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Abstract

The amide linkage is a backbone of many organic molecules such as peptides, natural products, pharmaceutical agents,
ligands and catalysts. Green synthesis of amides is a major challenge in the context of sustainable development. Here we
designed transamidation catalysed by graphene oxide under concentrated solar radiation of various aromatic, aliphatic amides
with amines under solvent-free conditions, in 52-98% yield. During the reaction, oxygenated groups such as carboxyl,
hydroxyl, carbonyl and epoxy provide acidity to the graphene oxide catalyst. Concentrated solar irradiation is more efficient
than conventional methods in terms of reaction time and energy consumption, with about 90% energy saved.

Keywords Metal-free carbocatalyst - Concentrated solar radiation - Energy efficient - Graphene oxide - Transamidation -
Carboxamide - Phthalimide - Amine - Solid acid catalyst - Solvent-free reaction conditions

Introduction

Recently green chemistry has received considerable atten-
tion and its fruitful applications have led us to the develop-
ment of environment-friendly and sustainable approaches
for the synthesis of several target molecules. (Mekheimer
et al. 2008) For several chemical transformations, the con-
sumption of energy for heating is a major adverse effect on
the environment. To overcome the problems associated with
this, it is important to develop energy-efficient methods that
use different sources to facilitate faster chemical transforma-
tions. (Ali and Khan 2017) In this context, the use of a non-
conventional energy source like solar radiations for heating
the reaction mixture can control the direct conversion of
electricity into heat, (Weinstein et al. 2015) thus reducing
the total energy consumption, allowing concentrated solar
radiation catalysed organic reactions as a fast-growing area
in the field of organic synthesis. (Tan et al. 2012)
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Concentrated solar radiation causes a large reduction in
reaction times, providing high to excellent yields, cheaper
and available freely worldwide, which are complementary
to green chemistry. Solar radiation has been used for many
photochemical transformations like cycloadditions, (Gilbert
and Heath 1987) Paterno-Buchi reaction, (Pohlmann et al.
1997) Diels—Alder reactions, (Amin et al. 2015) benzylic
bromination, (Deshpande et al. 2015), oxidation of benzyl
alcohols using task-specific ionic liquids, (Gadilohar et al.
2016), synthesis of Polyhydroquinolines via Hantzsch syn-
thesis, (Mekheimer et al. 2008) and one-pot syntheses of
2,4,6-triaryl pyridine derivatives, (Kamble and Shankarling
2018) synthesis of symmetrical N, N'-disubstituted thiourea
derivatives in water (Kumavat et al. 2013) using solar ther-
mal energy and synthesis of pyrano[2,3-b]pyridine deriva-
tives using the microwave or solar energy (Abdel Hameed
2018). Thus, concentrated solar radiation can be efficiently
applied as an energy source for a heating number of chemi-
cal reactions that proceed at higher temperatures (> 60 °C)
to attain required temperatures.

The amide bond is one of the most important functional
groups in organic transformations, as it signifies the basic
unit of all-natural peptides and protein linkage. (De Figue-
iredo et al. 2016) For the synthesis of a variety of natural
products, bioactive polymers, and drug moieties; amides
are proficient precursors. (Sabatini et al. 2017) Various syn-
thetic procedures to access amides are well-documented in
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the literature, including the reactions of carboxylic acids
(Lixue et al. 2017) and their derivatives (acid chlorides,
Vaddula et al. 2013 alcohols, Xu et al. 2016) aldehydes,
Kumari et al. 2014) esters, Gustafsson et al. 2008 and acid
anhydrides, Upadhyay et al. 2010) with amines. A straight-
forward approach that reduces or eliminates the need for
stoichiometric reagents for amidation is always desirable.
Alternatively, transamidation has proved as an alternative
and straightforward strategy to achieve amidation via the
exchange of the constituents of two different amide groups.
In this realm, several protocols involving metal catalyst
such as Fe(NO;);.9H,0, (Becerra-Figueroa et al. 2014)
Cu(OAc),, (Zhang et al. 2012) Cp,ZrCl,, (Atkinson et al.
2012) and metal-free catalysts such as K,S,0q, hypervalent
iodine,(Vanjari et al. 2013) have been screened by many
researchers under varied reaction conditions such as conven-
tional heating, microwave-assisted reactions to achieve the
desired transformation. Important to be mentioned that many
of these methods require the use of harmful catalysts and
large quantities of organic solvents. Lower energy efficiency
is also one of the major shortcomings of such processes.

In this context, it is important to develop a metal-free,
environmental-friendly, atom-economical, and green pro-
tocol for transamidation. Recently, great attention has
been given to the development of carbocatalyst namely
graphene, which is metal-free, green, and sustainable
(Dreyer et al. 2010; Navalon et al. 2014; Mahajan and
Gupta 2020). Graphene (the two-dimensional allotrope of

Table 1 Organic transformations catalysed by concentrated solar radiation

carbon) (Jilani et al. 2018) and graphene oxide, have been
fruitfully investigated for several organic transformations
(Ohammadi and Golestanzadeh 2017). Graphene oxide has
attracted much attention in the field of catalysis, due to its
outstanding physical, chemical, and electrical character-
istics and exceptionally high surface area (Dreyer et al.
2014; Cheng et al. 2015). The presence of oxygenated
functionalities present on the surface imparts oxidizing
properties and acidity (pH 4.5 at 1 mg/mL of water) to
Graphene oxide (Szabd et al. 2006). These unique charac-
teristics make the graphene oxide a promising carbocata-
lyst in synthetic organic chemistry (Table 1).

Previously reported methods for transamidation involve
the usage of metal-based catalysts, oxidants, require high
temperature and longer reaction time (Table 2 entries 1-7),
Though microwave heating requires less reaction time pro-
viding higher yields but have certain limitations for large
scale synthesis. Therefore, concentrated solar radiation for
the transamidation (Table 2 entry 8) is more advantageous
over other previously reported methods due to its cost-
effectiveness; energy efficient, and environmental-friendly
nature.

Here we present a green, energy-efficient and straight-
forward protocol to obtain diversely functionalized amides
via transamidation employing graphene oxide as a catalyst
under concentrated solar radiations in solvent-free reaction
conditions (Fig. 1).

Sr. No Reactions Method used References

1 Cycloadditions Photochemical Gilbert and Heath (1987)

2 Paterno-Buchi reaction Photochemical Pohlmann et al. (1997)

3 Diels-Alder reactions Photochemical Amin et al. (2015)

4 Benzylic bromination Photochemical Deshpande et al. (2015)

5 Oxidation of benzyl alcohols using task-specific ionic liquids Thermal Gadilohar et al. (2016)

6 Synthesis of polyhydroquinolines via hantzsch synthesis Thermal Mekheimer et al. (2008)

7 One-pot syntheses of 2,4,6-triaryl pyridine derivatives Thermal Kamble and Shankarling (2018)
Table 2 Comparison of transamidation using different methods with our method

Entry Catalyst/reagent Method/solvent Time Yield (%) References

1 Fe(NO3);.9H,0 Thermal (110 °C)/Toluene 38 h 66 Becerra-Figueroa et al. (2014)
2 Cu(OAc), Thermal (140 °C)/Tert-amyl alcohol 16 h 78 Zhang et al. (2012)

3 Cp,ZrCl, Thermal (80 °C)/anhydrous cyclohexane 8h 84 Atkinson et al. (2012)

4 Chitosan Thermal (150 °C) 36 h 94 Ao et al. (2014)

5 K,S,04 Microwave heating (100 °C) 10 min 95 Srinivas et al. (2015)

6 Hypervalent iodine (III) Microwave heating (130 °C) 20 min 53 Vanjari et al. (2013)

7 Graphene oxide Thermal (130 °C) 20 h 97 Patel et al. (2019)

8 Graphene oxide (GO) Concentrated solar radiation (90-100 °C) 120 min 98 This work
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Fig. 1 Graphene oxide catalysed transamidation under concentrated
solar radiation condition

Experimental section

Graphene oxide catalysed transamidation
by concentrated solar radiation method

All the reactions were carried out in Matunga, Mumbai,
India (19° 01'18" N 72° 51'53" E/19.021632° N) under
concentrated solar radiation. Carboxamide/Phthalim-
ide (1 mmol), aliphatic/aromatic amine (1.2 mmol), and
graphene oxide (20 wt%) were charged in a sealed tube
(25 mL) at room temperature. The reaction mixture was
stirred under concentrated solar radiation, maintaining the
temperature in the range of 90—100 °C. After the reaction
gets completed (monitored by thin-layer chromatography),

Table 3 Optimization of reaction conditions®

[o}

1a 2a

the reaction mixture was cooled to room temperature and
then dissolve in ethyl acetate (10 mL). The graphene oxide
was removed from the reaction mass by filtration and reac-
tion mass was then concentrated under vacuum to obtain
the purified product directly. In some cases, the crude
reaction mass was subjected to column chromatography
to obtain a purified product (solvent system- Hexane: Ethyl
acetate).

Results and discussion
Optimization of reaction parameters

To access the synthetic utility of graphene oxide for
transamidation, Initially, benzamide (1a) and benzylamine
(2a) were chosen as a model substrate (Table 3). The reac-
tion was performed under conventional thermal heating at
130 °C for 20 h affording 97% yield of N-benzyl benza-
mide. (Table 2, entry 7). (Patel et al. 2019) Additionally, in
search of energy-efficient protocol, we carried out reaction
using concentrated solar radiation where it was completed
within 2 h at 90-100 °C yielding 98% of product as concen-
trated solar radiation as an energy source is known to have
a great impact on reducing time and temperature. (Table 3,
entry 8). When Graphene oxide was absent, only 17% yield
of product 3a was obtained (Table 3, entry 1). When the

Graphene

(o]
N H. _H
O O S
* H
3a

Entry Catalyst (wt%) Solvent Concentrated solar radiationConcen-
trated solar radiation
Time (h) Yield® (%)

1 - - 4 17

2 Graphene oxide (5) - 4 85

3 Graphene oxide (10) - 4 91

4 Graphene oxide (15) - 4 95

5 Graphene Oxide (20) - 2 98

6 Graphene oxide (25) - 2 98

7 Graphene oxide (20) N,N-dimethyl formamide 4 10

8 Graphene oxide (20) Dimethyl sulphoxide 4 12

9 Graphene oxide (20) Water 4 NR

10 Graphene oxide (20) Acetonitrile 4 NR

11 Graphene oxide (20) Toluene 4 NR

#Reaction conditions: benzamide 1a (1 mmol), benzylamine 2a (1.2 mmol), Temp: 90-100 °C; solvent (2 ml)

®Isolated yield, NR no reaction
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catalyst loading was increased to 5 wt% of 1a, the yield of
3a increased to 85% (Table 3, entry 2). Furthermore, we
increased the catalyst loading to 15 wt%, 20 wt% and the
product 3a was obtained with 91%, 95%, 98%, respectively
(Table 3, entries 2—6). Further increase in the catalyst load-
ing (25 wt%) does not improve the product yield or reduced
reaction time. Moreover, different solvents were tried out to
study the effect of solvents. In N, N-dimethyl formamide,
the reaction gave the product yield of 10% (Table 3, entry
7), while in dimethyl sulphoxide the yield of product 3a
was found to be 12% (Table 3, entry 8). For the reactions in
other solvents such as Water, Acetonitrile, and Toluene the
product 3a was not detected by TLC (Table 3, entries 9-11)

The time required for amide synthesis via transamidation
using the conventional method was 20 h while concentrated
solar radiation required only 2 h for completion of the reac-
tion. The solar radiations contain Infra-red radiations which
are responsible for the molecules to vibrate and rotate. The
molecular species are heated only because of this vibra-
tional and rotational motion. Concentrated solar radiation
provides Infra-red radiation bombarded on the molecules
which result in the radiation energy transformed into the
heat energy with high efficiency, due to which at the normal
pressure the superheating becomes possible. Due to hot spot
bombardment in the reaction mass, the molecules vibrate
and rotate faster which results in reaction become faster. The
interaction between the reactant enhanced due to the colli-
sions formed by the vibrations and rotation by concentrated
solar radiation. This is the possible cause behind enhanc-
ing the rate of reaction. Concentrated solar radiation car-
ries UV-Visible radiations along with Infra-red radiations
which give synergetic effect for faster reaction (Ghorpade
et al. 2015).

Further, we carried out the reaction at RT under visible
light emitted from fluorescence lamp (60 W) but no product
formation was seen even after keeping for long reaction time
(48 h). This confirmed the reaction proceeds via thermal and
not a photochemical transformation.

Derivative study

With optimized reaction conditions, we further examined
the applicability of graphene oxide-catalysed transamida-
tion of primary aromatic, heteroaromatic, and aliphatic
amides with various aliphatic, aromatic amines as shown in
Electronic Supporting Information, Table S1. All the reac-
tions offered excellent yields of the respected products. It
is observed that the aliphatic amides are more reactive than
aromatic amides, however, all amines (aliphatic, aromatic,
cyclic) worked effectively under these reaction conditions.
For comparison, all the reactions were performed under both
conventional as well as concentrated solar radiation heating.
Although the yields of the product were almost similar under
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both methods, the reaction time was substantially reduced
to 120-240 min under concentrated solar radiation as com-
pared to conventional heating which required 8-30 h for
completion of the reaction (Patel et al. 2019).

Conclusion

In conclusion, we have developed an energy-efficient and
comparatively green synthetic protocol for the transamida-
tion of carboxamide and phthalimide with various amines
using graphene oxide. The current work offers good-to-
excellent yield of corresponding products in less reac-
tion time. The use of Concentrated solar radiation for the
transamidation by environment-friendly, metal-free, and
inexpensive graphene oxide makes the method safer, cleaner,
and energy saving. We envisioned that metal-free, low-cost,
non-toxic, and environmentally friendly graphene oxide
could constitute a highly effective catalyst for transamida-
tion using a clean energy source. A further improvement in
the process would open up the new pathway for the incor-
poration of solar energy in the organic reactions thereby
decreasing the energy load. Incorporation of renewable
energy sources, minimization of raw materials makes the
process not only green but energy efficient also.
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