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A one-dimensional selenotungstate based on
neodymium and {SeO3} groups for catalytic
synthesis of imidazoles

Hao-Zhe Wang,a Yu-Feng Liu,*a Zhou-Fu Lin,a Shi-Xiong Li *b and
Guo-Ping Yang *a

A novel neodymium-{SeO3}-bridged selenotungstate, [Na16Nd2.5

(SeO3)(SeO3)(mal)(W4O9)(SeW8O32)(SeW9O33)2(H2O)4]·ca.26H2O

(NdSeW, mal = malic acid), has been successfully synthesized and

structurally characterized. This compound is constructed from

both {SeW9} and {SeW8} building units, which are linked through

an organometallic {Nd2Se2(mal)W4} cluster, forming a distinctive

triangular arrangement. Two triangular trimers are connected via

Nd–O–W to form a hexameric unit, which is subsequently

extended into a one-dimensional chain structure through bridging

by two {SeO3} groups. This type of one-dimensional chain archi-

tecture, constructed through alternating connections involving

neodymium and {SeO3} groups, is extremely rare in polyoxometa-

late chemistry. In addition, NdSeW exhibits excellent catalytic

activity for the synthesis of 2,4,5-trisubstituted imidazoles through

the three-component condensation of aldehydes, benzils, and

ammonium acetate under environmentally benign conditions.

Introduction

Polyoxometalates (POMs) represent a class of nanoscale metal–
oxygen clusters with diverse structural architectures and func-
tional properties, garnering significant interest in the fields of
materials science and catalysis.1–9 These clusters are predomi-
nantly composed of early transition metals such as tungsten,
molybdenum, and vanadium in high oxidation states and
exhibit remarkable versatility due to their tunable acidity,
redox behavior, and ability to incorporate various heteroatoms
and metal cations.10–14 Among these, lanthanide-containing
POMs (Ln-POMs) have emerged as promising materials owing
to the unique coordination flexibility and Lewis acidity of
lanthanide ions, which facilitate the construction of novel
structures and enhance catalytic performance.6,15–17

The incorporation of selenium as a heteroatom in POM
chemistry has enabled significant advances in structural diver-
sification. Selenium functions not only as a templating agent
but also as a bridging unit, facilitating the construction of
novel architectures that are uncommon in conventional POM
systems.18–21 Notably, lanthanide-functionalized selenotung-
states provide a versatile platform for designing multifunc-
tional materials with promising applications in catalysis,
sensing, and molecular magnetism.22–24

Despite significant advancements, the integration of multiple
building blocks within a single POM framework remains challen-
ging due to variations in stability and reactivity among precursor
fragments.25–27 Utilizing lanthanide ions as structural linkers pro-
vides a viable strategy to mitigate these limitations, enabling the
assembly of complex structures incorporating heterogeneous
building units.13,20 In this context, neodymium, characterized by
its high coordination number and pronounced Lewis acidity, rep-
resents an interesting candidate for constructing novel POMs.

Herein, we report the synthesis and structural characteriz-
ation of a novel neodymium–{SeO3}-bridged selenotungstate,
[Na16Nd2.5(SeO3)(SeO3)(mal)(W4O9)(SeW8O32)(SeW9O33)2(H2O)4]·
ca.26H2O (NdSeW), which incorporates both {SeW9} and {SeW8}
building units stabilized by an organometallic {Nd2Se2(mal)W4}
cluster. This compound features a unique triangular arrangement
and further self-assembles into a one-dimensional chain through
Nd–O–Wand {SeO3} linkages. Moreover, NdSeW exhibits excellent
catalytic performance in the synthesis of 2,4,5-trisubstituted imid-
azoles through the three-component condensation of aldehydes,
benzils, and ammonium acetate. This work not only expands the
structural diversity of Ln-containing selenotungstates but also
highlights their potential as efficient catalysts under mild and
environmentally benign conditions.

Results and discussion
Crystal structural description of NdSeW

NdSeW crystallizes in the monoclinic space group C2/c
(Table S1) and its molecular skeleton comprises a trimeric
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polyoxoanion [Nd2.5(SeO3)(SeO3)(mal)(W4O9)(SeW8O32)
(SeW9O33)2(H2O)4]

16−. Bond-valence-sum (BVS) analysis indi-
cated that all Nd and W atoms exhibit oxidation states of +3
and +6, respectively (Table S2). As exhibited in Fig. 1a, the
structure of compound NdSeW features one {Nd0.5SeW8} build-
ing unit capping a dimeric {Nd2Se2(mal)W4(SeW9)2} fragment
(Fig. 1a and b). This configuration arises through substitution
of a tungsten position in the {SeW9} unit by an Nd3 atom, gen-
erating the {Nd0.5SeW8} cluster (Fig. 1h). Concurrently, the
organometallic linker cluster {Nd2Se2(mal)W4} bridges two
{SeW9} units, thus constituting the {Nd2Se2(mal)W4(SeW9)2}
framework (Fig. 1b–d). NdSeW also displays a triangular
arrangement of two trivacant Keggin {SeW9} anionic units and
one {SeW8} anionic unit connected by an {Nd2.5Se2W4(mal)}
cluster, thereby forming a distinct triangular configuration
(Fig. 1e). This linker stabilizes the trimeric assembly through
the formation of W–O–W, W–O–Nd, and W–O–Se bonds
between the cluster and the {SeW9} or {SeW8} polyoxoanions
(Fig. 1a and e–g). Within the {Nd2.5Se2W4(mal)} cluster, the
oxygen atoms (O82 and O83) of the DL-malic acid ligand coor-
dinate to W21, generating a five-membered chelate ring
(Fig. 1i). The three Nd centers (Nd1, Nd2, and Nd3) connect to
peripheral tungsten and selenium atoms via metal–oxygen–
metal (M–O–M) linkages. All three Nd3+ ions adopt a distorted
octacoordinate geometry (Fig. S1). Nd1 is coordinated through
oxygen-sharing to six μ2-O atoms from {WO6} octahedra (W9,

W19, W22, W26, W28, and W30), one μ2-O atom from a {SeO3}
unit (Se5), one μ2-O atom from a sodium center (Na1), and one
μ-O atom from a water molecule (Fig. 1j). Nd2 is coordinated
through oxygen-sharing to five μ2-O atoms from {WO6} octahe-
dra (W9, W12, W13, W19, and W30), one μ2-O atom from a
{SeO3} unit (Se4), one μ2-O atom from a sodium center (Na4),
and one μ-O atom from a water molecule (Fig. 1k). Notably, the
Nd3 site exhibits positional disorder over two symmetry-equi-
valent positions (occupancy 0.5 each), with each Nd3+ ion co-
ordinated via four μ3-O bridges linking to Na2, Se5, and W6,
and four μ2-O bridges connecting to W2 and W5 (Fig. 1l). The
bond distances of Nd–O range from 2.330 to 2.566 Å
(Table S2).

Dimerization occurs between two adjacent trimeric clusters
via key structural linkers comprising two Na+ ions (Na5), the
fractionally occupied Nd3 site, and two DL-malic acid ligands
(Fig. S2). This distinctive dimer adopts a distorted configur-
ation characterized by an ideal dihedral angle of precisely
78.783° between the planes defined by the constituent trimeric
clusters (Fig. 2a and c). The Nd3 center bridges the dimeric
units through coordination to four μ2-O atoms originating
from W6 and W28. Each DL-malic acid ligand exhibits dual-
bridging functionality: one carboxylate terminus coordinates
Na5, which is simultaneously bound to the μ2-O donor from
W6, while the opposing carboxylate group chelates W28 via
two μ2-O atoms. Sodium atoms occupy peripheral positions

Fig. 1 (a) The structure of NdSeW. (b) The {Nd2Se2(mal)W4(SeW9)2} fragment formed by removing the {Nd0.5SeW8} cluster from NdSeW. (c) The
{Nd2Se2(mal)W4SeW9} fragment formed by removing one {SeW9} cluster from the {Nd2Se2(mal)W4(SeW9)2} fragment. (d) The {Nd2Se2(mal)W4SeW9}
fragment is composed of a {SeW9} cluster unit and an organometallic {Nd2Se2(mal)W4} cluster unit. (e) The arrangement of two {SeW9} and one
{SeW8} units showing the triangular motif. (f ) and (g) The {Nd2.5Se2(mal)W4} cluster. (h) The substitution of a {WO6} octahedral unit within the triva-
cant Keggin-type {SeW9} cluster by a {NdO8} moiety. (i) Coordination mode of the DL-malic acid ligand. ( j), (k) and (l) Coordination modes of Nd1,
Nd2, and Nd3, respectively.
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around the dimeric units of NdSeW, playing critical roles in
stabilizing the nanocluster assembly. This structural motif
extends into a 1D chain (Fig. 2d) through alternating the verti-
cal connectivity of dimeric clusters, where adjacent triangular
clusters maintain parallel orientation (Fig. S3). Within this
architecture, two Se4 atoms bridge neighboring clusters via
coordination to two Nd2 atoms (through O atoms) and two
W30 atoms from triangular subunits. Simultaneously, two Na4
atoms consolidate the chain by dual-bridging interactions:
they coordinate two Nd2 atoms while linking two DL-malic acid
ligands through oxygen bridges, thereby providing essential
stabilization to the 1D framework (Fig. S4). In Fig. 2e, the 1D
chain architecture is visualized with displaced 1a dimeric
units represented as pink triangles and conventional NdSeW
units as blue triangles. This color-coded scheme distinctly
reveals the alternating vertical stacking pattern of dimeric clus-
ters, where all triangular units maintain strict parallel align-
ment along the chain axis.

Furthermore, Fourier transform infrared (FT-IR) spec-
troscopy and X-ray diffraction (XRD) were employed to further
verify the structure of NdSeW. XRD measurements (Fig. S5)
confirmed the phase purity of NdSeW, as evidenced by the
consistency between the experimental diffraction peaks and
those in the simulated pattern. Meanwhile, the FT-IR analysis
(Fig. S6) revealed vibrational modes commensurate with a
lacunary Keggin-type architecture. The spectrum showed ν(W–

O–W) bridges at 780 and 832 cm−1, terminal ν(WvO) bonds at

957 cm−1, and ν(Se–O) vibrations at 1052 cm−1. Features
associated with the DL-malic acid ligand were also discernible,
with CvO and C–O stretching vibrations occurring at 1621
and 1416 cm−1, respectively, validating its coordination.
Finally, a broad band centered at 3407 cm−1 was indicative of
O–H stretches from water molecules.

Catalytic performance

Imidazole, a significant heterocyclic compound, is extensively
utilized in various fields including biomedicine, materials
science, and organic synthesis.28–30 The conventional synthesis
of imidazole derivatives typically involves the acid-catalyzed
condensation reaction of aldehydes, benzils, and ammonium
acetate.31–35 However, existing catalytic systems are associated
with several limitations, such as environmental contamination
caused by metal catalysts and organic solvents, long reaction
times, harsh reaction conditions, and complicated operational
procedures.36,37 Therefore, the development of an efficient,
practical, and environmentally friendly catalytic system
remains highly desirable and urgently needed. Considering
the unique Lewis acid catalytic activity of rare-earth (RE)
elements and our experience in RE-POM catalysis, the appli-
cation of NdSeW as a catalyst for the condensation reaction of
aldehydes, benzils, and ammonium acetate presents a promis-
ing approach for the synthesis of imidazoles.

Therefore, we selected the three-component condensation
reaction of benzaldehyde (1a, 0.2 mmol), benzil (2a,

Fig. 2 (a) The dimer of compound NdSeW formed through bridging by Nd and Na atoms. (b) The structure of NdSeW. (c) The angle between the
two monomeric units constituting the dimer of compound NdSeW. (d) The one-dimensional chain of NdSeW. (e) Schematic representation of the
1D chain of NdSeW, using triangles to represent monomeric units.
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0.2 mmol), and ammonium acetate (3a, 0.6 mmol) to evaluate
the catalytic performance of NdSeW (Table 1). Under solvent-
free conditions at 80 °C for 2 h, the yields of the desired
product 4a with and without NdSeW were 57% and 10%,
respectively (Table 1, entries 1 and 2). These results indicate
that NdSeW indeed exhibits significant catalytic activity for
this reaction. Subsequently, the influence of a series of green
solvents, including dimethyl carbonate (DMC), ethyl acetate
(EA), water, and EtOH, on the reaction yield was investigated.
The addition of DMC, EA, and water did not have a positive
effect; however, when EtOH was used as the solvent, the yield
increased to 72% (Table 1, entries 3–6). When the reaction
temperature was raised to 90 °C, the yield increased to 85%,
and further increasing the temperature did not result in a sig-
nificant improvement in yield. When the reaction was carried
out for 3 h, the yield of 4a reached 97%. When the catalyst
loading was reduced to 0.4 mol%, the yield significantly
decreased to 88%. Further increasing the catalyst loading did
not lead to a better result. Thus, the optimal catalytic con-
ditions were determined as follows: benzaldehyde (1a,
0.2 mmol), benzil (2a, 0.2 mmol), ammonium acetate (3a,
0.6 mmol), NdSeW (0.5 mol%), and ethanol (1 mL), reacted at
90 °C for 3 h. Furthermore, we summarized and compared
this catalytic system with those previously reported for con-
structing imidazole compounds (Table S3). The results demon-
strate that NdSeW offers advantages in this reaction, including
a low catalyst loading and high product yield.

Subsequently, to evaluate the compatibility of this catalytic
system, various aldehydes and benzils were used to prepare
2,4,5-trisubstituted imidazole derivatives (Table 2). First, the
reactivity of a series of aldehydes containing electron-donating
and electron-withdrawing groups was investigated.

Benzaldehydes with electron-donating groups (such as –Me,
–OMe, and –iPr) reacted smoothly with benzaldehyde and
ammonium acetate, affording the corresponding imidazole pro-
ducts in 83%–93% yields (4a–4f). The steric hindrance of the
benzaldehyde had a certain influence on the yield, as evidenced
by the gradually decreasing yields observed for p-, m-, and
o-methyl-substituted benzaldehydes. Benzaldehydes containing
electron-withdrawing groups (such as –F and –Cl) were also effec-
tively converted into the corresponding desired products, with
yields of 94% and 93%, respectively (4g–4h). Furthermore, ali-
phatic aldehyde was well tolerated under this catalytic system; for
instance, n-pentanal was converted into the desired product 4i in
88% yield. A series of 4,4′-disubstituted benzil compounds, such
as 4,4′-dimethylbenzil, 4,4′-dichlorobenzil and 4,4′-dibromobenzil,
also reacted efficiently with benzaldehyde and ammonium
acetate, affording the corresponding products in 89%–94% yields
(4j–4l).

Finally, we investigated the stability and recyclability of
NdSeW. PXRD analysis of the catalyst before and after the reac-
tion revealed no significant differences between the recovered
and as-synthesized NdSeW (Fig. S5). Furthermore, catalytic
cycling experiments were conducted to evaluate the reusability
of NdSeW. There was no notable decrease in product yield
after five consecutive cycles (Fig. 3a). This preliminary result
indicates that NdSeW exhibits basic stability and recoverability
under the tested conditions. To identify the active sites of

Table 1 Optimization of reaction conditionsa

Entry Solvent Temperature (°C) Time (h) Yieldb (%)

1c Solvent-free 80 2 10
2 Solvent-free 80 2 57
3 DMC 80 2 32
4 EA 80 2 41
5 H2O 80 2 9
6 EtOH 80 2 72
7 EtOH 90 2 85
8 EtOH 100 2 86
9 EtOH 90 2.5 92
10 EtOH 90 3 97
11d EtOH 90 3 88
12e EtOH 90 3 96

a Reaction conditions: benzaldehyde (1a, 0.2 mmol), benzil (2a,
0.2 mmol), ammonium acetate (3a, 0.6 mmol), solvent (1 mL), and
NdSeW (0.5 mol%) for 2 h. b The yields were determined by GC with
biphenyl as the internal standard. cWithout a catalyst. dCatalyst
loading: 0.4 mol%. eCatalyst loading: 0.6 mol%.

Table 2 NdSeW-catalyzed synthesis of imidazolesa,b

a Reaction conditions: benzaldehyde (1a, 0.2 mmol), benzil (2a,
0.2 mmol), ammonium acetate (3a, 0.6 mmol), EtOH (1 mL), NdSeW
(0.5 mol%), and 90 °C for 3 h. b Isolated yield.
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NdSeW and explore the reaction mechanism, a series of
control experiments was performed. As shown in Fig. 3b, both
NdCl3·6H2O and (NH4)6Na18[Se6W39O141(H2O)3]·60H2O ({Se6W39})
were able to promote the reaction, but the yield obtained with
NdCl3·6H2O was higher than that with {Se6W39}, suggesting that
Nd3+ plays a dominant role in the catalysis. Notably, the catalytic
efficiencies of NdCl3·6H2O, {Se6W39}, and their mixture were all
lower than that of NdSeW, indicating that the well-defined crystal-
line structure has a positive effect on the catalytic activity. Based
on relevant reports and the above results,38,39 a plausible reaction
mechanism was proposed in Fig. S8. NdSeW activated the carbo-
nyl groups of the aldehyde and benzil and then reacted with
ammonia (generated in situ from ammonium acetate) to form
imine intermediates A and B, respectively. The intermediate A
condensed with the carbonyl group of B to give intermediate C,
which finally undergoes dehydration and cyclization to afford the
product 4a.

Conclusions

In conclusion, we have successfully synthesized and character-
ized a novel neodymium-{SeO3}-bridged selenotungstate
(NdSeW). This compound features a distinctive architecture, in
which {SeW9} and {SeW8} units are linked by an organo-
metallic {Nd2Se2(mal)W4} cluster to form a triangular trimeric

structure. Moreover, these trimers further self-assemble into
an extended one-dimensional chain through alternating con-
nections of neodymium and {SeO3} groups. Notably, NdSeW
demonstrates high catalytic efficiency and versatility in the
one-pot synthesis of 2,4,5-trisubstituted imidazoles via a three-
component condensation of aldehydes, benzils, and
ammonium acetate. The catalytic system proceeds under mild
and environmentally friendly conditions, employing EtOH as a
green solvent, with water as the sole by-product. This work not
only enriches the structural diversity and synthetic method-
ology of Ln-POMs but also highlights their potential as sus-
tainable catalysts for facilitating valuable organic
transformations.
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