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Abstract
Extending the family of oxothiomolybdates, the interaction of the cyclic anion  [Mo8O8S8(OH)8(C2O4)]2− and the complex 
 [Mo4O4S4(C2O4)5]6− with organic compounds of the azole series—pyrazole (pzH) and 1,2,4-triazole (trzH) in water solu-
tion and in the melt of ligands was investigated. In water solution pyrazole plays only the role of cation (upon protonation) 
to form the complex  (pzH2)2[Mo2O2S2(C2O4)2(H2O)2]. While in the reaction in melt of pzH in the case of the initial cyclic 
anion, the resulting anionic product  [Mo6O6S6(pz)6(MoO4)]2− represents a pioneering example of a cyclic oxothiometalate 
{Mo6} anchored by the coordination of six bridging pyrazolates (pz), complemented by a  MoO4

2− core. At the same time, 
the interaction of  [Mo4O4S4(C2O4)5]6− with pzH and trzH melts yields the binuclear clusters  [Mo2O2S2(C2O4)2L2]2−, where 
L = pzH or trzH. The composition and structures of the compounds were determined using a variety of physicochemical 
methods, including single-crystal X-ray diffraction analysis.
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Introduction

Polyoxothiometalates—a distinct subclass of polyoxo-
metalates characterizing by the partial replacement of 
oxygen atoms with sulfur, are of great interest due to 
diverse structural features and promising catalytic proper-
ties [1]. One of the most common representatives of this 
class in the literature are binuclear clusters containing the 
{MoV

2O2(μ − S)2}2+ fragment. Due to redox properties and 
ability to coordinate both organic and inorganic ligands, this 
fragment serves as a central structural motif in the synthesis 
of cyclic oxothiometalates, represented as [(Mo2O2S2(OH)2)
nLm]q− (where n ranges from 3 to 10, m from 1 to 4, depend-
ing on the ligand L, and q denotes the charge) [2–5]. The 
formation of these cyclic entities is the result of the self-con-
densation of  [Mo2O2S2]2+ fragments in an aqueous medium 
with a pH between 5 and 7 under the control of a ligand L, 
which determines the size of the cycle [6]. Carboxylic acids, 
either with rigid or flexible backbones, are mainly used as 
ligand-templates [5, 6]. Such compounds have been shown 

to be promising catalytic systems, including in hydrogen 
evolution reactions [7, 8].

In addition to the compounds described above, a number 
of complexes of binuclear clusters {Mo2O2S2} with vari-
ous organic ligands have been reported in the literature: (i) 
amino acids such as glycine, cysteine and histidine [9–14]; 
(ii) EDTA derivatives or nitrilotriacetate [9, 11, 15–17]; (iii) 
thiosemicarbazone and its derivatives [18, 19]; (iv) pyri-
dine and its derivatives [20–23]. In addition to their catalytic 
properties, such compounds have shown promise in biology 
and medicine as antiviral, antibacterial and anticancer agents 
[18, 19].

Extending this class of compounds, in this work N-donor 
heterocyclic compounds, pyrazole (pzH) and 1,2,4-triazole 
(trzH), have been chosen as organic ligands for the formation 
of new complexes. In addition to the presence of a coordi-
nation center (nitrogen atom in the second position), this 
type of ligands exhibits acid-base properties and contains 
two nitrogen atoms in adjacent positions, due to which they 
can act as bridging ligands, promoting the formation of new 
unusual compounds. On the other hand, such biologically 
active ligands [24, 25] can expand the practical applications 
of oxothiomolybdates.

The star ting compounds chosen in this work 
were  [Mo8O8S8(OH)8(C2O4)]2− (denoted as (1)) and 
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 [Mo4O4S4(C2O4)5]6− (denoted as (2)). Despite the methods 
described in the literature for obtaining these complexes, 
their synthesis was optimized so that it was possible to 
obtain these complexes in high yields (for example 80% ver-
sus the literature 20% for (1)) in a short time (several hours 
instead of a weeks). The work then demonstrated the interac-
tion of these compounds with pyrazole and triazole under 
different conditions. During the studies, it was shown that 
reactions in the melt of an organic ligand led to the forma-
tion of either  [MoV

6O6S6(pz)6(MoVIO4)]2− or dinuclear clus-
ters  [MoV

2O2S2(C2O4)2L2]2− (L = pzH, trzH), depending on 
the structure of the initial oxothiomolybdate. The formation 
of a particular compound has been confirmed by a number 
of physicochemical methods, including single crystal X-ray 
diffraction analysis.

Experimental Part

Materials and Methods

K2−x(Me4N)x[I2Mo10O10S10(OH)10(H2O)5] (0 < x < 0.5) 
was synthesized according to reported procedure [26, 27]. 
All other reactants and solvents were purchased and used 
as received.

Elemental analyses were obtained using a vario MICRO 
cube analyzer and EuroVector EA3000. Energy-dispersive 
X-ray spectroscopy (EDS) was performed on a Hitachi 
TM3000 TableTop SEM with Bruker QUANTAX 70 EDS 
equipment. FTIR spectra were recorded on a Bruker Vertex 
80 as KBr disks. The thermal properties (TGA) were studied 
on a Thermo Microbalance TG 209 F1 Iris (NETZSCH) 
from 25 to 800 °C at the heating rate of 10 °C·min−1 in He 
flow (30 mL·min−1). Powder X-ray diffraction patterns were 
collected on a Philips PW 1820/1710 diffractometer  (CuKα 
radiation, graphite monochromator and Si as an external 
reference).

The 1H NMR spectra of sample were obtained from  D2O 
or DMSO-d6 solution at room temperature on a Bruker 
Avance 500 spectrometer with working frequency of 499.93 
MHz for 1H. The 1H chemical shifts are reported in ppm of 
the δ scale and referred to the signal of the solvents (δ = 
2.50 or 4.76 ppm for residual protons of DMSO-d6 or  D2O 
correspondingly).

Synthetic Procedures

Synthesis of K(Me4N)[MoV
8O8S8(OH)8(C2O4)]·7H2O (Denoted 

as (1))

A suspension of  K2−x(Me4N)x[I2Mo10O10S10(OH)10(H2O)5] 
(0.5 g, 0.24 mmol) was prepared in 10 mL of distilled water 
at room temperature. Then, 10 mL of a 0.8 M oxalic acid 

(8 mmol) water solution was added, after which the color 
of the reaction mixture changed from yellow to red. After 
stirring for 30 min, the mixture was filtered to obtain a red 
filtrate. The pH of this filtrate was then adjusted to 7 by 
slowly adding of 4 M potassium hydroxide aqueous solu-
tion drop by drop while stirring. The desired product pre-
cipitates from the reaction mixture as a yellow crystalline 
powder. The neutralization procedure takes approximately 
10 min. The precipitate is separated by centrifugation and 
washed sequentially with water (10 mL), ethanol (20 mL) 
and diethyl ether (20 mL). Yield: 391 mg (80% based on 
the starting molybdenum cluster). For  C6H34KMo8NO27S8 
calcd: C 4.5; H 2.1; N 0.9; S 15.9. Found: C 4.0; H 2.4; N 
0.8; S 16.3. EDS: K: Mo: S ratio of 1.2: 8.0: 7.7. IR (KBr, 
 cm−1) is shown in Fig. S1. The TGA revealed a weight loss 
of ∼ 7.5% from 40 to 130 °C (the calculated weight loss of 
7  H2O is 7.8%) (Fig. S2). Crystals of   (Me 4 N) 2[ Mo 8O 8 S8 (O 
H) 8( C2 O 4) ]·5 .45 DMF ·2. 55Me2CO·0.5H2O (denoted as (1a)) 
were obtained by slow vapor diffusion of acetone in N,N-
dimethylformamide (DMF) solution of (1).

Synthesis of  K6[MoV
4O4S4(C2O4)5]·9H2O (Denoted as (2))

The synthesis method of (2) is similar to (1). However, the 
pH of the red filtrate was adjusted to 5 using a 4 M potassium 
hydroxide aqueous solution. After keeping the solution at 
+5°C for 2 days, red crystals of  K6[Mo4O4S4(C2O4)5]·10H2O 
(denoted as (2a)) are formed, which lose one molecule 
of water when dried in air resulting in (2). Yield: 424 
mg (50% based on starting molybdenum cluster). For 
 C10H20K6Mo4O34S4 calcd: C 8.5; H 1.3; S 9.1. Found: C 8.5; 
H 1.5; S 8.6. EDS: K: Mo: S ratio of 5.4: 4.0: 3.9. IR (KBr, 
 cm−1) is shown in Fig. S1. The TGA revealed a weight loss 
of ∼ 11.7% from 40 to 130 °C (the calculated weight loss of 
9  H2O is 11.5%) (Fig. S3).

Synthesis of  (pzH2)2[Mo2O2S2(C2O4)2(H2O)2]·3H2O (Denoted 
as (3))

A suspension of  K2−x(Me4N)x[I2Mo10O10S10(OH)10(H2O)5] 
(0.25 g, 0.12 mmol) was prepared in 10 mL of distilled water 
at room temperature. Then, 10 mL of a 0.5 g oxalic acid (4 
mmol) water solution was added, after which the color of 
the reaction mixture changed from yellow to red. After stir-
ring for 30 min, the mixture was filtered to obtain a red fil-
trate with pH ∽ 1. Then 80 mg (1.2 mmol) of pyrazole were 
added under stirring to filtrate resulting in precipitation of 
product. The powder was washed with cold water, ethanol, 
diethyl ether and dried in air. Yield: 257 mg (61% based on 
starting molybdenum cluster). EDS: Mo: S ratio of 2.0: 2.3. 
Single crystals of the compound suitable for X-ray diffrac-
tion analysis were obtained from the filtrate (after remov-
ing of powder product) at 5 °C for several days. The TGA 
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revealed a weight loss of ∼ 6.3% from 30 to 80 °C, which 
corresponds to 2.4H2O. A weight loss of ∼ 5.2% from 80 to 
135 °C, which corresponds to  2H2O (the calculated weight 
loss of  5H2O is 13.0%) (Fig. S4).

Preparation of “(Me4N)2−xKx[MoV
6O6S6(pz)6(MoVIO4)]·(Solv

ate)” (Denoted as (4))

Compound (1) (0.1 g, 0.06 mmol) and pyrazole (0.1 g, 1.47 
mmol) were placed into a glass ampoule. The ampoule was 
sealed in an air environment and maintained at 140 °C for 48 
h. Gradual cooling of the reaction mixture over 24 h resulted 
in the formation of orange and dark brown crystals. To 
remove excess pyrazole, the reaction mixture was washed 3 
times with 20 mL diethyl ether. PXRD analysis indicated the 
presence of additional phases besides the target product. The 
impurities exhibited similar solubility characteristics to the 
target product, thus hindering the isolation of pure (4) and 
subsequent full characterization and yield determination. 
Single crystals of the  (Me4N)2[Mo6O6S6(pz)6(MoO4)]·2pzH 
(denoted as (4a)) suitable for X-ray diffraction analysis were 
obtained in melt of ligand after slow cooling of ampoule. 
The EDS for crystals separated from the reaction mixture: 
Mo: S: K ratio of 7.0: 6.3: 0.3.

Synthesis of  K2[MoV
2O2S2(C2O4)2(pzH)2]·0.5pzH·1.4H2O 

(Denoted as (5)) and  K1.5H0.5[MoV
2O2S2(C2O4)2(trzH)2]·2trzH·

H2O (Denoted as (6))

Compound (2) (0.1 g, 0.07 mmol) and the corresponding 
heterocycle (for pzH: 0.1 g, 1.47 mmol; for trzH: 0.1 g, 1.45 
mmol) were placed in a glass ampoule. The ampoule was 
sealed in an air environment and maintained at 140 °C for 6 
h. Slow cooling over 24 h led to the formation of red crystals 
for pzH and orange crystals for trzH. To remove the resulting 
impurities and excess of ligands, the crystals were washed 
5 times with 5 mL ethanol with the addition of 200 µL of 
water, and with 5 mL of diethyl ether. Single crystals of 
the compounds suitable for X-ray diffraction analysis were 
obtained in melt of ligand after slow cooling of ampoule.

(5): Yield: 67 mg (68%). For  C11.5H12.8K2Mo2N5O11.4S2 
calcd: C 18.7; H 1.7; N 9.5; S 8.7. Found: C 18.5; H 1.9; N 
9.2; S 8.4. EDS: K: Mo: S ratio of 2.2: 2.0: 1.9. IR (KBr, 
 cm-1) is shown in Fig. S5. The TGA revealed a weight loss 
of ∼7.8% from 35 to 140 °C (the calculated weight loss of 
0.5pzH and 1.4H2O is 8.0%) (Fig. S6).

(6): Yield: 70 mg (70%). For  C12H14.5K1.5Mo2N12O11S2 
calcd: C 17.6; H 1.8; N 20.6; S 7.8. Found: C 17.5; H 2.1; 
N 20.8; S 7.3. EDS: K: Mo: S ratio of 1.7: 2: 2.2. IR (KBr, 
 cm-1) is shown in Fig. S7. The TGA revealed a weight loss 
of ∼2.3% from 35 to 98 °C (the calculated weight loss of 
 H2O is 2.2%) (Fig. S8).

Crystallography

Single-crystal X-ray diffraction (SCXRD) data for (1a), (2a), 
(3), (4a), (5) and (6) were obtained at 150 K on a Bruker D8 
Venture diffractometer with a CMOS PHOTON III detec-
tor and IμS 3.0 microfocus source  (MoKα radiation (λ = 
0.71073 Å), collimating Montel mirrors). The crystal struc-
tures were solved using the SHELXT [28] and were refined 
using SHELXL [29] programs. All non-hydrogen atoms 
were refined anisotropically. Hydrogen atoms of solvate 
water and pyrazole molecules are not localized. Other refine-
ment details are listed above.

(1a): The oxalate ligand  (C2O4
2−) is disordered over two 

positions with SOF 0.673 and 0.327 or 0.598 and 0.402 
for two independent cluster anions, which was refined by 
FVAR constraint. One DMF molecule disordered over two 
positions with SOF 0.59 and 0.41. One DMF molecule and 
one acetone molecule occupy the same volume with SOF 
0.423 and 0.577 respectively. One  NMe4 is disordered over 
two positions with the slight shift of the molecule (SOF 
0.611 and 0.389). The other  NMe4 is disordered by rotation 
around the N-C bond with SOF 0.567 and 0.433. The rest 
of the SOF constraints are related to the water or acetone 
disordering.

(4a): The central Mo–O fragment of the cluster anion is 
disordered over two positions (SOF 0.3 and 0.7). For two 
solvate pyrazole molecules have the disordering over two 
or four positions at the same place. Two methyl fragments 
of  NMe4 are disordered over two close positions with a ratio 
of 0.8:0.2.

(5): A K5 cation is disordered over two positions (SOF 
0.871 and 0.129, refined using FVAR). The other SOF con-
straints concern the solvate water or pyrazole molecules 
disordered together or alone in the same position, with SOF 
varying from 0.125 to 0.75.

(6): Hydrogen atom of N-H of solvate 1,2,4-triazole mol-
ecule is disordered over two positions due to possible loca-
tion on nitrogen atom at first or fourth position of triazole 
ring (SOF 0.64 and 0.36).

Table S1 summarizes crystallographic data, while CCDC 
2299095, 2308359, 2308361-2308364 contain the supple-
mentary crystallographic data for this paper. These data can 
be obtained free of charge from the Cambridge Crystallo-
graphic Data Centre via www. ccdc. cam. ac. uk/ data_ reque st/ 
cif.

Results and Discussion

Synthesis, Structure and Characterization (1) and (2)

As mentioned in the introduction, complexes of different 
nuclearity are known for oxothiomolybdates with organic 

http://www.ccdc.cam.ac.uk/data_request/cif
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acids. One of the representatives of such compounds is the 
anionic cyclic complex  [MoV

8O8S8(OH)8(C2O4)]2− ([(MoV
2

O2(μ − S)2)4(μ − OH)8(μ8 −  C2O4)]2−) (Fig. 1), which con-
sists of four {Mo2O2S2}2+ fragments connected by bridging 
hydroxo ligands and an oxalate anion located in the cav-
ity. Although the complex has been known since 2000, the 
synthesis methods described in the literature (original [4] 
and recently published [5]) have a number of difficulties and 
limitations. Both approaches involve the self-condensation 
of binuclear {MoV

2O2S2}2+ clusters (formed by dissolv-
ing  K2−x(Me4N)x[I2MoV

10O10S10(OH)10(H2O)5] in HCl) 
by adding oxalic acid and adjusting the pH of the solution 
to 4-5 with NaOH or KOH solution. The reaction products 
were isolated from the solution only by long-term crystal-
lization (about 1 week). In the original work the yield was 
not reported, while in more recent work the product yield 
reached 20%.

In this work, the method for the synthesis of the anionic 
complex  [MoV

8O8S8(OH)8(C2O4)]2− was optimized in order 
to further study its reactivity with nitrogen heterocycles. 
 K2−x(Me4N)x[I2MoV

10O10S10(OH)10(H2O)5] was also cho-
sen as the starting compound, which was dissolved in a 0.8 
M aqueous solution of oxalic acid (pH ∽ 1), i.e. the reaction 
was carried out without the use of hydrochloric acid. Slowly 
adjusting the pH of the solution to 7 using a 1 M solution of 
potassium hydroxide leads to the precipitation of the crys-
talline product K(Me4N)[MoV

8O8S8(OH)8(C2O4)]·7H2O 
(denoted as (1)) (Fig. 1) with a yield of 80%, the phase 
purity of which has been confirmed by X-ray powder dif-
fraction analysis (Fig. S9), as well as by a complex of phys-
icochemical analytical methods (see Experimental Part). As 
a result, we have reduced the time to obtain the compound 
from 1 week to about 1 h, and also significantly increased 
the yield of the target product. The use of potassium hydrox-
ide instead of sodium hydroxide accelerates the precipita-
tion of the compound and avoids long crystallizations. In 
addition, during the optimization of the synthesis method, 

reactions similar to those published (using HCl to dissolve 
 K2−x(Me4N)x[I2MoV

10O10S10(OH)10(H2O)5]) were also car-
ried out, followed by adjustment of the pH of the solution 
using KOH. In this case, the yield of the reaction product 
(precipitated complex) was significantly lower (not higher 
than 20%) and its powder diffraction pattern was not consist-
ent with the compound (1). We believe that the addition of 
HCl to these syntheses may lead to by-products with chlo-
rine as a ligand or interfere with cluster condensation, result-
ing in a mixture of different products. Therefore, using only 
oxalic acid as both a ligand and a source of acidic medium 
allows us to obtain a desired product in high yields.

By keeping the reaction mixture at pH ∽ 7 (before the 
product precipitated) and at 5 °C for 2 days, crystals of the 
compound (1) suitable for single-crystal X-ray diffraction 
analysis were obtained. The structure of the compound is 
similar to that published in [5]. Compound (1) exhibits solu-
bility in polar solvents, including water, DMF and DMSO. 
Slow diffusion of acetone vapor into a DMF solution of (1) 
results in the crystallization of the salt   (Me 4 N) 2[ Mo V 

8O 
8 S8 (O H) 8( C2 O 4) ]·5 .45 DMF ·2.55Me2CO·0.5H2O (denoted as 
(1a)). The EDS analysis of the resultant crystal confirmed 
the absence of potassium. In the structure, the cluster anions 
are significantly more distant from each other, surrounded 
by tetramethylammonium cations and solvate molecules 
of DMF, acetone, and water (Fig. S10), and connected to 
each other by an extensive network of hydrogen bonds. The 
preservation of the structure of the cyclic cluster indirectly 
confirms its stability in organic solutions.

Adding a solution of potassium hydroxide to the reac-
tion mixture resulted in a color change from red to orange 
only at a pH close to 7. Therefore, we also decided to 
obtain other products at lower pH values. The sequential 
condensation of cluster complexes with increasing pH is 
mentioned in the literature: from the only chelate coordi-
nation of the oxalate anion to the binuclear cluster at pH 
1, through binuclear clusters connected by a bridging oxa-
late ligand at pH 2–4, to the formation of the cyclic anion 
 [MoV

8O8S8(OH)8(C2O4)]2− [4, 30]. Keeping the reaction mix-
ture at pH 5 at 5 °C for 2 days resulted in the formation of large 
red crystals of the compound  K6[MoV

4O4S4(C2O4)5]·10H2O 
(denoted as (2a)) (yield ∽ 50%), suitable for SCXRD, in 
which two  [MoV

2O2S2(C2O4)2]2− fragments are con-
nected by oxalate ligand ([(MoV

2O2(μ − S)2(η2 −  C2O4)2)2
(μ4 −  C2O4)]2−) (Fig. 2a). The synthesis of similar anions 
 [MoV

4O4Q4(C2O4)5]6− (Q = O, S) [31–35] is also mentioned 
in the literature, one of which has the same anion fragment 
 [MoV

4O4S4(C2O4)5]6− as in (2) and the cation is 1,3-propyl-
diammonium [33]. Unfortunately, most of this works are not 
readily available, making it difficult to compare synthetic 
approaches and compound yields. Nevertheless, the method 
demonstrated in this work allows us to isolate such a prod-
uct in good yield. Compound  K6[MoV

4O4S4(C2O4)5]·9H2O 

Fig. 1  Structure of cluster anion  [MoV
8O8S8(OH)8(C2O4)]2− in com-

pound (1). Color code: Mo—dark blue, S—yellow, O—red, C—gray, 
 MoV

2O8S2—yellow edge-connected octahedrons (Color figure online)
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(denoted as (2)) (lose one water molecule upon drying) has 
been characterized by a number of physicochemical analyti-
cal methods. The powder X-ray diffraction pattern is in good 
agreement with the theoretical one (Fig. S11).

According to SCXRD, in (2a) cluster anions 
 [MoV

4O4S4(C2O4)5]6− are connected in infinite layers 
(Fig.  2b) by K···O contacts between potassium cations 
and oxygen atoms of oxalate ligands or oxo-ligands of 
{MoV

2O2S2}2+ clusters (distances of 2.72–2.86 Å). The 
layers are connected to each other by other potassium 
cations through K···O contacts (distances of 2.88–3.07 
Å). Solvate water molecules are either located in the free 
space between the layers or complement the coordina-
tion sphere of the potassium cations. The bond lengths 
of Mo–Mo, Mo = O, Mo–μ–S, Mo–O align with the lit-
erature values for {MoV

2O2S2}2+ and are summarized in 
Table S2.[33] Comparison of the distances with other ani-
ons  [MoV

4O4Q4(C2O4)5]6− (Q = O, S) shows that substitu-
tion of the bridging sulfur ligands with oxygen results in a 
shortening of the Mo-Mo bond length from 2.824 to 2.666 

Å. Conversely, the Mo–Oμ−ox bond associated with oxalate-
bridged molybdenum fragments lengthens from 2.303 to 
2.368 Å. No consistent trend is evident for the other bonds. 
In compounds (1) and (2a), the Mo–Mo and Mo–μ–S bonds 
are comparable. However, the Mo–Oμ−ox bonds in the cyclic 
compound (1) are slightly longer, namely 2.457–2.504 vs 
2.308–2.320 Å in (2a) due to the adaptation to the cyclic 
structure.

It is important for further steps of this work (interaction 
with organic ligands) to study the stability of the resulting 
complexes at different temperatures. TGA and DTG curves 
were obtained in an argon atmosphere with a heating rate of 
10 °C/min (Figs. S2, S3). In general, the thermal decompo-
sition behavior of these compounds follows three steps: (i) 
removal of solvate molecules up to 130 °C; (ii) decomposi-
tion of oxalate ligands below 350 °C; (iii) decomposition 
of cluster fragments {MoV

2O2S2}2+ up to 800 °C. Thus, in 
the first step both compounds lose all solvent water mol-
ecules with a weight loss of 7.5 and 11.7% for (1) and (2) 
respectively, which is in good agreement with the theoretical 
values (7.8 and 11.5%). Decomposition of tetramethylam-
monium cations overlapping with decomposition of oxalate 
ligand complicates analysis of TGA and DTG curves of (1) 
in the region 200–400 °C. One the other hand, the cluster 
 K6[MoV

4O4S4(C2O4)5] is stable up to 300 °C, following by 
decomposition of oxalate ligands up to 350 °C. Then, in the 
case of both complexes, a slow decomposition of binuclear 
fragments occurs up to 800 °C.

Reactivity of (1) and (2) with Pyrazole and Triazole

As mentioned above, the literature mainly describes coordi-
nation to binuclear clusters of carboxylic acids, amino acids 
and EDTA derivatives. Several works have also been pub-
lished on the coordination of N-donor heterocycles [20–23]. 
Despite the different starting compounds used for the syn-
thesis of cluster compounds with organic ligands, the main 
method of synthesis is the solution method (aqueous solu-
tion or organic solvent). In this work, nitrogen heterocycles 
have been chosen as organic ligands, namely pyrazole and 
1,2,4-triazole, which can act on the one hand as terminal 
ligands, and on the other hand, due to their acid-base proper-
ties and the presence of two nitrogen atoms in adjacent posi-
tions, as bridging ligands connecting binuclear fragments.

First, the interaction of (1) and (2) with pyrazole and 
triazole in aqueous solution was studied by adding organic 
ligands both during the synthesis of the initial complexes 
and by performing a direct reaction. At the same time, 
the ratio of reagents, temperature and reaction time were 
varied. Crystallization of the reaction products from aque-
ous solutions resulted in the formation of either crystals 
of the initial compounds or amorphous products of vari-
able composition. In one of the cases, after the addition 

Fig. 2  Structure of cluster anion  [MoV
4O4S4(C2O4)5]6− (a) and pack-

ing of anions forming infinite layers (b) in crystal structure of com-
pound (2a). Color code: Mo—dark blue, S—yellow, O—red, C—
gray, K—dark cyan,  MoV

2O8S2—red edge-connected octahedrons, 
K···O contacts—dashed red (Color figure online)
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of pyrazole during the synthesis of (1), the new complex 
 (pzH2)2[MoV

2O2(μ − S)2(η2 −  C2O4)2(H2O)2]·3H2O (com-
pound (3)) (Fig. 3) was precipitated, which crystals suitable 
for SCXRD, were obtained from the mother liquor (powder 
pattern of precipitate is in a good agreement with theoretical 
one for the structure, Fig. S12). In this case, pyrazole does 
not act as a ligand, but forms a pyrazolium cation under 
acidic conditions, which crystallizes with a binuclear cluster 
anion previously described in the literature in the salts with 
cesium and sodium cations [33, 36, 37].

Since the coordination of pyrazole and triazole was not 
achieved, we switched to other conditions for the reaction 
of (1) and (2) with organic compounds, namely the reac-
tion in a melt of an organic ligand at high temperatures. In 
this case, pyrazole and triazole act as both reaction medium 
and ligand. In addition, the absence of other coordinating 
solvents (including influence of pH of solution), and higher 
temperatures may favor the formation of new compounds.

Thus, when (1) is reacted with pyrazole at 140 °C in a 
sealed glass ampoule under ambient conditions and the 
reaction mixture is then cooled slowly over 24 h, crystals 
of the compound  (Me4N)2[MoV

6O6S6(pz)6(MoVIO4)]·2pzH 
(denoted as (4a) phase crystallizing in the orthorhombic 
space group Pnma a = 33.804 Å, b = 13.109 Å, c = 12.744 
Å, V = 5674.9 Å3) suitable for SCXRD were formed. This 
compound consists of three {MoV

2O2S2}2+ units linked 
in a ring by six bridging pyrazolate ligands and with the 
molybdate anion  MoVIO4

2− serving as a guest “ligand” ([(
MoV

2O2(μ − S)2)3(μ − pz)6(μ6 −  MoVIO4)]2−) (Fig. 4a).
The molybdate anion is apparently formed during the 

partial destruction of the initial complex and its oxida-
tion by atmospheric oxygen. The literature contains 
mainly examples of binding of binuclear fragments of 
{MoV

2O2S2}2+ by bridging hydroxo ligands [3, 33, 38, 39]. 
Binding of {MoV

2O4}2+ clusters via methylate, phosphate, 
sulfate and other anions has also been reported [2, 31, 40, 
41]. The inner cavity of cyclic compounds based on binu-
clear fragments {MoV

2O2Q2}2+ (Q = O, S) may contain 
phosphate [2, 42] or metalate [3] anions in addition to the 
carboxylic acids described above. Thus, despite some sim-
ilar examples of self-assembly of binuclear {MoV

2O2S2}2+ 
fragments, compound (4) is the first example of a cyclic 
oxothiomolybdate in which binuclear clusters are linked by 
bridging organic ligands. On the other hand, in reactions 
with triazole, we have not been able to isolate individual 
products or crystallize new compounds. We suspect that 
similar cyclic compounds may be formed under these con-
ditions, but there is no confirmation at this time.

In the structure of compound (4a), in addition to the 
anionic complex  [MoV

6O6S6(pz)6(MoVIO4)]2−, there are 
two tetramethylammonium cations and two co-crystalliz-
ing pyrazole molecules. In the complex anion, the Mo–O 
fragment of the molybdate anion is disordered over two 
positions (occupancy of positions 0.3 and 0.7) due to the 
rotation of the vertex of the  MoO4 tetrahedron down or up 
relative to the cyclic molecule. Cluster anions are tightly 
packed in the structure and interact only with neighboring 
tetramethylammonium cations (weak O···H–C–N hydro-
gen bonds) (Fig. 4b). When analyzing the distances in the 
complex, the most significant difference with the litera-
ture data is observed in the increase of the Mo-Mo bond 
length (2.850–2.875 vs 2.804–2.819 Å in (1)) in binuclear 
clusters (Table S2), which may be the reason for adapt-
ing the structure to form such a small cycle. The Mo-N 
bond length (2.188–2.204) is shorter than for coordinated 
N-donor ligands, but is typical for coordinated bridging 
pyrazolate ligands (Table  S2). The  MoO4 tetrahedron 
inside the ring is distorted: the Mo–O distances in the ring 
plane are significantly longer than the Mo–O distances 
perpendicular to the ring (1.809–1.831 Å and 1.648–1.696 
Å, respectively).

Fig. 3  Structure of cluster anion  [MoV
2O2S2(C2O4)2(H2O)2]2− (a) and 

hydrogen bonds between cluster anions and pyrazolium cations (b) in 
crystal structure of compound (3). Color code: Mo—dark blue, S—
yellow, O—red, C—gray, H—green, N–H···O—dashed red (Color 
figure online)
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Varying the reaction temperature from 80 to 150 °C 
showed that no crystalline products were found below 
120 °C. One the other hand, varying the reaction time at 
140 °C showed the formation of other crystals, the anal-
ysis of which by SCXRD reveals the presence of the 
same anion  [MoV

6O6S6(pz)6(MoVIO4)]2− (denoted as 
(4b) phase: P21 a = 16.6196(3) Å, b = 15.3448(3) Å, c 
= 21.7308(4) Å, β = 98.992(1)°, V = 5473.8(2) Å3) and 
(4c) phase: P21/n a = 21.916(2) Å, b = 20.062(1) Å, c = 
22.491(2) Å, β = 91.257(3)°, V = 9886.2(1) Å3). How-
ever, the quality of the crystals was not sufficient enough 
to determine the cations and the exact solvate composi-
tion. Powder X-ray diffraction analysis of the reaction mix-
tures showed that the reflections of (4b) and (4c) phases 
begin to appear after 3 h of heating (Fig. S13). After 9 h, 
the reflections of (4a) phase are clearly visible. After 48 h, 
the mixture of (4a) and (4b) phase reflections were found. 
It is likely that the presence of a mixture of products is 

due to the different cationic and solvate composition of 
 Kx(NMe4)2−x[MoV

6O6S6(pz)6(MoVIO4)]·(Solvate), since the 
starting compound (1) contains a mixed cation.

Despite the optimized conditions for obtaining the crys-
talline phase, we were not able to isolate compound (4) 
in pure form. The complex is insoluble in water and in 
many organic solvents except DMSO and DMF. The struc-
ture of the complex in DMSO solution was determined by 
1H NMR spectroscopy. In addition to the signals of the 
solvated pyrazole molecules (6.24 and 7.58 for the signals 
of the protons in the 4 and 3 or 5 positions of the ring), the 
spectrum contains a group of signals of the coordinated 
pyrazole ligands: two doublets at 8.36 and 8.27 ppm, two 
triplets at 6.60 and 6.59 ppm with an integral intensity 
ratio of 6:6:3:3, as well as other signals of lower inten-
sity (integrated intensity is 6 times smaller than the main 
signals) (Fig. S14). Thus, during the coordination of the 
pyrazolate ligands, a downfield shift of all signals of the 

Fig. 4  Structure of cluster anion 
 [MoV

6O6S6(pz)6(MoVIO4)]2− (a) 
and packing of cluster anions 
and tetramethylammonium 
cations (b) in crystal struc-
ture of compound (4a). Color 
code: Mo—dark blue, O—red, 
S—yellow, C—gray, H—
green,  MoV

2N4O4S2—orange 
edge-connected octahedrons, 
 MoVIO4—red tetrahedron, 
C–H···O—dashed red (Color 
figure online)
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ligand protons is observed, and the signals of the protons 
in positions 3 and 5 have a stronger shift since they are 
closer to the coordination centers. Due to the presence 
of the molybdate anion in the center of the cyclic mol-
ecule, the signals of the protons of the ligands on opposite 
sides of the ring plane become non-equivalent, which is 
expressed in two doublets and triplets. Signals of lower 
intensity may be due to impurity complexes of different 
nuclearity or to the complexes in which the molybdate 
anion in absent.

The reaction of compound (2)  with a melt 
of  pyrazole or  t r iazole leads to the forma-
tion of crystals of the binuclear cluster complexes 
 K2[MoV

2O2S2(C2O4)2(pzH)2]·0.5pzH·1.4H2O (denoted as 
(5)) and  K1.5H0.5[MoV

2O2S2(C2O4)2(trzH)2]·2trzH·H2O 
(denoted as (6)), which are suitable for SCXRD. The reac-
tion proceeds with high yields of about 70% within 6 h at 
140 °C. Longer heating of the reaction mixture or higher 
temperatures lead to decomposition of the cluster complexes 
with formation of black or brown amorphous compounds 
of unknown composition. Excess of organic ligand and by-
products were removed by repeated washing of crystals of 
(5) and (6) with a mixture of ethanol and water. According 
to the PXRD data, the diffraction patterns of the crystalline 

compounds are in good agreement with the theoretical ones 
obtained from the SCXRD data (Figs. S15, S16).

During the reaction, the bridging oxalate ligand in (2) is 
substituted by two organic ligands (the triazole is coordi-
nated by a nitrogen atom in the fourth position) to form the 
anion  [MoV

2O2(μ − S)2(η2 −  C2O4)2L2]2− (Fig. 5 and 6). In 
addition to the cluster anion, structures (5) and (6) contain 
potassium cations, solvate molecules of water and pyrazole/
triazole. In compound (6), only 1.5 potassium cations per 
cluster anion were found, and the remaining charge, we 
assume, is compensated by a proton, which can be localized 
on solvate molecules of water and triazole.

The structure of compound (5) contains three structurally 
independent cluster anions. The first anion forms infinite 
chains along the b axis by hydrogen bonds N–H···O (N···O 
distances of 2.765–2.807 Å) between the pyrazole and oxa-
late ligands (Fig. 5b). The second anion forms infinite layers 
along the ab plane by K···O contacts between potassium 
cations and oxalate ligands (distances of 2.714–2.850 Å) 
(Fig. 5c). The third anion is also linked to this layer by potas-
sium cations (K···O distances of 2.692–2.853 Å) (Fig. S17). 
These potassium cations also link layers and chains by K···O 
contacts (distances of 2.731–2.814 Å) (Fig. S17), forming 
a densely packed complex structure. Solvate molecules of 

Fig. 5  Structure 
of cluster anions 
 [MoV

2O2S2(C2O4)2(pzH)2]2− (a) 
and packing of cluster anions 
forming chains (b) or layers (c) 
in the crystal structure of com-
pound (5). Color code: Mo—
dark blue, S—yellow, O—red, 
C—gray, H—green, N–H···O—
dashed green, K···O—dashed 
red (Color figure online)
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water or pyrazole complement the potassium coordination 
spheres.

In the structure of compound (6), two cluster anions are 
linked by the contacts between potassium cations and oxy-
gen of oxalate ligands (K···O distances of 2.746–3.083 Å) 
(Fig. 6b, Fig. S18). Also, potassium cation interacts with 
solvate triazole (K···N distances of 2.731–2.956 Å) and 
water (K···O distances of 3.071 Å) molecules. Such frag-
ments are connected to each other in endless chains along 
the a axis by hydrogen bonds between solvate water mole-
cules and oxalate ligands of the neighboring fragment (O···O 
distances of 2.770 Å), as well as by π–π stacking interactions 
(distances between centers of 3.701 Å) between solvate tria-
zole molecules. The chains are linked by N–H···O hydrogen 
bonds (N···O distances of 2.709 Å) between coordinated 

triazole ligands and oxalate ligands of the adjacent chain 
(Fig. S19).

The 1H NMR spectra of compounds (5) and (6), both in 
 D2O and DMSO-d6, contain only signals from the protons 
of the organic ligand, which are practically not shifted with 
respect to the free ligand and have the same symmetrical pat-
tern, as for example the equivalence of the protons in the 3 
and 5 positions of pyrazole. Based on these data, we assume 
that the complexes dissociate in solution, which may have 
been the reason for the impossibility of their formation in 
solution methods of synthesis.

Thus, the obtained examples of compounds 
with pyrazole and triazole demonstrate the impor-
tance of the structure of the starting oxothiomolyb-
date complex. By introducing the cyclic compound 
 [MoV

8O8S8(OH)8(C2O4)]2− into the reaction in melt of 
ligand, a cyclic complex  [MoV

6O6S6(pz)6(MoVIO4)]2− was 
obtained. A similar situation is observed in the reaction of 
 [MoV

4O4S4(C2O4)5]6− with organic ligands with preserva-
tion of the binuclear clusters, only in this case the clusters 
are no longer connected to each other by bridging oxalate. 
Regardless of the reaction conditions, we did not observe 
any transitions of complexes with cyclic structure into binu-
clear ones and vice versa.

Conclusion

In summary, in this work the synthesis of the cyclic anionic 
complex  [MoV

8O8S8(OH)8(C2O4)]2−, as well as the oxothi-
omolybdate  [MoV

4O4S4(C2O4)5]6− in which two binuclear 
clusters are connected by a bridging oxalate anion, was 
optimized. The reactions of these complexes with pyrazole 
and 1,2,4-triazole were then studied both in solution and 
in melts of organic ligands. Thus, the addition of organic 
ligands during the synthesis of the starting compounds does 
not lead to the coordination of pyrazole or triazole, and only 
in one case it was possible to obtain a compound where 
pyrazole acts as a pyrazolium cation for the cluster anion 
 [MoV

2O2S2(C2O4)2(H2O)2]2−. The most interesting results 
were obtained in reactions in the melt of the ligands, where 
the reaction product depends on the structure of the starting 
complex: (i) preservation of the cyclic structure (but with 
a decrease in nuclearity) with coordination of pyrazole as 
bridging ligand in the case of the new oxothiomolybdate 
 [MoV

6O6S6(pz)6(MoVIO4)]2−; (ii) replacement of the bridg-
ing oxalate ligand by an organic one with formation of ani-
onic binuclear clusters  [MoV

2O2S2(C2O4)2L2]2−–. This work 
demonstrates new fundamental approaches to extending the 
chemistry of oxothiomolybdates: (i) carrying out reactions 
in melts of organic compounds; (ii) using heterocyclic com-
pounds of the azole series to link binuclear clusters. The 

Fig. 6  Structure of cluster anions  [MoV
2O2S2(C2O4)2(trzH)2]2− (a) 

and interactions between of cluster anions and potassium cations (b) 
in the crystal structure of compound (6). Color code: Mo—dark blue, 
S—yellow, O—red, C—gray, H—green, K—dark cyan, K···O—
dashed red (Color figure online)
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results obtained will serve as a basis for the development of 
oxothiomolybdates to obtain new materials.
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