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ABSTRACT: A  novel  sandwich-type  thorium-substituted
phosphotungstate,  [H2N(CH3)2]10[Th(PW11O39)2]·24H2O  (ThP2W22),
was synthesized and fully characterized. The structure consists of two
monolacunary  Keggin-type  [PW11O39]7−  units  bridged  by  an  eight-
coordinate  Th4+  center. ThP2W22  functions  as  an  efficient  Lewis  acid
catalyst for the synthesis of 2,3-dihydroquinazolinones via cyclization
of  2-aminobenzamides  with  aldehydes.  A  series  of  quinazolinone
derivatives  was  obtained  in  high  yields  (75%–92%)  under  mild  and
green reaction  conditions.  Control  experiments  indicate  a  synergistic
interaction  between  the  Th4+  center  and  the  polyoxometalate
framework, highlighting the potential of thorium-containing polyoxometalates as catalysts for heterocycle synthesis.
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 1    Introduction
In  heteropolyoxometalate  systems,  lacunary  polyoxometalates
(POMs)  act  as  versatile  building  blocks  with  strong  affinity  and
coordination  capacity  toward  metal  ions  due  to  their  high
coordination  reactivity  [1–3].  This  property  has  been  widely
exploited for the directional modification of metal centers [4–8]. In
recent  years,  research  has  primarily  focused  on  doping  with
transition and lanthanide metals, leading to significant advances in
structural  regulation,  performance  optimization,  and  application
development [9–14]. In contrast, actinide-containing POMs remain
largely  unexplored,  and  their  structural  design  principles,
coordination  mechanisms,  and  structure–property  relationships
have  not  been systematically  established [15–20].  Incorporation of
thorium (Th) into lacunary POM frameworks can enrich structural
diversity and provide a model platform for investigating the unique
electronic  structures,  coordination  behavior,  and  bonding
characteristics of actinides.

As a high-valent actinide ion, Th4+ possesses a large ionic radius
and  high  charge  density.  Its  strong  electric  field  significantly
polarizes  coordinated  water  molecules,  thereby  promoting
hydrolysis  and  generating  various  hydrolyzed  species  [21–24].

These  species  are  generally  unstable  and  undergo  successive
stepwise  hydrolysis,  forming  a  series  of  mononuclear  hydroxo
complexes,  such  as  Th(OH)2

2+,  which  can  substantially  affect  the
chemical system [23, 25–28]. Furthermore, incorporating Th4+ into
POM  frameworks  with  the  coordination  geometries  is  typically
observed  in  POM  chemistry  remains  challenging.  To  date,  only
seven types of Th-containing POMs have been reported, including
tungstate-based structures with classical Keggin, Dawson, Weakley,
and Silverton configurations [29–32]. Previous studies have shown
that  Keggin-type  POM  frameworks  can  accommodate  multiple
thorium  ions.  Loiseau  and  co-workers  reported  a  Th-containing
arsenotungstate,  [K4{Th3(H2O)3{AsO(μ2-O)3}2}{Th3(H2O)2{AsO(μ2-
O)3}2}3(AsW10O38)6]38− [33],  which  contains  twelve  Th  ions
encapsulated  by  six  lacunary  Keggin-type  POM  units  and
represents  the  largest  Th-containing  POM  reported  to  date.  In
contrast,  when  phosphorus—an  element  in  the  same  group  as
arsenic—is  employed  as  the  heteroatom,  Th-containing
phosphotungstates  exhibit  limited  structural  diversity,  and  their
catalytic  potential  remains  largely  unexplored.  Therefore,  the
development  of  novel  synthetic  strategies  for  Th-containing
phosphotungstates  and  systematic  evaluation  of  their  catalytic
properties are of considerable research significance.

In  this  study,  a  novel  sandwich-type  Th-containing
phosphotungstate,  [H2N(CH3)2]10[Th(PW11O39)2]·24H2O
(ThP2W22),  was  synthesized  from  simple  starting  materials  and
fully  characterized.  The  compound  comprises  two  monolacunary
Keggin-type  [PW11O39]7− anions  coordinated  to  a  single  eight-
coordinate  Th4+ center.  The  resulting  complex  crystallizes  in  the
P21/c space  group  and  adopts  a  layered  packing  arrangement.
Successful  incorporation  of  Th4+ into  the  phosphotungstate
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framework  affords  a  well-defined  sandwich-type  structure,
effectively  mitigating  the  challenges  associated  with  thorium
hydrolysis  and  coordination  instability.  Furthermore,  this  work
demonstrates,  for  the  first  time,  the  application  of  Th-containing
POMs  as  efficient  Lewis  acid  catalysts  for  the  synthesis  of
pharmacologically  relevant  aza-heterocycles. ThP2W22 exhibits
excellent  catalytic  performance  in  the  condensation  of  aldehydes
with  2-aminobenzamides,  affording  a  series  of  2,3-
dihydroquinazolinones in yields of up to 94% under mild and green
reaction conditions.

 2    Experimental

 2.1    Synthesis of ThP2W22

Na2WO4·2H2O  (6.00  mmol,  1.98  g),  (CH3)2NH2Cl  (12.0  mmol,
0.979  g),  Na2HPO4·12H2O  (0.600  mmol,  0.215  g),  KCl  (0.800
mmol,  0.321  g),  and  squaric  acid  (0.300  mmol,  0.0340  g)  were
sequentially  dissolved  in  1  M  NaAc/HAc  buffer  (pH  4.8)  and
stirred  for  5  min  until  a  clear  solution  was  obtained.  The  pH was
adjusted to 4.5 with dilute HCl and the mixture was stirred for an
additional  10  min.  ThCl4·6H2O  (0.600  mmol,  0.224  g)  was  then
added, and after complete dissolution, the pH was further adjusted
to  4.0.  The  resulting  yellow  solution  was  heated  at  85  °C  with
stirring for 40 min. After cooling to room temperature, the solution
was  filtered  and  allowed  to  stand  at  room  temperature.  Colorless
rod-shaped crystals  formed after one week (yield:  31.2%, based on
Th). FT-IR (cm−1): 3564 (m), 3133 (m), 1570 (m), 1043 (w), 946 (s),
883 (vs), 719 (vs), 685 (vs).

 2.2    Typical procedure for Aza-heterocycle synthesis
In a 4-mL reaction vial, 2-aminobenzamide (1, 0.2 mmol), aldehyde
(2,  0.2  mmol),  ThP2W22 (0.3  mol%),  and  EtOH  (1  mL)  were
combined.  The  sealed  screw-cap vial  equipped with  a  Teflon liner
was heated at 90 °C for 6 h. After cooling to room temperature, the
reaction  mixture  was  purified  by  column  chromatography
(petroleum ether/EtOAc) to afford the desired products.

 3    Results and discussion

 3.1    Structure description
The crystallographic data for ThP2W22 are summarized in Table S1
in  the  Electronic  Supplementary  Material  (ESM).  The  structural
formula,  [H2N(CH3)2]10[Th(PW11O39)2]·24H2O,  was  determined
from thermogravimetric  analysis  (Fig.  S1 in the ESM).  Powder X-
ray diffraction (PXRD) patterns show excellent agreement between
the  experimental  and  simulated  data,  confirming  the  phase  purity
of ThP2W22.  Single-crystal  X-ray  diffraction  analysis  indicates  that
ThP2W22 crystallizes  in  the P21/c space  group.  Bond  valence  sum
calculations confirm oxidation states of +5 for P, +6 for W, and +4
for Th. From a selected orientation, the asymmetric unit exhibits a
sandwich-type architecture composed of two monolacunary Keggin-
type [PW11O39]7− polyanions coordinated to a central Th4+ ion. Each
monolacunary  [PW11O39]7− unit  provides  four  exposed  oxygen
donor sites (Fig. 1(a)), which coordinate to the Th4+ center to form
the  complete ThP2W22 structure  (Fig.  1(b)). Figure  1(c) illustrates
the coordination environment of Th, in which the Th4+ ion is linked
to  the  [PW11O39]7− units  through  W–O–Th  bridges.  The
coordinating μ2-O  atoms  (O24,  O41,  O44,  O45,  O48,  O52,  O56,

and  O73)  are  highlighted  in  lavender,  with  Th–O  bond  lengths
ranging from 2.365(1) to 2.505(2) Å. To clarify the spatial  packing
arrangement,  the ThP2W22 structure  was  simplified  into  a  V-
shaped  ball-and-stick  model  using  the  phosphorus  and  thorium
atoms as reference centers (Fig. 1(d)).

The  supramolecular  structure  of ThP2W22 (Fig.  1(e)),  shown
without counterions for clarity, exhibits a three-dimensional layered
stacking  architecture  stabilized  by  hydrogen  bonding  interactions
(Table  S4  in  the  ESM).  Upon  rotation  of  the  single-layer  stacking
diagram, a columnar arrangement becomes evident (Fig. 1(f)), with
the  columns  extending  parallel  to  the b-axis.  The  single-layer
architecture  is  constructed  through  hydrogen  bonds  involving
N2–H2A···O43, N2–H2A···O26, N2–H2A···O29, and C6–H6B···O7.
As illustrated in Fig. 1(g), each layer can be simplified into a model
in which adjacent columns adopt opposite orientations, generating
an  alternating  ABAB  stacking  pattern.  Specifically,  the  V-shaped
opening  of  column  A  is  oriented  opposite  to  the  positive b-axis
direction,  whereas  column  B  is  aligned  along  the  positive b-axis
(Fig. 1(h)).

 3.2    Catalytic performance
2,3-Dihydroquinazolinones  are  important  aza-heterocycles  found
in  natural  products  and  synthetic  compounds,  exhibiting  diverse
pharmacological  activities,  including  antibacterial,  antitumor,
analgesic, and vasodilatory effects [34–36]. Owing to its operational
simplicity  and  high  efficiency,  the  Lewis  acid-catalyzed
condensation  of  2-aminobenzamides  with  aldehydes  has  attracted
considerable attention [37–40]. Considering the Lewis acidity of the
thorium center  and  the  electronic  properties  of  the  substrates,  the
catalytic performance of ThP2W22 was evaluated in the synthesis of
2,3-dihydroquinazolinones  via  condensation  of  2-
aminobenzamides with aldehydes.

The  catalytic  performance  of ThP2W22 was  initially  evaluated
using  the  model  reaction  between  2-aminobenzamide  (1a,  0.2
mmol)  and  benzaldehyde  (2a,  0.2  mmol)  to  afford  2,3-
dihydroquinazolinone. The optimal conditions were determined by
systematically  varying  the  solvent,  temperature,  and  reaction  time.
As summarized in Table 1, under the initial conditions (MeCN, 70
°C, 2 h), the product was obtained in 49% yield (Table 1, entry 1).
Replacement of MeCN with several green solvents identified EtOH
as the optimal medium, providing the desired product in 62% yield
(Table  1,  entries  1–5).  Subsequent  temperature  screening
established  90  °C  as  the  optimal  reaction  temperature  (Table  1,
entries  6–8).  Finally,  extending the reaction time based on entry 7
showed that increasing the reaction time to 6 h improved the yield
to 94% (Table 1, entries 9–11). Further prolongation of the reaction
time  did  not  result  in  additional  yield  enhancement.  Catalyst
loading was further investigated. Reducing the loading to 0.2 mol%
resulted  in  a  decreased  yield  (87%),  while  increasing  the  catalyst
amount  did  not  provide  additional  improvement.  Therefore,  0.3
mol%  was  selected  as  the  optimal  catalyst  loading.  Under  the
optimized  conditions—1a (0.2  mmol), 2a (0.2  mmol), ThP2W22
(0.3  mol%),  EtOH  (1  mL),  90  °C,  6  h—the  reaction  proceeded
efficiently.  The  stability  and  reusability  of ThP2W22 were
subsequently examined under the optimized conditions. The PXRD
patterns  recorded  before  and  after  catalysis  were  essentially
identical,  indicating  that  the  structural  integrity  of ThP2W22 was
maintained  during  the  catalytic  process  (Fig.  S3  in  the  ESM).
Recycling  experiments  showed  that ThP2W22 retained  satisfactory
catalytic  activity  over  five  consecutive  cycles  (Fig.  S4  in  the  ESM),
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further demonstrating its excellent stability and reusability.
Encouraged by the favorable catalytic performance, the substrate

scope of  the developed system was evaluated for the condensation
of  2-aminobenzamides  with  aldehydes.  As  summarized  in Fig.  2,
the influence of substituents on the phenyl ring of substrate 1 was
first  examined  using  benzaldehyde  (2a)  as  the  model  aldehyde.
Both  electron-donating  and  electron-withdrawing  groups  exerted
only  a  minor  influence  on  the  reaction  efficiency,  affording
products 3a–3d in yields of 83%–92%. The effect of substituents on
the  amide  moiety  of 1 was  also  investigated.  Among  the  tested
substrates, 2-amino-N-(cyclopropylmethyl)benzamide provided the
highest  yield  (3h,  92%),  followed  by  2-amino-N-
isopropylbenzamide  (3g,  91%),  2-amino-N-benzylbenzamide  (3f,
81%),  and  2-amino-N-phenylbenzamide  (3e,  75%).  The  observed
trend  is  likely  attributable  to  steric  effects  associated  with  the N-
substituents.  In  addition,  benzaldehydes  bearing  various
substituents, including –Me, –OMe, –iPr, –F, –Cl, and –Br (3i–3p),
were  well  tolerated,  affording  the  desired  products  in  moderate  to
good  yields.  Steric  hindrance  influenced  the  reaction  outcome,  as
reflected  by  the  higher  yields  of 3m and 3n compared  with 3o.
Overall,  aldehydes  containing  electron-withdrawing  groups
generally favored the transformation, presumably due to enhanced
electrophilicity of the carbonyl group.

Control  experiments  were  performed  to  elucidate  the  catalytic
mechanism.  As  shown  in Fig.  3(a),  both  ThCl4 and  Na9[A-
PW9O34]·7H2O  ({PW9})  promoted  the  reaction;  however,  ThCl4
afforded a significantly higher yield than {PW9}, indicating that Th4+

plays a dominant role in the catalytic process. Moreover, a physical

 

Figure 1    (a)  PW11 unit.  (b)  The asymmetric  cell  structure  of ThP2W22.  (c)  The ball-stick model  of ThP2W22.  (d)  Simplified scheme of  the  V-shape for ThP2W22.  (e)
Schematic diagram of the 3D stacking of ThP2W22 as viewed along the b-axis. (f) Top view of a single-layer stack diagram for b-c plane. (g) Simplified schematic of a single-
layer stacking diagram for b-c plane. (h) Stacking direction of columns A and B. Color code: P, pink; W, light blue; Th, turquiose; O, red/lavender.

 

Table 1    Optimization of reaction conditionsa

N
H

NH

Ph

O

NH2

O

NH2

Ph H

O
+

1a 2a 3a

ThP2W22
 
(0.3 mol%)

MeCN (1 mL)
70 oC, 1 h

Entry Solvent Temperature (oC) Time (h) Yieldb (%)

1 MeCN 70 2 49

2 EtOH 70 2 62

3 PC 70 2 40

4 EA 70 2 38

5 H2O 70 2 30

6 EtOH 80 2 69

7 EtOH 90 2 81

8 EtOH 100 2 82

9 EtOH 90 4 89

10 EtOH 90 6 94

11 EtOH 90 8 93

12c EtOH 90 6 87

13d EtOH 90 6 92

aReaction conditions: 2-aminobenzamide (1a, 0.2 mmol), benzaldehyde
(2a, 0.2 mmol), solvent (1 mL), ThP2W22 (0.3 mol%), 70 °C for 2 h. bThe
yields were determined by gas chromatography (GC) with biphenyl as the
internal standard. cThP2W22 (0.2 mol%). dThP2W22 (0.4 mol%).
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mixture  of  ThCl4 and  {PW9}  exhibited  higher  activity  than  either
component  alone  but  lower  activity  than ThP2W22.  These
observations suggest a synergistic interaction between Th4+ and the
{PW9}  framework,  and  that  integration  within  a  defined  crystal
structure enhances catalytic efficiency. On the basis of these results
and  relevant  literature,  a  plausible  mechanism  is  proposed
(Fig.  3(b)).  The Th4+ center  in ThP2W22 functions as  a  Lewis  acid,
activating the aldehyde carbonyl group toward nucleophilic attack.
Simultaneously,  the  oxygen-rich  polyanionic  surface  may  interact
with  the  amine  substrate  through  hydrogen  bonding  (N–H···O),
facilitating  substrate  organization  and  increasing  local

concentration.  This  cooperative  activation  promotes  formation  of
the  aldimine  intermediate,  which  subsequently  undergoes
intramolecular cyclization to afford the desired product 3a.

 4    Conclusions
In summary,  a  novel  Th-containing phosphotungstate  (ThP2W22),
constructed from two monolacunary Keggin-type units bridged by
a  Th4+ center  formed in  situ,  was  successfully  synthesized  and
characterized. ThP2W22 represents  a  rare  example  of  a  sandwich-
type  Th–phosphotungstate  hybrid.  Its  successful  preparation
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Figure 2    Universality of the ThP2W22-catalyzed reaction.

 

Figure 3    (a) Control experiments. (b) The possible mechanism.
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addresses  the  challenge  of  incorporating  thorium  into  POM
frameworks  and  expands  the  structural  diversity  of  actinide-
containing  clusters.  Moreover, ThP2W22 functions  as  an  efficient
Lewis  acid  catalyst  for  the  synthesis  of  biologically  relevant  2,3-
dihydroquinazolinones  under  mild  and  green  reaction  conditions,
exhibiting  broad substrate  scope.  This  work provides  new insights
into the design and application of Th-containing POMs.

 Electronic  Supplementary  Material: Supplementary  material
(crystal  data,  bond  valence  calculations,  structural  figures,  FT-IR
spectra,  TGA  curves,  PXRD  patterns,  and  GC-MS  spectra)  is
available  in  the  online  version  of  this  article  at https://doi.org/
10.26599/POM.2026.9140121.
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