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1 Abstract
2 Hydrolysis of amides to carboxylic acids is an industrially important reaction but is challenging due to 

3 the difficulty of cleaving the resonance stabilized amidic C–N bond. Twenty-three heterogeneous and 

4 homogenous catalysts were examined in the hydrolysis of acetamide. Results showed that Nb2O5 

5 was the most effective heterogeneous catalyst with the greatest yield of acetic acid. A series of Nb2O5 

6 catalysts calcined at various temperatures were characterized and tested in the hydrolysis of 

7 acetamide to determine the effects of crystal phase and surface properties of Nb2O5 on catalytic 

8 performance. The high catalytic performance observed was attributed mainly to the facile activation 

9 of the carbonyl bond by Lewis acid sites that function even in the presence of basic inhibitors (NH3 

10 and H2O). The catalytic studies showed the synthetic advantages of the present method, such as 

11 simple operation, catalyst recyclability, additive free, solvent free, and wide substrate scope (> 40 

12 examples; up to 95% isolated yield). 

13 KEYWORDS: Nb2O5 Catalyst, Amide hydrolysis, Carboxylic acid, C=O bond activation, Lewis acid.

14

15 Introduction 

16 Amides are a ubiquitous functional moiety in organic compounds and are a fundamental structural 

17 unit in proteins, peptides, enzymes, polymers, and drugs. Amides also are involved in most of the 

18 biological functions of plants.1 Functional conversion of amides is important in organic syntheses,2–

19 9 but is challenging due to the necessity of cleaving the resonance stabilized amidic C–N bond (Fig. 

20 1).10–13 

21 Hydrolysis involves a water nucleophile that produces oxygen-containing compounds from 

22 salts, esters, amides, adenosine triphosphate (ATP), cellulose, metal aqua ions, and others.14–16 

23 Hydrolysis of amides, including peptides, proteins, and amino acid amides, to the corresponding 

24 acids is an important reaction in industrial and biochemical process.17 Extensive effort has been 

25 employed toward the hydrolysis of amidic C–N bond of peptides in proteins to examine the protein 

26 structure/function/folding processes and target-oriented protein-cleaving drug design using 

27 efficient and selective artificial proteases.18–21 These artificial proteases and the conventional 

28 enzyme-mediated hydrolysis of peptide have limited substrate scope, require post-translational 

29 modification, experience interference in the structural mapping of peptides, and require strict pH 

30 and temperature control. Metal-substituted polyoxometalates (MSPs) (also called artificial proteases) 

31 include highly Lewis acidic metal ions such as ZrIV and CeIV, which are remarkably effective 

32 homogeneous catalysts in peptide hydrolysis.18–22 However, these methods have the disadvantages 

33 of limited catalyst reusability and catalyst/product separation difficulties. Chemical hydrolysis 

34 methods that have advantages over enzymatic methods have been developed by exploiting metal 
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1 complexes or metal ions as Lewis-acid catalysts, which facilitate cleavage of peptides containing 

2 unnatural amino acids.23 Parac-Vogt and co-workers demonstrated the first heterogeneous catalytic 

3 method of peptide bond hydrolysis using immobilized ZrIV in MOF-808.24 All Lewis-acid-mediated 

4 hydrolytic processes were accelerated significantly by the formation of hydrolytically active species 

5 from an amine nitrogen, amide oxygen, and Lewis-acidic metal ion, followed by polarization of the 

6 peptide bond that allowed access for nucleophilic attack by water. 

7 Few studies have been done on the catalytic hydrolysis of free amides other than those 

8 focused on peptides. However, conventional strong acid-base-mediated hydrolysis of amides has 

9 had the problem of producing a large amount of unwanted by-products.25–27 Enzymatic hydrolysis 

10 of amides is a classic method for synthesizing the corresponding carboxylic acids.15 However this 

11 approach is limited by substrate scope and selectivity, and requires strict pH and temperature control. 

12 Stoichiometric use of homogeneous metal ion catalysts along with Cu, Ni, Co, and Zn was reported 

13 to promote the hydrolysis of selective amino acid amides,28 and a dinuclear Ni complex was used 

14 to catalyze the hydrolysis of urea and piconilamide.29 Microwave-irradiated indirect hydrolysis of free 

15 amides to the corresponding carboxylic acids and potassium carboxylate was demonstrated using 

16 silica-assisted phthalic anhydride30 and potassium fluoride doped alumina,31 respectively. However, 

17 these methods were conducted under non-aqueous conditions and/or with in situ water generation. 

18 Direct hydrolysis of amides in water is desirable because it can be environmentally friendly 

19 (“green”) and has the potential for large-scale syntheses. Therefore, the development of a hydrolytic 

20 synthesis of amides to carboxylic acids using reusable solid acid catalysts would be a significant 

21 contribution.

22 In general, catalysts with Lewis acid and/or Brønsted acid sites play a key role in activating 

23 oxygen-containing functional groups.8,9,32–35 However, difficulties arise when a base or a Lewis acid 

24 inhibitor suppress Lewis acidity through chelation. Classic Lewis acid catalysts, along with AlCl3 and 

25 BF3, undergo decomposition in water.36–38 Metal triflates, such as Sc(OTf)3 and Yb(OTf)3, are excellent 

26 water-tolerant homogenous Lewis acid catalysts for activation of carbonyl compounds.39–43 Niobium 

27 oxides/niobic acid catalysts also are established base- and water-tolerant Lewis acid catalysts and 

28 show high activity/selectivity in acid-catalyzed reactions. 32,44–58 Recent reports on the transformation 

29 of carboxylic acid derivatives demonstrated that the surface of Nb2O5 could catalyze nucleophilic 

30 substitution reactions of acids, esters, anhydrides, and amides in the presence of Lewis acid inhibitors, 

31 including water, alcohols, and amines.32,59–63 This property of niobium oxide indicates that 

32 coordinatively superficial Nb5+ cation acts as an active Lewis acid site to activate C=O moieties in 

33 carboxylic acid derivatives while simultaneously not engaging in competitive adsorption of other base 

34 molecules.64,65

35 The present study describes heterogeneous Nb2O5 catalysts with different structures 

36 (amorphous and crystalline phases)66–68 for direct hydrolysis of amides to carboxylic acids with water. 

37 The Lewis acid nature of Nb2O5 that can activate the C=O bond of the amide moiety promotes efficient 
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1 progression of the reaction along with the basicity originating from the lattice oxygens. As a result, 

2 Nb2O5 calcined at a mid-range temperature of 500 °C, with both acid and base sites, was found to be 

3 the best catalyst for amide C–N bond-breaking hydrolysis.  

4
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6 Fig. 1 Stability of amidic resonance structures.
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1 Results and discussion
2 Catalyst screening and reaction condition optimization

3 To optimize reaction conditions and find the most effective catalysts, a comprehensive survey of 

4 reaction parameters was obtained for hydrolysis of acetamide (1a) into acetic acid (2a). A series of 

5 catalysts, including acidic, basic, heterogeneous, and homogeneous types, underwent screening in 

6 the model hydrolysis reaction of acetamide 1a (1 mmol) and water (5 mmol) without any solvent at 

7 reflux under an N2 atmosphere for 20 h. The yield of acetic acid 2a based on acetamide 1a using 

8 different catalysts is shown in Table 1. The reaction did not produce any acetic acid 2a without a 

9 catalyst (Table 1, entry 1). Various metal oxides (treated and untreated) were used in this model 

10 reaction (entries 2–13), with Nb2O5 providing the maximum yield of acetic acid in 20 h (97%, entry 2). 

11 The reflux condition, which eliminates the NH3 formed in the reaction system is key to obtaining high 

12 yields, otherwise strong thermodynamic limitations associated with reverse reactions between the 

13 acid formed and NH3 hinder progression of C–N bond cleavage (temperature-dependent equilibrium 

14 conversion is given in Fig. S1). A moderate to low yield (4–53%; entries 4-7) of acetic acid was 

15 obtained by introducing acidic oxides, including ZrO2, TiO2, SnO2, and SiO2. Amphoteric oxides such 

16 as ZnO, CeO2, and Al2O3 also provided low to moderate yields of acetic acid (6–45%; entries 8-10). 

17 The basic oxides, CaO, MgO and La2O3 (entries 11-13), which had low activity in this hydrolysis 

18 reaction, provided 2a in 3–17% yield. The Brønsted acid catalysts, Hβ-20 and HMFI-20 (entries 14-

19 15), were relatively inactive in this amide hydrolysis reaction. Commercially available solid catalysts, 

20 including montmorillonite K10 clay (entry 16) and Nafion-SiO2 composite (entry 17), resulted in lower 

21 yields of 2a compared to that using Nb2O5 catalyst. Typical water-tolerant homogeneous Lewis acid 

22 Sc(OTf)3 (entry 18) afforded 2a in 47% yield. The reaction also was tested with typical metal salts, 

23 including ammonium niobite(V) oxalate hydrate (C4H4NNbO9‧xH2O), cerium nitrate [Ce(NO3)4], and 

24 zirconium sulphate tetrahydrate [Zr(SO4)2.4H2O] (entries 19-21), which provided 2a in 45%, 31%, and 

25 25% yield, respectively. In addition, homogenous Brønsted acid catalysts (PTSA, H2SO4; entries 22, 

26 23) were less active in this hydrolysis reaction. Note that conventional homogeneous catalysts 

27 generate a lower yield of acetic acid under the same catalyst weight conditions. Results of these 

28 extensive catalyst screening reactions revealed that Nb2O5 was the most effective catalyst for 

29 hydrolysis of acetamide 1a to acetic acid 2a.

30 Understanding the relation between the properties of heterogeneous catalysts and their 

31 function is challenging but is needed to understand the underlying phenomena and to develop 

32 improved catalysts. We have recently reported that catalyst reactivity for another C–N bond-breaking 

33 reaction, i.e., alcoholysis of amides, is governed mainly by basicity of the metal oxide catalyst because 

34 nucleophilic attack of the lattice oxygen atom on the carbonyl carbon atom of the amide is the rate-

35 determining step for the catalytic process.9,35 The lower the O1s binding energy of metal oxides 

36 determined by X-ray photoelectron spectroscopy (XPS) analysis, the more rapid the reaction rates of 
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1 the C–N bond-breaking reaction due to the greater basicity of the metal oxide surface.69 In addition, 

2 an in situ IR study was conducted by adsorbing N,N-dimethylacetamide on various metal oxide 

3 catalysts, because the position of the C=O stretching bands (CO) of N,N-dimethylacetamide is a 

4 measure of Lewis acidic nature, especially for activation processes of C=O moieties of carboxylic acid 

5 derivatives including amides.32,64 Results demonstrated that CeO2 was the best catalyst for 

6 alcoholysis of amides because CeO2 has both acid and base sites to activate the amide.

7 In the present study, carboxylic acid formation rate per surface area of the catalysts via 

8 hydrolysis of acetamide was plotted as a function of IR band positions of the C=O stretching mode of 

9 N,N-dimethylacetamide adsorbed and O1s binding energy of the metal oxide catalyst, as shown in Fig. 

10 2. N,N-Dimethylacetamide was used because its C=O moiety has behavior similar to that of the 

11 acetamide used for the standard reaction.9,70 Note that the values used for the x-axis were taken from 

12 previous reports9,71 and carboxylic acid formation rates (y-axis) were obtained from reactions with 

13 yields less than 30%. The Nb2O5 and ZrO2, both of which exhibit a strong red shift of the position of 

14 the C=O stretching bands, had high initial reaction rates, with ZrO2 found to be the best when the 

15 activity was normalized by surface area. In contrast, catalysts such as SiO2 and MgO, which do not 

16 have strong Lewis acid sites to activate the carbonyl oxygen of amides, had low initial reaction rates. 

17 Moreover, a weak correlation was found between reaction rate and O1s-binding energies, as shown 

18 in Fig. 2B, which suggests that surface basicity plays a role in promoting amide hydrolysis in a manner 

19 similar to that of C–N bond cleavage alcoholysis of amides. These results demonstrate that both 

20 acidic and basic properties are important for efficient progression of the hydrolysis reaction, with Lewis 

21 acidic character especially important for activating the C=O moiety. Thus, Nb2O5 and ZrO2 possessed 

22 excellent catalytic performance, and, Nb2O5, with its greater surface area, had the greatest activity. 

23 The initial normalized reaction rate of formation of carboxylic acid as a function of the O1s binding 

24 energies shows that the Nb2O5 catalyst with moderated level of basicity is the second-best in activity 

25 and the best in the full-time reaction, TOF, TON and reusability with base and water tolerance.

26 Using Nb2O5, reaction conditions were optimized for this model hydrolysis reaction and are 

27 shown in Table 2. In the hydrolysis of 1.0 mmol acetamide (1a), 50 mg Nb2O5 catalyst were required 

28 to afford 97% of product acetic acid (2a) using 10 mmol of water (entries 1-5). Subsequently, 

29 examination of the effect of water amount revealed that the hydrolysis reactions proceeded even 

30 when reducing the amount of water; 97% yield of acetic acid was achieved using 5 mmol of water. A 

31 further decrease in the amount of water (4,3,2 mmol) suppressed the hydrolysis reaction. Based on 

32 these results, the optimized reaction conditions were: Nb2O5 catalyst (50 mg), acetamide 1a (1 mmol), 

33 water (5 mmol), under reflux for 20 h.
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1
2 Fig. 2 (A) Correlation between initial reaction rates of carboxylic acid formation from hydrolysis of 
3 acetamide and IR band positions of the C=O stretching mode of N,N-dimethylacetamide adsorbed 
4 onto the oxides, measured at 40 °C9 and (B) XPS O1s binding energies.71

5 Table 1. Catalyst screening for hydrolysis of acetamide to acetic acid.  

6

H3C NH2

O
+ H2O

H3C OH

O

Reflux, 20 h
50 mg Catalyst

1 mmol 5 mmol

+ NH3

1a 2a

Entry Catalyst (surface areas m2/g) Conv.(%) Yield (%)a

1 none 2 0
2 Nb2O5 (82) 100 97
3 Na+- Nb2O5 80 78
4 ZrO2 (44) 54 53
5 TiO2 (45) 17 15
6 SnO2 9 8
7 SiO2 (268) 6 4
8 ZnO 9 7
9 CeO2 (69) 47 45
10 Al2O3 (74) 7 6
11 CaO 5 4
12 MgO (24) 5 3
13 La2O3 19 17
14 Hβ-20 2 0
15 HMFI-20 2 0
16 Montmorillonite K10 11 10
17 Nafion-SiO2 15 14
18 Sc(OTf)3 49 47
19 C4H4NNbO9.nH2O 47 45
20 Ce(NO3)4 33 31
21 Zr(SO4).4H2O 26 25
22 p-toluenesulfonic acid (PTSA) 7 5
23 H2SO4 4 3
a GC yield.

7
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1 Table 2. Optimization of reaction conditions for hydrolysis of acetamide to acetic acid.  

2

H3C NH2

O
+ H2O

H3C OH

O

Reflux, 20 h
x (mg) Catalyst

1 mmol y (mmol)

+ NH3

1a 2a

Entry (x mg) Nb2O5 (y mmol) water Yield (%)a

1 20 10 52
2 30 10 70
3 40 10 83
4 50 10 96
5 60 10 97
6 50 5 97
7 50 4 88
8 50 3 68
9 50 2 47

3 a GC yield. 

4
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1 Structure-activity relation and mechanism of Nb2O5 catalysts 

2 After choosing the most favorable catalyst and reaction conditions, the relation between structure and 

3 catalytic activity was investigated for various Nb2O5 catalysts toward hydrolysis. Fig. S2 shows X-ray 

4 diffraction (XRD) patterns of Nb2O5 catalysts containing various peaks that were detected upon an 

5 increase in calcination temperature. Results showed several crystal forms of Nb2O5 polymorphs were 

6 obtained. The Nb2O5 polymorphs could be subdivided into several phases such as pseudo-hexagonal 

7 (TT), orthorhombic (T), tetragonal (M), monoclinic (B), and monoclinic (H), based on calcination 

8 temperature.72 At a lower calcination temperature (200 °C), the catalyst was completely amorphous. 

9 A mixture of TT and T phases formed at 500 °C calcination. Only the crystalline T phase was observed 

10 at a calcination temperature of 700 °C.66 The TT and T phases were structurally very similar; the only 

11 difference was the presence of a legitimate defect of oxygen atoms in the TT phase that made it less 

12 crystalline than the T-phase. That caused a broadening of XRD peaks at 2θ = 29° and 2θ = 37° (Cu 

13 Kα radiation) in the TT phase. In contrast, splitting of the same peaks occurred in the T phase due to 

14 formation of (180) and (181) planes.32 Thus, T-Nb2O5 was stabilized by closely spaced Nb atoms 

15 having separate and equivalent sites, whereas TT-Nb2O5 was stabilized by impurities such as OH-, 

16 Cl-, or oxygen vacancies.73 In addition, high temperature calcination (1000 °C) produced XRD patterns 

17 that contain diffuse and sharp peaks. These results resemble those from formation of Nb2O5 M and B 

18 phases, respectively. However, the H phase crystallizes at 1150 °C calcination.74 Therefore, the TT 

19 phase is the least stable phase, while the H phase is the most thermodynamically stable.32 Overall, 

20 temperature-dependent crystal forms of Nb2O5 catalysts were identified.

21 The N2 adsorption experiments were performed to determine the specific surface areas of 

22 different Nb2O5 polymorphs. The N2 adsorption isotherms are shown in Fig. S3. The Brunauer-

23 Emmett-Teller (BET) method was used to obtain the specific surface areas. Results showed that the 

24 surface area of niobium oxides decreased as the calcination temperature increased (Fig. 3A). The 

25 acid properties of Nb2O5 catalysts also were investigated by pyridine adsorption IR experiments (Fig. 

26 S4). The IR absorption bands at 1445 cm-1 and 1540 cm-1 were assigned to adsorption of pyridine on 

27 superficial Nb5+ cations as Lewis acidic sites and H+ cations from Brønsted acid sites of Nb2O5 

28 catalysts, respectively.59 Subsequently, the numbers of Lewis and Brønsted acid sites on different 

29 Nb2O5 catalysts were calculated from the area intensities of the bands at 1445 cm-1 and 1540 cm-1. 

30 The average integrated molar extinction coefficients 1.73 cm μmol-1 and 1.23 cm μmol-1 were used to 

31 obtain the number of Lewis and Brønsted acid sites, respectively.75 Increasing the calcination 

32 temperature caused a gradual decrease in the amount of acid sites (Fig. 3B). After calcination at 

33 temperatures at 1000 °C or higher, acid sites on niobium oxides were almost eliminated. 

34 To understand how crystallinity changes the acidity that affects the hydrolysis reaction, the 

35 initial reaction rate and turnover frequency (TOF), which was defined as the initial reaction rate per 

36 surface Lewis acid site, were determined at different calcination temperatures (Fig. 3C and 3D). Note 
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1 that the initial reaction rates were obtained with a shorter reaction time (2 h) in the hydrolysis of 

2 acetamide. As calcination temperature increased, surface area and acid sites decreased. And the 

3 initial rate of hydrolysis decreased accordingly. On the other hand, a volcano-shaped trend was 

4 observed for TOF. Nb2O5 prepared by 500 °C calcination was found to show the greatest initial 

5 hydrolysis rates per surface area, indicating a Nb2O5 catalyst in the TT or T phase with a moderate 

6 number of Lewis acid sites is effective for the hydrolysis reaction.

7
8 Fig. 3 (A) BET surface area and initial rate of hydrolysis of acetamide per surface area (B) number of 
9 Lewis acid sites of different Nb2O5 catalysts calcined at different temperatures determined by N2 

10 adsorption and pyridine adsorption IR experiments, respectively. (C) Initial rate for hydrolysis of 
11 acetamide, and (D) TOF, defined as initial reaction rate per surface Lewis acid site using Nb2O5 
12 catalysts calcined at different temperatures. Reaction conditions: acetamide 1 mmol, water 5 mmol, 
13 catalyst 50 mg, reflux for 2 h.
14
15 In situ IR spectroscopy was used to obtain additional information about interactions between 

16 the acetamide and Nb2O5 surface (Fig. 4A). Results showed that the C=O stretching band of 

17 acetamide adsorbed on Nb2O5 calcinated at 200 and 500 °C appeared at a lower wavenumber (1651 

18 cm-1) than that on Nb2O5 calcinated at a higher temperature (700 °C). Structural origin of the Lewis 

19 acid sites was attributed to coordinatively unsaturated superficial Nb5+ cations, while the structural 

20 origin of the Brønsted-acidic sites was associated predominantly with acidic superficial hydroxyl 
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1 groups as proton donors.68 Therefore, the Nb2O5 calcinated at relatively low temperatures (~500 °C) 

2 had a greater number of surface defects that can serve as Lewis acid sites. In addition, these sites 

3 for the Nb2O5 upon calcination at low temperatures would have highly distorted Nb coordination 

4 structures that can efficiently activate the C=O bond of the amide, resulting in high activity. Surface 

5 basicity of these Nb2O5 catalysts were investigated by measuring O1s binding energies, shown in Fig. 

6 4B. The top peak positions of the O1s binding energies decreased with increasing calcination 

7 temperature, indicating Nb2O5 calcined at high temperature possessed high surface basicity. These 

8 IR and XPS results indicate the presence of strong Lewis acids and relatively strong surface basicity 

9 of Nb2O5 prepared via calcination at 500 °C and reveals the best TOF among the Nb2O5 catalysts 

10 explored in this study.

11 An additional comparative study was performed to investigate the role of Lewis and Brønsted 

12 acid sites of Nb2O5 with other heterogenous and homogenous Brønsted acid catalysts in the 

13 hydrolysis reaction. The Na+-exchanged Nb2O5 was prepared by replacing the Brønsted acid sites 

14 with Na+ ions resulting a slightly lower number of Lewis acid sites than in Nb2O5 (Fig. S5). Here, Na+-

15 exchanged Nb2O5 a catalyst containing almost exclusively Lewis acidic sites, gave a rate and yield of 

16 acetic acid product similar to that of Nb2O5. Therefore, the hydrolysis reaction is catalyzed 

17 predominantly by the Lewis acid rather than by the Brønsted acid sites. This is supported by the poor 

18 activity of truly Brønsted acidic catalysts such as PTSA (p-toluenesulfonic acid) and the zeolites Hβ-

19 20 and HMFI-20.

20 The influence of acetamide and water concentrations on the initial rate of formation of acetic 

21 acid also was explored, with results shown in Fig. 5. A linear relation was found for double logarithmic 

22 plots and the order (n) of the reaction was determined from the slopes of the lines with respect to 

23 acetamide and water. The acid formation rate increased with water concentration, which followed first-

24 order reaction kinetics (n = +0.97, R2 = 0.981), suggesting that water was involved in the kinetically 

25 important steps. Conversely, a negative slope (n = -0.20) was observed upon increasing the 

26 concentration of acetamide, which suggests that surface-adsorbed acetamide or its derivatives 

27 strongly adsorb on the Nb2O5 surface and inhibit the catalytic reaction.

28 Based on the experimental results (in-situ IR spectra of adsorbed acetamide species) and our 

29 previous computational studies on amidation of amines by carboxylic acids over Nb2O5,64,76 a plausible 

30 reaction mechanism for the Nb2O5-catalyzed hydrolysis of acetamide to form acetic acid is proposed in 

31 Fig. 6. The catalytic cycle should start with the adsorption of acetamide on the Lewis acid sites of the 

32 Nb2O5 catalyst and the adsorbed acetamide activated by the nucleophilic attack of oxygen atom of water 

33 (which is pre-adsorbed by the basic surface oxygen of Nb2O5 catalyst) to produce acetate species. After 

34 the removal of ammonia, a negatively charged transition state of acetate and free base site of Nb2O5 is 

35 produced. Finally, the acetic acid would be desorbed to regenerate the free acid sites of the Nb2O5 catalyst.
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1
2 Fig. 4 (A) IR spectra of adsorbed acetamide species on Nb2O5 catalysts calcined at different 
3 temperatures (200, 500, and 700 °C) and (B) XPS spectra of the O1s region of Nb2O5 catalysts 
4 calcined at different temperatures (200, 500, and 700 °C). The IR spectra were recorded at 120 °C 
5 under He flow for 200 s after introduction of acetamide (1 μL).
6

7
8 Fig. 5 Formation rate of acetic acid as a function of the concentration of (A) acetamide (0.23 M to 
9 1.22 M) and (B) water (0.62 mmol to 1.68 mmol); reaction conditions: Nb2O5 (50 mg), T = 100 °C, t = 

10 5 h.
11   

12
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14 Fig. 6 Plausible reaction mechanism for the Nb2O5-catalyzed hydrolysis of acetamide to acetic acid.
15

Page 12 of 24Catalysis Science & Technology



13

1 Catalytic properties and substrate scopes

2 Time course of the reaction was obtained under standard reaction conditions, as shown in Figure 7A. 

3 Results of the concentration/time plot of reactive components of 1a and 2a revealed that the reaction 

4 time of 20 h was adequate to obtain the greatest conversion, yield, and selectivity of the product. No 

5 by-products were observed until reaction was complete. Next, a leaching test was conducted to check 

6 the heterogeneous nature of Nb2O5. For this purpose, after reaction for 2 h (18% yield), the solid 

7 catalyst was separated by filtration and the reaction was continued without any catalyst until 20 h. 

8 Results showed that the product yield did not increase after removal of catalyst, which confirmed that 

9 no leaching of the catalyst occurred and that the reaction stopped in the absence of the catalyst. In 

10 addition, the amount of Nb2O5 in the filtrate was below the detection limit as confirmed by Inductively 

11 coupled plasma-atomic emission spectroscopy (ICP-AES) analysis. 

12 The reusability of this catalytic system was investigated using the standard reaction 

13 conditions in the conversion of 1a to 2a (Figure 7B). Initial reaction rate as well as the yield after each 

14 cycle were determined. No significant change in both reaction rate and yield was seen. After each 

15 cycle, the catalyst was separated from the reaction mixture by centrifugation. After separation, the 

16 catalyst was washed twice with isopropyl alcohol (2 mL) and acetone (2 mL) followed by drying at 110 

17 °C for 5 h and then used in next cycle. The catalyst Nb2O5 could be reused at least 6 times, with just 

18 a slight loss in activity. However, catalytic performance could be restored easily by recalcination at 

19 500 °C for 3 h in air.

20
21 Fig. 7 (A) Time course plots for hydrolysis of acetamide 1a to acetic acid 2a over Nb2O5 catalyst 
22 calcinated at 500 °C. Acetamide (1 mmol) and water (5 mmol) were refluxed under standard reaction 
23 conditions. Reaction conditions: Nb2O5 (50 mg), reflux, t = 24 h (B) Catalyst reuse for hydrolysis of 
24 acetamide 1a to acetic acid 2a promoted by Nb2O5 catalyst calcinated at 500 °C under standard 
25 conditions. Black bars represent yield of 2a after 20 h; gray bars represent initial rates of 2a formation. 
26 After the sixth cycle, the catalyst was calcined at 500 °C for 3 h and then used in 7th and 8th cycle. 
27 Reaction conditions: reflux, t = 2 h for initial rate determination, reflux, t = 20 h for final rate 
28 determination.
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1 After finalizing optimized reaction conditions, the applicability of the catalytic system was 

2 examined by determining the substrate scope using various amide substrates. This method was 

3 applicable for a wide range of aliphatic and aromatic amide substrates. As shown in Scheme 2, 
4 several aliphatic amides with different functionalities were screened. Linear amides containing short- 

5 and long-carbon chains (1a-1e) and benzylic (1f, 1h) and allylic (1g) amides underwent hydrolysis to 

6 their corresponding acids with excellent isolated yields (83–91%). Amides containing a cyclohexyl-

7 substituted tertiary α-carbon (1i), α-stereocenter (1j), and sterically hindered quaternary (pivaloyl and 

8 adamantyl) amides (1k, 1l) were converted to the respective acids in 83–95% isolated yield. In 

9 addition, the present catalytic system successfully transformed malonamide (1m) to malonic acid (2m, 

10 82% isolated yield), indicating the practicability of converting two amides to two acids in the same 

11 reaction pot. Different secondary and tertiary aliphatic amides (1n-1o) also were tolerated and gave 

12 equivalent acids in high isolated yields (78–86%). Although this catalytic system required longer 

13 reaction times for secondary and tertiary unactivated aliphatic amides, it exhibited good performance 

14 for the N-MeO activated amide giving high isolated yield (88%) within 20 h. 

15 Scheme 3 shows the hydrolysis reaction scope for different aromatic amides. A series of 

16 electron-donating (3a-3g) and -withdrawing (3h-3l) substituents containing aromatic amides were 

17 converted to their corresponding acids in good to high isolated yields (4a-4l, 76–87%). Sterically 

18 hindered tertiary amides, particularly N,N-diethyl-3-methyl-benzamide (3c) and N,N-dimethyl-3-

19 trifluoromethyl-benzamide (3k), were applicable in this proposed catalytic system. Similarly, naphthyl-

20 substituted amides (3m, 3n) and N, S and O heteroatom-containing amides (3o-3q) also underwent 

21 hydrolysis in the present catalytic system to give good isolated yields (> 80%). In addition, two amides 

22 containing aromatic substituents, such as terephthalamide (3r), also were hydrolyzed into terephthalic 

23 acid (4r, 83%) successfully.

24 Applicability of the present catalytic system over different N-substituted secondary and 

25 tertiary aromatic amides also was investigated. Results showed that secondary and tertiary aromatic 

26 amides were transformed successfully into their corresponding carboxylic acids (4s-4w, 78–90% 

27 isolated yield, 36 h) where N-methoxy-activated amide (3u) was hydrolyzed more readily than other 

28 unactivated amides (3s-3w). Reactions of several amides (20 mmol) and water (100 mmol) on a gram 

29 scale were conducted for carboxylic acid synthesis using only 50 mg of the catalyst over 100 h. 

30 Results demonstrated that the present method was applicable for large-scale synthesis of carboxylic 

31 acids with a high turnover number (TON) as shown in Scheme 4. 

32
33
34
35
36
37
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1

2
3 Scheme 2 Hydrolysis of different aliphatic amides to the corresponding carboxylic acids. Isolated 
4 yields are shown.
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23  
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2 Scheme 3 Hydrolysis of different aromatic amides to the corresponding carboxylic acids. Isolated 
3 yields are shown. 
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1
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O
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2
3 Scheme 4 Gram scale hydrolysis of amides to carboxylic acids (including lactic acid 2j and salicylic 
4 acid 4g).77–79 GC yields are shown.
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1 Conclusions
2 An efficient, simple, and versatile heterogenous Nb2O5 catalytic system has been developed for 

3 hydrolysis of amides to carboxylic acids under relatively mild conditions. The quantity and strength 

4 of Lewis acid sites of Nb2O5 catalysts were dependent on their structure and morphology, where 

5 surface area and number of Lewis acid sites as well as their interactions with carbonyl groups 

6 decreased with an increase in catalyst calcination temperature. Low-temperature calcined TT 

7 and/or T-phased Nb2O5 were more reactive in the hydrolysis than those of high-temperature 

8 calcined (M and H-phased) Nb2O5. The catalytic performance can be attributed mainly to the facile 

9 activation of the C=O bond of the amides by surface Nb5+ Lewis acid sites, which function even in the 

10 presence of basic inhibitors such as H2O and NH3. Moderated surface basicity also found to play a 

11 role in the efficient progression of the reaction. This heterogeneous catalytic system accepted a broad 

12 scope of amide substrates (> 40 examples; up to 95% isolated yield) with catalysts reusability, 

13 additive-free, solvent-free reaction condition and generation of ammonia and amines as byproducts 

14 from primary amides and secondary/tertiary amides respectively.   
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