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imental and computational study
of Al2O3 catalyzed transamidation of secondary
amides with amines†

Md Ayub Ali, *a Ashutosh Nath, b Md Midul Islam,a Sharmin Binte Shaheed a

and Ifat Nur Dibbo a

Amides are the most extensively used substances in both synthetic organic and bioorganic chemistry.

Unfortunately, the traditional synthesis of amides suffers from some important drawbacks, including low

atom efficiency, high catalyst loading, separation of products from the reaction mixture and production

of byproducts. Al2O3 is an amphoteric catalyst that activates the carbonyl carbon of the secondary amide

group and helps the C–N cleavage of the reactant amide group by attacking the N–H hydrogen. By

using the concepts of amphoteric properties of Al2O3, amides were synthesized from secondary amides

and amines in the presence of triethylamine solvent. Several aliphatic and aromatic amines were used for

the transamidation of N-methylbenzamide in the presence of the Al2O3 catalyst. Moreover, using the

Gaussian09 software at the DFT level, HUMO, LUMO and the intrinsic reaction coordinates (IRCs) have

also been calculated to find out the transition state of the reaction and energy. In this study, five

successful compounds were synthesized by the transamidation of secondary amides with amines using

a reusable Al2O3 catalyst. The catalyst was reused several times with no significant loss in its catalytic

activity. The products were purified by recrystallization and column chromatography techniques. This

catalytic method is effective for the simultaneous activation of the carbonyl group and N–H bond by

using the Al2O3 catalyst.
Introduction

The amide bond is an inevitable ingredient of synthetic and
biological polymers1,2 and is a signicant functional group in
organic chemistry, particularly in synthetic organic chemistry.
Amidation reactions are the most accomplished chemical
processes in the pharmaceutical industry and drug discovery
activities.3–6 The world's leading pharmaceutical companies
GSK, AstraZeneca and Pzer conducted a small survey of 128
drug candidate molecules, and from which, they found that
around 10% of the reactions used in their synthesis involved an
amide bond formation reaction.7–9

A consecutive scheme for the synthesis of amides has
emerged on amides and the coupling of activated carboxylic
acid derivatives.10,11 However, there are boundaries such as the
lability of the activated acid derivatives and exhausting proce-
dures.12 Also, a greener procedure for direct amide bond
formation has been investigated.13,14 Therefore, the ACS Green
iversity of Engineering and Technology,
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mation (ESI) available. See

the Royal Society of Chemistry
Chemistry Institute has evaluated the amide bond formation
with well atom economy as one of the biggest challenges for
organic chemists.15,16 The most successful example of direct
amide synthesis is the coupling of carboxylic acids with amines
ourished by boric acids.17,18 Another example is metal-free
transamidation by direct nucleophilic addition to the amide
bond.19,20 Amide bond formation21 via unconventional methods
has been reviewed, and some substitutes were obtainable to
carry out acylation on nitrogen.22 For straight amidation,23 at
present, most researchers are focusing on heterogeneous24

catalysis from carboxylic acids25 with amines. Most of them pass
through from low activity, low selectivity, or narrow scope.26

Examples of transamidation reaction is occasional, and it's
application is nite in organic synthesis, and mostly used in
intermolecular reactions.27 However, the trouble with the pres-
ence of an acidic N–H bond in amides causes this reaction to
grow from the intrinsic strength of the amide C–N bond
together.28 Transamidation usually focuses on harsh conditions
(>250 �C), long reaction times or stoichiometric reagents to
cleave the chemically jolly amide bond.29

For more observations on transamidation, some reported
methods used density functional theory (DFT)30,31 calculations.
Moreover, the use of computational investigations gave more
information on these routes of transamidation and insights
into the reaction mechanism.
RSC Adv., 2022, 12, 11255–11261 | 11255
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Table 1 Optimize structure of synthesized amides compound 1–5
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Enlightened by these prior studies, in this study, we have
demonstrated a novel and sustainable method for the trans-
amidation of secondary amides with amines using Al2O3 as
a reusable, inexpensive, and commercially available heteroge-
neous catalyst with tolerance to the co-presence of base mole-
cules and performed the computational study for probable
transition states and reaction mechanism.
Entry Amine Product Yielda (%)

1 82

2 85

3 76

4 86
Result and discussions
Synthesis of N,N-octyl benzamide

In this study, amides were synthesized via transamidation
reaction with secondary amides and amines in the presence of
a heterogeneous catalyst. Typically, in an amide to amine ratio
of 1 : 1, 4 mL triethylamine and 50 mg of Al2O3 were added to
a reaction vessel (RB ask). The reaction mixtures were heated
on a hot plate at 100 �C in a sand bath and stirred at 300 rpm.
Upon the completion of the reaction, 2-propanol (4 mL) was
added to the mixture, and then, the Al2O3 catalyst was separated
from the reaction mixtures by centrifugation. The pure amide
products compound 1–5 (Scheme 1, Table 1, and Schemes S1–
S5†) were conrmed by TLC. The as-synthesized pure amide
products were identied by FT-IR spectroscopy, 1H-NMR, and
13C-NMR.
5 84

a Condition: amide: amine (1 : 1 equiv.), 100 �C, Et3N solvent and Al2O3
catalyst.
Synthesis of N-phenyl benzamide 1

Molecular weight: 197 g mol�1; molecular formula: C13NOH11;
solubility: soluble in chloroform; FT-IR (y KBr): 3347, 3055,
1659, 1536, 1439, 1659, 1075 cm�1; 1H-NMR (400 MHz, CDCl3):
d 8.02 (br s, 1H, –NH), 7.088 (m, 2H), 7.67 (m, 2H), 7.48 (t, 1H),
7.38 (t, 2H), 7.27 (m, 2H), 7.17 (t, 1H); 13C-NMR (100 MHz,
CDCl3): d 165.895 (1C, C]O), 137.969 (1C), 135.010 (1C),
131.844 (1C), 129.100–129.438 (2C), 128.783–129.074 (2C),
127.080 (2C), 124.550 (1C), 120.30 (2C). Calc. mass: 197; GC-152
MS (CDCl3): m/z 197, 105 (base peak), 77, 65, 51.
Synthesis of N-(o-methyl) phenyl benzamide 2

Molecular weight: 212 g mol�1; molecular formula: C14NOH14;
solubility: soluble in chloroform; FT-IR (y KBr): 3227, 3060,
1645, 1592, 1434, 1294, 1074 cm�1; 1H-NMR (400 MHz, CDCl3):
d 8.067 (br s, 1H, –NH), 7.86–7.88 (m, 2H), 7.53–7.56 (t, 2H),
7.44–7.47 (t, 3H), 7.23–7.28 (m, 2H), 6.69–6.99 (m, 1H), 2.36 (s,
3H); 13C-NMR (100 MHz, CDCl3): d 165.924 (1C, C]O), 138.989
(1C), 137.913 (1C), 131.764 (1C), 129.391 (1C), 128.86 (1C),
128.729 (2C), 125.401 (1C), 127.092 (2C), 121.031 (1C), 117.462
(1C), 21.51 (1C). Calc. mass: 211; GC-152 MS (CDCl3): m/z 211,
105 (base peak), 77, 51.
Scheme 1 Synthesis of amide derivatives 1–5.

11256 | RSC Adv., 2022, 12, 11255–11261
Synthesis of N-n-octyl benzamide 3

Molecular weight: 233 g mol�1; molecular formula: C15NOH23;
solubility: soluble in chloroform; FT-IR (y KBr): 3360, 3058,
1653, 1549, 1493, 1447, 1076 cm�1; 1H-NMR (400 MHz, CDCl3):
d 6.368 (br s, 1H, –NH), 7.77–7.78 (m, 2H), 7.47–7.51 (t, 1H),
7.40–7.44 (t, 2H), 3.42–3.47 (m, 2H), 2.362–2.398 (m, 2H), 1.58–
1.65 (m, 2H), 1.28–1.34 (m, 8H), 0.87–0.91 (t, 3H); 13C-NMR (100
MHz, CDCl3): d 167.626 (1C, C]O), 134.811 (1C), 131.313 (1C),
128.525 (1C), 126.889 (1C), 40.181 (1C), 31.806 (1C), 29.675 (1C),
29.225 (1C), 29.308 (1C), 27.029 (1C), 14.097 (1C). Calc. mass:
233; GC-152 MS (CDCl3):m/z 233, 105 (base peak), 205, 190, 176,
162, 148, 124, 122, 77.
Synthesis of N-(m-methyl) phenyl benzamide 4

Molecular weight: 212 g mol�1; molecular formula: C14NOH14;
solubility: soluble in chloroform; FT-IR (y KBr): 3240, 3030,
2829, 1651, 1603, 1526, 1440 cm�1; 1H-NMR (400 MHz, CDCl3):
d 7.722 (br s, 1H, –NH), 7.962–7.982 (m, 1H), 7.907–7.925 (m,
1H), 7.576–7.612 (t, 1H), 7.50–7.54 (m, 3H), 7.24–7.27 (m, 1H),
7.13 (m, 1H), 2.36 (s, 3H); 13C-NMR (100 MHz, CDCl3): d 165.683
(1C, C]O), 135.789 (1C), 135.039 (1C), 131.885 (1C), 130.591
(1C), 129.244 (1C), 128.873–128.918 (2C), 127.074 (1C), 126.947
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Catalyst screening for the model reaction
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(1C), 125.399 (1C), 123.139 (1C), 17.860 (1C). Calc. mass: 211;
GC-152 MS (CDCl3): m/z 211, 105 (base peak), 77, 51.
Entry Catalyst Yields (%)

01 — 0
02 SnO2 5
03 Cu2O 3
04 Al2O3 76
05 Nb2O5 8
06 CeO2 10
07 TiO2 6
Synthesis of N-benzyl benzamide 5

Molecular weight: 212 g mol�1; molecular formula: C14NOH13;
solubility: soluble in chloroform; FT-IR (y KBr): 3329, 3056,
2940, 1639, 1578, 1555, 1492 cm�1; 1H-NMR (400 MHz, CDCl3):
d 9.270 (br s, 1H, –NH), 5.150 (s, 1H), 4.460 (s, 1H), 6.825–6.834
(m, 2H), 7.396–7.404 (m, 2H), 7.185–7.283 (m, 1H), 8.001–8.183
(m, 2H), 7.597–7.641 (m, 2H), 7.826–7.844 (m, 1H). 13C-NMR
(100 MHz, CDCl3): Calc. mass: 211; GC-152 MS (CDCl3):m/z 211.
Catalyst screening

The “model reaction” was checked if it was catalytic or not. For
this purpose, we have set a reaction condition, where the cata-
lyst was not used and all the parameters remained the same.
Under such conditions, the reaction does not give any products.
Therefore, it was clear that the reaction was catalytic. Catalysts
for the model reaction of N-methyl benzamide with n-octyl-
amine at 100 �C under reux conditions for 30 h were screened.
The model reaction (Scheme 2, Table 2, and Fig. S1†) summa-
rizes the yield of the corresponding amide for various hetero-
geneous catalysts. We screened 6 types of metal oxides. Among
these catalysts, Al2O3 shows the highest catalytic activity and
obtained 76% yield. In the reaction, methylamine produced is
volatile and leaves the reaction immediately, which explains
why the reaction is not reversible.
Solvent screening

In solvent screening, ve solvents were used in the model
reaction of N-methyl benzamide with n-octylamine. Among
these, triethylamine was a suitable solvent for amide synthesis.
Interestingly, it was found that aluminium oxide showed the
highest catalytic activity when triethylamine was used as
a solvent. It was also observed that without solvent, no reaction
occurred. The model reaction (Scheme 2, Table 3, and Fig. S2†)
shows the result of the solvent screening.
Table 3 Solvent screening for model reaction
Reusability of Al2O3

We checked the reusability of the Al2O3 catalyst for the reaction
of N-methyl benzamide with n-octylamine aer the completion
of the reaction, whereby the catalyst was separated from the
mixture by centrifugation, followed by washing with acetone
and drying at 100 �C for 3 h. The recovered Al2O3 catalyst was
reused for three cycles without a marked loss of its catalytic
activity, but aer three cycles, the product of this reaction
decreased remarkably (Table S3 and Fig. S3†).
Scheme 2 Model reaction.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Al2O3-Catalyzed transamidation of secondary amides

Usually, amidation and transamidation proceed through the
activation of the carbonyl group by using Lewis acid catalysts,
where Lewis acid sites of the catalyst interact with carbonyl
oxygen and increase the electrophilicity of the carbonyl carbon.
However, in this case, secondary amides were more inactive due
to higher electron density on the nitrogen in the amide func-
tional group. Therefore, the simultaneous activation of the
carbonyl oxygen and N–H proton were required to proceed with
this reaction. Since Al2O3 is amphoteric in nature, it was used as
a catalyst for the transamidation of secondary amides with
amines. In this reaction, the Lewis acid site Al3+ activated the
carbonyl oxygen, and the O2� site interacted with N–H proton
simultaneously. Moreover, the basic solvent triethylamine
enhanced the reaction by activating N–H proton (Table 4 and
Fig. 3).
Characterization of Al2O3

Powder X-ray diffraction (XRD) analysis. The X-ray powder
diffraction (XRD) of freshly calcined Al2O3 and reused Al2O3 was
performed at 0�–90� at an angle of 2q (Fig. 1). The results of the
XRD data reect the g-Al2O3 pattern. The pattern is similar for
both the freshly calcined Al2O3 and reused Al2O3. The peaks
observed in XRD can be indexed to the (111), (220), (311), (222),
(400), (511) and (440) reections of g-Al2O3 according to the
JCPDS card: 100425.32

Fourier transform infrared spectroscopy (FT-IR) analysis.
Fourier transform infrared (FTIR) spectroscopy was also per-
formed for both of freshly calcined Al2O3 and reused Al2O3

(Fig. 2). The FTIR patterns showed a broad band at 3400–
3600 cm�1, which is characteristic of the stretching vibrations
of –OH that is bonded to Al3+, and another band at 1620–
1650 cm�1 corresponding to physisorbed water are observed. A
slightly wide peak (hub) at 1100 cm�1 is responsible for Al–O in
Entry Solvent Yields (%)

01 No solvent 0
02 O-Xylene 9
03 Benzene 5
04 Triethylamine 76
05 Toluene 7

RSC Adv., 2022, 12, 11255–11261 | 11257
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Table 4 Optimization energy of Al2O3

Al2O3 (method: RB3LYP, basis set: 6-31G(d,p)

Electronic energy �710.599253 Hartree
Polarizability 53.599723 a.u.
Dipole moment 0.002013 Debye

Fig. 1 XRD of freshly calcined and used Al2O3.

Fig. 2 FT-IR of freshly calcined Al2O3 and used Al2O3.

Fig. 3 Al2O3 Mulliken charge distribution.

Fig. 4 Calculated free energy profile (Hartree) for the synthesis of N-
phenyl benzamide 1 using Al2O3.
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View Article Online
g-Al2O3. The bands appear near �2800 cm�1 are ascribed to
organic compounds, whichmight have been deposited from the
reaction mixture. Due to this reason, the percentage yield of the
product slightly decreases during the re-usability test.

Computational investigations

Studies of AI2O3-catalyzed transamidation. In order to eval-
uate the energies that raised in intermediates of the reaction, we
used density functional theory (DFT) calculations as well as the
reaction coordinates for the Al-catalyzed transamidation of
secondary amides. The initial relative free energies of the
11258 | RSC Adv., 2022, 12, 11255–11261
reactants and solvents are 0, 265.853, and �270.35 for amides,
solvents (Et3N) and catalyst (Al2O3), respectively. The calculated
relative free energies of the Al-complex (TS1) was �997.844
(Hartee) with amides and solvent. Aer adding amines to the Al-
complex (TS2), the energy of the relative transition state was
found to be �1163.35 Hartee. Finally, the energy dropped to
�191.786 Hartee aer releasing the product (compound 2). A
simplied transamidation model system, consisting of TS1 and
TS2 as transition states was used to probe the reaction prole
for the Al-catalyzed transamidation of tertiary amides, as shown
in Fig. 4. The difference between relative energies of the reac-
tant and product was reasonable in light of our observation,
indicating that the substrate structure can have a signicant
inuence on the rate of transamidation.

Studies of Nb2O5-catalyzed transamidation. In most of the
cases, the C]O activation occurred when Nb2O5 catalyst was
used. However, in our research, we did not obtain any good
results when using the Nb2O5 catalyst. To investigate why this
base tolerant catalyst was not effective for this transamidation
reaction, we used density functional theory (DFT) calculations
as well as the reaction coordinates for the Nb2O5-catalyzed
transamidation of secondary amides. Initial relative free ener-
gies of reactants and solvent were 0, 265.853, and �770.35 for
amides, solvents (Et3N) and the catalyst (Nb2O5), respectively.
The calculated relative free energies of Al-complex (TS1) was
439.95 (Hartree) with amide solvents. Aer adding amines to
the Al-complex (TS2), the energy of the relative transition state
was found at �8411.70 Hartree. Finally, there was a drop to
�191.786 Hartree aer releasing the product (compound 2) in
Fig. 5. Therefore, if we consider the transition state with Nb2O5,
the energy is less than the reactant molecules, which is not
possible for a reaction. This possibly occurred due to the non-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Calculated free energy profile (Hartree) for the synthesis of N-
phenyl benzamide 1 using Nb2O5.

Scheme 3 Proposed mechanism for Al2O3 catalyzed transamidation.
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interaction of reactants with the catalyst. This evidence is also
found in the intrinsic reaction coordinate (IRC) calculations.
Reaction mechanism

To investigate the reaction mechanism of the Al2O3-catalyzed
transamidation, we studied DFT calculations. A simple catalytic
phase correlative with its data is shown below in Scheme 3. At
the rst step (I), Al2O3, amides and solvent (Et3N) make
a complex. The amides C]O p electron participate in the Al–O
bond formation. Thus, the amines N attack on the carbonyl
carbon of amides. Following this complex, amides C–N bond
cleavage and formation of a new N–C bond occur. Finally,
amines are removed and new amides are formed.
Efficiency of the Al2O3/Et3N system

In this transamidation reaction, the solvent (Et3N) plays
a signicant role. From the DFT calculations, we found that the
solvent's N HOMO and amide's N–H LUMO energy gap (DE ¼
0.035) was less than the amide's C]O LUMO and solvent's N
HOMO energy gap (DE ¼ 0.173), as shown in Fig. 6. For this
reason, the solvent's N makes an intermediate bond with the
amide's N–H. Therefore, the use of Et3N was an important part
of the research. Lone pair of electrons on the nitrogen of the
solvent interacts with the proton of amide that helps to remove
a proton from amide, and this helps to cleave to the C–N bond
of amide.
Fig. 6 HOMO–LUMO energy calculation of solvents and amides.
IRC calculation of reaction when Al2O3 is used as the catalyst

The IRC calculations were performed. This calculations helped
us to verify that the correct transition state was used for the
reaction when examining the structures that were downhill
from the saddle point.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 7 is the graph of the total energy vs. intrinsic reaction
coordinate of the reaction between N-methylbenzamide with
aniline, where alumina is used as the catalyst. This graph is very
similar to the reference graph of any reaction with a transition
state where reactants have lower energy that gradually
increases, and the transition state with higher energy gradually
decreases to form the product. We also examined the structures
that were downhill from the saddle point. These structures
supported our proposed mechanism when alumina was used as
the catalyst.
IRC calculation of the reaction when Nb2O5 used as the
catalyst

Fig. 8 is the graph of the total energy vs. intrinsic reaction
coordinate of the reaction between N-methyl benzamide with
aniline, where niobium pentoxide was used as the catalyst. This
graph is not similar to the reference graph of any reaction with
RSC Adv., 2022, 12, 11255–11261 | 11259
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Fig. 7 IRC calculation for Al2O3 used as the catalyst for compound 1.

Fig. 8 IRC calculation: Nb2O5 used as the catalyst for compound 1.
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a transition state. It can be concluded from this IRC calculation
that this reaction is very difficult to proceed with the niobium
pentoxide catalyst. We also examined the structures when
Nb2O5 was used as the catalyst. All the structures are given
below for every point.
Experimental
Computational methods

For the density functional theory (DFT) calculations, the
Gaussian 16 program31 and Becke3LYP functional33 were per-
formed. The nal total energies were obtained with the 6-
311+G(d,p) on all atoms. The nature of all stationary points was
conrmed by performing frequency analyses. Subsequent
Fig. 9 Calcination of Al2O3.

11260 | RSC Adv., 2022, 12, 11255–11261
intrinsic reaction coordinate (IRC) and transition states (TS)
calculations were performed to demonstrate their connection to
the adjacent ground states.

Synthesis methods

Melting points were determined using open capillary tubes on
an Gallenkamp (England) melting point apparatus and were
uncorrected. IR spectra were recorded on a Shimadzu FTIR
spectrophotometer. 1H NMR and 13C NMR spectra were recor-
ded on a Bruker DPX-400 spectrophotometer (400 MHz) using
tetramethylsilane as the internal reference. Analytical thin-layer
chromatography (TLC) was performed on precoated silica gel 60
F-254 (E. Merck), and column chromatography was performed
on silica gel (60–120 mesh). Bis(triphenylphosphine) palladiu-
m(II) chloride and other reagents were purchased from E. Merck
(Germany) and Fluka (Switzerland).

Calcination of catalyst

The methodology was arranged by connecting two parts: rst,
calcination34 of the catalyst, and second, use of the calcinated
catalyst for the synthesis of amides via transamidation reaction.
All purchased catalysts were stored at room temperature. For
the catalyst preparation, we used the calcination method. The
catalyst was burned at a high temperature tomake it suitable for
use in the reaction and this burning process is called calcina-
tion. The catalyst shows different properties at different
temperatures. The activity of the catalyst depends on various
characteristics such as phase, surface area, porosity, and
particle size. All these properties of the catalyst are dependent
on the calcination temperature. Alumina shows a high surface
area in the gamma phase35 when calcined at 500 �C. Commer-
cially available Al2O3 was calcined to remove water and other
possible organic impurities. In this method, 5 g aluminium
oxide was placed in a crucible that was kept in a furnace and
calcined at 500 �C for 3 h. Aer completing calcination, Al2O3

was used in the transamidation for amide synthesis in Fig. 9.
The other catalysts, such as TiO2, Nb2O5, SnO2, and Cu2O, were
also prepared via the same method by calcination at 500 �C for
3 h.

Conclusions

In conclusion, the present study showed the new heterogeneous
catalytic method for the transamidation of secondary amides
with amines using commercially available, inexpensive and
non-pollutant Al2O3. This method provides a general and
practical route for the synthesis of desired amide products by
the transamidation of secondary amides. DFT calculations
reveal that the Al2O3 catalyst forms a complex with reactant
molecules in the presence of a solvent. The data for the intrinsic
reaction coordinate showed the actual transition state with
Al2O3 rather than Nb2O5. A comparison study with more
expensive Nb2O5 was performed because of its high applica-
bility for amidation reaction and base tolerant properties. Our
developed method is also tolerant to base because it shows
higher activity in the presence of trimethylamine solvents,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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which are highly basic. This general catalytic method might
replace the existing method for the synthesis of targeted drugs
with amide functionality.
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