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ABSTRACT
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A new metal-oxo-clusters-based inorganic framework [NaCo;Mo0,0;(OH)s], (NaCoMo), named
as 3D platelike ternary-oxo-cluster, has been hydrothermally synthesized and characterized by
single-crystal X-ray diffraction structure analysis, FT-IR spectroscopy, powder X-ray diffraction
(PXRD), scanning electron microscope (SEM), energy-dispersive X-ray spectroscopy (EDS)
analyses, X-ray photoelectron spectroscopy (XPS) and thermogravimetric analysis (TGA).
Structure analysis reveals that there are no classical building units in NaCoMo, and the
asymmetric units of NaCoMo are directly extended into a new platelike 3D structure. Density
functional theory calculations (DFT) indicates that the crystal formation process is exothermic
and. the structure is extremely stable. In addition, the compound presents excellent catalytic
activity in the condensation and cyclization reaction of sulfonyl hydrazides and 1,3-diketones to
synthesize pyrazoles, and the yield of the desired product is up to 99%. The successful synthesis
of NaCoMo represents the discovery of a new kind of non-classical polyoxometalates.
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Polyoxometalates (POMSs) constitute a characteristic class of molecular metal-oxygen clusters and have drawn extensive attentions
not only due to the fascinating structural diversity but also the application in multifarious fields including catalysis, electrochemistry,
biomedicine, photoelectricity, nanomaterials and so on [1-7]. Keggin-type, Well-Dawson-type and many other classic basic building
units have been extensively studied and reported [8,9]. Based on the basic building units or beyond, chemists have been committed to
exploring new functional POMs [10-16]. Considering the fascinating architectures with potential functions, development of new
families of POMs is still an attractive and challenging research field. Recent years, the structural diversities of POMs had been greatly
enriched [17], and many new non-classical POMs and oxo-clusters were reported [18-23]. Being different from the extensively
reported POMs-based inorganic-organic hybrid frameworks, pure inorganic POMs- or oxo-clusters-based frameworks are few reported
due to the uncertainties in chemical behavior of inorganic linkers and/or other factors. While inorganic POMs- or oxo-clusters-based
frameworks always show more impressive physical, chemical and other properties. For example, Xu’s group reported a non-classical
3D POMs named as CoP,Mog for water purification [24]. Li and co-workers reported two inorganic 3D frameworks based on
[MnV3035]" clusters and lanthanide ions, which shown excellent proton conductivities [25]. Zheng’s group reported a series of 3D
porous lanthanide-substituted POMs-based frameworks based on {LngWs0O,s} cage-shaped clusters [26]. Kang’s group synthesized a
series of non-classical POMs frameworks and explored the influences of transition metals to the molybdenum clusters [27].

Here, we represent a new 3D metal-oxo-clusters-based inorganic framework, [NaCo,Mo0,0,(OH);], (NaCoMo), named as 3D
platelike ternary-oxo-cluster. Being different to the traditional POMs and other oxo-clusters, there are no classical building units in
NaCoMo. The Na/Co/Mo atoms in NaCoMo are connected by sharing oxygen edges, corners of oxygen atoms and bridging hydroxyls
to form a new 3D inorganic framework, in which 1D chains of Co(ll) octahedrons are formed by sharing the edges of bridging oxygen
atoms, and are extended to 2D planes by sharing bridging oxygen atoms corners with Mo(VI1) tetrahedrons. The 3D structure of
NaCoMo is constructed by sharing bridging oxygen atoms corners of 2D planes and Na(i) octahedrons. In a word, NaCoMo represents
a new metal-oxo-clusters-based inorganic framework which is different from all known POMs and oxo-clusters.

POMs had been widely reported as a class of highly efficient and green catalysts in the synthesis of nitrogen heterocyclic
compounds. Pyrazoles play a key role in the fields of pharmaceutical chemistry, agricultural chemistry and synthetic organic chemistry
[28-31]. The pyrazole motif could be found in many biologically active molecules and marketed drugs [32-34]. As part of our ongoing
research on polyoxometalates chemistry [35-40], we herein reported the first NaCoMo as an efficient catalyst for the synthesis of
pyrazoles. In addition, the DFT of NaCoMo was performed to study the crystal formation process and stability. To the best of our
knowledge, this new metal-oxo-clusters-based inorganic framework is the first ternary-oxo-cluster catalyst for synthesizing the
pyrazoles by the condensation cyclization of sulfonyl hydrazines with 1,3-diketones (Scheme 1).

Scheme 1. The structure and catalytic application of NaCoMo.

Single-crystal diffraction analysis reveals that NaCoMo crystallizes in the monoclinic space group C2/m with a unique 3D inorganic
framework. The asymmetric unit of NaCoMo consists of a quarter Na(l), half Co(ll), half Mo(VI), one and a half of x3-O (01/03), one
half of 1,-OH (02) and a u,-O (04) (Fig. S1 in Supporting information). Nal is coordinated with four p3-O1 (O1/O1#6/01#7/01#8)
and two u,-OH (02#5/02#9) in an octahedral geometry with the Na-O bond lengths of 2.4326(18) or 2.533(3) A. Co1l is also in an
octahedral geometry and is coordinated with two u3-O1 (O1/01#3), two 13-O3 (O3#4/03#5) and two u,-O (04/04#3). Mol shows an
unusual tetrahedral geometry and is coordinated with three ;-0 (01/01#2/03) and one u,-OH (02). One 13-O1 connects one Col, one
Nal and one Mol almost in a plane. O1 lies on the plane formed by Na/Co/Mo with a distance of 0.0718 A. One u3-03, two Co(ll)
atoms (Col#1/Col#4) and one Mol are also nearly coplanar. The distance is 0.0660 A from O3 to the plane constructed by two Co1
and Mol atoms (Fig. S2a in Supporting information). One Na(l) octahedron connects six Mo(VI) tetrahedrons and four Co(ll)
octahedrons by sharing corners (four Ol atoms and two O2 atoms) (Fig. S2b in Supporting information). One Co(ll) octahedron
connects four Mo(VI) tetrahedrons, two Na(l) octahedrons and two adjacent Co(ll) octahedrons by sharing four corners (two O1 atoms
and two O3 atoms) and sharing edges (03/04) (Fig. S2c in Supporting information). Similarly, one Mo(V1) tetrahedron is linked with
four Co(ll) octahedrons and three Na(l) octahedrons by sharing four corners (two O1, one O3 and one O2) (Fig. S2d in Supporting
information). And a 1D chain is formed by two adjacent Co(ll) octahedrons, sharing the edges O3/04 (Fig. 1a). Adjacent 1D chains of
Co(Il) octahedrons are connected by Mo(VI1) tetrahedrons to form a 2D plane (Fig. 1b). However, Adjacent 2D planes are linked by
Na(l) octahedrons to form the 3D packing structure of NaCoMo (Fig. 1c).

Topologically, Nal and Col can be treated as 6-connected nodes. 4-coordinated Mol is a 4-connected node. u3-O (01/03) can be
simplified as 3-connected nodes. The 3D structure of NaCoMo can be simplified as a 5-node (3,3,4,6,6)-connected 3D network with a
point symbol of (3-5%),(5%-6)4(5%-6°-8%),(5°-6*-82.9%)(3%.5°-6°-8%.9%), (Fig. 1d).
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Fig. 1. Schematic depiction of the (a) connection of the Co(ll) octahedrons 1D chain. (b) 2D plane constructed by Co(ll) octahedrons and Mo(VI)
tetrahedrons. (c) 3D structure, (d) (3,3,4,6,6)-connected 3D network of NaCoMo (Color code: Na, green; Co, turquiose; Mo, gray; O, red).

As a new type of metal-oxo-clusters-based inorganic framework, the significant difference is that, there are no Mo-O-Mo bond
angles in NaCoMo, which are common in traditional POMs. Traditional multidimensional POMs are always constructed by classical
building units and some bridging ligands (such as organic/inorganic ligands, multi-coordinated atoms or clusters). But NaCoMo is
totally different and there are no classical building units in NaCoMo, and the asymmetric units of NaCoMo are directly extended into a
new 3D platelike structure. Due to the similarity of NaCoMo and inorganic mineral, this new type of metal-oxo-clusters-based
inorganic framework is named as 3D platelike-ternary-oxo clusters.

The uniformity of NaCoMo achieved by the one-pot synthesis method was also verified by EDS elemental mapping, which
demonstrates the uniform distribution of Na, Co, Mo, and O throughout the crystal (Fig. 2 and Fig. S3 in Supporting information). The
experimental and simulated PXRD patterns of NaCoMo were in good agreement, indicating the phase purity of NaCoMo samples (Fig.
S4 in Supporting information). The FT-IR spectrum of NaCoMo is shown in Fig. S5 (Supporting information). The characteristic
bands around 3300 and 3100 cm™ are attributed to the v(O-H) vibrations [41]. The other bands in the range of 1600-500 cm™ are
attributed to the v(metal-O,) and v(metal-O-metal) vibrations. Bond valence sum (BVS) calculations for NaCoMo are consistent with
Na, Co and Mo being in the +1, +2 and +6 oxidation states, respectively (Table S3 in Supporting information). The XPS spectra of
NaCoMo was also recorded to further consolidate the chemicai valences of Na, Co and Mo atoms, which matched well with BVS
results (Fig. S6 in Supporting information). Besides, the thermostability of NaCoMo was evaluated using TGA (Fig. S7 in Supporting
information). The frameworks of NaCoMo can remain stable until 320 °C.

@
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Fig. 2. (a) SEM image of NaColMo. (b-e) EDS mappings of NaCoMo for Na (green), Co (turquiose), Mo (yellow), O (red).

To obtain the ground state of the crystal, the crystal of NaCoMo is optimizing in three axes (Fig. S8 in Supporting information). The
lattice constants are 5.57 A, 7.52 A and 10.39 A, respectively. And the formation energy of NaCoMo has been considered as E = Eygar
2Ena-4Ecy-4E,-20Eq-6E, which Ey,, Ec, and Ey, are the energy of the atoms (Na, Co and Mo) in metal crystal, and Eo, E4 are the
energy of O, H in O, and H,, respectively. The average formation energy of the crystal is -1.73 eV. The negative formation energy
indicates that the crystal formation process is exothermic and the structure is very stable. It can be found that Co atoms are located in
the center of O octahedron, while Mo atoms are located in the center of O tetrahedron, which means that all Co atoms adopt a 6-
coordinated mode and all Mo atoms adopt a 4-coordinated mode (Fig. S9 in Supporting information). It can also be found that there are
four kinds of O atoms with different surroundings in the crystal structure from Fig. S8. Among them, the first kind of O atom forms
chemical bond with only one Mo atom, while the second kind of O atom forms chemical bonds with Mo, Co and H atoms,
respectively. The third O atom forms chemical bond with two Co atoms and two H atoms. And the fourth middle O atom forms
chemical bond with one Mo and one Co 0.968e, respectively. From the crystal structure, it can be seen that Na is located in the channel
composed of O tetrahedron and O octahedron, and loses 0.841e.

In addition, the electronic structure of the crystal has been analyzed (Fig. S10 in Supporting information). The Fermi surface is
located in the conduction band, which means the presence of free electrons in the low conduction band. Further analysis of the density
of states shows that the density of states near the Fermi surface is mainly contributed by the s orbital of Mo atom, the s orbital of Co
atom and the p orbital of O atom (Fig. S11 in Supporting information).
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To further evaluate the catalytic activity of the cluster catalyst, the condensation cyclization of sulfonyl hydrazines with 1,3-
diketones for synthesizing the pyrazoles was chose as the model reaction. p-Toluenesulfonyl hydrazide 1a and acetylacetone 2a were
used as the substrates. The catalysis of NaCoMo ternary- oxygen-clusters under various reaction conditions was studied, and the
optimal conditions were explored. As shown in Table 1, in the absence of catalyst, only 31% yield of the desired product 3a could be
obtained at room temperature for 15 min (entry 1). The raw materials CoCl,-6H,0 (4 mol%) and Na,M00O,-2H,0 (4 mol%) used to
synthesize NaCoMo were subjected to the reaction as catalyst, affording 3a in 38% and 44% vyield, respectively (entries 2 and 3).
When the NaCoMo ternary-oxo-cluster (2 mol%) was employed as catalyst to carry out the reaction at room temperature for 15 min,
3a was observed in 84% yield (entry 4). Increasing the catalyst loading to 3 mol%, the yield of 3a was not improved (entry 5).
However, increasing the reaction temperature to 50 °C and 80 °C, it could be clearly observed that the yield of 3a were 89% and 91%,
respectively (entries 6-7). Subsequently, extending the reaction time for 30 min and 60 min at 80 °C, the yield of 3a increase to 93%
and 98%, respectively (entries 8 and 9). Thus, 2 mol% NaCoMo, 80 °C and 60 min were chosen as optimal conditions for this
condensation reaction.

Table 1 Condition optimization.?
Me

O o
N=
_ Conditions I
ronini, + o ML Conditons }

e

1a 2a 3a Me
Entry Catalyst (mol%) Temp. (°C) t(min) Yield (%)°

1 — rt. 15 31
2° CoCl,-6H,0 (4) r.t. 15 38
3 Na,MoO,-2H,0 (4) r.t. 15 44
4 NaCoMo (2) r.t. 15 84
5 NaCoMo (3) r.t. 15 84
6 NaCoMo (2) 50 15 89
7 NaCoMo (2) 80 15 91
8 NaCoMo (2) 80 30 93
9 NaCoMo (2) 80 60 98

2 Reaction conditions: p-toluenesulfonyl hydrazide 1a (1 mmol), 1,3-diketone 2a (1 mmol), EtOH (0.1 mL).
® The yields were determined by GC with bipheny! as the internal standard.

¢ The loading of CoCl,-6H,0 based on Co(ll).

4 The loading of Na,MoO,-2H,0 based on Mo(V1).

The scope of this pyrazole synthesis protocol was investigated under the optimized reaction conditions. As can be seen in Table 2, p-
toluenesulfonyl hydrazide la reacted with acetylacetone 2a, 3-chloropentane-2,4-dione 2b, 3-methylpentane-2,4-dione 2c and 1-
cyclopropylbutane-1,3-dione 2d under 80 °C or 120 °C, giving the desired products 3a-3d in 98%, 91%, 94% and 90% vyields,
respectively (entries 1-4).  The results indicated that the substrate 2b containing electron-withdrawing group and substrate 2d
containing cyclopropane showed lower efficiency than the substrate 2¢ containing electron-donating group. Consequently, an improved
temperature (120 °C) was found to be necessary. The reactions of benzenesulfonyl hydrazide 1b with acetylacetone 2a could give a
yield of 99% under standard conditions. Further, benzenesulfonyl containing both electron-donating and electron-withdrawing groups
1c-1f with acetylacetone 2a catalyzed by NaCoMo cluster also proceeded smoothly, delivering the corresponding pyrazoles 3f-3i as
desired products in 83%-97% vyields (entries 6-9). The experimental results indicated that the reaction substrates containing electron-
withdrawing group had low reactivity and required a higher reaction temperature. Moreover, as the performance of the electron-
withdrawing group increases (NO, > CI > Br), the reactivity of the substrate gradually decreases (1f < 1d < 1e), and the yield of the
disered product gradually decreases (3i < 3g < 3h). Furthermore, it is noteworthy to mention that naphthalene-2-sulfonohydrazide 1g
was also proved to be an effective substrate to react with acetylacetone 2a towards the desired product 3j at 80 °C for 1.5 h, delivering
3,5-dimethyl-1-(naphthalen-2-ylsulfonyl)-1H-pyrazole 3j in 94% yield (entry 10). Besides, the stability of NaCoMo was comfirmed by
PXRD (Fig. S4) after 5-cycles.
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Table 2 Substrate scope of NaCoMo-catalysed condensation cyclization reaction.?
Me

0, N=
V.. NHNH. o 0
S5 : M . NaCoMo (2 mol%) O\\S ,I\II?\ R?
,©/ o rMe R’ 30-120°C, 1-1.5h /©/ Y R
R! R? R
1 2 R! 3
] . L. Yield
Entry Hydrazide 1,3-Diketone  Conditions Product (%)°

_NHNH,
X
0

1a

80°C,1h 3a 98

=
)

’/m g
=
®
o o
o o
=
)

=
)

)
N
o

-
4
E Be]
e

Oy _NHNH,
2 @/ S 120°C,1h  3b 91
Me 1a Cl 2b
Q o o
% _NHNH,
3 @/S\\ el we  80°C,1h 3 94
Me 1a Me 2c
O\\S,NHNHZ o 9
4 @“b Me% 120°C,1h 3d 90
Me 1a 2d
Q. _NHNH Q 9
5 S0 A s ih e 99
1b 2a
O\\S,NHNH2 o q
6 /@ % weAve  80°C/1h - 3f 97
~o 1c 2a
Q. _NHNH, o q
7 /@ Y MerAwe. 100°C, 15h  3g 92
cl d 2a
Q o o
. NHNH,
8 D/S\\O e e 100 °C,15h 3h 93
Br 1e 2a
O\\S,NHNHZ o o
9 /@ e e “Aowe 120°C,15h  3i 83
O,N 4§ 2a
O _NHNH o Q
10 S\b * e s0cc 15h 3] 94
19 2a

@ Reaction conditions: sulfonyl hydrazide 1 (1 mmol), 1,3-diketone 2 (1 mmol), NaCoMo (2 mol%), EtOH (0.1 mL).
P Isolated yield.

In summary, we have synthesized a new 3D metal-oxo-clusters-based inorganic framework NaCoMo, named as 3D platelike
ternary-oxo-cluster, and which was fully characterized by various means. DFT results reveal that formation process of the crystal is
exothermic and the structure is very stable. Furthermore, the pyrazoles can be synthesized using NaCoMo as an efficient catalyst under
moderate conditions with excellent yields via the condensation cyclization reaction. The successfully synthesis of NaCoMo represents
the discovery of a new kind of metal-oxo-clusters-based inorganic framework. Further investigations on the structure of similar 3D
platelike ternary-oxo-cluster and activity of them are in progress.
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Graphical abstract

& 3D platelike ternary-oxo-cluster & Stable structure
& Exothermic crystal formation process 4 Mild conditions

A new 3D platelike ternary-oxo-cluster [NaCo,Mo0,0,(OH),], was synthesized, characterized as well as calculated using density
functional theory and was found to be an efficient catalyst for the construction of pyrazoles under moderate conditions via the
condensation cyclization reaction.



