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Experimental: 

General 

Commercially available inorganic and organic compounds were purchased from TCI (Tokyo Chemical 

Industry), Sigma Aldrich, Wako Pure Chemical Industries, Kishida Chemical, or Mitsuwa Chemicals 

and were used without further purification. The GC (Shimadzu GC-14B) and GCMS (Shimadzu 

GCMS-QP2010) analyses were conducted using an Ultra ALLOY capillary column UA+-1 (Frontier 

Laboratories Ltd.) with N2 and He as carrier gases. 1H and 13C NMR spectra were recorded at ambient 

temperature on JEOL-ECX 600 and 400 instruments operating at 600.17 and 150.92 MHz and at 

395.88 and 99.54 MHz respectively with dimethyl sulfoxide (DMSO) as an internal standard. 

 

Catalyst preparation  

Different Nb2O5 samples were prepared by calcination of Nb2O5·nH2O (HY-340, provided by CBMM, 

Brazil) at 200 °C, 500 °C, 700 °C, and 1000 °C for 3h in air prior to use. CeO2, supplied from Daiichi 

Kigenso Kagaku Kogyo Co., Ltd (Type A), was calcined at 600 °C for 3 h. TiO2 (JRC-TIO-8) and MgO 

(JRC-MGO-3) were supplied by the Catalysis Society of Japan. γ-Al2O3 was prepared by calcination 

of γ-AlOOH (Catapal B Alumina, Sasol) at 900 °C for 3 h. SiO2 (Q-10) was supplied by Fuji Silysia 

Chemical Ltd. ZnO was prepared by calcination (T = 500 °C, t = 3 h) of Zn(OH)2 (Kishida Chemical). 

ZrO2 was prepared by calcining Zr(OH)4 at 773 K for 3 h, which was made via hydrolysis of Y(NO3)3‧

6H2O, ZrO(NO3)2‧2H2O with an aqueous NH4OH solution. SnO2 was prepared from H2SnO3 (Kojundo 

Chemical Laboratory Co., Ltd.) by calcination at 500 °C for 3 h. CaO was prepared by calcination of 

Ca(OH)2 (Kanto Chemical) at 500 °C for 3 h. La2O3, Ce(NO3)4, p-toluenesulfonic acid, and H2SO4 

were supplied by Wako Pure Chemical Industries, Japan. The Sc(OTf)3 (>98%) was obtained from 

TCI Co. Ltd., and Zr(SO4)‧4H2O (≥99%) was supplied from Alfa Aesar, Ward Hill, China. 

Montmorillonite K10 clay (mont. K10), sulfonic resin Nafion-SiO2 composite, and ammonium 

niobate(V) oxalate hydrate (C4H4NNbO9‧xH2O) were purchased from Sigma-Aldrich. 

 

Catalyst characterization 

X-ray diffraction (XRD; Rigaku MiniFlex) patterns of the powdered catalysts were recorded using Cu-

Kα radiation (λ= 1.5418 Ǻ). The N2 adsorption measurements were obtained over AUTOSORB 6AG 

(Yuasa Ionics Co.). X-ray photoelectron spectroscopy (XPS) of the catalysts was performed using a 

JEOL JPS-9010MC spectrometer (Mg-Kα irradiation). Binding energies were calibrated with respect 

to C1s at 285.0 eV. Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis was 

done with a Shimadzu ICPE-9000 instrument to investigate the heterogeneous nature of Nb2O5 

catalysts. 

  



 

IR studies 

In situ IR spectra were recorded using a JASCO FT/IR-4200 with an MCT (mercury-cadmium-

telluride) detector. The Nb2O5 sample (40 mg) was pressed to obtain a self-supporting pellet ( = 2 

cm), which was placed in the quartz IR cell with CaF2 windows connected to a conventional gas flow 

system. Spectra were obtained by accumulating 15 scans at a resolution of 4 cm-1. A reference 

spectrum taken at the adsorption measurement temperature (120 °C) under He flow was subtracted 

from each spectrum. 

For acetamide adsorption experiments, the sample pellet was heated under He flow (100 

cm3 min-1) at 300 °C for 0.5 h prior to the measurement. After cooling to 120 °C under the He flow, 1 

μL acetamide was injected into each sample through a line which was preheated at ca. 200 °C to 

vaporize it.  

For pyridine adsorption experiments, the sample was activated at 200 °C for 0.5 h under He 

flow (100 cm3 min-1) and then cooled down to 120 °C. Subsequently, 1 μL pyridine was introduced. 

The amount of adsorbed probe molecule was determined using the integrated area of bands typical 

of the coordinated (Lewis) or protonated (Brønsted) forms at 1445 and 1540 cm−1, respectively, using 

previously determined molar absorption coefficients.1 

 

Typical procedure for catalytic reactions 

Amide 1a (1 mmol), water (5 mmol), and a magnetic stirrer bar were placed in a reaction tube followed 

by addition of N2 through the septum inlet. The standard amount of catalyst used was 50 mg. The 

temperature controller was set at 120 °C to maintain reflux conditions during the reaction. Yields of 

products were determined by GC with n-dodecane as the internal standard. GC sensitivities were 

estimated using commercial compounds or isolated products. In substrate scope studies, products 

were isolated using column chromatography on silica gel 60 (spherical, 40–100 μm, Kanto Chemical 

Co. Ltd.) using hexane/ethyl acetate (10:1 to 16:1, v/v) as the eluting solvent, followed by 1H and 13C 

NMR spectroscopy in combination with GC-MS equipped with the same column as that used for GC-

FID analyses. For recycling experiments, after each catalytic cycle, 2-propanol (3 mL) was added into 

the reaction mixture. The catalyst was separated and washed twice with acetone (3 mL) followed by 

water (3 mL). The catalyst was then dried at 110 °C for 5 h and used.  

 

 

  



 

Supplementary results: 

 
Figure S1. Thermodynamic equilibrium of acetamide conversion in hydrolysis of acetamide to acetic 
acid calculated using HSC Chemistry 9.0 software. The reaction C2H5NO + H2O(l) = C2H4O2(a) + 
NH3(a) was examined with a water/acetamide ratio = 5. 

 
 

          Figure S2. XRD patterns of Nb2O5 catalysts calcined at different temperatures. 

 
Figure S3. N2 adsorption isotherms of Nb2O5 catalysts calcined at different temperatures. 
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Figure S4. IR spectra of pyridine adsorption on Nb2O5 catalysts calcined at different temperatures. 
The spectra were measured at 200 °C. 

 
Figure S5. Comparison of the role of Lewis and Brønsted acid sites of catalysts on hydrolysis of 
acetamide. Reaction conditions: acetamide 1 mmol, water 5 mmol, catalysts 50 mg, T = 120 °C, t = 
20 h (final yield determination), 2 h (initial rate determination).   
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NMR and GC/MS analyses: 

1H and 13C NMR spectra of the products were assigned and confirmed by literature values. 1H and 

13C NMR spectra were recorded at ambient temperature on a JEOL-ECX 600 instrument operating at 

600.17 MHz and 150.92 MHz, respectively, and a JEOL-ECX 400-2 instrument operating at 399.78 

MHz and 100.52 MHz, respectively. Abbreviations used in the NMR experiments: s, singlet; d, doublet; 

t, triplet; q, quartet; m, multiplet. GC-MS spectra were obtained using a Shimadzu QP2010 instrument. 

 

Acetic acid:2  

 

 

 

Yield 91%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.94 (s, 1H), 1.89 (s, 3H); 13C NMR (150.92 MHz, 

DMSO-d6) δ 172.18, 21.12; GC-MS m/z: 60.05. 

Propionic acid:3  

 

 

 

Yield 90%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.95 (s, 1H), 2.22-2.18 (m, 2H), 0.98 (t, J =7.56 Hz, 

3H); 13C NMR (150.92 MHz, DMSO-d6) δ 175.27, 26.94, 9.13; GC-MS m/z: 74.05. 

Hexanoic acid:4                         

 

 

 

Yield 84%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.96 (s, 1H), 2.18 (t, J =7.56 Hz, 2H), 1.51-1.42 (m, 

2H), 1.32-1.19 (m, 4H), 0.85 (t, J =7.08 Hz, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 174.52, 33.65, 

30.80, 24.21, 21.87, 13.84; GC-MS m/z: 116.15. 

Tetradecanoic acid:5  

 

 

 

Yield 77%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.96 (s, 1H), 2.17 (t, J =7.56 Hz, 2H), 1.48-1.42 (m, 

2H), 1.29-1.19 (m, 20H), 0.85 (t, J =7.05 Hz, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 174.50, 33.67, 

31.31, 30.81, 29.03 (C×2), 28.92, 28.75, 28.72 (C×2), 28.56, 24.50, 22.11, 13.96; GC-MS m/z: 228.35. 

Heptadecanoic acid:6  

 

 



 

 

Yield 86%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.68 (s, 1H), 2.18 (t, J =7.56 Hz, 2H), 1.54-1.49 (m, 

2H), 1.34-1.19 (m, 28H), 0.86 (t, J =6.87 Hz, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 173.85, 33.40, 

30.90, 30.80, 28.61 (C×2), 28.49 (C×2), 28.31 (C×2), 28.26 (C×2), 28.21 (C×2),  24.17, 21.65, 13.42; 

GC-MS m/z: 270.45. 

Phenylacetic acid:7  

 

 

 

Yield 88%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.32 (s, 1H), 7.30 (t, J =7.44 Hz, 2H), 7.27-7.21 (m, 

3H), 3.56 (s, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 172.75, 135.06, 129.40 (C×2), 128.26 (C×2), 

126.61, 40.72; GC-MS m/z: 136.15. 

3-Phenyl-acrylic acid:8  

 

 

 

 

Yield 84%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.46 (s, 1H), 7.65 (t, J =8.22 Hz, 2H), 7.62 (t, J =8.12 

Hz, 1H), 7.40-7.361 (m, 3H), 6.54 (t, J =8.012 Hz, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 167.80, 

144.09, 134.39, 130.32, 129.02 (C×2), 128.31 (C×2), 119.38; GC-MS m/z: 148.15. 

2-(Naphthalen-1-yl)acetic acid:8  

 

 

 

 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.43 (s, 1H), 7.97 (d, J =8.10 Hz, 1H), 7.92 (d, J 

=8.04 Hz, 1H), 7.84 (d, J =8.04 Hz, 1H),  7.58-7.351 (m, 2H), 7.48-7.34 (m, 2H), 4.04 (s, 2H); 13C 

NMR (150.92 MHz, DMSO-d6) δ 172.78, 133.34, 131.89, 131.69, 128.46, 128.01, 127.40, 126.18, 

125.72, 125.54, 124.04, 38.50; GC-MS m/z: 186.20. 

Cyclohexanecarboxylic acid:5  

 

 

 

 

Yield 95%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.94 (s, 1H), 2.20-2.15 (m, 1H),  1.82-1.76 (m, 2H), 

1.68-1.62 (m, 2H), 1.59-1.531 (m, 2H), 1.33-1.14 (m, 5H); 13C NMR (150.92 MHz, DMSO-d6) δ 176.75, 



 

42.28, 28.73, 25.52 (C×2), 25.01 (C×2); GC-MS m/z: 128.15. 

2-Hydroxypropanoic acid:9  

 

 

 

Yield 88%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.35 (br s, 1H), 5.24 (br s, 1H), 4.09-4.05 (m, 1H), 

1.26 (d, J =6.60 Hz, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 177.42, 66.83, 21.51; GC-MS m/z: 

90.10. 

Propionic acid:10  

 

 

 

 

Yield 91%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.01 (br s, 1H), 1.10 (s, 9H); 13C NMR (150.92 MHz, 

DMSO-d6) δ 179.37, 37.92, 27.01 (C×3); GC-MS m/z: 102.15. 

Adamantane-1-carboxylic acid:11  

 

 

 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.97 (s, 1H), 1.94 (br s, 9H), 1.78 (s, 6H), 1.68-1.62 

(m, 5H); 13C NMR (150.92 MHz, DMSO-d6) δ 178.44, 38.49 (C×4), 36.04 (C×3), 30.71 (C×2), 27.38; 

GC-MS m/z:180.25. 

Malonic acid:12  

 

 

 

Yield 82%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.60 (br s, 2H), 3.23 (s, 2H); 13C NMR (150.92 MHz, 

DMSO-d6) δ 168.50 (C×2), 41.99; GC-MS m/z: 104.05. 

 

Note: Amides 1n-1r generate acetic acid 2a as the corresponding hydrolyzed product shown in 

Scheme 2.    

Benzoic acid:11  

  

 

 



 

Yield 87%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.96 (s, 1H), 7.94 (d, J =8.04 Hz, 2H), 7.61 (t, J 

=6.87 Hz, 2H), 7.49 (t, J =6.87 Hz, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 167.50, 133.02, 130.93, 

129.44 (C×2), 128.73 (C×2); GC-MS m/z: 122.10. 

4-Methylbenzoic acid:12  

  

 

 

Yield 80%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.79 (s, 1H), 7.83 (d, J =7.68 Hz, 2H), 7.26 (d, J 

=7.68 Hz, 2H), 2.34 (s, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 167.41, 143.08, 129.41, 129.17, 

128.12 (C×2), 21.17; GC-MS m/z: 136.15. 

3-Methylbenzoic acid:5  

  

 

 

Yield 76%; 1H NMR (600.17 MHz, DMSO-d6): δ 10.83 (s, 1H), 8.28 (d, J =8.22 Hz, 2H), 7.94 (d, J 

=8.14 Hz, 2H), 1.73 (s, 9H); 13C NMR (150.92 MHz, DMSO-d6) δ 167.42, 137.90, 133.46, 130.74, 

129.74, 128.46, 126.46, 20.82; GC-MS m/z: 136.15. 

4-tert-Butylbenzoic acid:13  

  

 

 

Yield 77%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.87 (s, 1H), 7. 7.61 (d, J =8.10 Hz, 2H), 6.53 (d, J 

=8.10 Hz, 2H), 5.86 (br s, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 166.27, 155.21, 130.37 (C×2), 

127.83, 125.82 (C×2), 35.23, 31.44 (C×3); GC-MS m/z: 178.25. 

4-Aminobenzoic acid:14  

  

 

 

Yield 81%; 1H NMR (600.17 MHz, DMSO-d6): δ 11.96 (br s, 1H), 7.79-7.71 (m, 2H), 7.42 (d, J =7.32 

Hz, 1H), 7.39-7.34 (m, 1H), 2.35 (s, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 166.59, 153.21, 

131.31(C×2), 116.93, 112.63 (C×2); GC-MS m/z: 137.15. 

4-Hydroxybenzoic acid:15  

 

 

 



 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.48 (br s, 1H), 10.27 (br s, 1H), 7.83 (d, J = 8.28 

Hz, 2H), 6.85 (d, J = 8.28 Hz, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 168.17, 162.58, 132.53, 

122.32, 116.10; GC-MS m/z: 137.10. 

2-Hydroxybenzoic acid:15  

  

 

 

Yield 81%; 1H NMR (600.17 MHz, DMSO-d6): δ 14.00 (br s, 1H), 11.30 (br s, 1H), 7.78 (d, J =6.85 

Hz, 1H), 7.52-7.48 (m, 1H), 6.96-7.91 (m, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 171.95, 161.14, 

135.69, 130.28, 119.21, 117.11, 112.66; GC-MS m/z: 137.10. 

3-Fluorobenzoic acid:16  

  

 

 

Yield 80%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.29 (br s, 1H), 7.77 (d, J =7.08 Hz, 1H), 7.64 (d, J 

=8.22 Hz, 1H), 7.57-7.51 (m, 1H), 7.46 (t, J =7.56 Hz, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 

166.25, 162.02 (d, J =244.20 Hz) 133.30 (d, J =6.03Hz), 130.82 (d, J =6.03 Hz), 125. 48, 119.89 (d, 

J =20.23 Hz), 115.79 (d, J =22.63 Hz); GC-MS m/z: 140.10. 

4-Fluorobenzoic acid:16  

  

 

 

Yield 84%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.17 (br s, 1H), 7.92 (d, J =8.07 Hz, 2H), 7.52 (d, J 

=8.07 Hz, 2H); 13C NMR (150.92 MHz, DMSO-d6) δ 166.53, 137.87, 131.19, 129.69, 128.77 (C×2); 

GC-MS m/z: 156.55. 

4-Methoxybenzoic acid:12  

  

 

 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 12.62 (s, 1H), 7.85 (d, J =8.75 Hz, 2H), 7.00 (d, J 

=8.75 Hz, 2H), 3.82 (s, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 167.01, 162.85, 131.36 (C×2), 

122.83, 113.82 (C×2), 55.45; GC-MS m/z: 152.15.                                                                                                      

3-(Trifluoromethyl)benzoic acid:17  

  

 



 

 

Yield 84%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.54 (s, 1H), 8.21 (d, J =7.02 Hz, 1H), 8.16 (s, 1H), 

7.97 (d, J =8.10 Hz, 1H), 7.74 (d, J =7.56 Hz, 1H), 3.82 (s, 3H); 13C NMR (150.92 MHz, DMSO-d6) δ 

166.06, 133.23, 132.04, 130.07, 129.46(d, J =24.14 Hz), 129.35 (d, J =4.33 Hz), 125.54 (d, J =4.33 

Hz), 123.83 (d, J =271.65 Hz); GC-MS m/z: 190.10 

4-Nitrobenzoic acid:5  

  

 

 

Yield 76%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.66 (s, 1H), 8.30 (d, J =7.98 Hz, 1H), 8.15 (d, J 

=7.98 Hz, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 166.83, 150.05, 136.38, 130.72 (C×2), 123.74 

(C×2); GC-MS m/z: 167.10. 

Naphthalen-2-carboxylic acid:16  

 

 

 

Yield 86%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.10 (br s, 1H), 8.61 (s, 1H),  8.10 (d, J =7.98 Hz, 

1H), 8.01-7.94 (m, 3 H), 7.64 (t, J =7.44 Hz, 1H), 7.59 (d, J =7.44 Hz, 1H), 7.57 (t, J =7.56 Hz, 1H),; 

13C NMR (150.92 MHz, DMSO-d6) δ 167.49, 134.96, 132.18, 130.56, 129.31, 128.35, 128.20, 128.10 

(C×2), 127.68 (C×2), 126.84, 125.20; GC-MS m/z: 172.15. 

Naphthalen-1-carboxylic acid:11  

 

 

 

 

Yield 82%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.15 (br s, 1H), 8.85 (d, J =7.98 Hz, 1H), 8.14 (d, J 

=6.90 Hz, 2H), 8.01 (d, J =6.84 Hz, 1H), 7.63 (t, J =7.22 Hz, 1H), 7.58 (d, J =7.82 Hz, 2H); 13C NMR 

(150.92 MHz, DMSO-d6) δ 168.66, 133.47, 132.95, 130.68, 129.87, 128.62, 127.52, 126.20, 124.89; 

GC-MS m/z: 172.15. 

Nicotinic acid:16  

  

 

 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.43 (br s, 1H), 8.77 (d, J =7.56 Hz, 1H), 8.25 (d, J 

=8.04 Hz, 1H), 7.52 (t, J =8.04 Hz, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 166.34, 153.32, 150.29, 

137.02, 126.63, 123.85; GC-MS m/z: 123.10. 



 

Thiophene-2-carboxylic acid:18  

  

 

 

Yield 85%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.04 (br s, 1H), 7.90-7.86 (m, 1H), 7.72 (d, J =7.02 

Hz, 1H), 7.18 (t, J =6.54 Hz, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 162.94, 134.67, 133.30, 133.25, 

128.25; GC-MS m/z: 128.15. 

Furan-2-carboxylic acid:19  

 

 

 

Yield 85%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.08 (br s, 1H), 7.94 (s, 1H), 7.24 (d, J = 4.14 Hz, 

1H), 6.68-6.67 (m, 1H); 13C NMR (150.92 MHz, DMSO-d6) δ 160.32, 148.05, 145.88, 118.72, 113.10; 

GC-MS m/z: 112.10. 

Terephthalic acid:20  

 

 

 

 

Yield 83%; 1H NMR (600.17 MHz, DMSO-d6): δ 13.29 (br s, 2H), 8.05 (s, 4H); 13C NMR (150.92 MHz, 

DMSO-d6) δ 166.74 (C×2), 134.50(C×2), 129.53 (C×4); GC-MS m/z: 166.15. 

 

Note: Amides 3s-3w generate benzoic acid 4a as the corresponding hydrolyzed product shown in 

section (B) of Scheme 4.    
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