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Among various metal oxides, cerium oxide (CeO2) shows the highest catalytic activity for transamidation
of picolinamide with n-octylamine. CeO2 acts as a reusable and effective heterogeneous catalyst for
transamidation under solvent-free conditions. Transamidation of a variety of amides and amines produced
the corresponding N-alkyl amides in high yields. This method provides the first example of a
heterogeneous catalyst for transamidation using aliphatic amines as substrates. Characterization of acid–
base properties and kinetic studies suggest that the cooperation of the weak Lewis acid sites and adjacent
strong base sites play important roles in the transamidation reaction.

Introduction

The amide bond is a fundamental component of biological and
synthetic polymers (i.e., proteins and nylons), and constitutes an
important functional group in organic chemistry. It has been esti-
mated that 25% of all synthetic pharmaceutical drugs contain an
amide unit.1 Consequently, the development of efficient amida-
tion methods continues to be an important goal in synthetic
chemistry. Traditional methods for the synthesis of amides are
based on the coupling of activated carboxylic acid derivatives
and amides, but there are limitations, such as the lability of the
activated acid derivatives and tedious procedures.2 Direct amide
bond formation as a greener method has been investigated.
Coupling of carboxylic acids with amines promoted by boric
acids3 is one of the most successful examples of direct amide
synthesis. In the view of green chemistry, recent efforts have
been focused on heterogeneous catalysis for direct amidation of
carboxylic acids with amines. However, most of them suffer
from low activity, low selectivity or limited scope.4 Transamida-
tion of amide with amines may provide an attractive alternative
method of the direct amide bond formation. Examples of transa-
midation are scarce and the limited synthetic applications to date
generally consist of intramolecular reactions.5 The difficulty of
this reaction arises from the intrinsic strength of the amide C–N
bond together with the presence of an acidic N–H bond in
amides. Transamidation generally requires harsh conditions
(>250 °C), long reaction times or stoichiometric reagents to
cleave the chemically robust amide bond.6 An enzyme-mediated
transformation is known, but it has limited scope and requires

highly evolved enzymes as well as a long reaction time.7 To
overcome these disadvantages, new homogenous8 and hetero-
geneous catalysts9 are recently reported. Stahl et al. reported that
Al(III), Sc(III), and group 4 metal complexes (Ti, Zr, Hf) cata-
lyzed the transamidation under mild conditions.8 However, these
homogenous catalysts suffer from the necessity of a solvent and
difficulties in separation and recycling of the used catalyst. Gen-
erally, complex catalysts are not effective for highly polar com-
pounds because of their strong coordination to the metal
centers.8a Heterogeneous catalysis for transamidation may over-
come these problems. To the best of our knowledge, there is
only one report using HfCl4 supported on KSF-polyDMAP,9

which suffers from the need of a solvent and strong base, and
has a limited scope; the reaction with aliphatic amines is
unsuccessful.

CeO2 has acid–base and redox properties and has been used
as an effective catalyst for various organic reactions10 such as
the dehydration of alcohols,11 the alkylation of aromatic com-
pounds,12 dimerization of alcohols,13 aldehydes, esters13e and
carboxylic acids14 to ketones, cyclization of diols,15 and the
reduction of benzoic acid.16 Most CeO2-catalyzed reactions were
carried out at high temperatures (typically 200–500 °C). In view
of organic synthesis and green chemistry, it is important to study
CeO2-catalyzed organic reactions further at lower temperatures
(<200 °C). As for CeO2-catalyzed reactions at low temperatures
(<200 °C), Tomishige et al. recently reported the carbonate syn-
thesis from CO2 and alcohols at 150 °C.17 Our research group
found that CeO2 acted as a highly active catalyst for the sub-
strate-specific hydration of nitriles at low temperatures
(30–100 °C).18

In this work we wish to report that commercial CeO2, as a
cheap and readily available solid, effectively catalyzes transami-
dation of various primary amides with various amines to yield
corresponding N-alkyl amides in high yields at 160 °C under
solvent-free conditions. For a wide range of metal oxides,
characterizations of acid–base properties and catalytic tests were
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carried out to establish a catalyst design concept in terms of the
acid–base properties of the metal oxide surface.

Experimental

General

The GC (Shimadzu GC-14B) and GCMS (Shimazu
GCMS-QP5000) analyses were carried out with a Rtx-65 capil-
lary column (Shimazu) or a DB-1 capillary column (Agilent
J&W) using nitrogen as the carrier gas. All chemicals used for
the organic reactions were of analytical grades and purchased
commercially and were used without further purification.

Catalyst

CeO2 (JRC-CEO3, surface area = 81 m2 g−1) was pre-calcined at
600 °C before being supplied by the Catalysis Society of Japan,
and was used as the standard catalyst. CeO2 (140 m2 g−1) was
purchased from Rhodia Electronics Catalysis. Other metal
oxides were commercially available or supplied from the Cataly-
sis Society of Japan. The metal oxides except CeO2 were cal-
cined at 500 °C for 3 h before use in the reactions.

Typical procedures for the transamidation of amides

A typical procedure for transamidation of picolinamide with n-
octylamine is as follows: CeO2 (25 mg, 5.8 mol% Ce with
respect to picolinamide) was added to the mixture of picolina-
mide (2.5 mmol), n-octylamine (5.0 mmol) in a reaction vessel
equipped with a condenser under N2. The resulting mixture was
vigorously stirred at 160 °C. The reaction mixture was analyzed
by GC. Conversion and yield of the products were determined
based on picolinamide and N-octyl picolinamide using pentade-
cane as an internal standard. The products were identified by
GCMS and confirmed by 1H-NMR. After the reaction was com-
plete, the CeO2 catalyst was separated by centrifugation. In the
catalyst recycling experiments, the separated catalyst was washed
with acetone three times and calcined in air at 300 °C for 1 h.
For measurement of the isolated yields, the reaction of amine
(2.6 mmol) and primary amide (2.5 mmol) was carried out.
After full conversion of the primary amide was confirmed by
GC, the catalyst was separated by filtration. The crude product
was purified by evaporating the filtrate at 70 °C to remove the
unreacted amine. The resulting products were identified by GC,
GCMS and 1H-NMR.

In situ FTIR

In situ FTIR spectra were recorded at room temperature on a
JASCO FT/IR-6100 equipped with a quartz IR cell connected to
a conventional flow reaction system. The sample was pressed
into a 30–80 mg self-supporting wafer and mounted into the
quartz IR cell with CaF2 windows. Spectra were measured,
accumulating 15 or 35 scans at a resolution 4 cm−1 in a flow of
He. A reference spectrum of the catalyst wafer under He was
subtracted from each spectrum. For the introduction of aceta-
mide, n-butylamine and methanol to the IR disc, each liquid

compound was injected under a He flow preheated at 200, 150
and 100 °C, respectively, which was fed to the in situ IR cell.
Then, the IR disk was purged with He, and the IR measurement
was carried out.

XPS

The X-ray photoelectron spectroscopy (XPS) measurements
were carried out using a JEOL JPS-900MC with an Al Kα
anode operated at 20 mA and 10 kV. The oxygen 1s core elec-
tron levels in the oxides were recorded. Binding energies were
calibrated with respect to C1s at 285.0 eV.

Results and discussion

Catalytic properties

First, the catalytic activity of the transamidation reaction between
picolinamide and n-octylamine at 160 °C was examined with
various metal oxides (Table 1). Transamidation hardly proceeded
without a catalyst. For various metal oxides, the rate of N-octyl
picolinamide formation per catalyst weight was measured under
the condition in which conversions were below 30%
(Table S1†). Using specific surface areas of metal oxides, the
rate per catalyst surface area was calculated (Table 1). The results
show that CeO2 has the highest reaction rate (0.52 mmol h−1

m−2) and highest yield of N-octyl picolinamide (91% after 8h),
indicating that CeO2 is the most effective catalyst for transamida-
tion among the 11 metal oxides tested. It should be noted that
the aliphatic amine, which was unsuccessful in the previous
report9 with HfCl4/KSF-polyDMAP, reacted to afford the corre-
sponding amide in high yield.

Next, we investigated the substrate scope of the CeO2-cata-
lyzed transamidation. Transamidation of various amides with n-
octylamine was examined by CeO2 (Table 2). Benzamide deriva-
tives (Table 2, entries 1–7), benzylamide (Table 2, entries 8 and
9), heteroaromatic amides (Table 2, entries 10–17) and liner fatty
amides (Table 2, entries 18–21) reacted to afford the correspond-
ing amides in high yield (72–99% yields). Transamidation of
amides with one equivalent of n-octylamine was also successful,
providing the corresponding amide in good isolated yields
(Table 2, entries 2,4,6,9,11,13,19,21). Note that the transamida-
tion of heteroaromatic amides, which is difficult to catalyze
using homogenous catalysts, can be transformed to the corre-
sponding amides in high yields. Owing to the pharmaceutical
importance of heteroaromatic carboxamide structures,19 the
present method is important from a practical viewpoint. Transa-
midation of hexanamide with various amines was examined
using CeO2 (Table 3). Aliphatic amines (Table 3, entries 1 and
2), benzyl amine (Table 3, entry 3) and benzyl amine derivatives
having an electron-donating group (Table 3, entries 4 and 5)
reacted to afford the corresponding amides in high yields (88–
99% yields). The reaction of a branched amine (Table 3, entry 6)
was successful, and the yield of the product was 78%. A second-
ary amine, morpholine (Table 3, entry 7), was also converted in
high yield to the corresponding amide, which is a useful inter-
mediate for organic synthesis.20

A further advantage of this solid catalytic system is its reusa-
bility. We studied the reuse of CeO2 for the transamidation of
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hexanamide with n-octylamine (Fig. 1). The catalyst can be
easily retrieved from the reaction mixture by centrifugation or fil-
tration. For each successive use, the catalyst was washed with
acetone three times to remove the products, followed by calcina-
tion in air at 300 °C for 1 h. After this treatment, the recovered
catalyst was reused at least three times without any marked loss
of its high catalytic efficiency.

Reaction mechanism and the nature of the active species

To investigate the reaction mechanism of the CeO2-catalysed
transamidation, we studied the adsorption state of the amide and
amine on the surface of CeO2 by FTIR spectroscopy. First, the
adsorption complexes formed from the introduction of acetamide
to CeO2 and SiO2 at 30 °C were compared by in situ FTIR. The
samples were first preheated in a He flow at 600 °C, followed by
cooling to 30 °C. Then, acetamide (1 μL) was injected into the
He flow preheated at 200 °C, which was fed to the samples. IR
spectra were recorded at 30 °C, adsorbed species are shown in

Fig. 2. The main bands at 1654 cm−1 (for CeO2) and 1667 cm−1

(for SiO2) are characteristic of the carbonyl stretching vibrations
of the adsorbed acetamide species. The bands for CeO2 is
observed at lower wavenumbers than those of acetamide in the
liquid phase (1660 cm−1) and acetamide on SiO2, indicating a
weakened CvO bond strength in the acetamide species on
CeO2. This suggests that the carbonyl oxygen of the acetamide
interacts with the acid sites on CeO2.

21 Taking into account our
previous pyridine adsorption IR results, that CeO2 has Lewis
acid sites,22 it is shown that the carbonyl oxygen of acetamide
interacts with the surface Lewis acid sites of CeO2.

Next, the adsorption complexes formed from the introduction
of n-butylamine (2 μL) to CeO2 and SiO2 at 30 °C were studied
by in situ FTIR (Fig. 3). The spectra of CeO2 shows bands at
1579 cm−1 (in the N–H bending region) and at 3348 and
3249 cm−1 (in the N–H stretching region) (Fig. 3a,b). According
to a previous report,23 the NH3

+ group produced by interaction
of n-butylamine with the Brønsted acid site exhibits δs(N–H)
and δas(N–H) in the region of 1504–1550 cm−1 and
1575–1600 cm−1, respectively, while the coordinatively bonded
n-butylamine on the Lewis acid sites show bands around

Table 1 Transamidation by various metal oxidesa

Catalyst SBET (m2 g−1) t (h) Yield (%) Vb(mmol h−1 m−2)

CeO2 81 0.5 21.1 0.52
TiO2 47 1 14.3 0.30
Nb2O5 54 1 15.3 0.28
ZrO2 73 1 12.9 0.18
Al2O3 124 1 10.3 0.08
Sc2O3 24 1 6.1 0.25
SiO2 300 2 10.1 0.02
Er2O3 9 1 1.6 0.18
La2O3 18 1.5 2.4 0.09
MgO 19 2 2.2 0.06
CaO 59 2 1.5 0.01
Blank — 1 0.0 —

aReaction conditions: picolinamide (2.5 mmol), n-octylamine (5.0 mmol), metal oxide (25 mg), T = 160 °C. Yield of N-octyl picolinamide was
determined by GC. b Initial formation rate of N-octyl picolinamide per catalyst surface area measured under the conditions in which the yield of N-
octyl picolinamide was below 30%.

Fig. 1 Reusability of CeO2 catalyst (5.8 mol%) for transamidation of
hexanamide (2.5 mmol) with n-octylamine (5.0 mmol) at 160 °C (t =
5 h). Fig. 2 IR spectra of acetamide adsorbed on CeO2 and SiO2 at 30 °C.

This journal is © The Royal Society of Chemistry 2012 Green Chem., 2012, 14, 717–724 | 719
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Table 2 Transamidation of various amides with n-octylaminea

Entry Amide Product t/h Yield (%)

1 13 94
2b 24 89c

3 13 87
4b 48 82c

5 24 99
6b 24 81c

7 24 72

8 5 98
9b 48 82c

10 8 91
11b 24 84c

12 5 88
13b 48 81c

14 5 90

15 33 87

16 30 86

17 33 95

18 5 >99
19b 24 85c

20 5 88
21b 24 84c

aReaction conditions: amide (2.5 mmol), n-octylamine (5.0 mmol), CeO2 (25 mg, 5.8 mol%), T = 160 °C. Yield of the product was determined by
GC. bAmide/n-octylamine = 2.5 mmol/2.6 mmol. c Isolated yield.

720 | Green Chem., 2012, 14, 717–724 This journal is © The Royal Society of Chemistry 2012

D
ow

nl
oa

de
d 

by
 S

ta
nf

or
d 

U
ni

ve
rs

ity
 o

n 
26

 A
ug

us
t 2

01
2

Pu
bl

is
he

d 
on

 1
7 

Ja
nu

ar
y 

20
12

 o
n 

ht
tp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2G
C

16
31

6K

View Online

http://dx.doi.org/10.1039/c2gc16316k


1600–1565 cm−1. In the N–H bending region, the spectra exhibit
no band at 1504–1550 cm−1, indicating that CeO2 has no
Brønsted acid sites. The band for CeO2 shifted to a lower wave-
number than for SiO2. n-Butylamine did not desorbed from
CeO2 even at 150 °C, while it desorbed from SiO2 at 150 °C
(not shown). This indicates that the band for CeO2 is not
assigned to the hydrogen-bonded n-butylamine, which is known
to desorbe at 150 °C.23b From these results, it is concluded that
n-butylamine is coordinatively adsorbed to the Lewis acid sites
on the CeO2 surface, while n-butylamine on SiO2 is hydrogen-
bonded. In the N–H stretching region for CeO2, the bands at
3348 and 3249 cm−1 due to vas(NH) and vs(NH) are observed at
lower wavenumbers than those for n-butylamine in the gas phase
(3410 and 3345 cm−1)23a and n-butylamine on SiO2 (3375 and
3312 cm−1). This indicates that N–H bonds of n-butylamine on
CeO2 are weakened by the surface Lewis acid site (Ce4+ cation)
of CeO2 (Scheme 1). In addition, the oxygen atom adjacent to
the Ce4+ cation could assist in weakening the N–H bond,
because it has a strong basicity (as shown below).

Using the results in Table 2 (entries 1–7), the relationship
between log(kX/kH) and the Brown–Okamoto parameter (σ+) for
transamidation of benzamides with various substituents is
studied (Fig. 4). The order of reactivity for transamidation of
benzamides was p-Cl > p-H > p-CH3 > p-OCH3. There is a
fairly good linearity between log(kX/kH) and σ+ giving a positive
slope (ρ = 0.81, R2 = 0.96). The positive ρ value indicates that
the reaction is favored by the presence of para-positioned elec-
tron-withdrawing groups and that a transition state in the rate-
limiting step of transamidation involves a negative charge at the
α-carbon atom adjacent to the benzene ring. Taking into account

the FTIR results, the positive ρ value suggests that nucleophilic
addition of RNδ−H –Hδ+ adspecies on acid–base sites of CeO2

to the activated amide carbon atom proceeds via a negatively
charged transition state, and this step can be the rate-limiting step.

From the results of FTIR and kinetics measurements, the
cooperation of acid and base sites is suggested to be important in
the present catalytic system. CeO2 is known to have acid–base
pair sites. Lavalley et al. reported that methanol is dissociated on
CeO2, with coordinatively unsaturated Lewis acid–base pair sites
to produce methoxy species on Lewis acid sites (exposed Ce4+)
and H+ on Lewis base sites (exposed O2−) as shown in
Scheme 2.24,25 Our FTIR spectra also showed that adsorption of
methanol onto untreated CeO2 resulted in the formation of
methoxy species (Fig. S1†). To examine the correlation between
the amount of Lewis acid–base pair sites and the reaction rate,
we prepared various CeO2 samples by calcining them at different

Table 3 Transamidation of hexanamide with various aminesa

Entry Amine Product t (h) Yield (%)

1 5 94

2 5 88

3 5 97

4 25 >99

5 5 92

6 24 78

7 24 97

aReaction conditions: hexanamide (2.5 mmol), amine (5.0 mmol), CeO2 (25 mg), T = 160 °C. Yield of the product was determined by GC.

Scheme 1 Adsorption model of an amine on CeO2.

Scheme 2 Adsorption model of methanol on CeO2.
25

This journal is © The Royal Society of Chemistry 2012 Green Chem., 2012, 14, 717–724 | 721
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temperatures (500–1100 °C) and measured the initial rate for
transamidation by these CeO2 catalysts. These catalysts and the
standard CeO2 (JRC-CEO3) were also tested for the FTIR exper-
iment of methanol adsorption (Fig. S1†). The number of Lewis
acid–base pair sites was estimated from the v(OC) band area
(970–1130 cm−1) and the absorption coefficient of methoxy
species (6.9 cm μmol−1) reported by Lavalley et al.25b Fig. 5
shows a plot of the reaction rate versus the number of methoxy
species, or in other words, the number of the coordinatively

unsaturated Lewis acid–base pair sites (Ce–O sites) on CeO2.
For a series of CeO2 catalysts, there is a fairly good linearity
between reaction rate and the amount of methoxy species (R2 =
0.98), which indicates that Lewis acid–base pair sites on CeO2

are active sites for the present transamidation reaction.
Next, correlations between the reaction rate and Lewis acid

strength and base strength were examined separately (Fig. 6 and
7). Lewis acid strength was estimated by CD3CN adsorption
experiments using FTIR. There is a general tendency for
CD3CN species to coordinate to Lewis acid sites with higher
acid strengths, giving a larger Δv(CN) value26 (the band shift of
adsorbed CD3CN with respect to gas phase CD3CN
(2265 cm−1)). Fig. 6 shows a plot of the reaction rate as a func-
tion of Δv(CN) on various metal oxides. Metal oxides with Δv
(CN) values of nearly zero show significantly low activity, indi-
cating that Lewis acid sites are required to catalyze the transami-
dation. Among a wide range of Lewis acidic metal oxides, the
reaction rate increases with a decrease in Δv(CN), which
suggests that lower Lewis acid strength is desirable for this
system.

The base strengths of the metal oxides were estimated by their
binding energy of the O1s electron in the oxides using XPS

Fig. 3 IR spectra of n-butylamine adsorbed on CeO2 and SiO2 at
30 °C in the regions of (a) N–H bending (b) N–H stretching.

Fig. 4 Brown–Okamoto plot for the transamidation of p-substituted
benzamide with n-octylamine by CeO2. Conditions: amide (2.5 mmol),
n-octylamine (5.0 mmol), CeO2 (25 mg), T = 160 °C.

Fig. 5 The reaction rate of transamidation of picolinamide with n-octy-
lamine as a function of the number of methoxy species on CeO2 (●:
JRC-CEO3, ○: Rhodia). The values in the graph are calcination temp-
eratures (°C).

Fig. 6 Reaction rate of transamidation of 2-picolinamide with n-octyla-
mine as a function of the IR band shift Δv(CN) of CD3CN.

722 | Green Chem., 2012, 14, 717–724 This journal is © The Royal Society of Chemistry 2012
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analysis. It is established that the O1s binding energy of metal
oxides decreases with an increase in the electron density of the
oxygen in the metal oxide, or in other words, basicity of the
metal oxide surface.27 Fig. 7 shows the reaction rate as a function
of the O1s binding energy of metal oxides. Note that the position
of the main peak was adopted when several peaks were
observed. It is clear that the reaction rate decreases with an
increase in the O1s binding energy (lower base strength) except
for MgO. As shown in Fig. 6, the low activity of MgO should
originate from the absence of Lewis acidity. Therefore, it can be
concluded that both weak Lewis acid sites and strong basic sites
of metal oxides are indispensable for the transamidation reaction.

Based on the above discussions, a possible reaction mechan-
ism of transamidation by CeO2 is shown in Scheme 3. The cata-
lytic cycle starts with the activation of the amide by Lewis acid
sites and N–H activation of amine by acid–base pair sites
(step 1). The adsorbed amide species undergoes an addition of

the activated amine to the primary amide carbon atom to give
the N-alkyl amide via a negatively charged transition state
(step 2). Finally, N-alkyl amide is desorbed to reproduce the
acid–base site of CeO2 (step 3). The coexistence of weak Lewis
acid sites and adjacent strong basic sites is preferable to activate
both a basic substrate and an acidic substrate. This bifunctinal
concept may be applicable to the design of new CeO2-catalyzed
organic reactions.

Conclusion

We have demonstrated that CeO2 acts as an effective hetero-
geneous catalyst for the transamidation reaction of amides with
amines. This novel catalysis provides a clean, convenient and
practical route for the direct N-alkyl amide synthesis in view of
the following advantages: (1) The reaction proceeds smoothly
and effectively under solventless conditions. (2) The catalyst is
readily available, cheap, stable, reusable and a non-polluting
solid that offers easy handling and ready work-up. (3) The
present method is applicable in the synthesis of various N-alkyl
amides, including useful aliphatic and heteroaromatic amides, in
high yields. From spectroscopic and kinetic studies, it can be
concluded that the cooperation of weak Lewis acid sites and
adjacent strong base sites play important roles in the transamida-
tion reaction. This bifunctional catalysis of CeO2 may be applied
to develop new catalytic systems for green organic synthesis.
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