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Chemical fixation of CO, into C1 source, as a general approach, can effectively alleviate the
emission of greenhouse gasses. Whereas, the challenge posed by the need for efficient catalysts
with high catalytic active sites still exists. In this work, we reported a series of new hexavana-
date clusters, [(CgHsON);(C2HgN3)2(CH30)sV"V60s] (Ve-1), [(CHsON)2(CsH1oN2)2(CH30)sVV60s] (V-
2), [(CsHgON)2(CsH14N3 )2(CH30)6VV60g] (V6-3) and [(CsHgON)y(C4H11N20):(CH30)4VV60g] (V6—4), as-
sembled by 2-aminophenol and four different kinds of Lewis bases (LB), ethanediamine (en), 1,2-
diaminopropane, 1,2-cyclohexanediamine and N-(2-hydroxyethyl)ethylenediamine (ben) together. Among
them, the basic unit {Vg} cluster featured Z-shaped configuration represents a brand-new example of hex-
anuclear vanadium clusters. Remarkably, the catalytic tests demonstrated that Vg-1 as catalyst displays
high catalytic activity in the cycloaddition for the CO, fixation into cyclic carbonates by virtue of open V
sites. As expected, for oxidative desulfurization of sulfides, Vg-1 also exhibits satisfied catalytic effective-
ness. Furthermore, the recycling test confirmed that catalyst Vg-1 may be a bifunctional heterogeneous

catalyst with great promise for both CO, cycloaddition and oxidative desulfurization reactions.
© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Over the past few decades, the progressively increasing emis-
sion of carbon dioxide (CO,) is speculated as the cause of global
warming, sea-level rise along with subsequent other serious cli-
mate changes [1-3]. As a result, quite a lot of endeavors have been
devoted to alleviating CO, pollution, which would capture CO,
for conversion into reliable C1 feedstock of specific chemical reac-
tions and acquire numerous desirable value-added chemicals [4,5].
Amongst these reactions that incorporate CO,, the coupling reac-
tion of CO, with epoxides for the synthesis of cyclic carbonates is
considered as one of the most popular strategies for reducing CO,
on account of widespread application of cyclic carbonates (chemi-
cal intermediates, electrolytes and aprotic polar solvents, etc.) and
high atom utilization [6-8]. Nevertheless, industrial catalysts are
generally homogeneous and leave certain limitations of product
separation and catalyst recovery in the cycloaddition of CO, and
epoxides [9,10]. Therefore, highly active and widely applicable het-
erogeneous catalysts need to be legitimately developed to apply in
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the CO, fixation into cyclic carbonates. Very recently, polyoxometa-
lates (POMs), as a representative of multifunctional crystalline ma-
terials, have been explored as catalyst in some reactions, such as
cyclization reaction of 2-acylbenzoic acids with alcohols and the
synthesis of sulfonyl pyrazoles [11-13].

Polyoxovanadates (POVs), as one great subclass of polyoxomet-
alates, have been subject to extensive studies due to their aesthet-
ically fascinating geometrical features, as well as their potential
applications in magnetism, catalysis, and bioactivities, among oth-
ers [14-20]. The emerging POVs, as long-promised heterogeneous
candidate oxidative catalysts, have received continuous interest
because of potential Lewis-acid active sites [21-26]. In particu-
lar, some representative works have been conducted by research
groups of Hu, Wang, Wei, and so on, and the most renowned
finding is that hybrid transition metal-POVs-based materials have
been certified as effective heterogeneous catalysts for several reac-
tions with good selectivity and effectiveness [21,24-27]. For exam-
ple, Huang and Yang et al. reported an imidazole-modified Ag-POVs
framework, which can serve as efficient heterogeneous catalyst for
detoxification of simulant sulfur mustard and construction of C-N
bond [28]. But for vanadium oxide clusters, only quit a few reports
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Fig. 1. (a) The ball-and-stick model of Vg-1 and Vg-2; (b) Vg-3; (c) Vg—4. (d, e)
The ball-and-stick model and polyhedron of {Vg} cluster. All H atoms were omitted
for clarity.

involved in the catalytic application in the field of the oxidation
sulfides and alcohols, and hardly involved in cycloaddition reac-
tions [29-32]. llluminated by the above viewpoints and our efforts
in heterogeneous catalysis [30,33,34], there is still much room for
exploring the catalytic properties of vanadium oxide clusters in the
oxidation sulfides and cycloaddition reactions.

Herein, employing similar solvothermal synthetic ap-
proach, we elaborately designed and isolated four new
hexanuclear  polyoxovanadium clusters modified by 2-
aminophenol and four different Lewis bases (LB), in-

cluding  ethanediamine  (en), 1,2-diaminopropane, 1,2-
cyclohexanediamine  and  N-(2-hydroxyethyl)ethylenediamine

(ben) together: [(C6H60N)2(C2H8 N2 )2(CH3 O)GVIV5OS]
(Vg-1), [(CgHgON),(C3HygN5 )2 (CH30)6VIV60g ] (Vg-
2), [(CeHgON),(CgH14N; )>(CH30)6V!V 605 (Ve-3) and

[(C5H50N)2(C4H11 NzO)z(CH3O)4VIV608] (V5—4). To our knowl-
edge, the principal building unit, {VgOg} cluster, represents a
brand-new configuration, which differs from other previously
documented hexavanadate clusters. As expected, the open V sites
in Vg-1-4 make them be utilized as efficient Lewis acid catalysts
with good stability for the cycloaddition reaction. Remarkably,
the catalytic performance of Vg-1 for heterogeneous oxidative
desulfurization reaction also have been examined in this paper.
Single crystal X-ray diffraction (SCXRD) indicates that Vg-1, Vg—
2 and Vg-3 are isomorphic and crystallize in the monoclinic P2;/n,
monoclinic C2/c and orthorhombic Pbca space group, respectively
(Figs. 1a and b, Table S1 in Supporting information). Thus, Vg-1
was chosen as the representative to describe the structure. The
basic structural unit of Vg-1 is comprised of one independent
[VIV60g]8t, two [CgHgON]~, two en molecules and six methoxy
groups (Fig. 1a). The principal building unit is a distinct Z-shaped
{Vg0g) cluster (6.02A x 8.06 A) (Fig. S2 in Supporting information),
which can be described as the combination of one {V304} and an-
other one that rotated 180° splice by edge-sharing mode (Figs. 1d
and e). As shown in Fig. 1a, two en, two 2-aminophenol and six
methoxy are decorated on the outer of the {VgOg} cluster. On the
side, the principal building unit [VIV40g]8*in Vg-4 is same as that
of Vg-1-3 except that the number of methoxy groups reduces to
four due to the tridentate ben ligand can link more than biden-
tate en molecules (Fig. 1c). Here, each V cation is hesacoordinated
with a distorted octahedral geometry. And the oxidation states of
all V centers were assigned as the VIV centers by bond valence sum
(BVS) calculations (Tables S10-S13 in Supporting information).
Remarkably, hexavanadate cluster, as the principal building unit,
exhibits an unprecedented Z-shaped structure that differs from
other previously reported oxovanadium clusters such as Lindqvist
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Fig. 2. (a) Lindqvist-type, (b) Anderson-type, (c) cyclic and (d) other structure
topologies hexanuclear vanadium clusters.

(Fig. 2a) [35-38], Anderson (Fig. 2b) [39], cyclic, and other struc-
ture topologies hexavanadate clusters (Figs. 2¢ and d) [32,40,41].
Hence, {VgOg} represents an important new member of hexanu-
clear vanadium clusters.

Considering that Z-shaped {Vg} cluster with the exposed V sites
could act as Lewis acid catalyst, Vg—-1 was employed in the CO,
fixation into cyclic carbonates reaction. To determine the optimum
reaction conditions, propylene oxide (PO) was chosen as the sub-
strate and Vg-1 was used as a catalyst for preliminary investiga-
tions owing to the most abundance in terms of yield. Concretely,
when 10mg of Vg-1 and 0.5 mmol of n-BuyNBr participate in the
reaction together, the conversion rate of PO gradually increases
from 9.29% to >99% with the growth of reaction pressure, tem-
perature and time. After a series of contrast experiments were
performed by altering reaction conditions, the optimal conditions
were found to be entry 8 in Table S2 (Supporting information), that
is, 10mg catalyst loading with 0.5 mmol n-BuyNBr as co-catalyst
in 1MPa pressure and for 18 h at 70°C, which allowed the con-
version rate finally reaches >99%. Similarly, Vg-derivatives Vg—2-
4 also exhibited significantly enhanced catalytic properties (Fig.
S$19 in Supporting information). The final yield could not reach
an expected value when reaction temperature, pressure and time
are much lower. As illustrated in Table S2, a quite low yield was
achieved when separately using only n-BuyNBr (21.63%) or only
V-1 (11.51%) as catalyst (Table S2, entries 9 and 10), indicating
that Vg-1 and n-BuyNBr play important role of synergistic catalysis
during the reaction. Similarly, the yield of PO to the corresponding
product was increased to 33.52% when catalyst Vg-1 was replaced
by equimolar raw materials NH4VO3 (Table S2, entry 12). In light
of the above results, it can be generalized that Vg-1 possessed dis-
tinct catalytic activity for the cycloaddition with epoxides for the
synthesis of cyclic carbonates. In addition, the comparison of cat-
alytic performance of Vg-1 with several catalysts reported in the
literature was also made (Table S3 in Supporting information).

To further investigate the stability of Vg—1 in the reaction sys-
tem, we measured PXRD patterns of Vg-1 immersed in PO at dif-
ferent durations (Fig. 3a). The characteristic peaks remained sim-
ilar to that of simulated PXRD patterns, demonstrating that crys-
tal samples possess pretty good stability in the reaction solution.
Besides, Vg-1 can be easily recovered from the reaction solution
by filtering and washing with MeOH and then dried in air, and
the conversion of the third repetition (98.4%) was reduced by only
about 1.6% (Fig. 3b), which reveals that Vg-1 still retains good cat-
alytic performance after three cycles. It is worth noting that the
following slight decline of yield could be related to mass loss of
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Fig. 3. (a) PXRD patterns of Vg-1 immersed in PO at different durations. (b) Recy-
cling tests for the cycloaddition reaction using Vg-1 as catalyst. (c) PXRD patterns
of Vg-1 before and after circulations. (d) XPS spectra of V 2p for Vg-1 after circu-
lations.

the catalyst. Subsequently, the consistent PXRD patterns (Fig. 3c),
IR spectra (Fig. S20 in Supporting information) and X-ray photo-
electron spectroscopy (XPS) spectra (Fig. 3d) of Vg-1 after five cy-
cles validate that its structural integrity after catalysis remained
unchanged.

Serval expoxides as substrate were then selected for the cy-
cloaddition reaction under the optimal conditions to assess the
application scope of Vg-1 as a catalyst. According to Table 1, 2-
butyloxirane and epichlorohydrin achieved conversions of 82.12%
and 92.09% after 18 h, respectively (Table 1, entries 5 and 6). Ow-
ing to the fact that the electron-withdrawing groups exist in the
structure of substrates [42], the substrates glycidyl phenyl ether,
2-(butoxymethyl)oxirane and allyl glycidyl ether can be entirely
converted to the corresponding products (Table 1, entries 2-4).
However, for epoxycyclohexane and styrene oxide, only 62.11% and
73.40% substrates were transformed into the corresponding car-
bonates (Table 1, entries 7 and 8), which could be attributed to
huge steric hindrance [43,44]. Accordingly, we can draw a conclu-
sion that the steric hindrance of substrates has a major influence
on the conversion of expoxide to cyclic carbonate.

Based on the above results and previous work [45-47], we spec-
ulate a plausible catalytic mechanism for explaining the cycloaddi-
tion of CO, to epoxide process, as shown in Scheme 1. First of all,
the Lewis acidic V sites in the Z-shaped {Vg0g} cluster are inclined
to interact with the epoxide. Then the epoxy ring was activated
and the related C-O bonds were weakened, which facilitated nu-
cleophilic attack of the Br~ on the carbon of the epoxy ring and
further generated the ring-opening intermediate I. Meanwhile, the
O anion of the intermediates I coupled with the CO, molecules
to produce a metal-carbonate intermediate II. Finally, the O atom
of II attacks its carbonate anion to release the bromo, finishing the
ring closure and giving the cyclic carbonate. According to the above
results, it could be concluded that the “fusion” of n-BuyNBr and
V sites in Vg-1 might synergistically impact the catalytic process,
which played a considerable role in facilitating the resultant cat-
alytic performance.

As was confirmed by researches in recent years, POVs were con-
sidered to be fruitful for oxidative desulfurization due to their fast
reversible multielectron transformation activity [31,48-50]. How-
ever, catalytic reactions employing vanadium oxide clusters are
rather rare, unlike those vanadium complexes and V-substituted
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Table 1
Cycloaddition of CO, with different substrates.?

_——
Catalyst, T, P 0

0 co,

<

Entry Substrate Products Yield (%)
1 —J ~° >99.0
0
. o
2 @/“\/L\ @,{.\)ﬂ:& >99.0
3 N\n/\v, /\/\“/i'}:,, >99.0

), 0
4 L % T\)ﬂ >99.0

3 AA \/\)':g, 82.12
0 0 o
6 ”/—Q _ /—Cf 92.09

C[:):- 62.11
C (:Tﬂ

2 Reaction conditions: Vg-1 (10mg), expoxides (28 mmol), and n-BuyNBr
(0.5mmol). CO, (1 MPa), 70°C, 18 h

73.40

Table 2
Results of other sulfide reactions catalyzed by Vg-1 using TBHP as the oxidant.?

b

Entry Substrate TBHP Time Conv.
(mg) ) (%)
1 D 360 3 100
2 ~5~ 360 3 100
3 P N 360 3 100
4 SN 360 3 100
5 ©/"\ 360 4 100
6 Bzt 360 4 100
7 | :": 360 4 76.6
8 S, 360 4 57.5
Vs

2 Reaction conditions: Vg-1 (10mg), substrate (0.1 mmol), CH,Cl, (5mL),
40°C, 4 h
b Determined by GC with dodecane as an internal standard.

POM-based compounds. Thus, the sulfur oxidation of diphenyl sul-
fide (DPS) were selected as benchmark system to evaluate the ac-
tivity of compounds Vg-1-4 in the sulfur oxidation reaction. Pre-
liminarily, a series of contrastive explorations for oxidation of the
model DPS by using Vg-1 as the catalyst were performed to ob-
tain optimum reaction conditions. Obviously, the best catalytic ef-
fect could be attained when using 10 mg Vg-1, 4 mmol tert-butyl
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Scheme 1. Plausible mechanism for the CO, cycloaddition reaction over n-
BuyNBr/Vg-1 catalyst.

hydroperoxide (TBHP) as the oxidant in 5mL CH,Cl, and at the
temperature of 40°C for 4h (Fig. S21, Table S4 in Supporting infor-
mation, entries 1-9). Under the aforementioned conditions, Vg-2-
4 also can catalyze the oxidation of DPS with commendable con-
version (Fig. S23 in Supporting information), which shows better
performance under even milder reaction conditions than some of
the reported V-based heterogeneous catalysts (Table S5 in Support-
ing information). Additionally, as shown in Table S4, a quite low
conversion was achieved once Vg-1 was replaced by equimolar
NH4VO3 or no TBHP existed in the reaction (Table S4, entries 11
and 13). Meanwhile, conversion only reaches 20% when the reac-
tion was carried out without Vg-1 (Table S4, entry 12). Therefore,
we can conclude that both TBHP and Vg-1 contribute to promot-
ing desulfurization reaction efficiently. Consequently, the remain-
ing catalytic experiments were performed with the presence of
both Vg-1 and TBHP in CH,Cl, at 40°C for 4 h

Excellent stability is crucial to catalytic applications. The supe-
rior stability of Vg-1 is evidenced by PXRD patterns of Vg-1 im-
mersed in CH,Cl, at different durations (Fig. S22 in Supporting in-
formation). Additionally, under the aforementioned conditions, we
removed catalyst Vg-1 from the reaction system when the reaction
lasted for 1h, subsequent conversion was not further boosted (Fig.
4a), illuminating that the reaction process is heterogeneous. Apart
from good performance, another two important criteria for prac-
tical application, reusability and versatility, were also estimated.
Thus, Vg-1 was separated from the mixture by centrifugal filtra-
tion after each cycle, and the collected Vg-1 was consecutively
used in the next experiments. As depicted in Fig. 4b, the catalytic
performance of Vg-1 still retained well and Vg-1 can be reused
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for at least four cycles with no significant decrease of conversion
in the subsequent sulfoxidation reactions. Meanwhile, the infrared
(IR) spectra (Fig. S24 in Supporting information) and PXRD patterns
(Fig. S25 in Supporting information) of catalyst Vg-1 after five cir-
culations were in good agreement with those of the as-prepared
samples, which manifested that Vg-1 can maintain structural in-
tegrity after catalytic reaction.

Finally, for the purpose of exploring the versatility of cata-
lyst Vg-1, a variety of alkyl and aryl sulfides were then selected
as substrates to participate in sulfoxidation reactions under op-
timized conditions. And the corresponding results were provided
in Table 2. The alkyl sulfides featuring with less steric hindrance
were chosen as substrates, such as diethyl sulfide and dipropyl sul-
fide, satisfying conversion was reached with less time compara-
ble to those of DPS (Table 2, entries 1-4). Regarding substituted
derivatives of DPS (Table 2, entries 5 and 6), it is worth mention-
ing that the expected full conversions were obtained, when one
benzene in DPS was replaced by a methyl or ethyl substituent
with smaller steric hindrance. Subsequently, by reason of the chal-
lenge posed by larger steric hindrance of benzene rings in aryl
thioethers, the dibenzothiophene and benzothiophene only affords
the corresponding sulfoxide in 76.6% and 57.5% yield (Table 2, en-
tries 7 and 8). That is to say, one main factor on desulfurization is
identified to be the steric hindrance of sulfides, which shows good
accordance with reported results [24,29,45].

The POM-based compounds have been broadly used for cat-
alytic oxidative desulfurization [45,51,52]. As shown in Fig. S26
(Supporting information), it is proposed that V atoms initially in-
teract with the oxidant TBHP to produce the active peroxovana-
dium complex. Then the O atoms from the peroxyvanadic acid
complex attacks the sulfonium cation of the sulfur-containing sub-
strate in a nucleophilic manner. As a result, the sulfides are oxi-
dized to sulfone and sulfoxide.

In summary, a series of new hexanuclear vanadium oxide
clusters modified by dual ligands, Vg-1-4, have been success-
fully prepared under solvothermal conditions. All of them pos-
sess same principal structure {Vg} cluster with Z-shaped configu-
ration, which represents a brand-new hexanuclear vanadium clus-
ter differing from other oxovanadium clusters in POV chemistry.
Preliminary results indicated that Vg-1 possess satisfactory cat-
alytic activity toward CO, cycloaddition reaction with epoxy com-
pounds. Importantly, it can be recycled and reused at least three
times with high catalytic activity. Expectantly, Vg-1 as a hetero-
geneous catalyst was also found to be fruitful in the oxidation
of sulfides. The triumphant isolation of the distinct {Vg} cluster
and decent catalytic effectiveness provide a feasible inspiration for
the exploration of novel oxovanadium clusters and their catalytic
property.
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Fig. 4. (a) Catalytic dynamic (black) and hot filtration (red) studies for the sulfoxidation reactions by Vg-1. (b) Recycling experiments for sulfoxidation reaction using Vg-1

as the catalyst.
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