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ABSTRACT: Four new tris-Anderson polyoxometalates (POMs),
(NH4)4[ZnMos0,5(C4HgNO;) (OH);]-4H,0 (1),
(NH,4),[CuMos0,5(C4HgNO;)(OH),]-4H,0 (2),
(TBA);(NH,)[ZnMo,0,,(CsHy0;),(OH) ] 10H,0 (3) (TBA =
”'C16H36N): and (NH4)4[CuM06018(C5H9O3)2]'16H20 (4),
were synthesized by a microwave-assisted method. Single-crystal
X-ray diffraction revealed that 1 and 2 contained a tris (trihydroxyl
organic compounds) ligand grafted on one side, while two tris
ligands were grafted on two sides to form y/0 and 6/ isomers in 3
and 4, respectively. '"H and "*C NMR spectra of the y/5 isomer 3
were obtained for the first time, with six methylenes showing six
peaks in the '"H NMR spectrum and only four peaks in the *C
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NMR spectrum. Mass spectrometry monitoring revealed that during the microwave-assistant process the tris ligand can graft onto
POM s to form 1, while tris directly coordinates with metallic heteroatoms to form isopolymolybdates during the conventional reflux
synthesis process. In addition, 1—4 can catalyze CO, with epoxides into cyclic carbonates with high selectivity and yields at an
atmospheric pressure of CO,, which is lower than the pressure of CO, in other catalysis using POMs as catalysts. Furthermore, 1—4
showed good catalytic stability and cycling properties. Mechanism studies substantiated POMs cocatalyzed with Br™ to improve the

catalytic yields.

B INTRODUCTION

Polyoxometalate (POM) as a traditional inorganic material has
been widely studied' and used in the fields of optic materials,”
adsorption materials,” electrochemistry,” catalysis,” biological
activity,” and so on. In recent years, in order to broaden the
application fields of POMs, the combination of POMs with
functional organic groups to form new POM-based organic—
inorganic hybrid materials becomes the main direction of
POM synthesis.” One of the common methods of synthesizing
the hybrid is to link organic functional groups to POM anions
by covalent bonds.® This method is beneficial to the design and
synthesis of accurate molecular structures’ and makes POM
derivatives diverse.'” Anderson-type POMs are a kind of classic
structure and can be grafted tris (trihydroxyl organic
compounds) to obtain functional derivatives,"" which allow
them to have good application prospects in many aspects. For
example, Wei’s group has done a lot of research on Anderson
structural oxidation-catalyzed organic small molecules,"> and
Rompel’s group has made a great contribution to the biological
applications of Anderson-type POMs."* Nevertheless, the
application of Anderson POMs is still lacking in some aspects,
such as photocatalysis, CO, fixation, etc. This is mainly
because the synthesis of an Anderson POM-based organic
derivative is limited.

So far, there are three ways to add tris to Anderson-type
POM:s in previous literature: (1) a “one-pot” method using tris,
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metal salt, and {#-MogOy} as starting materials;'* (2)
predesigned Anderson POMs and tris heated to reflux in
aqueous solution;"> (3) using a predesigned Anderson POM
step-by-step strategy under hydrothermal conditions.'
Although lots of work about their synthesis have been done,
especially by Wu’s group,'” some structures are still not
available by these three ways. For example, unilateral tris
substitutions with a central heteroatom, Zn** or Cu**, have not
been reported, which limits the development of Anderson
POM derivatives. Therefore, the search for new synthetic
methods to enrich the development of POM organic
derivatization is of great significance for POM chemistry.
Microwave-assisted synthesis is different from conventional
heating synthesis, which was first carried out in the middle
1980s'® and widely used in the synthesis the inorganic
nanostructure materials in recent years.'"” Compared with
traditional synthetic methods, microwave-assisted synthesis has
the advantages of short synthesis time, low energy con-
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sumption, and environmental protection.20 However, micro-
wave-assisted synthesis has received little attention in the
synthesis of POMs.”" In 2016, our group obtained a heteropoly
blue, [(HPO;)sMo, Og(H,0),]®", by using a microwave-
driven method.”™ However, when traditional heating was used,
reduced Keggin-type POM [PMo;,0,0]*" was obtained
instead. In 2018, a new POM-based 2D framework was
synthesized by using a microwave and applied for lithium-ion
batteries.”> On the basis of the foundation, we continue to
attempt to synthesize new Anderson POM hybrids by
microwave-assisted synthesis. Here, we synthesized a series
of Anderson POM hybrids by using microwave-assisted
synthesis: (NH,),[ZnMo0,3(C,HsNO,)(OH),]-4H,0 (1),
(NH,4),4[CuMogO,5(C,HgNO;)(OH);]-4H,0 (2),
(TBA);[ZnMo40,,(CsH,0;),(OH)]-10H,0 (3; TBA = n-
C6H3N), and (NH4)4[CuM06018(C5H903)2]'16HZO (4).
After comprehensive characterization of these four com-
pounds, it was found that 3 was a y/d isomer and showed
different NMR spectrs, which was the reported for the first
time. The difference of the reaction mechanism between
microwave-assisted and conventional heating syntheses was
detected by mass spectrometry (MS). Additionally, CO,
cycloaddition catalysis has been studied, which broadened
the application field of Anderson-type POM hybrids.

B RESULTS AND DISCUSSION

Synthesis and Structures. In order to obtain the
functionalized Anderson-type POMs-based organic—inorganic
materials, trihydroxy compounds tris (tris-R, R=NH,), tris-
(hydroxymethyl)methyl aminomethane; R=CHj, 1,1,1-tris-
(hydroxymethyl)ethane) was chosen as the organic model,**
and series of new functionalized tris-Anderson POMs were
synthesized by microwave-assisted predesigned protocol. First,
we tried to synthesize unilateral {MMog(tris-NH,)} (M=Zn*"
or Cu’") using traditional heating method as the synthesis
method of {NiMog(tris-NH,)},** but the products are indeed
a large amount of {Mo,0,,} (Scheme 1). According to study
reported by Rompel and co-workers,”” unilateral tris-Anderson
{MMog(tris-NH,)} cannot be synthesized by “one-pot”
protocol because of the coordination of tris-R and metal,
which prevents the self-assembly process of Anderson-type
POMs and the coordination of tris-NH, with POMs.
Interestingly, when using the microwave-assisted synthesis

Scheme 1. Illustration of the Different Synthetic Conditions
Affecting the Products®
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tris-R = trihydroxyl organic compound.
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method, the desired unilateral substitution structures were
obtained as (NH,),[ZnMosO,5(C,HsNO;)(OH),]-4(H,0)
(1) and (NH,),[CuMo40,5(C,HgNO;)(OH);]-4(H,0) (2).
In addition, two new bilateral substituted structures were also
synthesized as a x/ 0 isomer
(TBA);[ZnMo4O,,(CsH,05),(OH)]-10(H,0) (3) and a &/
§ isomer (NH,),[CuMosO,5(CsH,0;),]-16(H,0) (4) (TBA
= n-C¢HyN). It is worth mentioning that 3 and 4 can be
generated by conventional reflux method as well, while 1 and 2
cannot be obtained by reflux method. The result indicates that
microwave assisted synthesis protocol can be used to synthesis
some compounds which cannot be obtained by conventional
reflux method.

Single-crystal X-ray diffraction (SCXRD) revealed that 1
crystallizes in the triclinic system with space group PI. The
anions are arranged in a dimer and shown in Figure 1AE. Six

(A)

Figure 1. Anion structures of compounds 1 (A), 2 (B), 3 (C), and 4
(D) and the crystal packings of 1 (E) and 2 (F). Cations, solvent
molecules, and partial H atoms are removed for clarity.

edge-sharing {MoOg} octahedra are around one central
{ZnOg} unit. tris-NH, caps on one side by occupying three
U,-O atoms of the {ZnOg} unit. On the other side, y,-OH
formed hydrogen bonds with u;-O of another
[ZnMos0,4(C,HgNO;)(OH);]* anion to form a dimer.
Different from the dimers of {NiMo4(tris-NH,)}, and
{CrMog(tris-CH,OH)}, reported previously,”*® only four
hydrogen bonds are formed between the dimer instead of six.
In addition, although the structure of a single anion of 2 is
similar to that of 1 (Figure 1B), except for the central structure
was changed to a {CuMog} octahedron. Compound 2 does not
form a dimer structure but is connected by hydrogen bonds to
form a zigzag-shaped chain structure, as shown in Figure 1F,
which is discovered in the tris-Anderson derivative structures
for the first time. Two hydrogen bonds are formed between
two adjacent anions, and a 1D chain structure is formed. This
different arrangement also results in 2 crystallizing in the
monoclinic system with space group P2,/c, which is different
from 1. For compounds 3 and 4, there is no hydrogen bond
between the anions because of the different anion structures.
One tris-CH; molecule in 3 replaces three y,-O atoms, and
another tris-CH; molecule replaces two u,-O atoms and one
#35-O atom to form the y/5 isomer 3 (Figure 1C). Otherwise,
two tris-CH; molecules replace six p,-O atoms and cap on
each side of {CuMog} to form the §/8 isomer 4 (Figure 1D).
Although much has been reported about the different
configurations of tris-Anderson derivatives with the 3+ valence
of intermediate heteroatomic metals (Cr’*, Mn?*, Fe*', etc.),
the Anderson structure with the 2+ valence of the intermediate
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heteroatomic metal has not been reported much. For
comparison, Figure S3 and Table S2 show several classic
structures reported in the previous literature and this paper.
Characteristic. NMR spectra are used to demonstrate the
existing states of 1 and 3 in solution. Because of the molecular
symmetry of 1, only two peaks at 4.76 and 4.61 ppm are found
(Figure S4), which can be assigned to one amino group and
three methylene groups, respectively. Different from 1, 3 shows
six peaks assigned to six methylene groups in the range of
4.07—4.63 ppm (Figure 2A), indicating that the six methylene
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Figure 2. 'H (A) and "*C (B) NMR spectra of 3 in DMSO-d.

groups of the y/0 isomer are in different chemical environ-
ments. This is a big difference from the y/y isomer, which only
shows three methylene peaks.''* Besides, a singlet of y;-OH
can be found at 5.03 ppm (provided in Figure S6), and the
peaks of TBA" are also shown in the spectrum. The integral
ratio of TBA" and methylene is 1:12, which verifies that the
ratio of anion [ZnMogO;,(CsHg0;),(OH)]*~ and cation
TBA' is 1:3, is consistent with the SCXRD results. Moreover,
compared with the '"H NMR spectra of ligands tris-NH, and
tris-CH; (Figures SS and S7), the chemical peaks of the
methylene groups in 1 and 2 shift toward low fields because of
the shield effects of metals. In order to figure out where the six
methylene peaks in 3 belong, 2D NOESY is carried out (Figure
S8). The results show that two double peaks and one single
peak can be assigned to one tris-CHj ligand. Different from the
"H NMR spectrum, six methylene groups show only four peaks
in the '*C NMR spectrum in the range of 75—90 ppm (Figure
2B). In addition, two methyl groups show two singlets, which
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overlapped most parts (Figure S8), and two chemical shifts in
the *C NMR spectrum (16.99 and 18.80 ppm). The 2D
SHQC NMR spectrum (Figure S10) also demonstrates the
attribution of different C atoms. To the best of our knowledge,
this is the first time to obtain the NMR spectrum of the y/&
isomer.

Powder X-ray diffraction (PXRD; Figures S12—S15) analysis
is used to characterize the purity of the solid samples.
Compared with the PXRD spectra simulated from SCXRD, the
peaks are matched undifferentiated, which can verify the purity
of the compounds. Fourier transform infrared (FT-IR; Figure
S16) spectra of compounds 1—4 are typical of Anderson-type
POMs, and the characteristic peaks observed are consistent
with those of previous reports.”” All compounds displayed
similar characteristic Mo—O—Mo and Mo=O vibrations
because of the presence of the Anderson-type anion. Taking
1 as an example, the vibrational bands of the terminal Mo=0
groups are at about 891 and 808 cm™, and the vibrational
bands of bridging Mo—O—Mo groups are at about 658 cm™".
These peaks are consistent with the typical parent Anderson-
type structures. In addition, the peaks of 1118 and 1402 cm™
can be assigned to the C—O and C—H bonds, which belong to
the tris-NH, part. The thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) curves show the
thermal stability of 1—4, and the molecular formula can be
confirmed by the weight loss. In the first stage of the weight
loss, it can correspond to the loss of water. Therefore,
according to Figure S17, the water of crystallization is figured
out, and the molecular formulas of compounds 1—4 are
confirmed as (NH,),[ZnMo4O,5(C,HgNO;)(OH);]-4H,0,
(NH,4)4[CuMosO,5(C4HgNO;)(OH);]-4H,0,
(C16H36N)3[ZnMog0,7(CsHy05),(OH)]-10H,0, and
(NH,),[CuMo40,4(CsH,04),]-16H,0, respectively.

Self-Assembly Study. The electrospray ionization mass
spectrometry (ESI-MS) spectra were used to obtain
information about the structures. The anion peaks can be
observed to prove the structures (Figures S18—S21) of the
compounds and infer the process of self-assembly.”® As shown
in Figure S22 and Table S3, a series ESI-MS spectra were
obtained at different microwave-assisted reaction times. With
an increase of the reaction time, a series of small ion fragment
peaks disappeared gradually, indicating that the small POM
fragments gradually self-assembled into larger ones. Thus, a
possible self-assembly process was proposed based on variation
of the ion peaks over time and shown in Figure 3. First,
{ZnMo40,,} decomposed into small structures ({Mo,O;3},
{Mo;0,4}, {ZnMo,0,,}, and {ZnMo,0,,}) and finally formed
the smallest {Mo,0,} unit. Second, {Mo,0,} and tris
reassembled to form the {(tris)Mo;O}, {(tris)Mo,O,}, and
{(tris)Mo,O;,} structures and then Zn** was added to obtain
{(tris)ZnMo,0,,}. Finally, compound 1 was formed as the
final main product. On the other hand, different MS spectra
were also obtained under different conventional heating
reaction times and are shown in Figure S23. Different from
the microwave reactions, a series of isopolymolybdates were
found, while the ions containing Zn** were not observed.
Besides, [Zn(tris)(H,0)]" was found at the positive mode,
which verified that Zn** and tris would combine and thus
prevent the combination of tris and POMs. With an increase of
the reaction time, the gradual disappearance of the small ion
fragment peaks indicated that the ions self-assembled into
large-structure isopolymolybdates and finally into the stable
{Mo,0,,}. Therefore, two different synthetic methods affect
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Figure 3. Putative self-assembly mechanism of microwave-assisted
and reflux syntheses based on the ESI-MS spectra.

the connection of tris and metals, resulting in different
products.

CO, Cycloaddition. CO, transformation has been a
hotspot for a long time.”” As one of the products, cyclic
carbonates have received extensive attention because they can
be used as intermediates in fine chemicals, batteries, plastics,

** However, POMs as conventional catalysts are not widely
used in such catalytic reactions, and the catalytic conditions are
still harsh.>' In this work, compounds 1—4 were used as
catalysts to catalyze the cycloaddition of CO, into a cyclic
carbonate, and an attempt was made to simplify the catalytic
conditions to expand application.

In order to explore the optimal reaction conditions,
epichlorohydrin, 1, and tetrabutylammonium bromide
(TBABr) were chosen as the substrate, catalyst, and cocatalyst,
respectively. As shown in Table 1, the cocatalyst itself could
convert the epoxide and CO, into cyclic carbonate in low yield
(entry 2). However, the catalyst itself could not convert the
epoxide without the cocatalyst (entry 3). In addition, a certain

Table 1. Epichlorohydrin Cycloaddition with CO, over
Different Conditions”

[o] Catalyst
CI\/A + 5 Co Catalyst CI\I >=0

cocatalyst pressure t yield
entry catalyst (mmol) (atm) (h) (°C) ( %)
1 1 1 1 3 70 99.9
2 none 1 1 3 70 10.3

3 1 none 1 3 70

4 1 1 air 3 70
S 1 1 1 3 30 19.8
6 1 1 1 3 60 90.3
7 1 1 1 2 70 94.7
8 1 1 1 1 70 81.7
9 2 1 1 3 70 91.3
10 3 1 1 3 70 99.9
11 4 1 1 3 70 95.2

“Reaction conditions: epichlorohydrin, 20 mmol; catalyst, 0.03 mmol
(0.15 mol %); cocatalyst, TBABr. “Determined by 'H NMR
spectroscopy; selectivities were over 99% in all cases.

CO, pressure and high temperature have also been verified to
be essential in the reaction. It is worth mentioning that the
pressure of CO, used in the catalytic process is 1 atm, which is
much lower than that of the reported catalytic process by other
POMs.*' When the catalytic effects of 1—4 were compared, it
was found that the catalytic effects of 1 and 3 were better than
those of 2 and 4, indicating that the different heteroatoms in
Anderson-type POMs have different effects on the catalytic
reaction. In order to explore the stability of 1—4, PXRD and
FT-IR analyses were carried out on the catalyst before and
after reaction. As shown in Figures S23 and S24, the catalyst
did not change before and after catalytic reaction, indicating
the stability of 1—4. Moreover, when the catalysts were
repeated five times in the reaction, the catalytic yield did not
decrease significantly, suggesting that the Anderson-type
POMs had a good catalytic performance in the CO,
cycloaddition reaction. To further explore the cycloaddition
catalysis of CO, at 1 atm, a series of different substrates were
explored, and the results are shown in Table S4. As can be
seen, the catalytic performance has a great relationship with the
structures of the catalysts. For the same catalyst, different types
of catalytic substrates also show different catalytic properties.

As shown in Table 1, entry 2, the reaction can also be carried
out with TBABr as the cocatalyst in the solution without
catalysts, suggesting that TBABr played an important role in
the reaction. According to the literature,>*® this reaction
pathway is the epoxides catalyzed by TBABr. On this basis, the
possible mechanism in Figure 4 was proposed. The mechanism

o~ R
R—<P-

/ Br- I R;flj \

A /§ o, I Path a (102\\0%
"\ Pathb | o E% R:>
e =/
. o _S%%¢

Br J:O):O

Figure 4. Proposed reaction mechanism for the cycloaddition of CO,.

can be divided into two pathways, in which Path a is the
catalyst by Anderson-type POMs and Path b is the reaction
directly catalyzed by TBABr. In Path a, POM was first
interacted with epoxide to activate C—O bonds in the
substrates (the interaction between POMs and epoxide is
shown in Figure S28). The Br~ belonging to TBABr attacks
the C—O bond, thus achieving the open-loop reaction of the
substrate. Then the C atom at the center of CO, attacks the O
atom after the open ring and inserts into it. Finally, Br™ leaves
after the C—Br bond breaks, and the C and O atoms connect
to form the final product, while the POM leaves the substrate
and participates in the next catalytic reaction. In Path b,
TBABr directly attacks the epoxide substrate without POM
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activation, and the subsequent reaction is similar to that in
Path a.

B CONCLUSION

Herein, we synthesized a series of tris-grafted Anderson POMs,
1—4, by using a microwave-assisted strategy. Although 3 and 4
can also be synthesized by conventional “one-pot” methods,
only 1 and 2 can be obtained by microwave protocol. MS
monitoring showed the self-assembly process of the microwave
synthesis, while a metal heteroatom would combine with tris
during the traditional synthesis, resulting in molybdenum self-
assembling into the {Mo,0,,} structure. 3 as a y/5 isomer
showed an NMR spectrum different from those of other
isomers, in which the six methylene groups showed six peaks in
the 'H NMR spectrum and only four peaks in the *C NMR
spectrum. In addition, 1—4 can catalyze CO, and epoxides into
cyclic carbonates with high selectivity and yield under an
atmospheric pressure of CO,, and two possible mechanism
pathways were proposed. This work not only explored new
microwave-assisted synthesis methods but also provided a
catalytic reaction of CO, fixation under facile conditions.

B EXPERIMENTAL SECTION

Materials and Physical Measurement. All reagents were
purchased from commercial sources and used without further
purification except those specifically noted. The NMR spectra were
performed on a Bruker Avance 400 MHz spectrometer in Deuterium
generation reagent with tetramethylsilane as the inner standard. FT-
IR spectra were obtained on an Alpha Centauri FT-IR spectrometer
in the 400—4000 cm™' region with a KBr pellet. TGA—DSC was
performed on a PerkinElmer TGA7 instrument under flowing Ar, and
the temperature was set from 40 to 800 °C under a heating rate of 10
°C/min with an Ar flow of 25 mL/min. ESI-MS spectra were
recorded with a Bruker Compact quadrupole time-of-flight (QTOF)
mass spectrometer with an electrospray ionizer, and data analysis was
performed on a Bruker IsotopePattern. PXRD was employed using
Cu Ka in the range of 10—50° with a scanning rate of 10°/min. The
crystallographic data and structural refinements are given in Table S1.
SCXRD analysis was performed on a Bruker APEX-II diffractometer
with graphite-monochromated Mo Ka radiation at 296 K (4 =
0.71073 A). A multiscan technique was used for absorption
correction. Using Olex2, the structure was solved with the ShelXT
structure solution program using intrinsic phasing and refined with
the ShelXL refinement package using least-squares minimization.*”
CCDC 2053657, 2053743, 2053744, and 2053745 contain the
supplementary crystallographic data for this paper.
(NH,),[ZnMo40,,H]-5H,0 ({ZnMog}) and (NH,),[CuMogO,,
Hg]-SH,0O ({CuMog}) were synthesized according to a previous
report.>® The solubility tests in different solvents and stability tests in
water with pH values of 1—4 are shown in the Supporting
Information.

Microwave-Assisted Synthesis of
(NH4)4[ZnMogO,54(C4HgNO3)(OH)3]1:4H,0 (1).
(NH4)4[ZnMo40,,H¢]-SH,O (1.1 g, 0.92 mmol) and
(CH,0OH);CNH, (0.12 g, 1 mmol) were placed in a sealed glass
tube containing 15 mL of deionized water and dissolved ultrasoni-
cally, and the resulting solution was then placed in a microwave
reactor. The reaction mixture was heated to 140 °C for 10 min and
maintained at 140 °C with a microwave power of 30 W for 30 min.
After cooling to room temperature, the mixture was filtered and a
white block-shaped crystal was obtained in a few days (52% yield,
based on Mo). '"H NMR (DMSO-d,, 400 MHz): 6 6.81 (s, 6H), 3.17
(t, 3H), 1.57 (m, 2H), 1.32 (m, 2H), 0.94 (t, 3H). IR (KBr, cm™):
1631 (s), 1402 (vs), 891 (vs), 808 (w), 657 (s), 571 (w), 479 (w).
ESI-MS [{(TBA),[ZnMo0,,H;((CH,);CNH,)](H,0)}*"]. Found:
m/z 800.47. Theoretical: m/z 800.46. ICP-OES: Mo, 0.466 (calcd,
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0.464); Zn, 0.055 (calcd, 0.053). Elem anal. Found (calcd): C, 0.041
(0.039); H, 0.031 (0.028); N, 0.055 (0.056).

Microwave-Assisted Synthesis of
(NH;)4[CuMogO,53(C4HgNO3)(OH)3]:4H,0 (2).
(NH,),[CuMo0s0,,H¢] (1.2 g 1 mmol) and (CH,OH),CNH,
(0.12 g, 1 mmol) were placed in a sealed glass tube containing 20
mL of deionized water and dissolved ultrasonically, and the resulting
solution was then placed in a microwave reactor. The reaction mixture
was heated to 140 °C for 10 min and maintained at 140 °C with a
microwave power of 30 W for 30 min. After cooling to room
temperature, the mixture was filtered and a blue block-shaped crystal
was obtained in a few days (45% yield, based on Mo). IR (KBr,
cm™): 1635 (s), 1402 (vs), 889 (s), 804 (w), 648 (s), 577 (w), 474
(w). ESI-MS [(TBA),[CuMo4O,,H;((CH,);CNH,)](H,0)*"].
Found: m/z 799.92. Theoretical: m/z 799.96. ICP-OES: Mo, 0.461
(calcd, 0.464); Cu, 0.049 (calcd, 0.051). Elem anal. Found (calcd): C,
0.034 (0.039); H, 0.030 (0.028); N, 0.054 (0.056).

Microwave-Assisted Synthesis of
(Ci6H36N)3[ZNM0O,,(CsHg03),(OH)I-10H,0 (3).
(NH,)4[ZnMo4s0,,H¢]-SH,O (1.1 g, 0.92 mmol) and
(CH,0OH);CCH; (0.24 g, 2 mmol) were placed in a sealed glass
tube containing 25 mL of deionized water and dissolved ultrasoni-
cally, and the resulting solution was then placed in a microwave
reactor. The reaction mixture was heated to 140 °C for 10 min and
maintained at 140 °C with a microwave power of 30 W for 30 min.
After cooling to room temperature, TBABr (0.5 g, 1.5 mmol) was
added. The mixture was filtered, and a white block-shaped crystal was
obtained in a few days (65% yield, based on Mo). "H NMR (DMSO-
dg, 400 MHz): & 4.63 (s, 2H), 4.48—4.40 (m, 4H), 4.32 (s, 2H), 4.20
(d, 2H), 4.08 (d, 2H), 3.17 (t, 3H), 1.57 (m, 2H), 1.32 (m, 2H), 0.94
(t, 3H). IR (KBr, cm™"): 2964 (s), 2867 (s), 1653 (s), 1471 (s), 1396
(w), 1114 (w), 1030 (s), 923 (s), 665 (s), 595 (s), 543 (w). ESI-MS
[(TBA),H[ZnMo40,,(C;H¢CCH;),H]"]. Found: m/z 1649.98.
Theoretical: m/z 1649.96. ESI-MS
[(TBA);[ZnMo40,,(C;H,CCH;),H] ). Found: m/z 1891.26. The-
oretical: m/z 1891.25. ICP-OES: Mo, 0.281 (calcd, 0.275); Zn, 0.029
(calcd, 0.031). Elem anal. Found (caled): C, 0.302 (0.333); H, 0.078
(0.072); N, 0.026 (0.027).

Microwave-Assisted Synthesis of
(NH,)4[CuMo0¢0,5(CsH50;),1-16H,0 (4). (NH,),[CuMosO,,H,]
(0.35 g, 029 mmol) and (CH,0H);CCH; (0.06 g, 0.5 mmol)
were placed in a sealed glass tube containing 10 mL of deionized
water and dissolved ultrasonically, and the resulting solution was then
placed in a microwave reactor. The reaction mixture was heated to
140 °C for 10 min and maintained at 140 °C with a microwave power
of 30 W for 30 min. After the solvent cooled to room temperature,
TBABr (0.24 g, 0.75S mmol) was added. The mixture was filtered, and
a blue block-shaped crystal was obtained in a few days (63% yield,
based on Mo). IR (KBr, cm™): 2967 (w), 2859 (w), 1647 (s), 1465
(s), 1403 (s), 1113 (w), 1033 (s), 925 (s), 650 (s), 563 (w). ESI-MS
[(TBA)H,[CuMo¢0,,(C1sH3CCH;),]7]. Found: m/z 1406.48.
Theoretical: m/z 1406.48. ESI-MS [(TBA),H-
[CuMo040,,(C16H3CCH;),]]. Found: m/z 1647.96. Theoretical:
m/z 1647.96. ESI-MS [(TBA),[CuMogO,,(C1¢H;cCCH,),] ).
Found: m/z 1889.24. Theoretical: m/z 1889.24. ICP-OES: Mo,
0.390 (caled, 0.387); Cu, 0.040 (calcd, 0.042). Elem anal. Found
(caled): C, 0.077 (0.079); H, 0.045 (0.043); N, 0.034 (0.037).

Traditional Heating Method. (NH,),[MMo4O,,H,]-SH,O
(M=Zn or Cu, 0.92 mmol) and (CH,OH),CNH, (1 mmol) were
placed in a round flask containing 20 mL of deionized water and
dissolved ultrasonically. The reaction mixture was heated to reflux for
12 h. After cooling to room temperature, the mixture was filtered and
a white block-shaped crystal was obtained in a few days (70% yield,
based on Mo). The crystal was analyzed as (NH,)[Mo,0,,] by a
SCXRD test. In particular, although 3 and 4 can be obtained by
conventional heating, the compounds used in this paper were
synthesized by a microwave-assisted synthesis.

(NH,),[ZnMo40,,H]-SH,O (0.92 mmol) and (CH,0OH),CCH,
(2 mmol) were placed in a round flask containing 25 mL of deionized
water and dissolved ultrasonically. The reaction mixture was heated to
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reflux for 12 h. After cooling to room temperature, TBABr (1.5
mmol) was added. The mixture was filtered, and a white block-shaped
crystal was obtained in a few days (71% yield, based on Mo). The
crystal was analyzed as (TBA);(NH,)[ZnMo4O;,(CsH,05),(OH)]-
10(H,0) (3) by a SCXRD test.

(NH,),[CuMo,0,,Hs] (0.29 mmol) and (CH,0H),CCH, (0.5
mmol) were placed in a round flask containing 25 mL of deionized
water and dissolved ultrasonically, and the reaction mixture was
heated to reflux for 12 h. After the solvent cooled to room
temperature, TBABr (0.75 mmol) was added. The mixture was
filtered, and a blue block-shaped crystal was obtained in a few days
(60% vyield, based on Mo). The crystal was analyzed as
(NH,)4[CuMo40,3(CsHy05),]-16(H,0) (4) by a SCXRD test.

CO, Cycloaddition. The corresponding epoxide (20 mmol),
catalyst (0.03 mmol, 0.15 mol %), and TBABr (0.32 g, 1 mmol) were
added to an Erlenmeyer flask. After the bottle was full of CO,, which
was achieved by using balloons and a three-way valve, the solution
was stirred at 70 °C for 3 h. The productivity was calculated by using
'"H NMR. After the reaction, CH,Cl, was added to the solution to
precipitate the catalyst. Then the precipitate was filtered, and the
impurities were washed away with a large amount of CH,Cl,. After
drying, the catalyst was recovered and used for the next cycles.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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