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This work reports amine modified meso Al2O3@MCM-41 particularly the ordered mesoporous silica as the catalysts for the 

formylation of amines with carbon dioxide (CO2) and dimethylamine-borane (DMAB) as a green reducing source. This new 

developed catalytic system represents a heterogeneous and environmentally benign protocol. Besides this, catalyst could 

be reused for five consecutive cycles without any significant loss in its catalytic activity towards the synthesis of 

formamides. The catalysts amine modified meso Al2O3@MCM-41 were well characterized by high and low angle XRD, 

temperature programmed desorption (TPD), BET-surface area, TGA/DTA and FT-IR analysis techniques. Effect of various 

reaction parameters such as temperature, CO2 pressure, time and the ratio of substrate to DMAB for the synthesis of 

formamides has been investigated. The developed protocol can be applicable for the synthesis of most important key 

intermediates like Formoterol, Orlistat, Leucovarin and Iguratimod in the biological active compounds. 

Introduction 

In the last few decades, the application of carbon dioxide (CO2, 

a green house gas) in the synthesis of high-value-added 

chemicals or fine chemicals is one of the immense importance 

to the synthetic as well as an environmental chemistry.
1 

In 

view of the fact that, CO2 is an abundant, non-toxic, 

inexpensive, non-flammable and therefore as a renewable C1 

feedstock source in the regarding of “atom economy”, “green 

chemistry” and “sustainable development”. However, due to 

the inherent thermodynamic and kinetic stability of CO2 

(inertness), it is challenging to activate CO2 and achieve its 

transformation especially under mild conditions.
2
 In this 

respect, chemically reduction of CO2 into organic compounds 

is really challenging. 

In order to reduce the emission of atmospheric CO2 to protect 

an environment from the global warming and utilize the 

carbon source, it is feasible to load amines on porous materials 

forming new and efficient catalysts have been explored. The 

catalytic reduction (by transfer hydrogenation) of CO2 to high 

value-added chemical fuels,
3
 such as gasoline, alcohols and 

also related higher long hydrocarbons, is one of the attractive 

approaches. In which hydrogen gas is the cleanest and most 

atom economical reductant, but due to harsh reaction 

conditions (high reaction pressure and high temperature) 

avoids broad application of the reducing agent. In this context, 

the use of boranes
4 

or hydrosilanes
5
 as reducing agents 

facilitated the catalytic reduction of CO2 to the synthesis of 

formamides under much milder reaction conditions. For that 

another view is the synthesis of carbonyl containing chemicals 

such as oxazolidinones, carbonates, formamides, derivatives of 

various carbonyl compounds like, lactones, carbamates, 

quinazoline-2,4(1H,3H)-diones, etc.
6
 through a catalytic 

reaction, among all, the formation of formamides has 

attracted much more attention because it plays an important 

role in the industry. 

In the literature study, the reduction of CO2 is mainly achieved 

by using silanes and molecular hydrogen. But, still there is a 

need to develop highly desirable transition metal-free and 

transfer hydrogenation protocol which could minimize the 

number of waste streams and unit operations. Transfer 

hydrogenation is a more practical and consistent method as a 

production of hydrogen can be easily controlled in the reaction 

medium. Generally, NaBH4, LiAlH4, MgH2, and NH3BH3 have 

been widely used as hydrogen sources.
7
 Among these, eco-

friendly dimethylamine-borane (DMAB) is easily accessible, 

non-toxic, non-flammable, highly stable, inexpensive, water-

soluble and also has a high volume to mass hydrogen density 

(3.5 wt%).
8
 Thus, DMAB used as a green hydrogen source for 

the synthesis of formamides. 
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Formamide is one of the most versatile chemical and 

important building blocks with widespread applications in the 

industry as solvents, raw materials, intermediates in various 

synthetic processes, especially as a precursor to isocyanides 

and formamidines.
9
 The formamide moiety have a functional 

group that serves a fundamental role in protein biosynthesis 

and post-translational regulation steps and has a high 

biological activity in various pharmaceuticals drugs such as 

Leucovarin, Formoterol, Orlistat and Iguratimod, etc.
10

 

Traditionally, formamides are commonly produced via the 

formylation of amines. Instead of toxic CO source, we used CO2 

for the N-formylation reaction and hence CO2 is an attractive 

and green alternative for the production of formamides.
11

 

However, most of the reported catalytic routes have some 

drawbacks such as requiring metal catalysts, toxic organic 

solvents, inert gas atmosphere, complicated reaction system, 

severe reaction conditions (i.e. high temperature and 

pressure) and difficulty in catalyst separation among others. 

Apart from this, narrow substrate scope, tedious work up 

procedures and problem in catalysts recovery which hinder the 

commercial feasibility of these processes. Therefore, the 

development of a highly efficient, simple, recyclable, green 

catalytic system remains a challenge. Therefore, we look for a 

heterogeneous and recyclable catalyst which could efficiently 

catalyze the formylation reaction under milder reaction 

conditions without the aid of phosphine ligands is focus of the 

present work. 

Recently, researchers have interest in MCM-41 grafted with 

different amines which was reported to catalyze many organic 

syntheses.
12

 Siliceous mesoporous materials in neat form are 

lacking active sites on their surface. Hence their applications 

are restricted and their surface functionalization is required 

essential according to their application. In order to utilize the 

unique properties of the mesoporous materials for specific 

applications like catalysis, sorption, sensing, ion exchange etc., 

introduction of reactive organic functional groups is 

performed. The incorporation of organic components as part 

of the silicate walls or trapped within the channels to form 

inorganic-organic hybrid materials remains the main issue. The 

advantages of these materials arise from the fact that the 

inorganic components can provide mechanical, thermal or 

structural stability, while the organic features can readily be 

modified for various specific applications. 

Moreover, mesoporous materials with high textural properties 

such as high surface area, wide pore volume and narrow pore 

diameter have been seen as an excellent support for many 

catalytic applications.
13

 Mesoporous materials, basically 

mesoporous silica (MCM-41) and mesoporous alumina have 

been treated as an efficient catalyst and catalyst support for 

many catalyzed reactions due to high textural property, 

mesoporosity, high thermal stability, strong covalent character 

etc.
14 

Again, MCM-41 and mesoporous alumina with high 

textural properties stabilized the metal and metal ions. That 

means the metal and metal ions are bonded or anchored 

properly in the mesoporous supports like MCM-41 and 

mesoporous alumina which increases the catalytic activity of 

the materials. 

The industrial interest of alumina is highlighted by its intensive 

use as catalyst or as catalytic support materials for the 

petroleum refinement and as automobile emission 

controller.
15

 The use of alumina can be ascribed to both high 

thermal stability and moderate Lewis acidity as well as to the 

fact that it is a rather inexpensive material. γ-Al2O3 is 

commonly used as support for nanocrystals of MoS2 doped 

with Co or Ni for hydrodesulfurization (HDS) processes.
16

 

Recently, high surface area nanostructured alumina has 

allowed increasing the catalytic behaviour of HDS catalysts.
17

 

Therefore, it is important to develop strategies to design 

simple, reproducible and easy to scale-up procedures leading 

to high surface area, high pore volume and high pore size 

alumina by simple methods to be implemented in industrial 

processes.
18

 Since, the improvement of these materials 

(recovery and recyclability) as compared with homogeneous 

systems can lead to environmentally benign chemical 

methods. Therefore, amine modified meso Al2O3@MCM-41 

have wide potential in designing the high performance and 

environmentally benign catalysts. Based on our research 

interest in mesoporous materials,
6b,c

 here we have reported 

modified mesoporous silica i.e. amine modified meso 

Al2O3@MCM-41 catalyst, as a solid base catalyst for 

formylation reaction. We envisaged that the existence of 

amino as a functional group of catalyst MCM-41 have a 

immense potential to accelerate the rate of reaction in the 

forward direction by transforming amine into corresponding 

bioactive formamide derivatives. In this present study, we 

have prepared mesoporous nano composites (amine modified 

meso Al2O3@MCM-41) consisting of mesoporous silica and 

alumina followed by amine functionalization. The inorganic-

organic hybrid materials were well characterized and 

demonstrated as a well-organized, efficient, stable, recyclable 

and commercially feasible catalyst for the synthesis of 

formamides from CO2 and amines by using DMAB as a 

hydrogen source under solvent free and mild reaction 

conditions (Scheme 1). 

 

Scheme 1 Synthesis of formamide derivatives from amines, CO2 and DMAB. 

Experimental section 

Preparation and characterization of amine modified meso 

Al2O3@MCM-41 catalyst 

Synthesis of mesoporous Al2O3 

 Mesoporous Al2O3 (MA) was prepared using starch as 

template. 20.2 g of starch was dissolved in 100 mL of deionized 

water. Then 10.2 g of aluminium isopropoxide was added and 

stirred vigorously for 30 min at room temperature. The pH of 

the solution was maintained at 6 and then the solution was 
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kept as it is for 5 h. After complete hydrolysis of aluminium 

isopropoxide a high texture mesoporous Al2O3. The mixture 

was dried at 100 °C in order to remove the volatile impurities. 

The resultant solid was calcined at 600 °C for 6 h for complete 

removal of the template. 

General procedure for preparation of amine modified meso 

Al2O3@MCM-41 catalysts 

 

Scheme 2 Schematic representation for synthesis of APTES modified meso-

Al2O3@MCM-41. 

The material was synthesized by in situ method. 2.4 g of 

Cetyltrimethylammonium bromide (CTAB) was dissolved in 200 

mL of deionized water. 7 mL of 2 M NaOH solution was added 

and the solution was stirred at 80 °C for 30 min. The pH is 

balanced at 12.4. To the above solution 0.95 g of meso Al2O3 

was added followed by 10 mL of tetra ethyl ortho silicate 

(TEOS) (Si/Al = 10). Different amounts of APTES (0.25 mL to 

1.56 mL) were added to get different wt% of APTES modified 

meso Al2O3@MCM-41. A white precipitate was obtained after 

stirring for 2 h at 80 °C. 

The above products were filtered hot, washed with water and 

ethanol. The as synthesized material was treated with ethanol 

and conc. HCl (100:1) at 80 °C for 6 h to remove the surfactant. 

The sample was filtered, washed with ethanol and dried at 60 

°C. The synthesized materials were denoted as x wt% Amine 

modified meso Al2O3@MCM-41 (x = 3.2, 6.4, 12.8, 16.0 and 

20.0 wt% respectively) (Scheme 2). 

The amine modified meso Al2O3@MCM-41 catalyst was well 

characterized by low angle XRD, temperature programmed 

desorption (TPD), BET-surface area, FT-IR and TGA/DTA 

analysis techniques. 

The high angle (2θ = 10‒70°) XRD peaks are due to 

mesoporous crystalline Al2O3. The sharp peaks are assigned to 

the 220, 311, 222, 400, 511 and 440 reflection planes of γ- 

Al2O3 (JCPDS, 10-0425).
19

 The different wt% of APTES loading 

influenced the material crystallinity. The 6.4 wt% APTES loaded 

Al2O3/MCM-41 shows the sharp peaks and then after the 

intensity of the peaks decreased gradually. This may be due to 

the multi layer of amine deposition on the surface of 

Al2O3/MCM-41. As a result, the long range ordering and 

crystallinity of the materials are affected. 

 

Figure 1 XRD of APTES meso Al2O3@MCM-41 (Low angle XRD inserted above). 

A) 3.2 wt% APTES meso Al2O3@MCM-41, B) 6.4 wt% APTES meso Al2O3@MCM-41, C) 

12.8 wt% APTES meso Al2O3@MCM-41, D) 16 wt% APTES meso Al2O3@MCM-41, E) 20 

wt% APTES meso Al2O3@MCM-41. 

The low angle XRD patterns for MCM-41, Al2O3@MCM-41 

composite and 16 wt% of APTES modified composites are 

shown in figure 1. All the samples showed a typical 

mesoporous structure with three sharp peaks corresponding 

(100), (110) and (200) planes which indicate the long range 

ordering in the materials. After the modification with APTES, 

the intensity of the peak is slightly reduced and peak position 

is slightly shifted towards right but this material still remained 

intact and shows the mesoporosity like MCM-41. 

N2 adsorption-desorption study 

The N2 adsorption-desorption isotherm and pore size 

distribution of MCM-41, meso Al2O3, Al2O3@MCM-41 and 16 

wt% APTES Al2O3@MCM-41 are shown in the figure S1(a-c) 

and figure S2 respectively (See ESI). The textural properties 

such as BET surface area, pore diameter and pore volume 

derived from the N2 adsorption-desorption measurements are 

included in Table S1 (See ESI). N2 sorption resulted typical type 

IV isotherm which is defined by Brunauer et al.
20

 it indicated 

that all the samples are mesoporous in nature. A steeper N2 

adsorption step in the mid-relative pressure range of 0.1 to 0.8 

is indicative of relatively intra particle mesoporosity, which is 

shown in the figure S1 (See ESI). All the materials showed a 

monomodal peak in the pore size distribution curves (See ESI, 

Figure S2). The pore size of the parent meso Al2O3 is 7.8 nm. 

After APTES modification the pore size decreased up to 2-3 

nm. 

According to table S1 (See ESI), the BET surface area of parent 

MCM-41 and meso Al2O3 is 878 m
2
/g and 213 m

2
/g, 

respectively. The composite of the above two materials i.e. 

meso Al2O3@MCM-41 showed an enhanced BET surface area 

of 1045 m
2
/g. The increase in specific surface area value is due 

to substitution of Si by Al in the framework as well as 

formation of nanocomposites. After modification with APTES, 

the surface area of parent meso Al2O3@MCM-41 decreases 
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further. This is due to the bonding of the organic amine with 

the Si-OH and Al-OH groups in the framework which results in 

surface coverage of the parent material. The pore volume data 

of the amine modified meso Al2O3@MCM-41 also showed the 

same trend as that of the surface area values. From all the 

above surface analysis data, it is confirmed that the Al2O3 is 

modified into the framework of MCM-41 and APTES is 

modified onto the framework of meso Al2O3@MCM-41 

composite. 

 

FTIR Analysis 

The FT-IR analysis results for meso Al2O3, meso Al2O3@MCM-

41 composite, 3.2, 6.4, 12.8 and 16 wt% of APTES modified 

meso Al2O3@MCM-41 are shown in figure S3 (See ESI). FT-IR 

spectroscopy analysis data confirms the presence of different 

functional groups present in the synthesized materials. The 

broad peaks present around 3500 cm
-1

 in all the samples are 

due to adsorbed water by the molecules. Presence of H-O-H 

bending vibrations is confirmed by the peak at 1630 cm
-1

 in all 

the materials. The amine modified samples showed the –NH2 

bending vibrations at 1532 cm
-1

. This peak is absent in the 

parent materials i.e. meso-Al2O3 and meso Al2O3@MCM-41 

indicating the successful incorporation of amines in the 

materials. In addition to that, peak at 750 cm
-1

 indicates the N-

H bending vibrations in amine modified materials. The 960 cm
-

1
 peak is for Al-O-Si stretching vibrations which indicate the 

successful modification of the parent MCM-41 frame work by 

Al2O3. 

 

CO2-TPD Analysis 

 

Figure 2 CO2-TPD of APTES modified meso Al2O3@MCM-41 at different wt% of (a) 0 (b) 

3.2 (c) 6.4 (d) 12.8 (e) 16.0 (f) 20.0 

The CO2 TPD of all the amine modified meso Al2O3@MCM-41 

are recorded and shown in figure 2. It is the property to 

measure the basic sites present in the sample. All the samples 

showed sharp peaks ranging from 400 °C to 800 °C. The peaks 

are due to both the physically and chemically adsorbed CO2. 

This indicates that the APTES modified materials contain 

strong basic sites required for the organic condensation 

reactions. The 16 wt% APTES modified meso Al2O3@MCM-41 

showed the highest CO2 adsorption (1564 µmole/g) hence 

expected to have highest basic sites. 

Thermo-gravimetric Analysis 

The thermal gravimetric analysis (TGA) of Al2O3@MCM-41 and 

APTES modified meso Al2O3@MCM-41 samples are shown in 

figure S4 (See ESI). All the samples showed weight loss in three 

stages. First peak is below 120 °C, second is in the range 300-

400 °C and the third is a broad peak around 500 °C. The 

highest weight loss is at 120 °C is for removal of physically 

adsorbed water molecules. Compared to parent Al2O3@MCM-

41, amine modified samples showed a higher rate of weight 

loss indicating the functionalization of APTES with 

Al2O3@MCM-41. The weight loss around 300-400 °C is due to 

break down of APTES-O-Al (in case of substituted Si-O bond by 

Al-O bond) or APTES-O-Si linkage. The highest temperature 

peak (around 500 °C) is due to removal of surfactant from the 

materials. 

 

Differential Thermal Analysis 

The differential thermal analysis curves for amine modified 

meso Al2O3@MCM-41 is shown in figure S4 (See ESI). The DTA 

curves are complementing the TGA curves very well. They 

showed three endothermic peaks correspond to the three 

peaks in TGA pattern. The first peak (around 100 °C) is due to 

removal of water. The second and third peaks (at 300-400 °C 

and 500 °C) correspond to the removal of amine and 

surfactant respectively. 

 

General experimental procedure for synthesis of formamides from 

amine, CO2 and DMAB 

The experiments were carried out in a 100 mL high-pressure 

reactor, in a typical reaction procedure; the catalyst (15 wt% 

with respect to starting substrate) was introduced into a 

reactor containing amine (1 mmol), DMAB (2 mmol), CO2 

pressure (2 MPa) at room temperature and then reactor 

pressurized to 2.0 MPa of CO2 pressure and heated to a 

specified temperature. After the completion of reaction, the 

autoclave was cooled to room temperature and then the 

excess CO2 was released slowly. The resultant reaction mixture 

filtered off by simple filtration. The filtrate was then collected 

in sample vial and the product was extracted for further 

analysis which confirmed by GC, GC-MS, 
1
H and 

13
C NMR 

spectroscopic techniques and also matched with those of 

reported authentic data. 

Results and discussion 

Catalytic activity of amine modified meso Al2O3@MCM-41 

catalysts 

We have developed an efficient methodology for the synthesis 

of formamides (2a‒2ff) derivatives from various amines 
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(1a‒1ff) with CO2 as a C1 source and DMAB as the green 

reductant by using amine modified meso Al2O3@MCM-41 

under solvent free and mild reaction condition (Table 3, 

entries 1-32). We have prepared six types of thermally stable 

and covalently linked amines loaded on the meso 

Al2O3@MCM-41 catalysts by varying the amine loading such as 

0, 3.2, 6.4, 12.8, 16.0 and 20.0 wt%, respectively (Table 1, 

entries 1-7). Initially, the reaction was carried out in the 

absence of catalyst and it was found that the desired product 

was not afforded indicating that the amine modified meso 

Al2O3@MCM-41 was only responsible for the formation of 

desired product (Table 1, entry 1). On the other hand, we 

noticed that 16 wt% amine modified meso Al2O3@MCM-41 

catalyst is the best among all, to furnish the desired product 

up to 99 % as an isolated yield of 2a (Table 1, entry 6). 

Further, we have carefully performed the reactions in 

presence of meso Al2O3 and amine (APTES) without support as 

catalysts to the formylation of amines with CO2 and DMAB, it 

was found that the formation of the desired product in lower 

yield (Table 1, entries 8 and 9). 

Table 1 Catalyst screening for the formylation of N-benzylmethylamine.
a 

Entry 
Wt% of amine loaded on Al2O3@ 

MCM-41 catalyst 
Yield (%)

b
 

1 - n.d. 

2 0 (meso Al2O3@MCM-41) 10 

3 3.2 62 

4 6.4 70 

5 12.8 89 

6 16.0 99 

7 20.0 99 

8 meso-Al2O3 12 

9 APTES without support 25 

a
 Reaction conditions: N-benzylmethylamine (1 mmol), catalyst (15 wt% with 

respect to starting substrate), CO2 pressure (2 MPa), DMAB (2 mmol), 

temperature (100 °C), time (6 h). 
b
 Based on GC-GC/MS analysis. The yield is 

quantified by using the external standard method using N-benzyl-N-

methylformamide as a reference compound. n.d. = not detected. APTES = (3-

Aminopropyl)triethoxysilane. 

In order to optimize the reaction parameters, the preliminary 

studies were carried out by using amine modified meso 

Al2O3@MCM-41 (16 wt%) as a choice of catalyst for the 

synthesis of formamides from amines and CO2 as a best model 

reaction. Various reaction parameters such as catalyst 

screening, catalyst loading, temperature, pressure, time and 

DMAB ratio were studied. 

 

Effect of Catalyst Loading 

Next, the experiments were carried out by using different 

catalytic concentrations of amine modified meso Al2O3@MCM-

41 (16 wt%) for the title reaction and the distinctive results 

was shown in Table 2 (Entries 1‒3). It was examined that the 

2a yield was an excellent and almost constant at 20 wt% and 

15 wt% for this catalyst (Table 2, entries 1-2) On the other 

hand, by decreasing the concentration of catalyst, decrease in 

yield of the desired product was obtained (Table 2, entry 3). 

Thus, using amine modified meso Al2O3@MCM-41 (16 wt%) as 

the choice of catalyst, we studied the effects of other reaction 

parameters such as temperature, time, pressure and DMAB 

ratio, to estimate the scope and limitation of the present 

catalyst system. 

Table 2 Effect of reaction parameters for the formylation of N-benzylmethylamine.
a 

 

Entry 
1:DMAB 

(mmol) 

Cat. 

(wt%) 

CO2 

(MPa) 

Temp. 

(°C) 

Time 

(h) 

Yield of  

2a (%)
b
 

Catalyst loading 

1 1:2 20 2 100 6 99 

2 1:2 15 2 100 6 99 

3 1:2 10 2 100 6 90 

Effect of Temperature 

4 1:2 15 2 120 6 99 

5 1:2 15 2 80 6 79 

6 1:2 15 2 60 6 51 

Effect of Time 

7 1:2 15 2 100 10 99 

8 1:2 15 2 100 8 99 

9 1:2 15 2 100 4 81 

Effect of CO2 pressure 

10 1:2 15 4 100 6 99 

11 1:2 15 3 100 6 99 

12 1:2 15 1 100 6 76 

Effect of DMA-borane 

13 1:4 15 2 100 6 99 

14 1:0 15 2 100 6 n.d. 
a
 Reaction conditions: N-benzylmethylamine (mmol), catalyst (wt% with respect 

to starting substrate), CO2 pressure (MPa), DMAB (mmol), temperature (°C), time 

(h). 
b
 Based on GC-GC/MS analysis. The yield is quantified by using the external 

standard method using N-benzyl-N-methylformamide as a reference compound. 

n.d. = not detected. 

Effect of temperature 

We have also performed the reactions to observe the effect of 

temperature ranging from 60 °C to 120 °C was screened on the 

yield of 2a (Table 2, entries 4-6). The experimental studies 

revealed that 100 °C was the optimum temperature required 

to reach the highest yield of 2a. 

Effect of Pressure and time 

The effect on reaction time was studied and it was observed 

that increasing the time from 4 h to 10 h, increase in yield of 

the desired product was obtained (Table 2, entries 7-9). As the 

time increases, the yield of 2a was remains the same with 

increasing the time from 6 to 10 h, indicating that the 

completion of the reaction in 6 h (Table 2, entries 2, 7, 8). 

Therefore, 6 h is optimum reaction time. 
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Next, the study of CO2 pressure on the yield of 2a was 

examined at 100 °C in 6 h shown in Table 2 (Entries 10-12). The 

yield of 2a increased significantly with increasing the CO2 

pressure from 1 to 2 MPa, but above increasing the pressure 

from 2 to 4 MPa, the yield was not so changed. Hence, the 

optimum reaction pressure was achieved at 2 MPa. 

 

Effect of Substrate to DMAB ratio 

Besides this, we have also studied the effect of mole ratio of 

amine to DMAB and it was shown that, without DMAB the 

reaction did not offered the desired product (Table 2, entry 

14).  Subsequently, it was found that 1 mmol of amine and 2 

mmol of DMAB was furnished the higher yield of the desired 

product while further increasing the concentration to 4 mmol, 

the yield remained constant at 6 h. Hence, the best optimized 

reaction conditions for the desired product 2a are: N-

benzylmethylamine (1.0 mmol), catalyst amine modified meso 

Al2O3@MCM-41 (15 wt% with respect to starting substrate), 

CO2 pressure (2 MPa), DMAB (2.0 mmol) at 100 °C for 6 h 

under solvent free condition. 

Further, to examine the utility and generality of this approach, 

we investigated the scope of the reactive 1° or 2° aliphatic as 

well as aromatic amine substrates (1a‒1ff) were formylated to 

the corresponding formamides (2a‒2ff) in moderate to 

excellent yields under the optimized reaction conditions and 

the results are shown in Table 3 (Entries 1-32). Interestingly, 

for every 1° or 2° aliphatic as well as aromatic amines, solely 

formylated product was obtained without any other by-

product. 

N-benzylmethylamine (1a) reacted with CO2 providing 99% as 

an excellent yield of 2a under the optimized reaction 

conditions (Table 3, entry 1). Dibenzylamine showed good 

reactivity, providing 2b in a yield of 95% (Table 3, entry 2), and 

interestingly, the sterically hindered tert-butyl group on 

nitrogen atom of the N-benzyl-2-methylpropan-2-amine was 

also easily converted into 2c with 86% yield (Table 3, entry 3). 

Moreover, the developed catalyst could efficiently catalyze the 

formylation of N-methylaniline, affording 2d in a good yield of 

97% (Table 3, entry 4). It was observed that our system was 

failed to give 2e due to electron withdrawing nitro group ortho 

to the amino group (Table 3, entry 5). Some of the 

protocols
11a,b

 failed to convert from 1f to 2f product. But our 

system likely proved to be a highly efficient for the synthesis of 

diphenyl formamide in good yield of 45% (Table 3, entry 6). 

The substrate of both the indole and indoline undergoes the 

same product i.e. 2g with an excellent yield of the N-

formylation (Table 3, entries 7, 8). Whereas it was observed 

that 1,2,3,4-tetrahydroquinoline also provided desired product 

a good yield of 2h (Table 3, entry 9). 

Table 3 Production of various formamide derivatives.
a
 

 

Entry Substrate Product Yield (%)
b
 

1 

  

99 

2 

  

95 

3 

  

86 

4 

  

97 

5 

  

n.d. 

6 

  

45 

7 

  

84 

8 

 

     2g 98 

9 

  

69 

10 

  

99 

11 

  

98 

12 

  

95 

13 

  

97 

14 

  

88 

15 

  

82 

16 

  

84 

17 

  

74 
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18 

  

98 

19 

  

90 

20 

  

87 

21 

  

89 

22 

  

91 

23 

  

65 

24 

  

89 

25 

  

80 

26 

  

91 

27 

  

75 

28 

  

83 

29 

  

85 

30 

  

51 

31 

  

69 

32 

  

81 

a 
Reaction conditions: Substrate (1 mmol), catalyst (15 wt%), DMAB (2 mmol), 

temperature (100 °C), time (6 h). 
b 

Based on GC/GC-MS analysis. The yield is 

quantified by using the external standard method using N-benzyl-N-

methylformamide. 
c
 Isolated yield after column chromatography purification. n.d. 

= not detected. 

Similarly, cyclic aliphatic amine containing oxygen on its ring 

(1j) and other cyclic aliphatic amines (1k–p) were also tested 

and excellent yields of the cyclic formamides 2j–p were 

achieved (Table 3, entries 10-16). In case of the substrate 1p, 

the formylation occurred only at unhindered amine provided 

with 84% yield of 2p. The experiments were also successful for 

the N-formylation of secondary amines with longer dialkyl 

chains seemed to be more favourable (1q-w), and providing 

good to an excellent yield (65%-98%) of the corresponding 

desired products (Table 3, entries 17-23). 

Furthermore, we were also applying this developed system to 

check the effectiveness of catalyst for the primary aliphatic 

amines such as cyclohexyl amine and tert-butylamine and 

provided the formamides 2x, 2y with 89%, 80% yields 

respectively (Table 3, entries 24-25). Subsequently, we also 

evaluated different from the above primary amines, the 

formylation of aniline and its sterically hindered derivatives 

(1z-1ff) which only afforded to the mono formylated products 

of the corresponding products 2z-2ff with good to excellent 

yield of 51%-91% than others
11c,h

 (Table 3, entries 26-32).  

Therefore, the synthetic utility of this developed methodology 

and the above results robustly demonstrated that the 

formylation of 1° or 2° aliphatic as well as aromatic amines 

from CO2 with DMAB under solvent free and mild reaction 

conditions. 

However, the recent studies reported that a reaction 

forwarded through the hydroboration of carbon dioxide by a 

Lewis base promotes intramolecular hydride delivery. It was 

found that the amino group of the catalyst played synergistic 

role in catalyzing the formylation reactions.
21,4h

 

Recyclability study 

In order to craft the developed methodology, one of the most 

important works for the heterogeneous catalysis is reusability 

or consecutive recyclability. Hence the reusability of the amine 

modified meso Al2O3@MCM-41 (16 wt%) catalyst was also 

studied for the synthesis of formamide derivatives from 

amines and CO2 under the optimized reaction conditions 

(Figure 3). 

 

Figure 3 Recyclability study of 16.0 wt% amine modified meso Al2O3@MCM-41 catalyst. 
a
 Reaction conditions: Substrate (1 mmol), Cat. 16 wt% amine modified meso 

Al2O3@MCM-41 (15 wt%), CO2 pressure (2 MPa), DMAB (2 mmol), temp. (100 °C), time 

(6 h). 

After the completion of reaction, the product was separated 

through simple filtration technique. The catalyst was washed 

with distilled water and ethyl acetate, dried under vacuum and 

then reused for successive runs. The catalyst was found to be 
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effective up to five consecutive runs without any significant 

loss in its catalytic activity and stability of the prepared 

catalyst. 

Conclusions 

In conclusion, we have developed an efficient, green, 

economical, phosphine-free and heterogeneous catalytic 

methodology for the synthesis of formamides from amines and 

CO2 using amine modified meso Al2O3@MCM-41 as a catalyst 

under solvent free and mild reaction conditions. After 

completion of the reaction the catalyst was easily recovered 

and again reused for five successive times without 

considerable loss in its catalytic activity. This protocol was 

highly efficient with respect to the various types of amines 

(1°/2° aliphatic as well as aromatic). The present catalytic 

reaction seems to be one of the ideal synthetic reactions. 
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A novel covalently linked amine modified meso Al2O3@MCM-41 catalysts were investigated 

as a highly efficient, heterogeneous, environmental-friendly and sustainable mesoporous 

catalytic system for the synthesis of formamides from 1°/2° aliphatic as well as aromatic 

amines, CO2 and DMAB as a green reductant under solvent free and mild reaction conditions. 
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