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Self-assembly via coordination bonding facilitates the creation of diverse inorganic—organic molecular
hybrids with distinct structures and properties. Recent advances in this field have been driven by the
versatility of organic ligands and inorganic units. Lacunary polyoxometalates are a class of well-defined

metal-oxide clusters with a customizable number of reactive sites and bond directions, which make

them promising inorganic units for self-assembled molecular hybrids. Herein, we report a novel
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synthesis method for self-assembled molecular hybrids utilizing the reversible coordination of

multidentate imidazole ligands to the vacant sites of lacunary polyoxometalates. We synthesized self-
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Introduction

Self-assembly via coordination bonding is a powerful approach
for constructing various inorganic-organic molecular hybrids
with interesting applications such as catalysis, reactivity
control, molecular recognition, and separation." Recent
remarkable advances in this field have been enabled by the
diversity and design possibilities of both organic ligands and
inorganic units. Polyoxometalates (POMs) are a class of struc-
turally well-defined inorganic metal-oxide -clusters, where
metals are typically in high oxidation states such as Mo®", W',
and V°*.2 Their structures and constituent elements can be
tailored to facilitate the modification of their chemical and
physical properties for various applications, such as in catalysis,
photocatalysis, sensors, batteries, and energy conversion.*
Integrating organic ligands into POM systems enables further
control over their stabilities, structures, and functionalities.**
In particular, lacunary POMs, where one or more [MO,] units
are removed from the plenary structure, possess vacant reactive
sites for metal atoms or organic ligands.»® Moreover, the
number of reactive sites and bond directions can be tailored
depending on the lacunary structure; therefore, these lacunary
POMs are promising inorganic units for constructing
coordination-driven inorganic-organic molecular hybrids.
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assembled molecular hybrids including monomer, dimers, and tetramer, demonstrating the potential of
our method for constructing intricate hybrids with tailored properties and functionalities.

Various types of organic ligands such as phosphates, amines,
silanols, and alcohols have been used for constructing POM-
organic hybrids via coordination with the vacant sites of lacu-
nary POMs*® or additionally incorporated metal sites at these
vacant sites.”

Recently, our research group reported that pyridine-based
ligands are effective for constructing POM-organic hybrids via
reversible coordination bonds between pyridine and the vacant
sites of lacunary POMs.® Three pyridine molecules can coordi-
nate with the Mo atoms at the vacant sites of a trivacant lacu-
nary Keggin-type phosphomolybdate (TBA;Hg[A-0-PM0yOs,],
TBA = tetra-n-butylammonium) to form TBA;[A-0-PM0yO34(-
pyridine);]. Moreover, we found that this pyridine-coordinated
hybrid can be reacted with multidentate pyridine-based
ligands in organic solvents to synthesize more complex molec-
ular hybrids via ligand exchange reactions.®

We hypothesized that imidazole is a promising ligand to
expand this approach because it has a stronger coordination
ability with metal ions compared with pyridine and its five-
membered ring structure offers coordination directions that
differ from the six-membered ring structure of pyridine-based
ligands.® To date, various imidazole-based metal-organic
structures such as cages and capsules have been synthesized
using metal ions and imidazole ligands as building units.*
Although several hybrids of POMs and imidazole ligands
synthesized via hydrogen bonding and electronic interaction as
well as coordination to the substituted metals in POMs have
been reported,"™ a system directly coordinating imidazole to
lacunary POMs has not yet been reported.

Herein, for the first time, we present a synthesis method for
fabricating self-assembled molecular hybrids comprising
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lacunary POMs and multidentate imidazole ligands. By reacting
a pyridine-coordinated trivacant lacunary phosphomolybdate
TBA;[A-0-PM0yOs,(pyridine);] with four types of multidentate
imidazole ligands in organic solvents, we successfully synthe-
sized a series of self-assembled molecular POM-organic
hybrids: a capped monomer I, pillared dimer II, sandwich-like
dimer III, and tetrahedron tetramer IV through the direct
coordination of imidazole ligands to lacunary POMs (Fig. 1).

Results and discussion

To synthesize I, 1,3,5-tris[(LH-imidazol-1-yl)methyl]benzene
(L1), which possesses three imidazole groups on a benzene
ring through flexible methylene groups, was used as a ligand
and reacted with TBA;[A-a-PM0yO;(pyridine);] in acetonitrile
at 80 °C for 10 min (L1 : TBA3[A-a-PM0yO34(pyridine);] = 2: 1).
This was followed by recrystallization in a mixed solvent of 1,2-
dichloroethane and diethyl ether, which yielded single crystals
of I. X-ray crystallographic analysis revealed that the anion part
of T adopted a capped monomer structure comprising one [o-
PMoy] unit and one L1 ligand, wherein three imidazole groups
of L1 coordinated to three Mo atoms at the vacant site of the [o-
PMoy] unit (Fig. 2a, Table S1t). The electrospray ionization (ESI)
mass spectrum of I in acetonitrile exhibited sets of signals at m/
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Fig. 1 Self-assembly of molecular hybrids I, II, lll, and IV using multi-
dentate imidazole ligands and pyridine-coordinated trivacant lacunary
phosphomolybdate.
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Fig.2 (a) Crystal structure of the anion part of I. Light-green and light-
purple polyhedra represent [MoOg| and [PO4], respectively. Blue, black,
and pink spheres represent N, C, and H atoms, respectively. (b) ESI
mass spectrum of | in acetonitrile. Inset: enlarged spectra and simu-
lated patterns for m/z 2437.0 ([TBAzsH(PMogOz,)(L1)]") and 2678.3
([TBA4(PMogOsy)(L1)T™).

z 2437.0 and 2678.3, which were attributed to [TBA;H(PMoy-
034)(L1)]" and [TBA4(PMo0yO34)(L1)]", respectively (Fig. 2b). The
*1p nuclear magnetic resonance (NMR) spectrum of I in aceto-
nitrile-d; (CD;CN) exhibited a signal at —2.06 ppm (Fig. S1af),
which was observed up-field compared with TBA;[A-o-PMog-
05, (pyridine);] (—0.68 ppm).** The '"H NMR spectrum of I in
CD;CN showed the splitting of the signals of the methylene H
atoms in the ligand at 5.11 ppm (d, J = 13.5 Hz) and 4.88 ppm
(d,J = 13.5 Hz), which can be ascribed to the geminal H-H spin-
spin coupling on the same methylene C atom (Fig. S1bt). This
observation of "H NMR spectrum agrees with the rigid structure
of I, where two H atoms in a methylene group exist in different
chemical environments. We also confirmed that the *'P NMR
spectrum remained almost unchanged after 3 days, demon-
strating the stability of I in the solvent (Fig. Sict). Based on
these results as well as elemental analysis and thermogravimetry
differential thermal analysis (TG-DTA) results (Fig. S2at), the
formula of I was determined to be TBA3[(PM0O3)(L1)](C2H4Cl,),-

To construct oligomeric hybrid structures, we investigated
the use of rigid multidentate ligands. TBA;[A-a-PMo0yO;(-
pyridine);] was reacted with 1,4-di(1H-imidazol-1-yl)benzene
(L2), which is a linear ligand possessing two imidazole

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 (a) Crystalstructure of the anion part of Il. (b) ESI mass spectrum

of Il in acetonitrile. (Inset): enlarged spectrum and simulated pattern
for m/z 2434.0 ([TBAgH2(PM0sO31)5(L2)3]2™).

groups, in 3:1 ratio in acetonitrile at 50 °C for 10 min. By
recrystallization of the crude product in 1,2-dichloroethane,
single crystals of II suitable for X-ray crystallographic analysis
were obtained. The anion part of II had a pillared dimer
structure where two [PMog] units were bridged by three L2
ligands (Fig. 3a, Table S1}). Some of the [a-PMog] units were
transformed into [B-PMoy] units via rotation of the [Mo03;0;]
unit underneath by approximately 60° from the original orien-
tation (Fig. S3t). X-ray crystallographic analysis results showed
that the ratio of [o-PMoo] and [B-PMos] was 1:0.07. The *'P
NMR spectrum of II in CD;CN exhibited two signals at —1.34
and —0.01 ppm with a signal integral ratio of 1:0.09, which
were attributed to the [¢-PMog] and [B-PMoy] isomers, respec-
tively (Fig. S47). The ESI mass spectrum of II in acetonitrile
exhibited a set of signals at m/z = 2434.0, which was assignable
to [TBA¢H,(PM0403,),(L2);]*" (Fig. 3b). These NMR and ESI
mass spectra showed that II maintained its structure in the
solvent. The *'P NMR spectrum of II in CD;CN after 3 days
showed only two signals at —1.34 and —0.01 ppm, but the
integral ratio of these signals changed from 1:0.09 to 1:0.27
(Fig. S4ct). This result showed that although the ratio of [o-
PMoy] and [B-PMoy] in II changes after several days, the struc-
ture of II is stable and kept in the solvent. Based on these
results as well as the elemental analysis and TG-DTA results
(Fig. S2bf), the formula of II was determined to be
TBAs ,Ho 5[(PM0403,),(L2);](C,H,CL).

The structure of II is similar to that of our previously re-
ported hybrid dimer comprising three 4,4’-bipyridine ligands
(L5) and two [PMoo] units ([(A-0-PM0sOs,),(L5)5]°7) (Fig. 4).%
Changing the pyridine-based ligand to the imidazole-based
ligand shortened the Mo-N bond lengths in II (2.26 A on
average, Mo-imidazole coordination bonds) compared with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Structures of [(PM0ogO31)5(L2)51°~ (I) and [(PMogOs:)2(L5)5]°~
and their average Mo—N bond lengths.®

those in [(A-a-PM04O;3;)(L5);]°~ (2.32 A on average, Mo-pyri-
dine coordination bonds) (Fig. 4). Although only [¢-PMog] units
were observed in [(A-a-PM0gO31),(L5);]°”, isomerized [B-PMos]
units were also observed in II. To investigate the formation of
these imidazole- and pyridine-based hybrids as well as the
isomerization of [a-PMog] to [B-PMog] units, we performed
density functional theory calculations for these reactions. The
standard Gibbs energy of the reaction 2[A-0-PMo0gO34(-
pyridine);]>~ + 3L2 — [(A-0-PM0oO31),(L2);]°” (I) + 3pyridine
was —69.2 kJ mol ', while that for the reaction 2[A-a-PMogy-
O34(pyridine); ]~ + 3L5 — [(A-0-PM04034),(L5)3]°" + 3pyridine
was —23.2 k] mol ™. These results indicate that the formation of
II was considerably more favorable than that of [(A-a-
PMo0403,),(L5);]°~, which is likely owing to the stronger coor-
dination of imidazole ligands to Mo atoms when compared with
pyridine ligands. In addition, we investigated the isomerization
from [o-PMog] to [B-PMoo] units in the aforementioned hybrids.
The standard Gibbs energies for isomerization from [a-PMog] to
[B-PMoy] units in [(A-a-PM0sO31),(L5);]°~ and II were 15.58 and
0.38 k] mol*, respectively. These results support the partial
isomerization of [f-PMoy] in the imidazole-based II.

To construct a more complex structure, we next utilized
2,4,6-(1H-imidazol-yl)-1,3,5-triazine (L3), which possesses three
imidazole groups at the 1,3,5-positions of the triazine ring, as
a ligand. Reacting TBA;[A-0-PM0yO3;(pyridine);] and L3 in 2: 1
ratio in acetonitrile at room temperature (~25 °C) for 30 min
followed by pouring the solution into an excess amount of
diethyl ether obtained III as a crude powder. Recrystallization of
the crude product in 1,2-dichloroethane obtained single crystals
of III suitable for X-ray crystallographic analysis, which revealed
that the anion part of IIl comprised two [PMoy] units and three
L3 ligands lying in parallel (Fig. 5a, Table S1f). For each L3
ligand, two of three imidazole units coordinated to Mo atoms,
and the other imidazole unit remained unreacted. All [PMog]
units in the crystalline product of III were [B-PMog] units. The
*Ip NMR spectrum of III in CD;CN exhibited a signal at
0.36 ppm, which was attributed to the [B-PMoy] isomer
(Fig. S5at). The ESI mass spectrum of III in acetonitrile
exhibited a set of signals at m/z 2537.9, 2658.5, and 2779.1,
which could be assigned to [TBAgH,(PM0yO31),(L3)3)]>", [TBA;-
H(PMo04031),(L3);]**, and [TBAg(PM0o034),(L3);]*", respectively
(Fig. 5b). Based on these results as well as elemental analysis,
TG-DTA, and *'P NMR results (Fig. S2c and S5at), the formula of
III was determined as TBAg[(PM0gO34),(L3)3](C2H4Cly)s.

Chem. Sci., 2024, 15, 9281-9286 | 9283
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Fig. 5 (a) Crystal structure of the anion part of Ill. The distance

between the L3 ligand layers (side view, ~3.3 A) and the distance of the
centers of the parallel ligands (top view, ~2.9 A) are shown. (b) ESI mass
spectrum of Il in acetonitrile. Inset: enlarged spectra and simulated
patterns for m/z 2537.9 ([TBAGH(PM0gO31)5(L3)3(CH3CN)I*) and
2658.5 ([TBA;H(PM0gOs31)2(L3)31%).

Despite three imidazole groups in L3, the obtained III was
a dimer structure in which one of the three imidazole units
remained uncoordinated in each ligand. The distance between
the L3 ligand layers in III was approximately 3.3 A and the
centers of the parallel ligands were split by approximately 2.9 A
(Fig. 5a), indicating the existence of [t-c]” interactions between
the three L3 ligands.*” To avoid such interactions, we next used
1,3,5-tri(1H-imidazol-1-yl)benzene (L4), which possesses
a benzene ring instead of a triazine at the center, as a ligand.
Reacting L4 with TBA;[PMo0yO34(pyridine);] in 2 : 1 ratio in N,N-
dimethylformamide at 50 °C afforded IV as a crude powder.
Recrystallization of the crude product in a mixed solvent of N,N-
dimethylacetamide and 1,4-dioxane afforded single crystals of
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IV. X-ray crystallographic analysis revealed that the anion part of
IV was a tetrahedral tetramer cage structure where four [PMog]
units and four L4 ligands were placed at the vertices and faces,
respectively (Fig. 6a, Table S17}). The ESI mass spectrum of IV in
CH;CN exhibited signals at m/z 2641.1, 2701.5, and 3440.7,
which could be assigned to [TBA;(PM0oO3;)4(L4),(H,0)]*,
[TBA;7(PM050s,)4(L4),(OH)]*", and [TBA5(PM05Os1)4(-
L4),(H,0)]**, respectively (Fig. 6b).

The tetrahedral structure of IV had an inner cavity, where the
distance between the P atom of the [PMoy] unit and the center of
the opposite ligand L4 was about 12.9 A (Fig. $61). Some of the [o-
PMoy] units were transformed into [3-PMog] units, and the X-ray
crystallographic analysis was performed with 1:1 ratio of these
units. Based on the above results as well as elemental analysis,
TG-DTA, and *'P NMR spectra (Figs. S2d and S5b7), the formula
of IV was determined to be TBA;,[(PM0Oj3;)4(L4),](CsHoNO),.

(b) 2641.1
2701.5
3440.7
1000 2000 3000 4000 5000 6000 7000 8000

il WV lw N W.wwwnulﬂNﬂ/W\W,WIW.MM.mm,.

| | simulated
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Fig. 6 (a) Crystal structure of the anion part of IV. (b) ESI mass spec-
trum of Il in acetonitrile. (Inset): enlarged spectrum and simulated
pattern for m/z 2641.1 ([TBA15(PMogOsz1)4(L4)4(H,0)1**) and 3440.7
([TBA15(PM0gOs31)4(L4)4(H20)*).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

We report the first method for synthesizing self-assembled
molecular hybrid structures via direct coordination of imid-
azole ligands to lacunary POMs. In particular, using the
pyridine-coordinated trivacant lacunary polyoxomolybdate
TBA;[A-0-PM0yO3, (pyridine);] as a precursor, we successfully
synthesized several hybrids: the capped monomer I, pillar
dimer II, sandwich-like dimer III, and tetrahedron tetramer IV.
Because this synthesis method is applicable to various types of
lacunary POMs and imidazole ligands, we expect it to help
increase the number of POM-organic hybrids as well as their
potential applications, such as in catalysis, photocatalysis,
energy conversion, and sensors.
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