
www.chemcatchem.org

Accepted Article

A Journal of

Title: Esterification of Tertiary Amides by Alcohols Through C-N Bond
Cleavage over CeO2

Authors: Ken-ichi Shimizu, Takashi Toyao, Md. Nurnobi Rashed,
Yoshitsugu Morita, Takashi Kamachi, S. M. A. Hakim Siddiki,
Md. A. Ali, A. S. Touchy, Kenichi Kon, Zen Maeno, and
Kazunari Yoshizawa

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: ChemCatChem 10.1002/cctc.201801098

Link to VoR: http://dx.doi.org/10.1002/cctc.201801098

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcctc.201801098&domain=pdf&date_stamp=2018-08-07


FULL PAPER    

 

 

 

 

 

Esterification of Tertiary Amides by Alcohols Through C–N Bond 

Cleavage over CeO2 

Takashi Toyao,[a,b] Md. Nurnobi Rashed,[a] Yoshitsugu Morita,[c,d] Takashi Kamachi,[b,c,e] S. M. A. Hakim 

Siddiki,*[a]   Md. A. Ali,[a] A. S. Touchy,[a] Kenichi Kon,[a] Zen Maeno,[a] Kazunari Yoshizawa,[b,c] Ken-ichi 

Shimizu*[a,b] 

 

Abstract: CeO2 has been found to promote ester forming 

alcoholysis reactions of tertiary amides. The present catalytic 

system is operationally simple, recyclable, and it does not 

require additives. The esterification process displays a wide 

substrate scope (> 45 examples; up to 93% isolated yield). 

Results of a density functional theory (DFT) study combined with 

in situ FT-IR observations indicate that the process proceeds 

through rate limiting addition of a CeO2 lattice oxygen to the 

carbonyl group of the adsorbed acetamide species with energy 

barrier of 17.0 kcal/mol. This value matches well with 

experimental value (17.9 kcal/mol) obtained from analysis of the 

Arrhenius plot. Further studies by in situ FT-IR and temperature 

programmed desorption using probe molecules demonstrate 

that both acidic and basic properties are important, and 

consequently, CeO2 showed the best performance for the C–N 

bond cleavage reaction. 

Introduction 

Amides are important structural moieties in the preparation of a 

wide variety of pharmaceutical compounds and natural 

products.[1] Moreover, amides are thermodynamically stable 

compounds owing to delocalization of the nitrogen lone pair into 

the carbonyl moiety. Whereas C–N bonds of amides are readily 

cleaved under mild conditions by enzymes such as proteases,[2] 

similar non-enzymatic processes usually require strongly acidic 

or basic conditions.[3] Although much effort has been devoted to 

developing C–N bond cleavage reactions,[4] synthetic 

applications of amide chemistry are still limited by this reactivity 

issue. Among amide transformations, alcoholysis has received 

much attention because the resulting esters are more reactive 

and, as a result, undergo many useful transformations.[5] 

Although various non-catalytic methods have been reported for 

amide alcoholysis,[6] they generally suffer from the required use 

of excess amounts of promoters such as HCl and NaNO2, the 

generation of inorganic or organic wastes, and limited substrate 

scope. It is noteworthy that twisted amides undergo alcoholysis 

under relatively mild neutral conditions.[7] However, synthetic 

application of these substances are very limited. 

From the viewpoint of sustainable chemistry, amide 

alcoholysis ideally should be carried out using catalytic 

processes. In this context, Mashima and co-workers developed 

a catalytic amide alcoholysis protocol that uses Zn(OTf)2, 

Sc(OTf)3 or Mn(acac)2 together with additives as promotors.[8] 

Later, Atkinson and co-workers demonstrated that Sc(OTf)3 is an 

effective catalyst for this reaction.[9] Subsequently, our group 

described an  amide alcoholysis reaction, which uses CeO2 as a 

heterogeneous catalyst and does not require additives.[10] The 

CeO2 catalyzed ester forming reaction occurs with 1-3 orders of 

magnitude higher rates than those promoted by other metal 

oxides. Moreover, the CeO2 catalyzed reaction has a wide 

amide substrate scope and CeO2 can be recycled. Furthermore, 

the results of density functional theory (DFT) calculations 

suggest that promotion of alcoholysis of primary amides by 

CeO2 is a consequence of synergistic action of Lewis acid and 

base sites of the surface of the metal oxide.[11] 

 The reports describing both homogeneous and 

heterogeneous catalytic amide esterification processes 

represent important contributions to the field of synthetic 

chemistry. However, the fact that these catalytic reactions only 

apply to primary and secondary amides limits their preparative 

versatility. In general, C–N bond cleavage reactions of tertiary 

amides are more difficult owing to the higher degree of steric 

blocking of the carbonyl group and thermodynamic limitations 

associated with reverse reactions between ester and secondary 

amine products, which are more facile than those of NH3 and 

primary amines produced from primary and secondary 

amides.[12] In order to overcome this limitation, Garg and co-

workers recently developed a method for conversion of various 

amides, including tertiary amides, to the corresponding esters 

that utilizes a Ni-based N-heterocyclic carbene (NHC) complex 

as a catalyst.[12] In addition, this strategy was extended to 

develop a C–C bond forming reaction that produces ketones 

from tertiary amides.[13] Several subsequent reports have 

described the use of similar catalysts (e.g., Pd-based NHC 

complexes) for C–N bond cleavage reactions of tertiary 

amides.[14]  Although enhancing the synthetic importance of C–N 
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bond cleavage reactions, the processes require additives and/or 

the use of elaborate ligand such as NHC, and difficulties are 

encountered with catalyst recycling. In order to be 

environmentally benign and adaptable to large-scales, catalyst 

employed for amide C–N bond cleavage reactions need to be 

readily available, heterogeneous and recyclable. To the best of 

our knowledge, such recyclable and additive-free heterogeneous 

systems have not yet been reported.  

In the studies described below, we have described a 

heterogeneous catalytic system for esterification of tertiary 

amides by alcohols, which utilizes CeO2 as the catalyst. The 

developed catalytic process is facile and it has a wide amide and 

alcohol substrate scope. The combined results arising from 

theoretical and experimental studies indicate that the reaction 

proceeds through the same mechanistic pathway followed in the 

alcoholysis reaction of primary amides. Importantly, cooperative 

effects of acid-base functions of CeO2 would be a key for 

efficient promotion of the reaction. The results of this 

investigation have not only demonstrated the utility of a new C–

N bond cleavage reaction of amides, they have also led to a 

better understanding of the behavior of CeO2, a catalyst that has 

attracted much attention recently.[15] 

Results and Discussion 

The initial phase of this effort was designed to screen 

catalysts for the reaction between N,N-dimethylbenzamide and 

1-octanol that forms octyl benzoate. Reactions were performed 

using the following conditions: amide (1 mmol), alcohol (4 mmol), 

CeO2 (80 mg) and dodecane (0.2 mmol) as an internal standard 

in a Pyrex reaction tube (18 mL) under a N2 atmosphere at 

175 °C for 36 h (see Supporting Information for detailed 

procedure of the reaction and a picture of the reaction 

apparatus). In reactions designed to remove the formed N,N-

dimethylamine, HY zeolite (SiO2/AI2O3 = 5.5) (0.1 g) enclosed in 

a filter paper was placed at the upper portion of the reaction 

vessel. The results (Table 1) showed that, among the metal 

oxides, solid acid and homogeneous catalysts tested, CeO2 

(Daiichi Kigenso Kagaku Kogyo Co., Ltd (Type A), calcined at 

600 °C for 3 h.  see Figure 1 for TEM images) promoted the 

most efficient process giving the target ester in 97% GC yield. In 

addition, it was found that the CeO2 catalyzed reaction 

performed without utilizing HY zeolite generates the target ester 

in 94% yield. We checked the effect of the use of HY zeolite for 

the reaction several times and found that the reaction with the 

zeolite always gives better yield. In addition, the formed 

secondary amine (N,N-diethylamine) trapped by the HY zeolite 

was experimentally detected after the reaction between N,N-

diethylbenzamide and 1-octanol that forms octyl benzoate. Note 

that N,N-diethylbenzamide was used as a substrate for this 

purpose for ease of handling thanks to its higher boiling point 

than that of N,N-dimethylamine. The use of the HY zeolite could 

overcome the thermodynamic limitations associated with reverse 

reactions between the formed ester and secondary amine that is 

an well-known difficulty for the ester forming alcoholysis 

reactions of tertiary amides.[12,16] 

 

The use of soluble Ce salts such as Ce(NO3)4 and Ce3(PO4)4 as 

catalysts leads to lower yielding raections, Notably, the typical 

homogeneous Brønsted acids, p-toluenesulfonic acid (PTSA) 

and H2SO4, catalyze reactions that occur in only 22% and 23% 

respective yields.  

 

 
Figure 1. TEM images of the CeO2 catalyst.  

 

 

Table 1.  Catalyst screening for ester formation from N,N-
dimethylbenzamide and 1-octanol.a 

 

Entry Catalyst Yield [%]b 

1 CeO2 97 

2c CeO2 94 

3 Nb2O5 43 

4 CaO 38 

5 ZrO2 28 

6 MgO 24 

7 TiO2 7 

8 Al2O3 6 

9 Y2O3 4 

10 SiO2 6 

11 ZnO 3 

12 Fe-mont 20 

13 Mont. K10 8 

14 H-ZSM-5 (22) 7 

15 H-Beta (75) 5 

16 H-Y (5.5) 5 

17 Amberlyst-15 38 

18 Nafion-SiO2 12 

19 Sulfated ZrO2 5 

20 d Sc(OTf)3 43 

21d Ce(NO3)4 35 

22d Ce3(PO4)4 29 

23d p-Toluenesulfonic acid (PTSA)  22 

24d H2SO4 23 
aReaction conditions: 80 mg catalyst, 175 °C, 36 h, N2 atmosphere, 
N,N-dimethylbenzamide (1 mmol), 1-octanol (2 mmol),  HY zeolite 
(0.1 g) as a trapping agent, n-dodecane (0.2 mmol) as an internal 
standard. bYields were determined by using GC. cWithout HY 
zeolite. dThe same molar amount employed for CeO2 was used. 
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Results from studies exploring the effect of alcohol 

concentration (see Table S1 in the Supporting Information) 

showed that, even though a slight excess of 1-octanol was 

necessary to bring about complete reaction, 86% yield of N,N-

dimethylbenzamide was obtained when 1.0 eq of the alcohol 

was employed. In addition, a gram-scale, CeO2 promoted 

reaction of N,N-dimethylbenzamide using 2 eq. of 1-octanol 

(Scheme 1) proceeds efficiently to produce octyl benzoate in a 

yield reaching 86% after 72 h.  

 

 
Scheme 1.  Gram-scale reaction of N,N-dimethylbenzamide and 1-
octanol. Conditions: 160 mg CeO2, 175 °C, 72 h, N2 atmosphere, 
N,N-dimethylbenzamide (10 mmol), 1-octanol (20 mmol),  HY zeolite 
(1.0 g) as a trapping agent. 

 

 In order to examine the re-usability of the CeO2 catalyst, a 

recycling test was performed (Figure 2). Following reaction of 

N,N-dimethylbenzamide and 1-octanol, CeO2 was separated, 

washed with isopropanol, dried in air and used for an ensuing 

reaction. CeO2 was found to be recyclable but the yield gradually 

decreased. It was also found that the catalytic performance can 

be recovered if the catalyst was subject to calcination at 600 °C 

for 3 h in the air. The results of a leaching test to demonstrate 

the heterogeneous nature of CeO2 revealed that removal of the 

solid catalyst after a 6 h caused the alcoholysis reaction to 

cease (Figure 3). Inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) was also utilized to confirm the 

heterogeneous nature of CeO2. Specifically, the mixture after the 

reaction was subjected to filtration. Examination of the filtrate by 

using ICP-AES showed that less than 10 ppm of CeO2 was 

present. In addition, x-ray diffraction (XRD) analysis showed that 

recovered CeO2 is essentially the same as the original catalyst.  

 
Figure 2. Recycling study for octyl benzoate formation process from 
N,N-dimethylbenzamide and 1-octanol over CeO2.  

 
Figure 3. Leaching test for octyl benzoate formation process from 
N,N-dimethylbenzamide and 1-octanol over CeO2. Reaction 
conditions: 80 mg catalyst, 175 °C, N2 atmosphere, N,N-
dimethylbenzamide (1 mmol), 1-octanol (2 mmol),  HY zeolite (0.1 g) 
as a trapping agent, n-dodecane (0.2 mmol) as an internal standard.  

 

In situ FT-IR was employed to gain information about 

interactions occuring between the amide and CeO2 surface. For 

this purpose, 1 μL of N,N-dimethylacetamide preheated to 

200 °C was injected into a self-supporting pellet of CeO2 at 120 
oC and surface species were analyzed (Figure 4(a) and S2). 

After introduction of N,N-dimethylacetamide, the spectrum of 

CeO2 contains bands assigned to C=O stretching of adsorbed 

acetamide (1606 cm-1) together with bands associated with a 

acetate ester (1554, 1430 cm-1).[11,17] The C=O stretching band 

of the acetamide adsorbed on CeO2 (1606 cm-1) appears at a 

lower wavenumber than that adsorbed on SiO2 (1623 cm-1) used 

for a reference (Fig. 4(a)), This finding indicates that a strong 

interaction exists between the CeO2 surface and the carbonyl 

oxygen of the amide. Moreover, the intensity of the IR band due 

to adsorbed acetamide decreases with time, while the intensity 

of bands arising from an adsorbed acetate species increase with 

time. 

 Periodic DFT calculations were used to explore the 

mechanistic pathway proposed for the reaction of N,N-

dimethylacetamide and benzylalcohol on the CeO2(111) surface 

on the basis of the above findings by using in situ FT-IR. It was 

confirmed that CeO2 gave the best performance for the reaction 

of N,N-dimethylacetamide and benzylalcohol among the 

catalysts tested in this study (Table S2) as well as the reaction 

of N,N-dimethlbenzamide and 1-octanol (Table 1). The 

CeO2(111) surface was selected for this purpose because it is 

the most stable among those of CeO2 commonly investigated.[18] 

The proposed mechanistic sequence (Scheme 2 and Scheme 

S1 in the Supplementary Information) consists of (1) 

deprotonation of benzylalcohol (Fig. S3), (2) nucleophilic 

addition of a lattice oxygen of CeO2 to the carbonyl carbon atom 

of N,N-dimethylacetamide (Fig. S4), (3) deamination (Fig. S6), 

and (4) ester formation (Fig. S7). The computed activation 

energy for each step in the catalytic cycle is given in Scheme 2. 

The key step in the overall process is nucleophilic addition of the 

lattice oxygen to the carbonyl carbon atom of N,N-

dimethylacetamide on the CeO2(111), as was proposed in earlier 

studies of alcoholysis reactions of primary amides.[11] This 

proposal is supported by the results of DFT calculations, which 

show that an alternative route involving OH addition to the 

carbonyl carbon of acetamide is less favorable (see Fig. S5). 
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The computional results also show that the rate determining step 

for the alcoholysis reaction involves addition of a lattice oxygen 

of CeO2 to the carbonyl carbon atom of the amide. It should be 

noted that the calculated energy barrier for this rate determining 

step of 17.0 kcal/mol matches the experimentally determined 

value of 17.9 kcal/mol obtained from analysis of the Arrhenius 

plot displayed in Figure 4b. 

 

 
Figure 4. (a) FT-IR spectra of adsorbed N,N-dimethylacetamide 

species on CeO2 and SiO2 at 120 °C (t = 200 s). At t = 0 s, 1 μL of 

acetamide was introduced on preheated catalysts at 200 °C to the 
FT-IR cell. (b) Arrhenius-type plot for the rates of ester formation 
reaction in the reaction of N,N-dimethylbenzamide and benzylalcohol. 
Temperature range = 135-180 °C. 

 

 Rationalizing the properties of catalysts and establishing 

theories for heterogeneous catalysis are challenging but 

inevitable tasks in order to understand the underlying 

phenomena and ultimately develop improved catalysts. As 

discussed above, the nucleophilic attack of the lattice oxygen 

atom to the carbonyl carbon atom of the tertially amide is a key 

step for this catalytic process. This fact suggests that strong 

basicity of lattice oxygen in metal oxides can lead to high 

reactivity and the basicity could be used as a descriptor to 

explain the catalytic activity of the metal oxide catalysts for the 

alcoholysis of amides. It is known that O1s binding energy of 

metal oxides determined by XPS analysis decreases with an 

increase in basicity of the metal oxides surface.[19] Note that the 

XPS measurements were performed without any 

pretreatments.[19b] Ester formation rate for the model reaction 

employing N,N-dimethylbenzamide and 1-octanol was plotted as 

a function of O1s binding energy of metal oxide catalysts, as 

shown in Figure 5(A). Note that the ester formation rates were 

obtained for reactions with yields below 30%. Figure 5(A) 

indicates that there is a correlation between the catalytic 

performance and basicity of the metal oxides. This is most likely 

because that  the activation energy for the nucleophilic attack 

(the rate-determining step) decreases with a decrease of the O1s 

binding energy. In addition, the peak positions of the C–H 

stretching bands (CH) in the FT-IR spectra for adsorbed CHCl3 

on various metal oxides were also employed to rationalize the 

catalytic activities. It is known that the red shift of the bands 

indicate the presence of basic sites and the degree of the band 

shift is used as an indicator for basic strength.[20] It should be 

noted that the spectrum of SiO2 showed no peak, indicating that 

SiO2 has no basic sites. It is clear that CeO2 showed the highest 

bascity and initial reaction rate among the oxide catalysts 

explored. It was also observed that Nb2O5 and ZrO2 showed 

relatively high initial reaction rate toward the reaction whereas 

they are not strongly basic from the results of FT-IR studies 

using CHCl3. This fact suggests that Lewis acidic properties play 

role to promote the C–N bond cleavage reaction of amides as 

indicated by the DFT calculations. In order to examine the role of 

Lewis acidic nature of the catalysts more quantitatively, in situ 

FT-IR study was conducted by adsorbing N,N-

dimethylacetamide on various metal oxide catalysts at 40 °C as 

given in Fig. S8. At this low temperature, N,N-

dimethylacetamide is not converted to acetate ester species 

 

 
 

Scheme 2.  Proposed mechanism for alcoholysis of amides on the CeO2 surface. Computed activation energies (Ea) are given in kcal/mol. 
Color code: beige: Ce; red: O; grey: C; blue: N; white; H. 
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even on the CeO2 surface.  The position of the C=O stretching 

bands (CO) of N,N-dimethylacetamide on Nb2O5 resonates at 

lower wavenumber (1651 cm-1) than on other oxides (1656-1667 

cm-1), indicating that the Lewis-acidic sites on Nb2O5 interact 

more strongly with the carbonyl oxygen of N,N-

dimethylacetamide than those on the other oxides.[21] The 

position of the CO on CeO2 is seen at 1663 cm-1, showing 

stronger Lewis acidic activation of C=O bond of N,N-

dimethylacetamide than SiO2, MgO and TiO2. These results 

indicate that CeO2 has both acid and base sites to activate N,N-

dimethylacetamide, and therefore, CeO2 serves as the best 

catalysts for the alcoholysis of amides. This fact is furthermore 

supported by temperature programmed desorption (TPD) 

measurements with CO2 and NH3 as probe molecules (Figure 7). 

These resullts demonstrate that both acidic and basic properties 

are important for the efficient progression of the alcoholysis 

reaction as indicated by DFT studies, and as a result, CeO2 

showed the best performance. 

 The substrate scope of CeO2-catalyzed amide alcoholysis 

process under optimal reaction conditions was explored. The 

results displayed in Schemes 3 shows that the reaction is 

applicable to a wide range of amides and alcohols. In addition to 

the N,N-dimethylbenzamide (1a)  used for the model reaction, 

benzamides containing N,N-diethyl (1b), N-methoxy-N-methyl 

(1d) were successfully transformed to the corresponding ester, 

octylbenzoate. N,N-Dimethyl amides of m-trifluoromethyl phenyl 

(1c), benzyl (1e) also gave the desired esters in excellent yields. 

Notably, alkyl amides (1f), (1g) of N,N-dimethyl and N-

heterocyclic moieties (1h-1j) undergo esterification in high 

isolated yields. Secondary amides containing phenyl (1k and 1n), 

4-chloro-phenyl (1l), pyridyl (1m) and alkyl (1o and 1p) were 

also tolerated in alcoholysis reactions to give target esters. The 

alcohol scope of this CeO2 catalyzed esterification reaction with 

N,N-dimethylbenzamide (1a) is given in Scheme 4.  Various 

alcohols  including aliphatic (3a-3e, 3g), olefinic (3f), methyl-

tetrahydrofuryl (3h), benzylic alcohols (3i-3l) with electron-

donating and electron-withdrawing substituents,    

heteroaromatic pyridyl (3m), methyl-thiophenyl (3n) and 

naphthyl (3o) were successfully undergo alcoholysis reactions of 

1a in high isolated yilds. In addition to the primary alcohols 

various secondary alcohols including aliphatic linear, branched, 

cyclic and aromatic (3p-3u) were also well tollerated in 

alcoholysis of N,N-dimethylbenzamide (1a) and gave 

corresponding esters. It was also demonstrated that N,N-

dimethylacetamide (1g) efficiently reacted with various alcohols 

( at 155 °C to afford the corresponding esters (Scheme 5). At 

present, this CeO2-catalyzed process requires high temperature 

(155-175 °C) for completing the reaction. However, the wide 

substrate scope obtained in this study is compatible with 

homogeneous catalytic systems.[12,14] This wide substrate scope 

suggests that the present system can potentially be utilized for 

synthetic applicationos. Advantageously, CeO2-catalyzed 

system does not require elaborate handling for performing the 

experiments or any additives which are usually needed for the 

homogeneous systems. Also, high recyclability of the catalyst is 

another important feature for this system.  

 

 
Figure 5. Correlation between initial reaction rates of ester formation 

from N,N-dimethylbenzamide and 1-octanol and (A) XPS O1s binding 

energies,[19b] and (B) FT-IR band positions of C–H stretching mode 

of CHCl3 adsorbed onto the supports.[20]  

 
Figure 6. Correlation between initial reaction rates of ester formation 
from N,N-dimethylbenzamide and 1-octanol and FT-IR band 
positions of C=O stretching mode of N,N-dimethylacetamide 
adsorbed onto the supports measured at 40 °C. 

 

 

 

Figure 7. NH3- and CO2-TPD profiles for various oxides. 
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Scheme 3. CeO2-catalyzed ester formation from various amides and 

1-octanol. Reaction conditions: 80 mg catalyst, 175 °C, 30-36 h, N2 

atmosphere, amide (1 mmol), 1-octanol (2 mmol),  HY zeolite (0.1 g) 

as a trapping agent, Isolated yields are shown. 

 

 
Scheme 4. CeO2-catalyzed ester formation from N,N-dimethyl 

benzamide and various alsohols. Reaction conditions: 80 mg 

catalyst, 175 °C, 30-36 h, N2 atmosphere, N,N-dimethyl benzamide 

(1 mmol), alcohol (2 mmol),  HY zeolite (0.1 g) as a trapping agent, 

Isolated yields are shown.  

 

 
Scheme 5. CeO2-catalyzed ester formation from N,N-

dimethylacetamide and various alsohols. Reaction conditions: 80 mg 

catalyst, 155 °C, 36 h, N2 atmosphere, N,N-dimethylacetamide (1 

mmol), alcohol (2 mmol, for 6a and 6b;10 mmol of MeOH and EtOH 

were used),  HY zeolite (0.1 g) as a trapping agent, Isolated yields 

are shown. 

 

Conclusions 

In summary, we developed a heterogeneous catalytic system 

that promotes alcoholysis reactions of tertiary amides with 

alcohols. Unlike typical reactions utilizing homogeneous catalytic 

systems and requiring NHC complexes, the new process is 

operationally convenient and does not require additives. In 

addition, the catalyst is recyclable and the process has a wide 

substrate scope. A plausible mechanism, involving rate limiting 

nucleophilic addition of a CeO2 lattice oxygen to the amide 

carbonyl, is proposed for the process based on the results from 

density functional theory (DFT) and in situ FT-IR studies. The 

presented catalysis of CeO2 was tried to be ratinalized with its 

acid and base properties by employing various methods such as 

XPS, FT-IR, and TPD. These results show that the catalysis 

required for promoting the C–N bond cleavage reaction is not 

simply understood by utilizing independent probe techniques. 

This is in agreement with the findings by DFT studies that acid-

base cooperation is necessary for efficient progression of the 

reaction. As a result, CeO2, which has both acid and base 

properties, exhibits the best performance.  

Experimental Section 

Materials and Catalyst Preparation  

Organic and inorganic compounds were purchased from common 

commercial suppliers (Tokyo Chemical Industry, Kanto Chemical, 

Wako Pure Chemical Industries, Nacalai Tesque, and SigmaAldrich) 

and used without further purification. CeO2 was prepared by 
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calcination (T = 600 °C, t = 3 h, in air) of CeO2 supplied from Daiichi 

Kigenso Kagaku Kogyo Co., Ltd (Type A). TiO2 (JRC-TIO-8), MgO 

(JRC-MGO-3), SiO2-Al2O3 (JRC-SAL-2, Al2O3 = 13.75 wt%) and H-

Beta zeolite (SiO2/Al2O3 = 25±5, JRC-Z-HB25) 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. SiO2 (Q-10) was supplied 

by Fuji Silysia Chemical Ltd., while Nb2O5 was prepared by 

calcination (T = 500 °C, t = 3 h) of niobic acid (CBMM). ZnO was 

prepared by calcination (T = 500 °C, t = 3 h) of a hydroxide of Zn 

(Kishida Chemical). ZrO2 was prepared by calcining Zr hydroxide at 

773 K for 3 h that was made via hydrolysis of ZrO(NO3)2‧2H2O with 

an aqueous NH4OH solution. SnO2 was prepared by calcination (T = 

500 °C, t = 3 h) of H2SnO3 (Kojundo Chemical Laboratory Co., Ltd.). 

CaO was prepared by calcination (T = 500 °C, t = 3 h) of Ca(OH)2 

(Kanto Chemical)). H-ZSM-5 (SiO2/AI2O3 = 22) and HY (SiO2/AI2O3 = 

5.5) zeolites were obtained from TOSO Co., Ltd. Sulfated ZrO2 was 

kindly provided by Wako Pure Chemical Industries. Sulfonic resins 

(Amberlyst-15 and Nafion-SiO2 composite) were purchased from 

Sigma-Aldrich. 

Catalyst Characterization  

In situ FT-IR spectra were recorded at 120 °C by using a JASCO 

FT/IR-4200 with an MCT (Mercury-Cadmium-Telluride) detector. A 

sample (40 mg) was pressed to obtain a self-supporting pellet ( = 2 

cm). The obtained pellet was placed in the quartz IR cell with CaF2 

windows connected to a conventional gas flow system. Prior to the 

measurement, the sample pellet was heated under He flow (20 cm3 

min-1) at 500 °C for 0.5 h. After cooling to 120 °C under the He flow, 

1 μL of N,N-dimethylacetamide was injected to the sample through a 

line which was preheated at ca. 200 °C to vaporize N,N-

dimethylacetamide. Spectra were measured accumulating 15 scans 

at a resolution of 4 cm-1. A reference spectrum taken at 120 °C 

under He flow was subtracted from each spectrum.  

X-ray diffraction (XRD; Rigaku Miniflex) measurements were 

conducted using CuKα radiation. BET (Brunauer-Emmett-Teller) 

specific surface area of CeO2 was determined to be 81 m2 g-1 from 

N2 adsorption data measured by using BELCAT (MicrotracBEL). 

Transmission electron microscopy (TEM) was measured using a 

JEOL JEM-2100F TEM operated at 200 kV. Inductively coupled 

plasma-atomic emission spectroscopy (ICP-AES) analysis was 

carried out by using a SHIMADZU ICPE-9000 instrument. 

CO2- and NH3-TPD measurements were carried out using 

BELCAT. Prior to each experiment, a catalyst (50 mg) was heated in 

a flow of He (20 mL min-1) at 500 °C for 10 min, followed by cooling 

to ca. 40 °C under He flow. The catalyst was then exposed to a flow 

of CO2 or NH3 (20 mL min-1) for 10 min. After purged in He for 30 

min, the catalyst was heated linearly at 10 °C min-1 until 600 °C in a 

flow of He, and outlet gas (CO2, m/e = 44) were analyzed by the 

mass spectrometer (BEL Mass, BEL Japan, Inc.).  

Catalytic Reactions  

Typically, tertiary amide (1 mmol), alcohol (2 mmol) and CeO2 (80 

mg) were added to a Pyrex reaction vessel (16 mL). HY zeolite (5.5) 

(0.1 g) wrapped by a filter paper was also placed at the upper side of 

the reaction vessel for removal of formed amine as a by-product, as 

given in Fig. 8. After sealing, the mixture was degassed and purged 

with N2. This was repeated for 5 times. The reaction vessel was 

placed on a heater equipped with a reflux condenser and a magnetic 

stirrer. The reaction mixture was heated at 175 °C and stirred at 400 

rpm for 36 h under N2 atmosphere. After completion of the reaction, 

2-propanol (6 mL) was added to the mixture and the products were 

analyzed by GC (Shimadzu GC-14B with Ultra ALLOY capillary 

column UA+-1 of Frontier Laboratories Ltd., N2) and GCMS 

(SHIMADZU GCMS-QP2010 with Ultra ALLOY capillary column 

UA+-1 of Frontier Laboratories Ltd., N2). Product isolation was 

carried out by using column chromatography on silica gel 60 

(spherical, 50-100 m, Kanto Chemical Co. Ltd.) with 

hexane/ethylacetate (9/1) as the eluting solvent. The isolated 

products were then analyzed by using GC, and 1H and 13C NMR. 1H 

and 13C NMR spectra were recorded at ambient temperature on a 

JEOL-ECX 600 spectrometer (1H: 600.17 MHz, 13C: 150.92 MHz), 

using tetramethylsilane as the internal standard. Isolated yields were 

determined relative to the starting amides. 

 

 
Figure 8. Picture of the typical reaction apparatus for the 

esterification reaction of a tertiary amide by an alcohol. 

For reusing the catalyst, after completion of the reaction, 2-

propanol (6 ml) was added to the reaction mixture and the catalyst 

was separated by centrifugation. The recovered catalyst was 

washed with 2-propanol for 3 times (3 mL for each time). After 

separating the catalyst by centrifugation, the recovered catalyst was 

dried at 100 °C in air for 12 h, and subsequently employed for the 

next run. A leaching test was performed in the same manner for the 

recycling test. After 6 h period of the reaction, the catalyst was 

separated by centrifugation. Subsequently, the separated solution 

was transferred to the reactor, followed by heating at 175 °C with 

magnetically stirring for another 29 h. 

Computational Methods  

Periodic DFT calculations were performed with the DMol3 

program[22] in Material Studio of Accelrys Inc. Perdew–Burke–

Ernzerhof (PBE) generalized gradient functional was employed for 

the exchange-correlation energy. The wave functions were 

expanded in terms of numerical basis sets. We employed the DND 

basis set (double numerical basis set with the d-type polarization 

functions) for geometry optimization. Single-point energy 

calculations were performed with the larger DNP basis set (double 

numerical basis set with the d-type polarization functions for heavy 

atoms and the p-type polarization functions for hydrogen atoms). 

Brillouin zone integrations are performed on a Monkhorst–Pack[23] k-

point grid with a k-point spacing of 0.05 Å-1 unless otherwise noted. 
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The transition state was determined by using the linear and 

quadratic synchronous transit (LST/QST) complete search 

method.[24] As shown in Fig. 9, the CeO2 catalyst was modeled by a 

supercell slab that consists of a 3×3 surface unit cell with nine 

atomic (111) surface layers (lattice constants a = b = 11.5 Å, 81 

atoms) unless otherwise noted. The slab was separated by a 

vacuum space with a height of 20 Å. All atoms except the oxygen 

atoms in the bottom layer were fully relaxed.  

 

 
Figure 9. Structure model of CeO2(111) used in this study. (a) Top 

view and (b) side view. Color code: beige: Ce; red: O. 
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