
cetate for 24 h. The unaltered PXRD patterns indicated that
the samples maintain the crystallinity after solvent treatment
(Figures S2—S4). The thermal stability of the three MOFs was
tested by thermal gravimetric analysis (TGA), revealing that
the decomposition temperature is ~400 °C (Figure SS).

Recently, MOFs as single-site catalysts with high catalytic
performance in organic reactions have attracted more concern
of researchers. However, the precise fabrication of bifunctional
single-site. MOFs that catalyze multicomponent reactions has
been rarely reported. For the multicomponent reactions, the
Biginelli reaction has caused widespread concern because the
products of this reaction are 3,4-dihydropyrimidin-2(1H)-ones
(DHPMs) which are vital medicinal synthones having
pharmacological and therapeutic properties such as antibacte-
rial, calcium antagonism, antihypertension, «,,-adrenoceptor-
selective antagonism, and anticancer properties.17 Taking
advantage of the high density of isolated Lewis and Brensted
acid sites, the excellent chemical stability, and the nanocages in
the framework, we intend to explore the catalytic activity of
Co-DDIA and Ni-DDIA for the Biginelli reaction to form

Table 1. One-Pot Multicomponent Biginelli Reaction”

H__O
o o [ [
N ST G-
OEt = H,N” "NH, 05h EtO /t

entry catalyst (mmol) solvent
1 Ni-DDIA (0.005) none
2 Ni-DDIA (0.010) none
3 Ni-DDIA (0.015) none
4 Ni-DDIA (0.020) none
S Ni-DDIA (0.015) none
6 Ni-DDIA (0.015) none
7 Ni-DDIA (0.015) none
8 Ni-DDIA (0.015) DMF
9 Ni-DDIA (0.015) CH,CN
10 Ni-DDIA (0.015) CH,Cl,
11 Ni-DDIA (0.015) toluene
12 Co-DDIA (0.015) none
13 Ni(NO;), (0.015) none
14 Ui0-66 (0.015) none
15 MIL-101 (0.015) none
16 Ni-TPTC (0.015) none

Catalyst

]]:1[ (0]

T (K) yield (%) TOF (h7h)°
353 84.6 3384
353 90.4 180.8
353 96.1 128.1
353 90.0 90.0
333 87.7 117.4
343 93.4 124.6
363 96.0 128.0
353 70.0 93.4
353 62.0 82.6
313 40.0 53.4
353 53.0 70.6
353 82.6 110.0
353 58.1 774
353 62.7 83.6
353 60.3 80.4
353 80.5 107.4

“Reaction conditions: benzaldehyde (1.0 mmol), ethylacetonacetate (1.0 mmol), urea (1.5 mmol), 0.5 h, solvent (2.0 mL), under a N, atmosphere.
YIsolated yield. The yields were monitored by TLC. “TOF: Moles of yielded product per mole of catalyst per hour.
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DHPMs. To optimize the reaction conditions, a series of
control experiments was conducted to study the influence of
various parameters on this reaction, and the results are
summarized in Table 1. Ni-DDIA could efliciently form 6-
methyl-2-oxo-4-phenyl-1,2,3,4-tetrahydro-pyrimidine-S-carbox-
ylic acid ethyl ester with a high yield of 96.1% and a remarkable
turnover frequency (TOF) value of 128.1 h™! under a relatively
mild condition (353 K) for 0.5 h (Table 1, entry 3). At 0.005
mmol Ni-DDIA, the reaction proceeded to give the product in
84.6% yield, leading to a high TOF of 338.4 h™' (entry 1). Its
catalytic performance surpasses that of many reported MOFs
under similar conditions, such as PTA@MIL-101,'"® Cu-
MOF,"” IRMOE-3,”° Zn-MOEF,”" [Co(DPP),(H,0),]-(BS),-
2H,0,”* and TiCl,~MgCl,-4CH;OH>* (Table S2). Then, we
intensively surveyed the influence of organic solvents on the
catalytic system. Various solvents were introduced into the
Biginelli reaction, such as DMF, CH;CN, toluene, and CH,Cl,
(Table 1, entries 8—11). The reaction yield under solvent-free
conditions was higher in comparison with solvent conditions,
and the reaction time was also significantly shortened. The
diversity of catalytic capacities between Ni-DDIA and Co-
DDIA (82.6%, Table 1, entry 12) may contribute to the
different atomic radii (Ni < Co). Furthermore, Ni-DDIA
outperforms the benchmark cage-containing MOFs, UiO-66
and MIL-101, which exhibit moderate activities with yields of
62.7 and 60.3%, respectively, under the same conditions
(Table 1, entries 14 and 15).

To explore the catalytic mechanism for the Biginelli reaction
of Ni-DDIA, Ni-TPTC (H,TPTC= (1,1':4’,1”"-terphenyl)-
3,3",5,5"-tetracarboxylic acid) without Brensted acid sites was
constructed. The PXRD pattern demonstrated the isostructural
nature of Ni-DDIA and Ni-TPTC (Figure S1). While
maintaining the amount of catalyst and other conditions, the
yield of 6-methyl-2-ox0-4-phenyl-1,2,3,4-tetrahydro-pyrimi-
dine-S-carboxylic acid ethyl ester was 80.5% after 0.5 h with
Ni-TPTC (Table 1, entry 16). This finding further
demonstrates that the uncoordinated —COOH groups in Ni-
DDIA act as a Brensted acid having a cooperative effect with
the Lewis acidic Ni(II) sites, further enhancing the catalytic
performance. Moreover, the Py-IR spectra of Ni-DDIA and Ni-
TPTC confirm this conjecture (Figure S6). The concen-
trations of Lewis and Brensted acidic sites in Ni-DDIA are
0.0114 and 0.0173 mmol/g, respectively, which have been
estimated by integrating the peaks at 1448 and 1531 cm™". The
concentration of Lewis acidic sites in Ni-TPTC is 0.0010
mmol/g.”* On the basis of the above catalysis results and
structural analysis, a possible cooperative catalytic mechanism
for Biginelli reaction is proposed. As illustrated in Figure 2, the
N-acylimine intermediate formation from aldehyde and urea is
owing to the existence of Lewis acidic Ni(II) sites and
Bronsted acidic —COOH sites. Then, the enol tautomer of
ethyl acetoacetate reacts with N-acylimine intermediate to
form ureide. The final step of the reaction is the cyclo-
dehydration of ureide under acid catalysis to form the
corresponding DHPM products. Here Ni-DDIA has a large
number of dispersed Bronsted acidic —COOH groups and
Lewis acidic Ni(II) centers, which gives excellent catalytic
performance to the reaction.

With the optimized conditions (no solvent, 353 K), several
typical aromatic aldehyde substrates were subjected to this
Biginelli reaction (Table S3). The products were determined
by 'H NMR (Figures S7—S12). Under the standard
conditions, the corresponding products were obtained in

NH,

EtO | NH acid

M¢ N (0]
H Bronsted
acid

M¢ OFEt

EtO N EtO .\/KO
HO. /K \/ i
Me N (0] M 0

Figure 2. Proposed reaction mechanism for the Biginelli reaction
catalyzed by Ni-DDIA.

excellent yields. After 0.5 h, Ni-DDIA (0.015 mmol) afforded
high yields of 4-(4-fluorophenyl)-6-methyl-2-0x0-1,2,3,4-tetra-
hydro-pyrimidine-S-carboxylic acid ethyl ester (88.3%, Table
S3, entry 1), 4-(4-chlorophenyl)-6-methyl-2-0x0-1,2,3,4-tetra-
hydro-pyrimidine-S-carboxylic acid ethyl ester (89%, Table S3,
entry 2), 4-(4-bromophenyl)-6-methyl-2-ox0-1,2,3,4-tetrahy-
dro-pyrimidine-S-carboxylic acid ethyl ester (90%, Table S3,
entry 3), 6-methyl-2-oxo-4-p-tolyl-1,2,3,4-tetrahydro-pyrimi-
dine-S-carboxylic acid ethyl ester (92%, Table S3, entry 4),
and 4-(4-methoxy-phenyl)-6-methyl-2-oxo-1,2,3,4-tetrahydro-
pyrimidine-S-carboxylic acid ethyl ester (93.2%, Table S3,
entry 5).

After the end of the reaction, catalyst Ni-DDIA is separated
by filtration and passed through multiple parallel experiments
to obtain a sufficient catalyst for the next cycle. After five runs
of the reaction, the yield can still reach >90%, and there is no
significant change in the TON values (Figure S13), indicating
that the catalytic performance of the catalyst is not attenuated
during the continuous five runs of catalysis. The PXRD pattern
from the recovered catalyst was identical to the as-synthesized
one, which confirms the stability of the Ni-DDIA catalyst
during the reactions (Figure S14).

In summary, we have successfully synthesized dinuclear
Co?*/Ni**-based MOFs, M-DDIA (M = Co and Ni), with
unique 3D frameworks containing three different types of
nanoscale polyhedron cages. These constructed MOFs possess
a high density of isolated bifunctional Lewis acid and Brensted
acid sites, which can serve as potential heterogeneous catalysts
for the Biginelli reaction. The nondeactivation behavior and
good recyclability of the present catalytic process verify the
robustness and practical applicability of the MOFs as
sustainable single-site catalysts. Introducing functional
—COOH groups into the framework during the assembly
process enhances the catalytic activity of Ni-DDIA owing to
the cooperative behavior of Lewis acidic Ni(I) sites and
Bronsted acidic —COOH groups. Ni-DDIA is an efficient
bifunctional catalyst and is expected to be used in various
reactions, such as the cyanosilylation reaction, the Strecker
reaction, Diels—Alder reactions, the Prins reaction, and so on.
Our further investigation is to design and synthesize
bifunctional single-site MOFs heterogeneous catalysts for the
efficient catalysis of multicomponent reactions.
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