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a b s t r a c t

A dimeric Y(III)-containing antimonotungstate [Y4(H2O)8(mal)2(OAc)O(Sb2W
V
2W

VI
19O72)2]

21− (Y4mal2,

H3mal=dl-malic acid), resembling a “handshake” configuration, was synthesized and characterized. The

polyanion of Y4mal2 consists of two Dawson-derived {Y2Sb2W21} moieties that are further linked by two

mal ligands and one μ2-bridging acetate to form an asymmetric polyanion. Notably, the chiral configura-

tion induced by the d- or l-configuration of the mal ligand results in both {Y2Sb2W21} moieties within

one polyanion exhibiting identical chirality, leading to the racemate crystallization of Y4mal2. Moreover,

Y4mal2 exhibits excellent Lewis acid catalytic activity for environmentally friendly synthesis of imida-

zoles.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The study of polyoxometalates (POMs) commenced in 1826 and

has since experienced rapid development [1,2]. Benefiting from the

fascinating structural diversity and designability, POMs continue to

garner great attention not only in the field of crystallography and

cluster science but also in catalysis, luminescence, optics, magnet-

ics, and medicine applications [3-13]. The synthetic chemistry of

POMs remains fundamental for discovering functional applications

that contribute to the long-term advancement of POMs chemistry

[14]. Transition metals (TMs), especially rare earth metals (REs),

exhibiting multiple coordination modes and diverse properties as-

sociated with their atomic structures, can act as “inorganic func-

tional groups” when participating in the assembly of POMs to syn-

thesize TM- or RE-encapsulated POMs [15-21]. The well-developed

TM- and RE-encapsulated POMs can be valuable models for bridg-

ing microscopic metal-oxo-clusters with macroscopic physical and

chemical properties [22-25]. However, there are still challenges

for the synthesis of RE-encapsulated POMs. Generally, oxytropic

RE ions tend to rapidly hydrolysis or combine with oxygen-rich

building units within POMs assemblies, leading to the formation

of amorphous precipitates. To address this issue, the most popu-

lar approach is utilizing oxygen-containing organic ligands. Among
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these options, malic acid stands out as a representative ligand due

to its various coordination modes.

To the best of our knowledge, there are only lim-

ited cases of mal-functionalized RE-encapsulated POMs

since the first enantiomers [(α-P2W16O59)Zr2(μ3-O)(d-/l-

mal)]2
18− reported by Hill in 2005 [26]. They are [M(l-

mal)P2W17O61]
8− (M=Zr and Hf) reported by Sokolov in

2009 [27], [Ln3(μ3-OH)(H2O)8(AsW9O33)(AsW10O35(mal))]2
22−

(Ln=Dy, Tb, Gd, Eu, and Sm) reported by Niu’s group

in 2015 [28], {Ce3(H2O)9[As2W21O72(mal)2]}
9− reported

in 2017 [29], [{Pr(H2O)2}2{As2W19O68}{WO2(mal)}2]
12− re-

ported in 2018 [30], enantiomeric [Zr4(μ3-O)2(d-/l-mal)2(B-

α-HSiW10O37)2]
8−, enantiomeric [Zr4(μ3-O)2(d-/l-mal)2(B-

α-PW10O37)2]
8− reported by Zhao and Yang in 2019

[31], [RE3(μ3-OH)(H2O)8(AsW9O33)(AsW10O35(dl-mal))]2
22−

(RE=Er, Y, and Er0.05Y0.95) reported by Niu in 2020 [32],

[Ln4(H2O)14W7O15(H2mal)4][Sb
IIIW9O33]2[HP

IIISbIIIW15O54]2
20−

(Ln=Nd and Pr) reported by Wang and Zhao in 2022 [33],

and [Ln4(H2O)14W6O13(OH)5(mal)2(B-α-TeW9O33)4]
19− (Ln= La,

Ce, and Pr) reported by Ma and Niu’s group in 2024 [34]

and so on. Furthermore, the addition of malic acid during the

synthesis process is still essential for the formation of some

specific structures, even if mal ligands did not join in the

coordination. Examples are [(DyOH2)3(CO3)(α-PW9O34)2]
11−

[35], [Cu(im)4][Na2Cu3(H2O)3Cu(H2O)2(SbW9O33)2]
6− [36],

[H2(Sb
IIIWVI

9O33)(W5O12)(Sb
III

2W
VI

29O103)]
27− [37] and so on.
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It is evident from the documented structures that nearly all of

these polyanions exhibit centrosymmetric configurations, including

the rarely reported chiral enantiomers. The distinctive asymmetric

structure of malic acid offers an advantage in creating novel

asymmetric architectures with unique properties; however, these

structures are seldom explored.

In this study, we present a rare racemic Y(III)-

containing antimonotungstate dimer, [Y4(H2O)10(mal)2
(OAc)O(Sb2W

V
2W

VI
19O72)2]

21− (Y4mal2), which exhibits an

intriguing handshake-like configuration. Additionally, Y4mal2
demonstrates remarkable catalytic activity and reusability in the

synthesis of 2,4,5-trisubstituted imidazoles via cyclocondensation

reactions involving benzil, aldehyde, and ammonium acetate. The

yields of imidazoles are up to 98% and Y4mal2 can be reused

at least 5 times without significant deactivation, revealing its

potential for practical application.

Single-crystal analysis reveals that Y4mal2 crystallizes in

the P21/c space group from the monoclinic crystal system

(Table S1 in Supporting information). The asymmetric unit

based on the SQUEEZE-treated data consists of one asym-

metric [Y4(H2O)10(mal)2(OAc)O(Sb2W
V
2W

VI
19O72)2]

25− polyanion,

eight disordered Na+ ions (4 occupancies in total), and four wa-

ter molecules coordinated with Na+ ions (2 occupancies in total).

The polyanion of Y4mal2 exhibits a unique asymmetric configu-

ration that two Dawson-like {Y2(Sb2W21)} moieties are linked by

mal ligands and μ2-acetate with a rotation at the vertex-sharing

O13 (Figs. 1, 2a and 2b). This Dawson-like {Y2(Sb2W21)} moi-

Fig. 1. View of the two routes for the structure decomposition of the polyanion in

Y4mal2. Top, two Dawson-like {Y2(Sb2W21)} moieties, two mal ligand, and one μ2-

bridging acetate; Bottom, {Y4W4(W2)(mal)2(OAc)} moieties and four {B-α-SbW9}

moieties.

Fig. 2. (a) Polyhedral and (b) ball-and-stick view of the polyanion of Y4mal2 . (c)

View of the spatial distribution of Y1-Y4 and Sb1-Sb4 atoms in one polyanion. (d)

View of the simplified diagram of the polyanion. (e) Top view of the handshake-like

configuration. (f) Top view of the rotation of two {Y2(Sb2W21)} moieties.

eties may be treated as a derivative of typical {X2W21} moieties

in which two Y(III) ions are inserted into the sandwich part. Al-

ternately, the polyanion of Y4mal2 can also be divided into five

parts from the standpoint of structure decomposition, including

one {Y4W4(W2)(mal)2(OAc)} cluster and four {B-α-SbW9O33}. Four

{B-α-SbW9O33} are connected with the {Y4W4(W2)(mal)2(OAc)}

cluster via W-O-W and W-O-Y bonds to form the complete polyan-

ion. It should note that the four of the six {WO6} octahedrons

(W11/W21/W32/W42) in the {Y4W4(W2)(mal)2(OAc)} cluster are

isolated with each other, while the μ2-acetate-linked two {WO6}

(W1/W22) are vertex-sharing via O13. Four Y(III) ions and six

{WO6} octahedrons share vertex-oxygen atoms to form the almost

centrosymmetric {Y4W4(W2)(mal)2(OAc)} cluster together with the

coordination of mal ligands.

The four crystallographically independent Y(III) ions in Y4mal2
exhibit similar 8-coordinated geometries (Fig. S1 in Supporting

information). Y1 and Y3 are both coordinated with two water

molecules and six oxygen atoms provided by {Sb2W21} moieties.

For comparison, Y2 and Y4 are coordinated with three water

molecules and five oxygen atoms from {Sb2W21} moieties. The

bond lengths of Y-O bonds are in the range of 2.20–2.47(2) Å.

Furthermore, we respectively connected four Y(III) ions and four

Sb(III) atoms to form two interpenetrating distorted tetrahedrons.

The distances of Y1 and Y2, Y3 and Y4, Sb1 and Sb2, Sb3 and Sb4

are 5.7987, 5.8102, 7.1895, and 7.1904 Å, respectively (Fig. 2c). To

simplify the polyanion, all the nonmetallic atoms are omitted to

obtain the simplified diagrams of the polyanion, which represent

a handshake-like configuration from the top view (Figs. 2d and e).

The projection of the polyanion from the top view shows a nearly

centrosymmetric configuration and the lines of Sb1-Sb2 and Sb3-

Sb4 have a space angle of 60.537°, while the space angle between

the lines of Y1-Y2 and Y3-Y4 is only 46.543° (Fig. 2f). Obviously,

the Sb-lines and Y-lines are not parallel. By comparison, the space

angle of Sb-lines can better reflect the degree of the rotation of

two {(Y2Sb2W21)} moieties and the asymmetry of polyanion.

The two mal ligands show almost the same μ3-bridging coor-

dination mode that one oxygen atom from the carboxyl and the

α-OH cheat with one W(VI) atom to form a {WO6} octahedron

(Fig. S2 in Supporting information). The other carboxyl group ex-

hibits a trans-μ2-bridging mode with one disordered Na+ ion and

one Y(III) ion. It should be noted that the mal ligands in Figs. 1 and

2 are all in their d-configuration and the {Y2(Sb2W21)} moieties

are also “right-oblique”. The angles of inclination are about 62.921°
for Sb1Sb2-{Y2(Sb2W21)} and 62.655° for Sb3Sb4-{Y2(Sb2W21)}, re-

spectively (Fig. S3 in Supporting information). This phenomenon

means that the single polyanion of Y4mal2 is monochiral. How-

ever, Y4mal2 only crystallized in the achiral space group. Based

on the usage of dl-mal ligand in the synthetic procedure and the

analysis of spatial structure, Y4mal2 is racemic and two kinds of

enantiomeric polyanions are 1:1 crystallized (Fig. S4 in Supporting

information).

Based on the above-mentioned structural analysis, we can find

the fact that the coordination environments of Y1/Y3 and Y2/Y4,

two {Y2(Sb2W21)} moieties, and two mal ligands are all very sim-

ilar and the projection of the polyanion exhibits a nearly cen-

trosymmetric configuration. However, the asymmetric polyanion of

Y4mal2 did not crystallize based on the symmetry of the higher

symmetric space group such as C2/c. The disordered parts (such as

Na+ ions coordinated with the polyanion) in the asymmetric unit

may be responsible for this phenomenon.

The formula of Y4mal2 was determined by the combination

of single-crystal data, ICP-OES, EA, and TGA results. The origin

single-crystal data without the treatment of SQUEEZE gave ap-

proximate numbers of Na+ and (CH3)2NH2 cations of about 13

and 8, which are further verified by ICP-OES and EA results.

ICP-OES result gave the mass fractions of 1.49%, 2.80%, and

2
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60.60% for Na, Y, and W, respectively. Thus, the molar ratio of

Na:Y:W in Y4mal2 is about 13:4:42. The mass fraction ratio of

C:H:N=2.13:0.99:0.90 was obtained from the EA result. Thus, the

number of (CH3)2NH2 cations removed in the SQUEEZE process

is about 8. The valences of Y and Sb atoms are all determined

as +3 based on the BVS results (Table S2 in Supporting infor-

mation), W6, W21, W37, and W39 are pentavalent, and other

W atoms are hexavalent. Besides, a weight loss of 6.79% at

129 °C was found based on the TGA curve which corresponds to

approximately 48 water molecules (Fig. S6 in Supporting infor-

mation). Therefore, the formula for Y4mal2 can be represented as

((CH3)2NH2)8Na13H4[Y4(H2O)10(mal)2(OAc)O(Sb2W
V
2W

VI
19O72)2]•

38H2O. Other texts including FT-IR spectra, PXRD, and solid-state

UV diffuse reflection spectrum are shown in Figs. S5, S7 and S8

(Supporting information).

Imidazoles, as a kind of classical heterocyclic structures, have

extensive applications in the fields of biomedicine, materials sci-

ence, and organic synthesis [38-40]. The condensation of aldehy-

des, benzil, and ammonium acetate catalyzed by acid catalysts rep-

resents the most direct and efficient strategy for the construction

of imidazoles. Various catalytic systems have been reported based

on this cyclocondensation strategy [41-47]. However, these systems

still suffer from drawbacks such as environmental pollution caused

by metal catalysts and organic solvents, as well as harsh reaction

conditions and so on. It is worth noting that the Lewis acid na-

ture of RE endows RE-POMs remarkable Lewis acid catalytic activ-

ity. Drawing upon our experiences in POMs-catalyzed the construc-

tion of heterocyclic compounds [4,7,48-52], we believe that the cy-

clocondensation of aldehydes, benzil, and ammonium acetate cat-

alyzed by Y4mal2 for imidazole synthesis is anticipated.

Initially, the reaction of benzil (1a, 0.2mmol), benzaldehyde

(2a, 0.2mmol), and ammonium acetate (3a, 0.6mmol) was

employed to elucidate the catalytic performance of Y4mal2. De-

lightedly, in the presence of Y4mal2 under solvent-free conditions

at 100 °C for 2h, the desired imidazole 4a was obtained with a

69% yield, which is much higher than the blank experiment (Table

1, entries 1 and 2). Subsequently, a series of green solvents such

as dimethyl carbonate (DMC), propylene carbonate (PC), H2O, and

EtOH was added to the reaction mixture to investigate the effect

of the solvent. Most solvents are less effective than solvent-free

conditions, but the yield increased to 92% using ethanol as solvent

(Table 1, entries 3–6). The transformation was sensitive to the

Table 1

Optimization of reaction conditions.a

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

1c Solvent-free 100 2 15

2 Solvent-free 100 2 69

3 DMC 100 2 53

4 PC 100 2 47

5 H2O 100 2 0

6 EtOH 100 2 92

7 EtOH 90 2 80

8 EtOH 110 2 98

9 EtOH 110 1.5 89

10 EtOH 110 2.5 97

11d EtOH 110 2 90

12e EtOH 110 2 98

a Reaction conditions: benzil (1a, 0.2mmol), benzaldehyde (2a, 0.2mmol), am-

monium acetate (3a, 0.6mmol), solvent (1mL), Y4mal2 (0.5 mol%) for 2h.
b The yields were determined by GC with biphenyl as the internal standard.
c Without catalyst.
d Catalyst loading: 0.4 mol%.
e Catalyst loading: 0.6 mol%.

Scheme 1. Scope of benzils and benzaldehydes for imidazole synthesis. Reaction

conditions: benzils (1, 0.2mmol), benzaldehydes (2, 0.2mmol), ammonium acetate

(3a, 0.6mmol), EtOH (1mL), Y4mal2 (0.5 mol%), 110 °C for 2h.

reaction temperature, when the temperature was 90 °C, the yield

decreased from 92% to 80%, and at 110 °C, the yield reached

98% (Table 1, entries 7 and 8). The reaction was unaffected by

increasing the reaction time to 2.5 h, but a shorter reaction time

(1.5 h) resulted in a lower yield. A better result was not obtained

by changing the catalyst loading, so the optimal catalytic condition

was: 1a (0.2mmol), 2a (0.2mmol), 3a (0.6mmol), Y4mal2 (0.5

mol%), EtOH (1mL) under 110 °C for 2h.

To elucidate the compatibility of this catalytic system, var-

ious benzils and benzaldehydes were applied for the prepara-

tion of 2,4,5-trisubstituted imidazoles under optimal conditions

(Scheme 1). A series of 4,4′-disubstituted benzil such as 4,4′-
dimethylbenzil, 4,4′-dichlorobenzil, and 4,4′-dibromobenzil could

convert into the corresponding imidazoles in good to excel-

lent yield (4b-4d). Generally, the electron-rich benzils are more

dominant for this cyclocondensation transformation. A range of

aldehydes containing electron-donating and electron-withdrawing

groups were also investigated. Benzaldehydes containing electron-

donating groups such as methyl, and methoxy react with ben-

zil and ammonium acetate smoothly, affording corresponding im-

idazoles with excellent yields (4e-4h). The cyclocondensation of

p- and m-benzaldehydes proceeded better than o-benzaldehyde,

indicating the certain effect of steric hindrance. The electron-

withdrawing groups such as fluoro, chloro, and bromo on the ben-

zene ring of benzaldehydes were also well tolerated (4i-4k), but

the yields of corresponding imidazoles were lower than that of

electron-donating groups. Furthermore, heteroaromatic aldehyde,

5-methylthiophene-2-carbaldehyde was also a good reaction part-

ner, affording the desired product 4l with 76% yield.

Finally, the practicability of this catalytic system was investi-

gated. Scaling up the model reaction to 5mmol resulted in a 94%

yield of the corresponding imidazole 4a, indicating the potential of

the catalytic system for large-scale production of imidazole deriva-

tives (Fig. 3a). The stability of Y4mal2 was verified by FT-IR and

PXRD. The characterization spectra of Y4mal2 have no obvious

3
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Fig. 3. (a) Gram-scale reaction. (b) The FT-IR spectra. (c) Cycling experiment.

change before and after catalysis, indicating that Y4mal2 remains

stable in the reaction mixture (Fig. 3b and Fig. S7). The cycling ex-

periment shows that the catalytic performance of Y4mal2 without

significant decrease after five runs, which further proves the sta-

bility of Y4mal2 (Fig. 3c).

In summary, we successfully synthesized a rare racemic Y(III)-

containing antimonotungstate dimer by one-pot method from an

aqueous solution. The resulting polyanion exhibits a fascinating

asymmetric handshake-like configuration induced by the chiral

configuration of d- or l-mal ligands. Notably, Y4mal2 demonstrates

remarkable Lewis acid catalytic activity and good stability in the

cyclocondensation of aldehydes, benzil, and ammonium acetate.

This environmentally friendly approach allows for the efficient syn-

thesis of substituted 2,4,5-triarylimidazoles in good to excellent

yields using EtOH as a green solvent under mild reaction condi-

tions. This work represents the application of RE-POMs in the field

of catalysis, potentially opening up new avenues for the synthesis

of heterocyclic compounds. Further investigations into the struc-

tural and catalytic properties of RE-POMs are currently underway.
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