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Three imidazole-modified Ag-polyoxovanadates frameworks (APFs) with a controllable molar ratio of
Ag* to polyoxovanadates (POVs) [Ag(IM);],V4012-2Ag(IM), (APF-1), [Agy(1-eIM)y],[Ag(1-eIM);]3-2Ag(1-
elM)2-3(]-HeIM)[V10028]2 (APF-Z) and [Ag(]-pIM)zlg[HVszs]2Ag(]-le)22H20 (APF-g) (IM = imida-
zole; 1-eIM = 1-ethylimidazole and 1-pIM = 1-propylimidazole) have been successfully achieved by self-
assembly of POVs, Ag* cations, and three different imidazole derivatives. Interestingly, the molar ratios
of Ag* to POVs vary from 4:1, 4.5:1 to 5:1 by changing the vanadium resources and imidazole deriva-
tives. Notably, the coordination environment of Ag* cations and the structure of POVs in the APFs are
also different. Specifically, for APF-1, the four Ag atoms adopt three-coordinated and four-coordinated
geometries, respectively, and Ag-imidazole complexes and [V401;]*~ cluster form the one-dimensional
polymeric chains. While Ag atoms in APF-2 and APF-3 exhibit two-, four- and five-coordinated geome-
tries for APF-2, four-, five- and six-coordinated geometries for APF-3, respectively. These Ag* cations and
decavanadate clusters are assembled into the 2D supramolecular structure through the Ag-O bonds and
Ag-Ag argentophilic interaction. Remarkably, thus-obtained APF-2 can serve as powerful efficient hetero-
geneous catalyst for construction of C-N bond and detoxification of simulant sulfur mustard (yields up to
99%), which enable successful recycling for three cycles with remained catalytic activities and structure

stability.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

The C-N bond formation as well as the construction of C-C
bond is an important chemical transformation in organic synthe-
ses [1-6]. Among these effective approaches of formation of C-N
bonds, three-component Mannich reaction is one of the most feasi-
ble strategies for preparation of S-amino carbonyl derivatives with
C-N bond and it has attracted a considerable amount of atten-
tion by synthetic chemists owing to its high atom economy and
efficiency over the past few decades [7-10]. In theory, the Man-
nich coupling process of arylacetylenes and amines is considered
to involve the activation of the terminal C-H bond of acetylene
by a nucleophile and active metal (Ag, Cu, etc.) insertion, there-
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fore the metal catalysts are expected to play a key role in reduc-
ing the activation energy of the Mannich reaction, thereby enhanc-
ing the catalytic efficiency [11,12]. Thus, there is a rapidly growing
topic for the synthesis of functionalized transition-metal catalysts
to promote the Mannich reaction in organic conversion. Although
the development of a multitude of well-designed catalysts toward
Mannich reaction has been presented in the past decade, and the
current disadvantages of this process are a certain amount of en-
ergy consumed and the reused of catalysts, etc. [13]. Therefore, the
search for highly active and operated more easily catalyst systems
remains one of the longstanding research subjects.

In additionally, 2-chloroethylethylsulfide (CEES), as a danger-
ous simulant sulfur mustard, is one typical example of a Chemical
Weapons Agents (CWAs) that can be a persistent threat to mankind
because of its vesicant properties [14,15]. Therefore, it is urgent
to develop efficient catalytic materials to detoxicate this dangerous
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Fig. 1. Simplified ball-and-stick representation of the syntheses of APFs 1-3. Color
code: Ag, turquiose; V, green; N, blue; O, red; C, gray.

blistering agent. Thus, the environment friendly outstanding degra-
dation catalytic system at room temperature for CEES is still in ex-
ploring [16].

As a representative of multifunctional crystalline materials,
polyoxometalates (POMs) is the nanoscale early transition-metal
oxide polyanionic clusters and remarkable building blocks in
the self- assembly of versatile and intriguing inorganic-organic
functionalized hybrids [17-22]. Among POMs materials, the hy-
brid POVs have been gaining considerable importance and ex-
tensive attention in the domain of magnetism, catalysis, en-
ergy conversion and fluorescence [23,24], etc. Additionally, the
transition-metal silver cations, as the soft d'® element and
the good metal connector, are suitable candidates in the pro-
cess of synthesizing Ag-decorated hybrids owing to its di-
verse coordination modes [25-33]. Sun’s group first prepared
a new silver(I)-based rugby-ball shaped [Ag;y@(W;0,¢),@Ag4]
with the carboxylate-controlled skeletal isomerism in silver nan-
oclusters [34]. Recently, Suzuki et al. successively synthesized
the novel triangular TBAgH4[Ag7(Si3W57096)]-12C3HgO and atom-
ically precise TBAg(MeyNH;)sHsAg,[Agy7(SigWs4019g) nanoclus-
ter and these compounds exhibited the unprecedented ultrasta-
bility in both solid and solution states [35,36]. So far, limited re-
search of Ag-complexes modified POVs has developed, for exam-
ple, Gao and his co-workers reported the self-assembly of meta-
vanadate and silver(I) salts generated a novel dodecahedrane-like
[Ag3o(tBuS),9V12034]-10CH3OH with the properties of acid-base in-
duced transformation [37]. Xie and Mak isolated two unprece-
dented neutral silver(I)-ethynide phosphonate-functionized polyox-
ovanadates giant clusters [38]. Although these elegant works about
Ag-POVs have been well demonstrated, their catalytic properties
are rarely involved. In this context, the construction of Ag-POVs
with a controllable molar ratio of Ag* to POVs still remains a chal-
lenge [39]. Importantly, the examples of Ag-POVs as catalysts were
applied in the field of formation of C-N bond and catalytic degra-
dation for CEES reactions have not been fully explored [40]. There-
fore, designing of new Ag-POVs crystalline materials with the effi-
cient catalytic properties in organic conversion is an undoubtedly
both highly demanding and challenging task.

Herein, three novel Ag-POVs frameworks, ie., [Ag(IM);],
V401, 2Ag(IM);  (APF-1),  [Agy(1-eIM)s],[Ag(1-eIM);]5-2Ag(1-
elM);[V10025]> (APF-2) and [Ag(1-pIM);]3[HV19025]-2Ag(1-pIM);
(APF-3), have been successfully constructed using imidazole
derivatives and NH4VO3 (or V,05) as initial reaction substrates in
water (Fig. 1). Notably, these APFs are further used as effective
catalysts in the selective oxidation of CEES and Mannich reaction
under mild conditions. Interestingly, APF-2 presents the excellent
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Fig. 2. Simplified ball-and-stick and polyhedron representation of APF-1. (a) The
asymmetric unit of APF-1. (b) The coordination environment of Agl atom. (c) The
coordination environment of Ag2 atom. (d) The 1D chain structure of APF-1. Color
code: Ag, turquiose; V polyhedron, red; N, blue; O, red; C, gray.

heterogeneous catalytic performance (yields up to 99%) superior
to its components, APF-1 and APF-3. Furthermore, based on
the control experiments and previous results, the two possible
mechanisms about the oxidation of CEES and Mannich reaction
catalyzed by APF-2 have been proposed to explain the observed
catalytic activities.

As transition-metal hybrid POVs could exhibit the adjustable
molecular structures, it is important to develop the reliable
synthetic conditions toward some specific transition-metal-POVs
structures with a controllable molar ratio of transition metal to
POVs [41]. Herein, the reaction between carbonyl diimidazole, 1-
ethylimidazole or 1-propylimidazole with NH4VO3; or V,05 and
AgNOs3 in an aqueous solution resulted in the formation of three
POVs-based silver hybrids ([V40:3]* for APF-1, [V;o045]6~ for
APF-2 and APF-3), respectively. Interestingly, the APFs 1-3 with
diverse coordination modes of Ag* cations and different molar ra-
tios of Ag™ to POVs (from 4:1, 4.5:1 to 5:1) are obtained, which
mainly caused by the different base environment and starting ma-
terials in the formation of these APFs.

Single-crystal X-ray diffraction measurements reveals that the
asymmetric unit of APF-1 contains two Ag* ions, one [V,0g]%~ an-
ion and four imidazole ligands (derived from carbonyl diimidazole)
(Fig. 2a) [42]. The bond valence sum calculations show that both V
atoms in the POVs are in +V oxidation state (Table S3 in Support-
ing information). In APF-1, the two crystallographically indepen-
dent V atoms (V1 and V2) possess the distorted [VOg4] tetrahedron
by a terminal O atom and three bridging O atoms, respectively, and
further form the [V,0g]%~ cluster by one of their corner-sharing
03 atom (Fig. 2a). The [V,0¢]*~ cluster is further connected by
the other corner-sharing 05 atom to form a [V401,]* cluster.
The [V4012]* clusters in APF-1 act as bridging inorganic ligands
and coordinate with four silver centers, as shown in Fig. 2d. No-
tably, two crystallographically independent Agl and Ag2 ions ex-
hibit two types of coordination geometries. The Ag1 center is four-
coordinated by one terminal O1 atom from the [V404,]%" cluster,
two N donors (N1 and N3) from two imidazole ligands and one
Agl#1 ion (#1: -x, 1-y, -z) through the Ag---Ag argentophilic in-
teraction in a distorted trigonal pyramidal geometry (Fig. 2b) [43].
Interestingly, the Ag2 ion is coordinated by one terminal O6 atom
from the [V401,]*" cluster and two N donors (N5 and N7) from
two imidazole ligands, adopting a three-coordinated pattern with a
T-type geometry (Fig. 2c). Through the unique Ag:-Ag argentophilic
interaction, the [V401,]*" clusters are further connected together
by [Agy(IM)4]?* units to form a 1D chain structure (Fig. 2d).

The molecular structure of APF-2 consists of two typical
[V10025]6~ anions, nine Ag* ions and twenty-one 1-eIM ligands
(eighteen coordinated 1-eIM and three protonated free 1-HelM), as
shown in Fig. 1. Each [V190,5]6~ polyanion of APF-2 has a crystal-
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Fig. 3. Simplified ball-and-stick and polyhedron representation of APF-2. (a) The
coordination environment of Agl atom; (b) the coordination environment of Ag3
atom; (c) the coordination environment of Ag4 atom; (d) the coordination envi-
ronment of Ag5 atom; (e) the 2D network structure of APF-2. Color code: Ag,
turquiose; V polyhedron, red; N, blue; O, red; C, gray. The 1-eIM ligands are re-
moved for clarity.

lographic center on the midpoint of 019 and 022 and it is made up
of ten distorted [VOg| octahedron, including the highly condensed
ten vanadium atoms and twenty-eight different types of oxygen
atoms. The bond distances and bond angles of the [V;90,5]%~ an-
ion are similar with those of reported decavanadate [44,45]. In
APF-2, these crystallographically independent Ag' ions (Agl to
Ag5) exhibit four types of coordination geometries: (I) The Agl
and Ag?2 ions adopt five-coordinated pattern (Fig. 3a). The Agl ion
is surrounded by one terminal O1 atom from the [V;p0,5]®~ an-
ion, one bridging 02#1 (#1: 1-x, -y, 1-z) atom from the adjacent
[V100,516~ anion, two N atoms (N1 and N3) from two 1-eIM lig-
ands and one Agl#1 atom through the Ag...Ag argentophilic inter-
action, and resulted in a {AgN,0,} geometry. The Ag2 ion is coor-
dinated by one bridging 025 atom from one [V;¢0,5]%~ anion, one
terminal 026#2 (#2: 1-x, 1-y, 2-z) atom, two N atoms (N7 and
N5#2) from two 1-eIM ligands and one Ag atom (Ag2#2). (II) The
Ag3 ion is four-coordinated by two N atoms (N9 and N11) from
two 1-eIM ligands, one terminal O atom from one [V170,5]%~ anion
and the Ag4 atom through the Ag...Ag argentophilic interaction,
and the coordination environment of Ag3 employs the {AgN,0}
mode (Fig. 3b). (Ill) The Ag4 ion adopts four-coordinated pattern
with square plane geometry (Fig. 3c). The Ag4 ion is surrounded
by two N atoms (N13 and N13#3 (#3: 1-x, -y, 2-z) from two 1-
elM ligands and two Ag atoms (Ag3 and Ag3#3), and presents the
{AgyN,} coordination mode (Fig. 3c). (IV) As depicted in Fig. 3d,
Ag5 ion is in linear geometries by two N atoms (N15 and N17)
from two 1-eIM ligands. Interestingly, the Agl and Ag2 ions con-
nect the adjacent [V;90,5]%~ anions into a 1D chain structure, and
further the adjacent 1D chain structures are connected together to
form a 2D network along the bc plane (Fig. 3e).

The asymmetric unit of APF-3 contains five Ag' ions, one
typical [HV;9O,g]°~ anion and ten 1-pIM ligands (Fig. 1). The
[HV190,5]°~ anion of APF-3 has a crystallographic center on the
midpoint of 014 and O14#1 (#1: 2-X, -y, 2-z) and it is made up of
ten distorted [VOg] octahedron including the highly condensed ten
vanadium atoms and twenty-eight different types of oxygen atoms.
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Fig. 4. Simplified ball-and-stick and polyhedron representation of APF-3. (a) The
coordination environment of Agl atom. (b) The coordination environment of Ag2
atom. (c) The coordination environment of Ag3 atom. (d) The 2D network structure
of APF-3. Color code: Ag, turquiose; V polyhedron, red; N, blue; O, red; C, gray. The
1-pIM ligands are removed for clarity.

In APF-3, three crystallographically independent Ag* ions (Agl to
Ag3) exhibit three types of coordination geometries: (I) The Agl
ion is six-coordinated by two bridging 012 and O12#2 atoms (#2:
1-x, -y, 2-z) from two [HV190yg]°>~ anions, two N atoms (N1 and
N1#2) from two 1-pIM ligands and two Ag atoms (Ag2 and Ag2#),
adopting the distorted octahedron geometry (Fig. 4a). (II) The Ag2
ion is five-coordinated by two terminal O11 and O13#2 atoms from
two [HV190,5]°~ anions, two N atoms (N3#2 and N5#2) from two
1-pIM ligands and one Ag atoms (Ag1) through the Ag--Ag interac-
tion in a {AgN,0,} mode (Fig. 4b). (Ill) The Ag3#3 (#3: 2-x, 1-y, 1-
z) ion is four-coordinated by one terminal O4 atoms, one bridging
06#3 atoms from two [HV;90,g]°~ anions and two N atoms (N7#3
and N9#3) from two 1-pIM ligands, displaying the square plane
geometry (Fig. 4c). Interestingly, the Agl and Ag2 ions connect the
adjacent [HV;90,5]°>~ anions into a 1D chain structure along the a
axis, and further the adjacent 1D chain structures are connected
into a 2D network along the ab plane (Fig. 4d).

Subsequently, on the basis of determining the structure of APFs,
we further investigated the catalytic effectiveness of these APFs in
the construction of C-N bond via Mannich reaction. In our ini-
tial studies, phenylacetylene (1a), formaldehyde (1b) and piperi-
dine (1c¢) were selected as model substrates to examine the effi-
ciency of these APFs in the construction of C-N bond (Table 1).
We conducted the three component reaction under the conditions
of 1a (0.25 mmol), aqueous 1b (0.5 mmol) and 1c (0.5 mmol) in
CH3CN (1 mL) in the presence of catalysts at mild conditions for 4

To begin, the blank experiment indicated that only trace conver-
sion was achieved in the absence of any catalysts (Table 1, entry 1).
The reactants phenylacetylene (1a), formaldehyde (1b) and piperi-
dine (1c) were smoothly reacted with AgNO3; as the homogeneous
catalyst, which gave rise to the desired product 1-(3-phenylprop-
2-yn-1-yl)piperidine 1d in 21% yield (Table 1, entry 3), neverthe-
less, the scale potential industrial applications of the AgNO5 cata-
lyst have been limited due to its non-reusability. Prompted by this
initial observation, the model reaction was thoroughly optimized
by varying different parameters, such as catalyst, the amount of
catalyst, and reaction time (Table 1). The use of other catalysts like
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Table 1
The effect of different parameters on Mannich reaction.?

Z o O Catalysts =7 ’\O
* H)kH TSN MeCN
H
1a 1b 1c 1d
Entry Catalyst (mol%) t (h) Yield (%)°
1 NA 4 -
2 NagV10025-16H,0 (0.5) 4 trace
3 AgNO; (0.5) 4 21
4 APE-1 (0.5) 4 72
5 APF-2 (0.5) 4 83
6 APF-3 (0.5) 4 77
7 APE-2 (0.5) 6 86
8 APE-2 (1.0) 6 92
9 APE-2 (1.5) 8 99
10 APF-2 (1.5) 10 99

2 The reactions were carried out using 1a (0.25 mmol), 1b (0.5 mmol), 1c
(0.5 mmol), and catalyst in MeCN (1 mL), 40 °C.

b The yields are detected by GC and chlorobenzene was used as internal stan-
dard.

APF-1, APF-2 and APF-3 improved the product yields from 72% to
83%, respectively (Table 1, entries 4-6). APF-2 with the best perfor-
mance is selected as the target catalyst for further characterization.
Keeping all other parameters of entry 5 as such, the amount of cat-
alyst and reaction time were then examined, which markedly dis-
closed 1.5 mol% and 8 h as optimum conditions and entry 9 as the
best fit. Consequently, the best conditions for synthesis of the 1-
(3-phenylprop-2-yn-1-yl)piperidine were optimized as follows: 1a
(0.25 mmol), 1b (0.5 mmol), 1c (0.5 mmol) and APF-2 (1.5 mol%),
MeCN (1 mL), 40 °C, 8 h

With the established conditions in hand, the scope and versa-
tility of the reaction were subsequently examined (Table 2). A di-
verse array of acetylenes containing electron-donating groups such
as -Me, -Et, n-Pr, n-Bu, as well as electron-withdrawing groups
such as -Cl, participated nicely with formaldehyde and piperidine
under the optimized conditions was amenable to afford the pre-
dictable coupling products in excellent yields (up to 99%) (Table 2,
entries 1-6). As regards the other amine, gratifyingly, morpholine
also worked as the source of amine well to afford the desired
Mannich products (Table 2, entries 7-12). More importantly, the
excellent catalytic properties of APF-2 in the construction of C-N
bonds were comparable with those of the previous results catal-
ysed by POMs catalysts [46]. To investigate the durability and re-
cyclability of the APFs catalysts, the repeated experiments have
been conducted in the three-component reaction of phenylacety-
lene, formaldehyde and morpholine under the optimum conditions
in Table 2 and the corresponding results were shown in Fig. 5. Af-
ter each catalytic cycle, the catalyst was separated from the reac-
tion mixture by centrifugation, washed with ethanol three times
and dried at 50 °C for 2 h, and then stored under vacuum. The
conversions of phenylacetylene for the three consecutive runs were
satisfactory in terms of Mannich product yields (Fig. 5a).

To prove the stability of the catalyst, XPS, PXRD and FT-IR spec-
tra of APF-2 were recorded, respectively, and the results showed
that no significant change was observed in either of them and all
the characteristic bands and peaks of these spectra were remain-
ing unaltered before and after the oxidation reaction (Figs. 5b and
¢, Figs. S7 and S8 in Supporting information). The result strongly
suggests that the hybrid APF-2 is durable and recyclable in the
Mannich reaction. Mechanistically, according to the above experi-
ments and previous results, we proposed a plausible mechanism
catalyzed by APF-2 depicted in Fig. 5d [47,48]. First, APF-2 pro-
moted the formation of intermediate B by the interaction of the
phenylacetylene and catalyst. Second, species B activated the triple
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Table 2
Substrate scope for Mannich reaction.?

Z o X APF-2 Z O
/©/ * HJ\H N [Nj MeCN
R H R
a 1b c X=C,0 d

Entry R Products Conv. (%) Yield (%)P

11 R=H ©/ O 99 99

2 R = Me /©/ “O 99 98
Me

3 R = Et /©/ “O 99 99
Et

4 R = n-Pr /©/ ’O 98 98
n-Pr

5 R = n-Bu Q/ ’O 97 97
n-Bu

6 R=Cl Q/ 'O 96 95
Cl

7 R=H ©/ '@ 98 97

8 R = Me /©/ “/\0 99 99
Me

9 R = Et D/ N/\O 99 99
Et

10 R = n-Pr Q/ Nﬂo 98 98
n-Pr

11 R = n-Bu Q/ N/E 99 98
n-Bu

12 R=Cl 97 97

Il

2 Reaction conditions: a (0.25 mmol), 1b (0.5 mmol), ¢ (0.5 mmol), catalyst (1.5
mol%), MeCN (1 mL), 40 °C, 8 h.

b The yields are detected by GC and chlorobenzene was used as internal stan-
dard.

bond to form Ag-acetylide intermediate C [49,50]. Third, C species
reacted with the imnium ion originated by the condensation reac-
tion of formaldehyde and piperidine to achieve the desired Man-
nich product.

In consideration of APFs having the potential to be an oxida-
tion catalyst, the selective oxidation of CEES was investigated un-
der mild conditions, which was considered an effective protocol for
detoxification of simulant sulfur mustard. In a typical oxidation of
CEES, the reaction conditions are as followed: 0.25 mmol CEES, 5
pmol catalysts, 0.3 mmol H,0,, 0.5 mL ethanol at room temper-
ature and the progress of the catalytic reaction was detected by
GC, and the product was confirmed by GC-MS. The preliminary
optimized results are presented in Fig. 6. As shown in Fig. 6a, a
blank experiment without catalyst exhibited less than 20% conver-
sion, nevertheless, when APFs 1-3 were used as the catalysts, the
conversions of CEES reached 76%, 99% and 91%, respectively. These
results showed that although APF-2 has a smaller amount of mo-
lar ratio of Ag to polyoxovanadates (4.5:1) than that of APF-3 (5:1),
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Fig. 5. (a) The results of Mannich reaction catalyzed by APF-2 in three run experi-
ments. (b) The XPS of Ag in APF-2 before and after three runs reaction. (c) The XPS
of V in APF-2 before and after three runs reaction. (d) The proposed mechanism for
Mannich reaction catalyzed by APF-2.
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Fig. 6. (a) Reaction conditions: CEES (0.25 mmol), H,0, (0.3 mmol), EtOH (0.5 mL),
catalysts (5 pmol), room temperature, 30 min. a: blank; b: AgNOs; c: V,0s5; d: APF-
1; e: APF-2; f: APF-3. (b) Kinetics of the oxidation of CEES with APF-2 (black);
APF-2 was filtered from the reaction mixture after 15 min (red). (c) The IR spectra
of APF-2 before and after three runs oxidation of CEES. (d) The GC spectrum of
before and after the oxidation of CEES catalyzed by APF-2.

the conversion of CEES using APF-2 as the catalyst was still higher
than that of APF-3, demonstrating that the coordination environ-
ment of Ag*t and the POVs structures played an important role in
their detoxification activity of simulant sulfur mustard.
Consequently, to illuminate the role of each active component
of APF-2 in the oxidative degradation of CEES, a series of control
experiments were performed. When using AgNO3 and TBAgV190-,g
as catalyst comparisons under similar conditions and the results
were exhibited in the Fig. 6a. It was clearly that the highest conver-
sion of 99% could be reached with APF-2, while for AgNOs, V,05
after 30 min, the conversions were far below that of APF-2, respec-
tively. Overall, we concluded that the high-efficiency catalytic per-
formance of APF-2 in oxidation of CEES might be resulted by the
synergy of Ag™ sites and decavanadate center after coordination
polymerization. These results indicated that almost all of the CEES
was removed and APF-2 could be employed as an effective catalyst
in the removal of CEES, compared to the POVs-based inorganic-
organic hybrids [Co(bib)]{V,0s} and [Ni(bib),|{V,0¢} (bib = 14-
bis(1H-imidazoly-1-yl)benzene) [51,52].
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To evaluate the reusability and stability of APF-2 for its actual
application, the leaching test and three runs reusability of oxida-
tion of CEES were carried out under the optimal conditions. The
results exhibited that catalyst was filtered from the reaction solu-
tion after 15 min, and the conversion of CEES in the resulting so-
lution was basically maintained under identical conditions for an-
other 15 min (Fig. 6b). Remarkably, in the reusability experiment,
the conversion was reduced by only 2% after three runs of cat-
alytic reactions [Conv. of CEES: 99% (first run), 98% (second run),
97% (third run)] (Fig. S9 in Supporting information). Furthermore,
the IR proved that the structural integrity of APF-2 after catalysis
remained unchanged, indicating that the catalyst was an excellent
heterogeneous catalyst for CEES oxidation under mild conditions
(Fig. 6¢). Additionally, GC were also tested before and after the
degradation of CEES in the presence of APF-2 as catalyst and the
results were given in Fig. 6d, which suggested that simulant sul-
fur mustard was almost completely converted to the corresponding
nontoxic CEESO products within 30 min under mild conditions.

According to previous investigations on the oxidation CEES of
POMs, the POVs can generate active peroxo-metal species in the
presence of H,0,, which plays an important role in the oxidative
reaction [53,54]. Therefore, we speculated the resulting peroxo-
vanaium species are the active species in the detoxification of CEES
over APF-2. Based on the above experiment and previous reports,
we proposed a possible mechanism of CEES degradation with APF-
2 (Fig. S23 in Supporting information). The vanadium of APF-2 in-
teracts with H,0, to produce active peroxovanadium species (Fig.
S24 in Supporting information) [55,56], which subsequently is at-
tacked by the sulfur atom of CEES, thus achieving the correspond-
ing nontoxic product CEESO.

In summary, three APFs with imidazole-modified Ag-complexes
as the cations and POVs as the anion were successfully synthe-
sized and fully characterized. Interestingly, the molar ratios of Ag
to POVs in the three compounds are controlled by using differ-
ent imidazole N-containing ligands. More importantly, APF-2 ex-
hibits excellent bifunctional catalytic performance in the construc-
tion C-N bonds and oxidative detoxification of CEES under mild
conditions. The high efficiencies validated APFs not only expands
the structure of the POVs but also provides insight into the de-
sign of bifunctional catalysts with synergistic catalytic properties
for organic reactions. Investigations on using these APFs catalysts
for other catalytic reactions are in progress.
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