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Three sandwich-type silicotungstates, formulated as [Cu,(H,0),(SiW,03,),]-12NH,-22H,0 (1),
[Cuy(H,0)5(SiWy0s4),]- 12NH,- 11H, 0 (2) and {[Cu(NH;),L,[Cu(H,0),][Cu,(H,0),(SiW,0s,),]}
2[Cu(NH;),(H,0)]-2NH,-6H,0 (3), were synthesized by microwave irradiation and hydrothermal
reaction. Crystal structural analysis reveals that 1-3 possess the same dimeric polyoxoanions
[Cu,SiW,05,(H,0)],'* featuring tetranuclear copper(i1) clusters. Magnetic studies indicate that the Cu,
clusters exhibit ferromagnetic coupling interactions. Investigation on their catalytic activity for the

oxidation of ethylbenzene suggests that catalytic activity of 1-3 is closely related to the acidity of

complexes and the existence of unsaturated coordination sites in the complex.

Introduction

Polyoxometalates (POMs), possessing tunable acidic and redox
properties, are regarded as green catalysts and have been applied
to several large-scale commercial processes.! Compared with
the well-defined POMs, transition-metal-substituted polyoxomet-
alates (TMSP) exhibit more promising catalytic properties due to
the incorporation between transition metals and POMs, that is
not available for POMs themselves, and their unique catalytic
properties have been demonstrated in homogeneous catalytic
reactions.?

As one of most notable subfamily in TMSP chemistry, the
sandwich-type POMs have been attracting extensive interest in
solid-state materials chemistry in the past several decades.>** Since
the first sandwich-type [Co,(H,0),(a-B-PW,03,),]'~ POM was
reported by Weakley et al in 1973, a number of sandwich-
type POMs have been reported in the literature.>'> However,
the investigation on the catalytic property of the sandwich-type
TMSP remains scarce and few are focused on the mechanisms of
heterogeneous catalysis.'*!* Herein we report syntheses, structures,
magnetic and catalytic properties of three Cu(i)-substituted
polyoxometalates, namely, [Cu,(H,0),(SiW,0s,),]-12NH,-22H,0
(1), [Cuy(H,0),(SiWs03,),]- 12NH,-11H,0 (2) and {[Cu(NH;),].-
[Cu(H,0),][Cu,(H,0),(SiW,044),1} -2[Cu(NH; ), (H,0)]- 2NH,-
6H,0 (3). Complexes 1-3 possess the same dimeric polyoxoanions
[Cu,SiW,05,(H,0)],'*, which had been previously synthesized by
Kortz et al.**
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Experimental
Materials

Ethylbenzene was repurified before use. ferz-Butyl hydroperoxide
(TBHP) were purchased commercially. Other reagents used in the
work were all AR grade.

Instrumentation

Atomic absorption results were obtained on Thermo Electron
IRIS Intrepid II XSP. X-ray powder diffractometry (XRPD)
was performed on Panalytical X-Pert pro diffractometer with
Cu-Ka radiation (A = 0.15418 nm, 40.0 kV, 30.0 mA). The
reaction products of oxidation were determined and analyzed
by a GC-920 instrument with a capillary column (30 m X
0.25 mm). The C, H and N microanalyses were carried out with a
CE instrument EA 1110 elemental analyzer. TGA curves were
measured on a SDT Q600 Thermal Analyzer. The microwave
reactions were carried out using a CEM Discover. The magnetic
measurements were carried out on crystalline powder samples with
a Quantum Design MPMS XL-7 magnetometer working in dc
mode. The experimental susceptibility data were corrected in order
to obtain an approximately constant value of the y\y7T product
at high temperatures (above 200 K). These corrections account
for diamagnetism of the samples and temperature-independent
paramagnetism (TIP) contributions.

Synthesis

[Cuy(H,0),(SiW,04,),]-12NH,-22H,0 (1) and {[Cu(NH,),].-
[Cu(H,0),][Cuy(H,0),(SiW;044),]} -2 Cu(NH;),(H,0)]- 2NH,-
6H,0 (3). 1.15 g Silicotungstic acid (H,SiW,,0,, 0.4 mmol),
0.05 g B-alanine (NH,CH,COOH, 0.5 mmol) and 0.148 g cop-
per(1) nitrate (Cu(NOs),-6H,0, 0.5 mmol) were dissolved in 15 mL
distilled water with stirring at room temperature. The pH value of
the mixture was then adjusted to about 8 with 10% ammonia,
the solution put into a 25 mL Teflon-lined Parr and heated to
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160 °C for 24 h, and then cooled to 100 °C at a rate of 10 °C h™'.
After it was kept at 100 °C for 16 h, the mixture was cooled to
room temperature at a rate of 3 °C h™!. Purple crystals of 3 were
obtained by filtration in 40% yield (based on Cu). Cyan crystals
of 1 were obtained by slow evaporation of the filtrate solution for
about one week in 30% yield (based on Cu). Calc. (found) for
CuyHgsN,,00,S1,W 5 (1): H, 1.81 (1.58); N, 3.14 (3.12%). IR for 1
(KBr, cm™): 3441s, 3139s, 1628s, 1400vs, 1067w, 984w, 941m, 761s,
510m. Calc. (found) for Cu,HgN,504,S1, W5 (3): H, 1.50 (1.48);
N, 4.51 (4.51%). IR (KBr, cm™) for 3: 3432s, 3151s, 1618s, 1400s,
1264m, 983w, 942s, 879s, 758s, 509m.

[Cu,(H,0),(SiW,03,),]-12NH,-11H,0 (2). 1.15 g Silico-
tungstic acid (H,SiW,0,, 0.4 mmol), 0.05 g B-alanine
(NH,CH,COOH, 0.5 mmol) and 0.148 g copper(i) nitrate
(Cu(NO;y),-6H,0, 0.5 mmol) were dissolved in 15 mL distilled
water with stirring at room temperature. The pH value of the
mixture was then adjusted to about 8 with 10% ammonia, then it
was sealed in a microwave-specified 35 mL glass reactor and heated
to 170 °C for 20 min at a microwave power of 80 W. Blue crystals
of 2 were obtained by slow evaporation of the filtrate solution
after about two weeks in 40% yield (based on H,SiW,,0y).
Calc. (found) for Cu,H,,N,O4,Si, Wi (2): H, 1.45 (1.80); N, 3.26
(3.28%). IR (KBr, cm™): 3380s, 3151s, 1629s, 1400vs, 1237m, 933s,
874m, 815w, 790w, 705m, 533w, 495m.

X-Ray crystallography

Data collection was performed on a Bruker SMART Apex CCD
diffractometer at 123 K for 1 and 273 K for 2. Data for 3
were collected on an Oxford Gemini S Ultra using Mo-Ka
radiation and equipped with an Oxford Instruments cryostat at
173 K. Absorption corrections were applied by using the multiscan
program SADABS for 1 and 2. The structures were solved by direct
methods, and non-hydrogen atoms were refined anisotropically by
least squares on F? using the SHELXTL program. Crystal data

as well as details of data collection and refinement for 1-3 are
summarized in Table 1.

Catalytic reaction

Oxidation reactions of ethylbenzene was carried out in a RB flask
fitted with a water-cooled condenser by using 70 wt% aqueous
tert-butyl hydroperoxide (TBHP) as an oxidant in acetonitrile.
The reaction mixture was centrifuged to remove the catalyst and
analyzed by gas chromatography using a flame-ionization detector
(FID). Assignments were made by comparison with authentic
samples analyzed under the same conditions.

Results and discussion
Description of crystal structures

Crystal structural analysis reveals that 1 consists of one sand-
wich Cuy-substituted polyoxoanion [Cu,(H,0),(SiW,03,).]'*, 12
dissociative NH,* cations and 22 crystallization water molecules.
The polyoxoanion [Cu,(H,0),(SiW,0s,),]'* anion has the gen-
eral sandwich structure of the series [M,(H,0),(SiW,0,,),]"*
M = Co*, Cu*, Zn**, Mn**, Ni**).’® As shown in Fig. la,
two trilacunary o-B-[SiW,0,,]"" Keggin moieties were linked
through a tetrametallic unit Cu,O,,, leading to the sandwich-type
[Cu,(H,0),(SiW,0,,),]"* anion. The Cu-O bond lengths are in the
range of 1.935(11)-2.516(15) A for Cul and 1.934(11)-2.418(11) A
for Cu2 (Table 2). The range of O-Cu-O angles are 88.0(5)—
94.3(5)° for Cul and 83.3(5)-94.5 (5)° for Cu2, respectively,
comparable to these of 1.960(10)-2.416(10) A and 91.2(4)-96.2(5)°
in K;Na;[Cu,(H,0),(SiW,04,),]-26H,0.'%

Complex 2 is almost isostructural to complex 1, except for the
number of guest water molecules (Fig. 1b). The Cu—O bond lengths
are 1.965(10)-2.451(14) A for Cul and 1.948(10)-2.468(19) A for
Cu2.

Table 1 Crystal data as well as details of data collection and refinement for 1, 2 and 3

1

Formula Cu,HysN,04,Si, W g
M, 5356.53
Crystal system Monoclinic
Space group P2,/n

a/A 16.396(2)
b/A 13.812(2)
c/A 19.875(3)
o/ 90

p/° 112.518(2)
y/° 90

V/A3 4157.7(10)
zZ 2
D./gcm™ 4.279

W/ mm™ 25.948

R 0.0744
Data/params 7208/577
0/° 1.85-25.00
Obsd reflns 6270

R, [I >20(D))" 0.0586

wR, (all data)® 0.1502

TR = IF, | = |F /N F, ] b wRy = { X [W(F.2 = F2R/ Y [w(F 22,

2 3
Cu,H7N,,O4Si, W CuyHgy N304, S, Wi
5158.35 5586.19
Monoclinic Triclinic
P2,/n P1
12.792(3) 12.4289(5)
20.277(4) 12.8045(4)
16.384(3) 16.2673(5)
90 83.324(3)
105.476(4) 73.451(3)
90 61.870(4)
4095.7(14) 2188.01(13)
2 1

4.183 4.240
26.323 25.828
0.0991 0.0429
71147541 7506/583
1.63-25.00 2.20-25.00
4996 6531
0.0670 0.0619
0.1710 0.1665
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Table 2 Selected bond lengths (A) and angles (°) within the Cu,Oy unitos of 1-3°, K;Na,[Cu,(H,0),(SiW,03,),]-26H,0 (4)* and
KsNa,[Cu,(H,0),(PW,04,),]- 16H,0 (5); X = Si (1-4) or P (5); Cu- - - Cu interactions (A) and magnetic exchange interactions J (cm™)

1 2 3 4 5
Cul-O(W1) 1.949(12) 2.015(10) 1.949(7) 1.984(12) 1.94(1)
Cu2-O(W1) 2.420(11) 1.987(11) 2.449(9) 2.416(10) 2.36(1)
Cul-0(X) 2.416(10) 1.999(10) 2.396(6) 2.414(11) 2.55(1)
Cul-O(W2) 1.931(11) 2.452(11) 1.957(5) 1.960(10) 1.96(1)
Cu2-0(X) 2.006(11) 1.998(9) 1.981(7) 1.991(10) 2.05(1)
Cul-O(W1)-Cu2 91.6(4) 96.7(4) 89.0(8) 91.4(4) 97.6
Cul-O(X)-Cu2 90.3(4) 96.9(6) 89.8(2) 91.2(4) 89.2
Cul-O(W2)-Cu2A 93.0(4) 93.7(6) 90.2(2) 92.5(4) 98.2
Cul-O(X)-Cu2A 91.3(4) 92.4(8) 89.7(2) 91.2(4) 89.6
Cu2-0(X)-Cu2A 96.7(5) 90.7(7) 96.7(2) 96.2(5) 97.6
Cul ---Cu2 3.149(3) 2.990(3) 3.105(2) 3.162(3) 3.246(4)
Cul ---Cu2A 3.162(3) 3.242(3) 3.113(2) 3.163(3) 3.263(4)
Cu2---Cu2A 2.982(4) 3.196(3) 2.975(2) 2.965(4) 3.087(4)
Cul ---CulA 5.562(8) 5.356(3) 5.460(7) 5.588(5) 5.724

J, 0.22 0.34 0.03 -0.10(2) -35

I, 9.13 9.31 9.76 -0.29(2) -12.5

 This work. ® Ref. 16b. ¢ Ref. 155 and 16c¢.

(a)

Fig. 1 Plots of (a) {Cu,(H,0),(SiW,04),}'* for 1; (b) {Cuy(H,0),(SiW,05,),}'* for 2 and (c) {[Cu(NH;),l,[Cu(H,0),][Cus(H,0),(SiW,05,),]}* for 3.

Complex 3 contains one sandwich-type [Cu,(H,0),-
(SiW,04,),]"* anion, two [Cu(NH;),]** cations, one [Cu(H,0),]*
cation, two dissociative [Cu(NH;),(H,O)]** cations, two NH,*
cations and eight guest water molecules. As shown in Fig. Ic,
the [Cu,(H,0),(SiW,0,,),]'"* anion has a similar structure to
the sandwich-type polyoxoanion in 1. Each of the [Cu,(H,0),-
(SiW,04,),]"* anions in 3 also connects two [Cu(NH;),]*
cations and one [Cu(H,0),]** cation, forming a {[Cu(NH,),],-
[Cuy(H,0),(SiW403,),]}*  unit. The “Z”-shaped 1D chain
structure of 3 can be viewed in terms of adjacent {[Cu(NHs),],-
[Cu,(H,0),(SiW,04,),]}* units linked by sharing the [Cu(H,0),]**
cation with a Cu-O distance of 2.776(9) A, as shown in Fig. 2.
Two isolated [Cu(NH;),(H,O)]** and two NH,* cations acting
as counter-cations are hydrogen-bonded to the {[Cu(NH,),],-
[Cu(H,0),][Cu,(H,0),(SiW,04,),]}* anion. Overall, there are
four five-coordinated Cu** ions in 3. The Cu-O and Cu-N
distances in 3 are in range 1.902(7)-2.776(9) and 1.930(14)-
2.049(8) A, respectively.

Magnetic properties of 1,2 and 3

The magnetic properties of 1, 2 and 3 are investigated through
magnetization measurements at 2 K and variable-temperature

susceptibility measurements over the temperature range of 2—
300 K with an applied magnetic field of 5000 Oe. Owing to the spin
quantum number of W(VI) ion being zero, the magnetic properties
of 1-3 are ascribed to the contribution of Cu(1) ions. The field
dependence of magnetizations and yy7 vs. T plots for 1-3 are
shown in Fig. 3.

For 1 and 2, the observed magnetization increases steeply
and reach saturated values of about 3.84 and 3.68 Nf3 at 3 T,
respectively, which are in accordance with the values predicted
from the Brillouin function for four Cu(i1) ions with g =2.0 (M =
4 x (2 x 1/2) = 4), and indicate the possibility of the existence
of ferromagnetic interactions within the Cu, units; however, for
3, the magnetization shows a slow increase and reaches a quasi-
saturated value of 8.62 Nf at 7 T, in line with the expected value
for a Cu, unit and five isolated Cu(1n).

The yuT values of 1 and 2 at room temperature are 1.53
and 1.51 cm® mol! K, which are consistent with the value
1.500 cm® mol™ K expected for four independent Cu(1r) ions in the
molecule. The values of y T increase gradually as the temperature
is lowered and reach a maximum values of 2.00 and 2.1 cm® mol™ K
at 2 K, indicating weak ferromagnetic interactions between the
Cu(1) ions. For 3, due to the existence of isolated Cu(il), the
temperature dependence of the magnetic susceptibility of 3 shows
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Fig.2 Plot of the “Z”-shaped 1D chain structure in 3.
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Fig. 3 (a) The field dependence of the magnetization for 1, 2 and 3 and plots of yy 7 vs. T for 1 (b), 2 (c) and 3 (d) (the solid lines are the best fit to the

experimental data).

an almost constant value around 3.43 cm® mol™ K from 300 to
20 K, which is in line with the value for nine independent Cu(Ir)
ions. Below 20 K, the yy7T values decrease abruptly and reach
1.88 cm® mol™ K at 2 K, which is indicative of either intra- and/or
intermolecular antiferromagnetic interactions between the spin
carriers of isolated Cu(ir)."”

In the Cu, unit, the magnetism could be determined by the
existence of different Cu—O bond distances, Cu—O—Cu angles and
Cu—Cu distances. In order to analyze the magnetism, the exchange
model (shown as Scheme 1) is established in which the transition
metal ions, Cul, Cu2, CulA and Cu2A, are represented as 1, 2,
3 and 4 respectively. The spin Hamiltonian (1) for the tetrameric
cluster which includes the effect of metal ions 1-4 is used to fit the
magnetism of these compounds:

H = gug(m + m)H — 2J,5,8, — 2J,(S, S, + 5,8, + S,S;
+558,) 1)

where, g = 2.00,"® ug is the Bohr magneton, H is the external
magnetic field, and J, and J, refer to the magnetic exchange

(a)

J1 J1

4 T

Scheme 1 (a) The exchange model used to analyze the magnetism; (b)
ball-and-stick representation of the Cu,O,4 fragment of 1-3.

interactions of the four sides and shortest diagonal of the rhombus
according to the numbering scheme.

The eigenvalues for the above Hamiltonian can be derived from
the vector coupling method of Kambé: %

H = =J5[$2(S2s + 1) = S5(S2 + 1) = Su(Sa + D] = J1[Se(Sr
+ 1) = 85(Si + 1) = S5(Soy + 1] )

where St =S5+ Sy, with S;; =S, + S;and S, =S, + S, and S, =
S, = 83 =S, = 1/2 for Cu(u1). However, for 3, the contribution
of isolated Cu(11) ions must be considered as reported.” All of the
fitting processes were performed using the MAGPACK package.®

This journal is © The Royal Society of Chemistry 2010
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The magnetic susceptibility data for 1,2 and 3 were least-squares
fit to this model (Fig. 3) without the consideration of interaction
between adjacent Cu, units (zJ = 0). Fitting of the magnetic
susceptibility data in the temperature range of 2-300 K give g =
201,J, =022 cm™ and J, = 9.13 cm™ for 1; g = 1.95, J, =
0.34 cm™ and J, = 9.31 cm™ for 2; ¢ = 2.05, J, = 0.03 cm™,
and J, = 9.76 cm™ for 3. These fitted values are much lower than
the values obtained from the ferromagnetic coupling Cuy cores
reported previously.”! However, it is clear that weak ferromagnetic
coupling occurs between Cul-Cu2 and Cu2-Cu2A, especially
efficient coupling along the short diagonal which might be a result
of the Jahn-Teller distorted Cu(11) ions.”* The unusual presence of
ferromagnetic coupling in 1-3 is ascribed to the narrow Cu-O-Cu
angles in the Cu,O4 units in the range of 90-97° (Table 2), which
suggests the possibility of an explanation based on orthogonality
of the magnetic orbitals through the bridging oxygen atoms.*

It is interesting that the Cu,O clusters in 1-3 exhibit
ferromagnetic exchange coupling, which is different from the
antiferromagnetic exchange interactions in K;Nas[Cu,(H,0),-
(SiW,044),]-26H,0 (4) and KsNa,[Cuy(H,0),(PW,04,),]-16H,0
(5), reported by Kortz et al.*® and Coronado et al.,’*'% respec-
tively. The observed differences in the magnetic properties of 1-3
compared with 4 and 5 should be predominantly due to differences
in the geometry of the cental Cu,O,, units. As shown in Table 2,
for 1, the Cul-O(W1) and Cul-O(W2) bond lengths are slightly
shorter than those of 4 and 5; for 2, the Cu2-O(W1) and Cul-O(X)
bond lengths are significantly shorter, and the Cu2-O(X)-Cu2A
angles are significantly smaller than that of 4 and 5; For 3, the
Cu-O-Cu bond angles are obviously smaller than those of 4 and
5. As a result, the Cu--- Cu distances in 1-3 are slightly shorter
than those of 4 and 5, and it could be expected that 1-3 exhibit
the ferromagnetic exchange coupling.

From the magnetic point of view, these unusual ferromagnetic
results give essential information about magnetic coupling in
polyoxometalate chemistry. Further experimental work is required
to establish the ideal model for the study of the exchange interac-
tions in highly symmetrical clusters of increasing nuclearities and
controlled magnetic couplings.?®

Catalytic properties

Selective oxidation of ethylbenzene (Scheme 2) catalyzed by 1-3
was carried out under the same reaction conditions as previously
reported, so as to reveal the relationship between structure and
catalytic properties. A comparative experiment without catalyst
performed under otherwise identical conditions gave negligible

conversion.
OH
(o]
@/\ Catalyst @J\ 5 ©A\ . ©/...\\O
CH;CN

Scheme 2 Oxidation of ethylbenzene to acetophenone.

As shown in Fig. 4, the major product of oxidation of
ethylbenzene (EB) was acetophenone (AP) with a small amount
of 1-phenylethanol (PE) and benzaldehyde (BA). The conversion
for the oxidation of ethylbenzene for 1 and 2 increased slowly
during the whole reaction process and reached 26.1 and 15.3%

80+ (e)

60 (d)
(¢)

40+

Conv (%)

(b)
20+
(a)

T
0 2 4 6
Time (h)

o0

10

Fig. 4 Effect of the reaction time on the behaviour of ethylbenzene
oxidation at 343 K with catalysts 1 (a), 2 (b), 3 (c, e¢) and 4 (d).
Reaction conditions for (a)—(d): ethylbenzene (0.3 mL, 2.44 mmol), catalyst
(0.005 mmol), 70% TBHP (0.75 mL, 4.88 mmol), acetonitrile (8§ mL);
Reaction conditions for (e): ethylbenzene (0.3 mL, 2.44 mmol), catalyst
(0.005 mmol), 70% TBHP (1.50 mL, 9.76 mmol), acetonitrile (8§ mL).

(Fig. 4a and 4b), respectively, when extending the reaction time
to 10 h. Different from that of 1 and 2, the conversion for
the oxidation of ethylbenzene for 3 increased substantially and
reached 49.4%, and the selectivity for acetophenone was 81.9%
(Fig. 4c), when the reaction was performed for 3 h. On prolonging
the reaction time to 10 h, the conversion only increased slowly
(55.5%, Fig. 4c), but the selectivity for acetophenone significantly
increased and reached 88.9% (Table 3). These results indicate
that the catalytic activity of 3 for the oxidation of ethylbenzene
is significantly higher than that of 1 and 2.

Clearly, the difference in catalytic property between 1 (or 2)
and 3 is related to that of their structures. Based on their crystal
structural analysis, the main differences between 1 (or 2) and
3 are that of: (1) the acidity (1 and 2 contain twelve NH,*
cations, while 3 only contains two NH,* cations); (2) the amount
of copper(11) ions (1 and 2 contain four copper(il) ions, while
3 contains nine copper(il) ions); (3) the coordination number
of copper(11) ions (1 and 2 contain four six-coordinated copper

Table 3 Effect of different catalysts on the oxidation of ethylbenzene and
product selectivity upon reaction for 10 h

Selectivity? (%)

Catalyst T/K Conv. “ (%) AP BA PE other
1¢ 343 26.1 72.3 4.4 18.7 4.5
2¢ 343 15.3 71.7 43 20.7 43
3 343 55.5 88.9 5.2 39 2.0
3¢ 343 79.9 93.6 39 1.2 1.3
4" 343 58.8 88.0 33 7.0 1.7
Blank 343 6.6 — — — —

“ Reaction conditions: ethylbenzene (0.3 mL, 2.44 mmol), catalyst
(0.005 mmol), 70% TBHP (0.75 mL, 4.88 mmol), acetonitrile (8§ mL), time:
10 h; ® Reaction conditions: ethylbenzene (0.3 mL, 2.44 mmol), catalyst
(0.005 mmol), 70% TBHP (1.50 mL, 9.76 mmol), acetonitrile (§ mL),
reaction time: 10 h, © Average conversion of two runs based on GC results.
The reaction mixture was analyzed twice, before and after treatment with
PPh;, and no differences were observed. The carbon balance was also
evaluated and found to be generally better than 93%. ¢ Ethylbenzene (EB)
conversion (%) defined as: 100(np + 1pa + Hpg + Hower)/ NEpo; ac€tophenone
(AP) selectivity (%) defined as 100n,p/ (1ap + Mpa + Hpp + Homer) (Mepo: Initial
mol of ethylbenzene); other products (mainly benzoic acid) have negligible
yield in the reaction.
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ions, while 3 contains four five-coordinated copper ions and five
six-coordinated copper ions). As a previous study for such a
heterogeneous oxidation reaction demonstrated that the difference
in the amount of copper(i1) is not the key factor influencing
the catalytic properties,® we investigated the effect of the acid-
ity on their catalytic property by selecting a known complex,
K;Na,[{SiCu,W,0;,(H,0)},]-26H,0 (4),'* not containing NH,*
and testing it under identical conditions as for 1-3. As shown
in Fig. 4d, the conversion for the oxidation of ethylbenzene for
4 increased during the whole process and reached about 60%,
significantly higher than that of 1 and 2, and slightly higher
than that of 3, at the reaction time of 10 h. This result indicates
that acidity of the catalyst is an important factor influencing the
oxidation of the ethylbenzene, which is consistent with previous
results.?* It was noted that, although the conversion for the
oxidation of ethylbenzene for 4 is slightly higher than that for
3 at the reaction time of 10 h, it is invariably lower than that for
3 when the reaction time is less than 6 h. This fact implies that
there must exist another factor influencing the catalytic property
of the complex, besides its acidity. Probably, the unsaturated
coordination sites (five-coordinated copper(ll) ions) in 3 lead to
the difference in the catalytic property. Consistently, GC analysis
showed that the TBHP was consumed for 3 when the reaction
time was 3 h, while it was not used up for 1, 2 and 4 for
reaction time up to 10 h. Thus, the catalytic property of 3 for
the oxidation reaction was also performed at the condition of
ratio of TBHP to substrate = 4:1. Under otherwise identical
conditions, ethylbenzene conversion was obviously enhanced and
reached 71.9% at 4.5 h (Fig. 4e). Increasing the reaction time
to 10 h leads to the conversion up to 80% (Table 3) and
the selectivity of acetophenone rose to 93.6%. The significant
increase of the ethylbenzene conversion for 3 indicates that the
unsaturated coordination sites favor enhancement of catalytic
activity, consistent with previous results.” This is understandable,
since fert-butyl hydroperoxide is activated by coordinating with
metal oxide and metal centres.** When the catalyst has a vacant
site, the -BuOO" radical can coordinate its O donor to the
vacant site to form the intermediate {-BuO-O-Cu} during the
reaction,”?” which favors complete oxidation of ethylbenzene to
produce the desired product.

The filtrate was catalytically inactive for the oxidation reaction
after 3 was removed from the reaction solution, suggesting that the
catalytic process is truly heterogeneous. The amount of metal ions
in the reaction filtrate was tested by atomic absorption spectra and
no copper species (<0.1 ppm) was detected in the product solution,
indicating that the oxidation process is catalyzed by the solid-state
complex. The XPRD of the fresh catalyst and that after the second
cycle were measured and both showed almost identical diffraction
patterns (Fig. S2-S4, ESIt), indicating that the structural integrity
of 1-3 was maintained during the reaction.”” We also evaluated the
reusability of catalyst 3, which was recycled once in the oxidation of
ethylbenzene, with no significant loss of catalytic activity observed
(Fig. S5, ESIT). Therefore, 3 was stable in acetonitrile and could be
reused with retention of its high catalytic activity and selectivity.

Conclusions

In summary, we have prepared three sandwich-type silico-
tungstates containing tetranuclear copper(ll) clusters. Magnetic

study shows that the three complexes exhibit weak ferromagnetic
coupling interactions. Investigation on their catalytic activity for
the oxidation of ethylbenzene demonstrates that the acidity of
the complexes significantly influences their catalytic activity, and
the existence of the unsaturated coordination sites in the complex
would enhance its catalytic activity for the oxidation reaction.
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