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Highly-stable Silverton-type U"-containing
polyoxomolybdate frameworks for the heterogeneous
catalytic synthesis of quinazolinones

The first series of Silverton-type {U"YMo,0.0}-based
polyoxomolybdates with 3D frameworks linked by
transitional metal ions were synthesized and characterized,
which exhibit excellent solvent and pH stabilities and can be
used as heterogeneous catalysts for the catalytic synthesis
of quinazolinone drug precursor skeletons in high yields and
selectivity.
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Heteroatoms are very important in polyoxometalates (POMs) because they can lead to appealing archi-
tectures and unexpected properties in the final POMs. In this work, we elaborately designed and isolated
three Silverton-type POMs ([U"VMo1,04,187) with U" as the heteroatom and linked by Fe'' (FeUMo), Co"
(CoUMo) and Ni" (NiUMo). These Silverton-type U-containing polyoxomolybdates were demonstrated to
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be the first molecular catalysts for the synthesis of quinazolinone drug precursor skeletons. Under the
optimized reaction conditions, 27 quinazolinones could be obtained in high yield with water as the sole
by-product under mild conditions. Furthermore, NiUMo can be recycled seven times and still keep high
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Introduction

Nuclear power stands out as an efficient and reliable emerging
energy source, representing a pivotal technology that is well-
equipped to address the escalating energy demand." Uranium
serves as the primary fuel for nuclear reactors and constitutes the
principal component of nuclear waste, presenting significant
potential for advancements in environmental safety.*” Therefore,
studying the solution and solid-state chemistry of uranium is
imperative for the implementation of the nuclear fuel cycle, as
well as monitoring contamination in the environment and treat-
ing nuclear wastes.®'> POMs are a class of inorganic metal-
oxygen clusters built from the connection of {MO,} polyhedra
(M =V, Nb, Mo, or W, etc., x = 5, 6).">*® They are good candidates
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to attract and uptake uranium or uranyl ions based on the strong
electrostatic interactions between POMs and uranium or uranyl
ions."®*! The resulting uranium-containing POMs (U-POMs) can
serve as molecular models for understanding the behavior of acti-
nides in laboratories and environmental systems and have poten-
tial applications in separating actinides from complex solutions
based on size or mass.”>*?

U-POMs have been studied since the early 1970s,** and
dozens of Keggin-type U-POMs, several Dawson-type, and
other type structures were reported.””*>?® Generally, UO,>*
and U"" ions in the reported structures act as links or insertion
atoms sandwiched by POM moieties, while U** ions can be
used as heteroatoms only in Silverton-type U-POMs. From 1981
to 1990, Torchenkova and co-workers reported nine Silverton-
type {UMo,,}-based structures, most of which are 0D
structures.>?”~*> Uranium with a particular valence state and
action in the Silverton-type U-POMs can provide the opportu-
nity for understanding the solution and solid-state chemistry
of uranium, and its potential applications in actinide
separation.”>>**® However, it can be easily recognized from
the previous work that the research on Silverton-type U-POMs
is very superficial. Thus, the study of their properties is a
blank field to be developed.

Concerning the foregoing, we successfully designed and syn-
thesized three Silverton-type multidimensional U-POMs connected
by transition metal (TM) ions, e, NagH3(H,0)s
[FeUMO0,,0,,]4.5H,0  (FeUMo), Nagz¢H, 4(H,0)o[CoUMO;,0,,]
4.5H,0 (CoUMo), and Naj;H,;(H,0)o[Niy55UM0;,0,,]-4.5H,0
(NiUMo), which are the first series of U-POMs connected by TM

This journal is © The Royal Society of Chemistry 2024
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ions with hetero-atoms of U". These compounds crystallized in
aqueous solutions containing TM ions may provide a research idea
candidate for the study of the different crystallization behaviors of
uranium and transition metals. The ordered and closely-packed
multidimensional structures of these compounds would provide
nanoscale control of the composition as precursors in the manufac-
turing of novel nuclear fuels and waste forms. Furthermore, as pure
inorganic POMs, the title compounds exhibit outstanding stability
and were used for the first time as molecular catalysts for the syn-
thesis of quinazolinone drug precursor skeletons.

Results and discussion

Structural analysis and characterization of FeUMo, CoUMo,
and NiUMo

The single-crystal X-ray diffraction analysis reveals that the
polyanions in FeUMo, CoUMo, and NiUMo are similar and
show the typical Silverton-type {UMo0,,0,,} structure (Fig. 1a).
Furthermore, the frameworks of FeUMo, CoUMo, and NiUMo
are isomorphic (Fig. S1-S3}). Both of them have a one-dimen-
sional chain structure with the formula of {XUMo,,}, (X = Fe,
Co, and Ni). Thus, only the structure of FeUMo is discussed in
detail here. FeUMo crystallized in the Ia3 space group (No.
206) from the cubic crystal system (Table S17). Due to the high
symmetry, the asymmetric unit of FeUMo is only 1/6 of the
whole structure and consists of two 1/6 U™ (U1 and U2), one
1/3 Fe"" (Fe1), four Mo"" (Mo1-Mo4), two disordered Na ions,
fourteen oxygen atoms (01-O14) from the {UMo;,} units, three
coordination, and one and a half lattice water molecules
(Fig. S17). The 12-coordinated U1 and U2 ions in the center of
the Silverton-type {UMo;,0,,} polyanion are in the typical +4
valence. Due to the high symmetry, there are only two types of
U-O bonds for each U center, namely six equivalent U1-O5,
U1-08, U2-013, and U2-014 bonds with bond lengths of
2.495(4), 2.493(4), 2.502(4), and 2.494(4) A, respectively
(Table S2t). Thus, the coordination environments of Ul and

Fig. 1 (a) Ball-and-stick view of the {FeUMo,,} unit; (b) the coordination
environment of U1; (c) the six disordered Na ions coordinated with one
center {FeUMoj,} unit; (d) schematic diagram of the {FeUMo,}, 1D
chain; (e) the connection modes of the tetranuclear Na—H,O clusters.
Color codes: Fe(i), yellow; U(v), light green; Mo, blue; Na, green; O, red.
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U2 show a near-perfect regular icosahedron (Fig. 1b). The
bond lengths of Mo-O bonds are in the range of 1.692(4)-
2.304(4) A. Fel is coordinated with six terminus oxygen atoms
(01/01#2/01#4/02/02#2/02#4) from two adjacent {UMo0,,0.,,}
units with the bond length of 2.093(4) and 2.071(4) A, respect-
ively. Particularly, Ni1 in NiUMo only has an occupancy of
0.576 calculated by single-crystal analysis, which may be due
to the difference in the synthesis procedure.

For comparison, both Fel in FeUMo and Col in CoUMo
have 100% occupancy. Thus, the crystallographic {NiUMo,,},
1D chains are incomplete and have defects compared with
{FeUMo,,}, and {CoUMoy,},. The valences of U1, U2, Mol-
Mo4, and Fel (Co1/Ni1) are confirmed by bond valence sum
(BVS) calculation (Table S31). Nal and Na2 ions are co-
ordinated by three terminal oxygen atoms from one
{UMo0,,04,} unit and three water molecules. Thus, one
{UMo0,,04,} unit is coordinated by two Fe'' ions and six Na
ions (Fig. 1c). Adjacent {UMo0,,0,4,} units are alternately con-
nected by Fe" ions to form a {FeUMoy,}, 1D chain (Fig. 1d).
The adjacent Na ions are connected by bridging water mole-
cules (016/016A) to form a rhombic tetranuclear Na-H,O
cluster (Fig. le). One tetranuclear Na-H,O cluster then con-
nects with four adjacent equivalent tetranuclear Na-H,O clus-
ters via bridging water molecules (017/017A). The 1D chain of
{FeUMo,,}, is then extended by the connection of Na ions and
bridging water molecules to form the 3D packing structures of
FeUMo (Fig. 2a). It is interesting to find that the {FeUMo,,},
1D chains in FeUMo have four directions in space (Fig. 2b).
The space perspective angle is along a 1D chain, the projec-
tions of six adjacent overlapped 1D chains could form a
regular hexagon configuration on the paper plane that
matches the highly symmetrical Ia3 space group perfectly. The
central 1D chain that is perpendicular to the paper plane is
just located at the symcenter of this regular hexagon.

In addition, FT-IR and Raman spectra revealed the charac-
teristic vibrations of the Mo-O and Mo—O0O bands of FeUMo,
CoUMo, and NiUMo (Fig. S5 and S67). Their thermostabilities
were evaluated by TGA, which indicates that the frameworks of
these compounds could remain stable at temperatures below
400 °C (Fig. S71). The impurities and chemical composition of
the prepared samples were confirmed by PXRD, EDS, and XPS,

Fig. 2 (a) The 3D packing structure of FeUMo; (b) the simplified
diagram of the 3D packing structure. Na ions and water molecules are
omitted for clarity, yellow balls and blue sticks represent Fe ions and
{UMos,} units, respectively.
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Fig. 3 (a) The EDS mapping of metal elements in FeUMo; (b) the PXRD patterns of NiUMo after being heated in different organic solvents for one
day; (c) the PXRD patterns of NiUMo after being soaked in water solutions with different pH values for one day; (d) the cyclic yields of NiUMo; (e) the

PXRD patterns of NiUMo after 7-cycles catalytic reactions.

respectively (Fig. 3a, S8-S161). To evaluate the stability of
NiUMo, the samples were soaked in water solutions of
different pH values from 1 to 13 at room temperature and
different organic solvents at 90 °C for one day, respectively. As
shown in Fig. 3b and c, no significant change in the PXRD of
NiUMo under all these conditions was observed, indicating
high stability. To the best of our knowledge, the applications
of crystalline materials are always limited by their stabilities.
Generally, those organic-inorganic hybrid POMs obtained by
hydrothermal method usually have good stability, and it is
quite rare to find pure inorganic POMs with such good stabi-
lity in various solvents. The outstanding stability of NiUMo
may be attributed to the strong coordination bonds and the
closely-packed 3D structure formed under hydrothermal con-
ditions, which may be conducive to the performance of NiUMo
as a heterogeneous catalyst for organic synthesis.

Evaluation of the catalytic activities

The Lewis acidity of a catalyst is of significant importance for
catalytic performances.>’*° Thus, we evaluated the hetero-
geneous Lewis acid catalytic properties of FetUMo, CoUMo, and
NiUMo in the acetalization of 2-aminobenzamides with alde-
hydes, which is a highly effective method for the synthesis of
2,3-dihydroquinazolinone (DHQZ). As a privileged nitrogen-
containing six-membered heterocyclic scaffold, the DHQZ
family of compounds is important for pharmacological activi-
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ties, such as anti-biotics, anti-fibrillation, vasodilation, and
analgesia.***!

After screening and optimization of a series of reaction con-
ditions, including catalyst, solvent, temperature, time, and
loading of catalyst (Tables S4-S8t), we realized that NiUMo
was the best active catalyst among the three titled compounds
for the condensation and cyclization of 2-aminobenzamide
with benzaldehyde. Loading 3 mol% NiUMo catalyzed the con-
densation/amine addition of 2-aminobenzamide with benz-
aldehyde to generate the desired product with a yield of 93%
in CH3;CN at 90 °C for 2 h. There was only a small amount of
unreacted raw material under the optimal conditions, apart
from the desired product 3a and the by-product (water), which
indicated the environmentally friendliness of the reaction. In
addition, the reusability of NiUMo was investigated using
2-aminobenzamide and benzaldehyde as model substrates.
After the reaction, NiUMo could be filtered from the reaction
mixture, and could be used at least 7 times without significant
loss in activity (Fig. 3d). The cycle test proved the hetero-
geneous nature of this catalytic system. The PXRD and FTIR
pattern of the recovered NiUMo after catalytic reactions
revealed its stability (Fig. 3e and S17f). The hot filtration
experiment showed that the yield of the desired product
remains nearly constant after separating the catalyst, which
proved the heterogeneous nature of this catalytic system
(Fig. S18t). The aforementioned results demonstrate that the

This journal is © The Royal Society of Chemistry 2024
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o R* = 4-Me, 3k, 87% yield R* = 4-F, 3q, 90% yield o)
NH R* = 3-Me, 3, 85% yield = 4-Cl, 3r, 89% yield NH
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R* = 4-Br, 3u, 90% yield H OO
R* = 4-CN, 3v, 88% yield 3x, 86% vyield

R* = 4-NO,, 3w, 80% yield

o
NH

NJ\/\/
H
3aa, 71% yield

“Reaction conditions: 2-aminobenzamides 1 (0.2 mmol), aldehydes 2 (0.2 mmol), NiUMo (3 mol%), CH;CN (1 mL), 90 °C, 2 h; isolated yield.

catalyst remains unchanged throughout the entire reaction
process, and no additional hazardous components have been
introduced into the reaction system.

The optimized conditions were then applied to a variety of
2-aminobenzamides with aldehydes (Table 1). Electron-donat-
ing or withdrawing groups were well-tolerated on the 2-amino-
benzamides, and the corresponding DHQZ products 3a-3d
were isolated in good yields (up to 91%). However, the yields
of their corresponding products are significantly lower than
those of the aliphatic chain-containing due to the large
potential barrier effect of the benzene ring and cyclohexane.
However, for 2-amino-N-phenylbenzamide, 2-amino-N-benzyl-
benzamide, and 2-amino-N-cyclohexylbenzamide, the yield of
their corresponding products is significantly lower than that
of the desired products produced by the reaction of 2-amino-
N-hexylbenzamide, 2-amino-N-isobutylbenzamide and
2-amino-N-(cyclopropylmethyl)benzamide  containing  ali-
phatic chains with benzaldehyde due to the large potential
barrier effect of the benzene ring and cyclohexane (3e-3j). In
addition, it was shown that benzaldehydes bearing electron-
withdrawing groups with 2-aminobenzamide afforded the

This journal is © The Royal Society of Chemistry 2024

DHQZ products with higher yields than the ones with elec-
tron-rich substituents (3k-3w). The possible reason is that
the existence of electron-withdrawing groups on the benzene
ring leads to the enhancement of the electrophilic activity of
the aldehyde group. 2-Naphthaldehyde and 1-naphthaldehyde
underwent the condensation/amine addition with 2-amino-
benzamide in excellent yields. Similarly, the spatial resis-
tance of 2-naphthaldehyde leads to its better reactivity than
1-naphthaldehyde to obtain the desired products in higher
yields (3x and 3y). Subsequently, we applied the optimal con-
ditions to the reaction of the five-membered heterocyclic
aldehyde 5-methylthiophene-2-carbaldehyde, and obtained
the corresponding product in 77% yield (3z). This yield is
significantly lower than the yields of the products obtained
after the above reaction of aldehydes. Meanwhile, under stan-
dard conditions, pentanal reacted with 2-aminobenzamide
with a yield of 71% (3aa). The unprotected N-H bonds and
carbonyl groups that exist in the product skeletons provide
the potential for further functionalization, which opens the
possibility for the development of new drugs containing qui-
nazolinone scaffolds.

Green Chem., 2024, 26, 6454-6460 | 6457
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Investigation of reaction mechanism

To investigate the reaction mechanism, a series of control
experiments were conducted (Fig. 4a and Table S97).

Compared with the blank experiment without a catalyst,
NiSO,-7H,0 exhibited certain catalytic activities in the acetali-
zation reaction of 2-aminobenzamide and aldehyde, but was
lower than the NiUMo under standard conditions. Moreover, a
Na salt of [UMo01,04]%7, NasgH,,[UM0;,04,]13.5H,0
(NaUMo), was synthesized under a similar condition. NaUMo
had a similar structure to the titled compounds (Fig. S47), and
showed some catalytic activity for this reaction. However, it
was lower than that of NiSO,-7H,0. In addition, the catalytic
activity of a mixture of NiSO,-7H,0 and NaUMo is higher than
either of them alone, but lower than that of NiUMo. These
results implied that the fully exposed [Ni] in NiUMo acts as the
Lewis acid active site to catalyze the acetalization reaction, and
there is a synergistic interaction between nickel and
{UMo0;,04,}. In addition, when the aldimine was used as sub-
strate, the corresponding product was obtained in 94% yield,
suggesting that aldimine was the key intermediate for this
acetalization reaction. To further understand the catalytic
process of the POMs, we monitored the dynamic process in
the synthesis of 2-phenyl-2,3-DHQZ by NiUMo. As shown in
Fig. 4b, with the presence of NiUMo, about 40% of benz-
aldehyde was converted to the aldimine intermediate within
the first 5 min, and 9% of the desired product was detected.
As the reaction progresses, the yield of the desired product
increases along with the consumption of aldimine intermedi-
ates and benzaldehyde. Finally, the reaction ends with the dis-
appearance of benzaldehyde.

Based on the above results and related literature,***® the
following catalytic reaction mechanism is proposed. As shown
in Fig. 5, the Lewis acid active sites of [Ni] in NiUMo can coor-
dinate with the oxygen atom of aldehydes, which will facilitate
the nucleophilic attack by the nitrogen on the carbon of the
carbonyl group to form a hydroxyl intermediate. Furthermore,
the oxygen-rich surface of {UMo;,04,} may enrich 2-aminoben-

(a), . (),
dNHz : PhAo catalyst (3 mol%) ©5LL)N\H
NH, CH3CN (1 mL) N Ph

View Article Online
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9 CHACN, 90°C, 2 h 8

H,N o N H,0 (o)

Fig. 5 The possible mechanism for the acetalization reaction of 2-ami-
nobenzamide and aldehyde catalyzed by NiUMo.

zamides through the formation of hydrogen bonds (N-H-:-O),
resulting in a positive interaction with aldehydes. After that,
the catalyst stimulates the construction of the aldimine inter-
mediate by eliminating a water molecule. The activation of
imines with the catalyst facilitates intramolecular cyclization,
resulting in the formation of the desired dihydroquinazolin-4
(1H)-one derivatives.

Conclusions

In summary, we successfully designed and synthesized three
Silverton-type multidimensional U-POMs, (FeUMo, CoUMo,
and NiUMo), which were the first series of U-POMs with U™ as
a heteroatom and linked by Fe, Co", and Ni™. The success of
these compounds provides a reference for the adsorption,
immobilization, recycling, and reuse of uranium through the
hydrothermal construction of POMs. These highly stable com-
pounds show excellent Lewis catalytic activity for the synthesis

90°C,2h |
1a 2a ;‘a Ph):” H
-] 2h ! \ H U“ “ l
80 -| ‘ f
g - in 3 WUML_ Ja
T 1 ' ~
2 . 30 min E M/LLJJU S ¥
2+ | | i 1smin v A i‘llu"tu "B |
0 : 3
& 09%9 ‘\,,\)“‘0 ‘,‘.&‘"& ‘\\o"@ J 5 min L_;M,LJLA
\g@ 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0

1 (ppm)

Fig. 4 (a) Control experiments; (b) evolution of *H NMR spectra during the reaction for the synthesis of 2-phenyl-2,3-DHQZ by NiUMo.
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of quinazolinone drug precursor skeletons with water as the
sole by-product. Meanwhile, NiUMo has excellent universality
for different types of substrates, and can be recycled multiple
times without deterioration of catalytic activity. This work may
inspire the research about storage and reuse of actinide
elements, and provide an efficient catalytic system for the syn-
thesis of quinazolinones in a green manner.
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