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1. Materials and Methods

Materials and measurements. All chemicals used for syntheses were purchased from commercial sources, and no
further purifications were conducted before their usages. K;HNbgO19:13H,0 was prepared according to the
literature procedure.® Infrared (IR) spectra (KBr pellet) was performed on an Opus Vetex 70 FTIR infrared
spectrophotometer in the range of 400-4000 cm™. Powder X-ray diffraction (PXRD) patterns were recorded on a
Rigaku DMAX 2500 diffractometer with CuKa radiation (A = 1.54056 A). Thermogravimetric analysis was conducted
using a Mettler Toledo TGA/SDTA 851e analyzer in an N, flow atmosphere with a heating rate of 10 °C/min at a
temperature of 25-1000 °C. The UV-vis spectrum was measured on a SHIMADZU UV-2600 UV-visible
spectrophotometer. Simulated XRD data was simulated by the Mercury Software with the step of 0.02° from 5° to
50° (A = 1.54056 A).

Synthesis of H3[K(H,0)6][K2(H20)10]2[Cu(en),(H,0),]1[Cu(en),(NbsO19Cu(en));]-24H,0 (HPONb 1). A mixture of
K7;HNbgO19-13H,0 (0.274 g, 0.2 mmol), Cu(Ac),-H,0 (0.040 g, 0.2 mmol), Cr(Ac)s;-H,O (0.050 g, 0.2 mmol),
Na4P,07-10H,0 (0.090 g, 0.2 mmol) and 0.5 mL en (en = ethylenediamine) were mixed in 5 mL deionized water in
a 20 mL glass bottle. After stirred 1 hour, the resulting mixture was heated at 80 °C for 72 h. After cooling down to
room temperature, kept at room temperature for slow evaporation. After 1 day, purple crystals were obtained.
Yield: ~250mg (86%, based on Nb). The pH values before and after reaction were 11.1 and 11.9, respectively. IR
(Fig. S4) (KBr pellet, v/cm™): 3220(s), 3140(s), 2960(w), 2891(w), 1646(w), 1580(s), 1450(w), 1401(w), 1288(w),
1115(m), 1040(s), 955(m), 845(m), 653(s), 500(s). UV-Vis (Fig. S5) (A/nm): 200—-400: the charge transfer transitions
from O to Nb; 400-800: the d—d transition of the 3d metal ion Cu?*.

Single-crystal X-ray diffraction. The structure of HPONb 1 was determined at 100 K under nitrogen atmosphere by

single-crystal X-ray diffraction method. The apparatus is a Bruker Apex Duo CCD diffractometer and the X-ray
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resource is a graphite-monochromatized Cu Ko radiation with wavelength of 1.54178 A. The crystal structures were
solved by the direct method and refined by the full-matrix least-squares method on F% according to the SHELX and
OLEX. Crystal data for HPONb 1: Mr = 2872.329 g/mol, triclinic, P-1, a = 13.1904(13)A, b = 14.1814(13)A, ¢ =
15.3343(14)A, & = 90.693(2)°, 8 = 100.806(2)°, y = 110.263(4)°, V = 2633.9(4)A3, Z = 1, p(cai) = 1.811 g-cm3, GOF
=1.076. A total of 66328 reflections (2.72° < 20 < 50.14°) were collected, 9174 of which were unique R;,; = 0.0289)
Rsigma = 0.0201, R; (WR;) = 0.0601 (0.1845) for 514 parameters (/ 2 20(/)), R1(WR;) = 0.0710 (0.2077) (all data). The
crystallographic data can be queried with CCDC number of 2301263 at the Cambridge Crystallographic Data Centre.

Procedure of the HPONbD 1 catalyzed condensation reaction. Aldehyde substrate (2 mmol), methylene substrate
(2 mmol), HPONb 1 as catalyst, and ethanol (2 mL) were added to a 25 mL Schlenk tube. Then the reaction was
carried out in water bath kettle at predetermined time and temperature. After reaction, the yields were
determined by GC with n-dodecane as the internal standard. The gram-scale reactions and cycle experiments were
conducted in the same way. The reusability of HPONb 1 was evaluated by the condensation of 2 mmol
benzaldehyde and 2 mmol ethyl cyanoacetate. After each cycle of reaction, the catalyst 1 was filtered out and
washed with 10 mL ethanol for five times, and it was dried at 45 °C under vacuum for 2 h, then, it was used for the

next run.

2. Additional tables

Table S1 A summary of known POM catalysts for Knoevenagel condensation

PhiH $ e Sconm under reported conditions Ph/‘ﬁ/COOEt
CN
Temp.

Entry Catalysts ) Time (h) a:b Phase Yield (%) Ref
1 HPONbDb 1 rt 1 1:1 Hetero- 99 This work
7 KeSiW1g 60 2 1:1 Hetero- 84 2
8 H3PW1,040 60 2 1:1 Hetero- 11 2
9 K3AsW 1,040 60 2 1:1 Hetero- 11 2
10 Na1,P,W150s6 60 2 1:1 Hetero- 68 2
11 NagPW,04; 60 2 1:1 Hetero- 84 2
12 Na-B-PWq 25 6 1:1.5 Hetero- 83 3
13 Na-A-PWgq 25 6 1:1.5 Hetero- 80 3
14 NasPW;,040 70 2 1:1 Hetero- 23 4
15 MgsAl-PW 4, 60 6 1:1.5 Hetero- 99 5
16 [PySalm]sPW 3, 70 4 1:1 Hetero- 96 6
17 K;HNbgO19-13H,0 60 2 1:1 Hetero- 98 2
18 Na16SiNb1,040 70 2 1:1 Hetero- 97 4
19 Tris-LDH Zn,4(PW,), 80 6 1:1 Hetero- 99 7
20 Cd3CugNbs, 60 1.5 1:1 Hetero- 99 8

(Hetero = Hereogeneous)
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Table S2 Crystallographic data for 1

Empirical formula
Formula weight
Temperature/K
Crystal system

Space group
a/A
b/A
c/A
a/°
8/°
v/°

V/A3
Z
Peatc 9/cm?
wmm?
F(000)

Radiation

20 range for data collection/°

Index ranges

Reflections collected

Independent reflections

Data/restraints/parameters

Goodness-of-fit on F?

Final R indexes [I1220 (1)]
Final R indexes [all data]

Data completeness

H155C12CU4K5N12N b12090
3473.5
170
Triclinic
P-1
13.1904(13)
14.1814(13)
15.3343(14)
90.693(2)
100.806(2)
110.263(2)
2633.9(4)
1
1.811
2.174
1336.6
Mo Ka (A =0.71073)
2.72 to 50.14
-15<h<15,-16<k<16,-18<1<17
66328
9174 [Rint = 0.0289, Rjgmq = 0.0201]
9174/0/514
1.076
R;=0.0601, wR, = 0.1845
R;=0.0710, wR, = 0.2077
0.958

Ri® =31 IFol = IFcl I/5IFol. WRy = [SW(Fo™ F? )/ Sw(Fo? )2 112

3. Additional figures

Fig. S1 Crystal morphology of HPONb 1.



Simulation of HPONbD 1
Experiment of HPONb 1
Experiment after catalytic reaction
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Fig. S2 The simulated and experimented powder XRD patterns for HPONDb 1. the loss or gain of moisture during the
test makes the actual test diffraction pattern slightly changed; and the preferred orientation of the powder makes
some crystal plane peaks in the actual diffraction pattern may not appear. The phenomenon is common in the
comparison of powder fitting patterns and actual patterns for clusters.® It is worth mentioning that the powder
fitting patterns before and after the catalytic test are consistent, indicating that structure of HPONb 1 remains
stable. Diffraction peak analysis for < 10°: 5.883° (001), 6.662° (010), 7.292° (100), 7.943° (-110), 8.384° (-101),
8.515° (0-11), 9.255° (011), 9.317° (-111).
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Fig. S3 TGA curve of HPONb 1. The thermogravimetric curve of HPONb 1 was measured at a heating rate of 10
°C/min in a N,-flow atmosphere, and the temperature range of the test was from 25 °C to 1000 °C. As shown in
Figure S3, HPONb 1 has a continuous weight loss process in the temperature range of 25 °C to 800 °C. The first
weight-loss stage within the range of 25 °C to 120 °C should be ascribed to the loss of lattice water. Based on the

first weight-loss of about 13% for HPONb 1, there are about 24 lattice waters.
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Fig. S4 IR curves of HPONbD 1. In the IR spectrum, the broad absorption peak at about 3220 cm is attributed to the
v(O—H) stretching vibration of water and the bending vibration adsorption of water appears at about 1567 cm™.
The v(N—H) and v(C—H) stretching vibrations appear at about 3140 cm™ and 2960 cm™. The v(C—N) stretching
vibrations appear at about 1288 cm™ and 1040 cm™. The peaks that appear in the range of 400 to 1000 cm™ can
be attributed to the characteristic absorption peak of Nb—0O, of which 845 cm™ is the stretching vibration peak of
v(Nb—0,) and 653 cm™ and 500 cm™ are the stretching vibration peaks of v(Nb—Oy—NDb).
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Fig. S5 The solid-state diffuse reflectance UV-vis spectrum of HPONb 1. The broad absorption bands at 210 and
280 nm are attributed to the local excitation of O and charge-transfer transition of O to Nb, respectively. These
absorption bands in the range of 400 and 800 nm can be attributed to d—d transition of Cu complexes. The
coordination field parameter of en being greater than that of ligand oxo and water, therefore the peak with
absorption center around 410 nm is attributed to Cu(en),0, and Cu(en),(H,0), for Cu2 and Cu3 complexes,

respectively; the peak with absorption center around 560 nm is attributed to Cu(en)O,4 for Cul complexes.
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Fig. S6 Hot filtration test for HPONb 1. The experimental data proved that the catalytic reaction was
heterogeneously catalyzed and that thereaction rate decreased dramatically when the catalyst was removed after

30 min, this data proved that there was no catalytic center leakage during the catalytic reaction.
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Fig. S7 Coordination pattern for (a) Cu and (b) K. Colour code: O, red; C, grey; N, blue.
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Fig. S8 H NMR (400 MHz, CDCl3) § 7.91 (d, J = 7.5 Hz, 2H), 7.78 (s, 1H), 7.63 (t, J = 7.5 Hz, 1H), 7.54 (t, J = 7.7 Hz,
2H), 3.71 (q, J = 7.0 Hz, 3H), 1.25 (t, J = 7.0 Hz, 3H).
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Fig. $10 'H NMR (400 MHz, CDCl3) § 8.21 (s, 1H), 8.03 (dd, J = 8.9, 5.3 Hz, 2H), 7.19 (t, J = 8.5 Hz, 2H), 4.38 (q, J =
7.1 Hz, 2H), 1.39 (t, /= 7.1 Hz, 3H).
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Fig. S11 'H NMR (400 MHz, CDCl3) 6 8.02 — 7.93 (m, 2H), 7.74 (s, 1H), 7.30 — 7.20 (m, 2H).
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Fig. 512 IH NMR (400 MHz, CDCl3) & 8.20 (s, 1H), 7.89 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 7.9 Hz, 2H), 4.37 (q, J = 7.1 Hz,
2H), 2.42 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H).
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Fig. 514 'H NMR (400 MHz, CDCI3) § 8.70 (s, 1H), 8.24 (dd, J = 7.7, 1.6 Hz, 1H), 7.55 — 7.45 (m, 2H), 7.41 (td, J = 7.5,
1.7 Hz, 1H), 4.41 (q, ) = 7.1 Hz, 2H), 1.41 (t, ) = 7.1 Hz, 3H).
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Fig. S15 'H NMR (400 MHz, CDCI3) & 8.27 (s, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.58 — 7.52 (m, 2H), 7.49 — 7.41 (m, 1H).
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