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Supported Nano-Gold-Catalyzed N-Formylation of Amines with 

Paraformaldehyde in Water under Ambient Conditions 

Zhengang Ke,
a,b

 Yan Zhang,
a
 Xinjiang Cui,

a
 and Feng Shi

*a 

A simple and efficient Au/Al2O3 catalyst was prepared by co-precipitation method for the oxidative N-formylation of 

amines with paraformaldehyde. Under the optimized reaction conditions, excellent amine conversion and N-formamide 

selectivity can be obtained with up to 97% yield with water as the solvent under ambient conditions.  This catalyst was 

tolerated a wide scope of primary amines and second amines, and it can be resued for at least five runs without abvious 

deactivation.  

Introduction 

Supported nano-gold catalysts have been widely used in 

various catalytic reactions, e.g. selective hydrogenation, 

selective oxidation, hydrochlorination of alkynes, carbon 

monoxide elimination and many others
1-3

. Gold nano particles 

can dissociate molecular oxygen to atomic oxygen at low 

temperature due to its unique surface structure and 

physicochemical properties
4
. So, supported nano-gold catalyst 

exhibits excellent catalytic performance in the selective 

oxidation reactions. Therefore, the applying of supported 

nano-gold catalyst allows the progress of oxidation reaction at 

low reaction temperature thus the side reactions can be 

inhibited. As we all know, selective oxidation reaction 

constitutes one of the industrial core technologies for 

converting bulk chemistry to useful products of a higher 

oxidation state
5
, so nano-gold catalysis presents a good choice 

in the development of selective oxidation reactions. 

N-Formamide is an important class of compounds
6
 which 

are widely used in organic synthesis and biological 

intermediates in fungicide
7
, isocyanate

8
, nitrile, and 

pharmaceuticals synthesis
9,10

. Traditionally, the N-formamide 

synthesis involves the use of stoichiometric amounts of 

coupling reagents, such as a carbodiimide, it makes the 

reaction operations complicated, and causes equipment 

corrosion and poor atom-economy
11-13

. The direct catalytic 

synthesis of N-formamide from amines and carbonyl 

compounds has become a field of emerging importance due to 

its high atom efficiency. The catalytic N-formylation of amines 

has been reported with various carbonyl source reagents such 

as formic acid or formate
14-18

, esters
19,20

, cyanide
21-29

, and 

oxime
30-36

, CO2/H2
37,38

 and methanol
39-42

. Notably, 

formaldehyde as the carbonyl source for N-formamide 

synthesis has been less studied. 

Recently, the direct N-formylation of amines with 

formaldehyde as the carbonyl source was reported. Originally, 

the N-formylation of aliphatic amines can be realized with 3.0 

equivalent of aqueous formaldehyde or paraformaldehyde at 

115 
o
C in the presence of homogeneous iridium catalyst

43
. 

Following several nano-gold catalyst systems were applied in 

this transformation. For example, N-formylation of amine with 

1.5 equiv., formalin in the presence of 1.0 equiv., NaOH can be 

realized using ethanol/water (1:2) as solvent under aerobic 

oxidation conditions catalyzed by PVP stabilized gold nano 

particles
44

. The N-formylation reaction of aromatic amines can 

also be performed with 2.0 equiv., aqueous formaldehyde 

solution and 3.0 equiv., NaOH catalyzed by carbon nanotube 

supported nano-gold catalyst
45

. However, the above reaction 

systems have one or more shortcomings such as difficulty in 

separation of catalysts with product, the applying of a great 

deal of base, excessive amount of formaldehyde, and organic 

solvent.  

 

 
Scheme 1. Oxidative N-formylation of amine with paraformaldehyde catalyzed 
by supported nano-gold catalyst under ambient conditions 

In this work, a simple and efficient Au/Al2O3 catalyst was 

developed for the N-formylation reaction of amines with 

stoichiometric amount of paraformaldehyde applying water as 

the sole solvent. The N-formylation of aliphatic and aromatic 

amines with different structures can be realized with excellent 
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yields (Scheme 1), and the catalyst can be reused for five runs 

without obvious deactivation.  

 Experimental section 

All solvents and chemicals were obtained commercially and 

were used as received.  

Catalyst preparation and characterization 

The Au/Al2O3 was prepared by co-precipitation method. 18 

mmol Al(NO3)3•9H2O and 6.9 mL HAuCl4•4H2O (10 mg/mL) 

were added into 120 mL deionized water at rt., under vigorous 

stirring. Then, 20 mL Na2CO3 aqueous solution (1.35 M) was 

added dropwise to the solution, and the pH value of the finial 

solution was ~7.0. After further stirring for 4 h, the resulting 

precipitate was separated and washed by deionized water, 

dried at 100 
o
C in air for 6 h, calcined at 400

 o
C for 4 h, and 

then reduced under hydrogen flow at 350 
o
C for 3 h. The 

resulting catalyst samples were denoted as Au/Al2O3. Pd/Al2O3, 

Pt/Al2O3, Ru/Al2O3, Au/FeOx, Au/NiOx and Au/CuOx were 

prepared with the same procedures.  

Following, the catalysts ware characterized by inductively 

coupled plasma-atomic emission spectroscopy (ICP-AES), BET 

surface-area analysis (BET), transmission electron microscopy 

(TEM), X-ray power diffraction (XRD), X-ray photoelectron 

spectroscopy (XPS), and the reaction products were 

characterized by nuclear magnetic resonance spectrum (NMR). 

XRD measurements were conducted by using a STADIP 

automated transmission diffractometer (STOE) equipped with 

an incident beam curved germanium monochromator with 

CuKa1 radiation and current of 40 kV and 150 mA, 

respectively. The XRD patterns were scanned in the 2 Theta 

range of 5-100
o
. XPS were obtained using a VG ES-CALAB 210 

instrument equipped with a dual Mg/Al anode X-ray source, a 

hemispherical capacitor analyzer, and a 5 keV Ar
+
 iron gun. The 

electron binding energy was referenced to the C1s peak at 

284.8 eV. The background pressure in the chamber was less 

than 10
-7

 Pa. The peaks were fitted by Gaussian–Lorentzian 

curves after a Shirley background subtraction. For quantitative 

analysis, the peak area was divided by the element-specific 

Scofield factor and the transmission function of the analyzer. 

The BET surface area measurements were performed on a 

Micromeritics 2010 instrument at the temperature of 77 K. 

The pore size distribution was calculated from the desorption 

isotherm by using the Barrett, Joyner, and Halenda (BJH) 

method. Prior to measurements, the samples were degassed 

at 200 
o
C for 10 h, at a rate of 10 

o
C/min. TEM was carried out 

by using a Tecnai G2 F30 S-Twin transmission electron 

microscope operating at 300 kV. Single-particle EDX analysis 

was performed by using a Tecnai G2 F30 S-Twin Field Emission 

TEM in STEM mode. For TEM investigations, the catalysts were 

dispersed in ethanol by ultrasonication and deposited on 

carbon-coated copper grids. NMR spectra were measured by 

using a Bruker ARX 400 or ARX 100 spectrometer at 400 MHz 

(
1
H) and 100 MHz (

13
C). All spectra were recorded in CDCl3 and 

chemical shifts (d) are reported in ppm relative to 

tetramethylsilane referenced to the residual solvent peaks. 

Catalytic performance test 

The catalytic activity was tested by N-formylation of 

morpholine as the model reaction. 1.0 mmol morpholine, 1.2 

mmol paraformaldehyde, 0.2 mmol NaOH and 2 mL deionized 

water were added to a 38 mL press tube and exchanged with 

O2. The reaction was carried out at 25 
o
C for 6 h with the 

magnetic stirring speed of 900 rpm. Subsequently, the reaction 

mixture was diluted with 5 mL methanol for quantitative 

analysis by GC-MS (Agilent 7890B-5977A). And then, the crude 

reaction mixture was concentrated by rotary evaporator and 

purified by column chromatography to give the isolated 

compound. N-formyl morpholine was obtained and purified by 

column chromatography, with 97% isolated yields, using 

dichloromethane/methanol (10 : 1, Rf = 0.77) to give a 

colorless oil.
 1

H NMR (400 MHz, CDCl3) δ 8.06 (s, 1H), 3.74 – 

3.63 (m, 4H), 3.59 (q, J = 4.8 Hz, 2H), 3.45 – 3.35 (m, 2H). 
13

C 

NMR (100 MHz, CDCl3) δ 160.82, 67.24, 66.45, 45.80, 40.63.  

Results and discussion 

Catalyst characterization studies 

BET characterization 

Table 1. The physical properties of catalysts  

Sample 
Noble metal 

Loading/wt%
[a] 

BET surface 

area/m
2
/g

[b] 

Pore volume/ 

cm
3
/g

[b]
 

Au/Al2O3 2.62 152.8 0.57 

Pd/Al2O3 3.56 166.0 0.36 

Pt/Al2O3 1.53 147.7 0.73 

Ru/Al2O3 1.19 150.4 0.91 

Au/FeOx 3.34 5.8 0.11 

Au/NiOx 3.42 6.4 0.07 

Au/CuOx 3.21 5.0 0.03 

[a] Determined by ICP-AES, [b] Determined by IQ2 automated gas sorption 

analyser. 

N2 adsorption-desorption analysis was used to determine 

the surface area and structure of the prepared supported 

catalysts (Table 1, Fig. S1). The catalysts with Al2O3 as support 

provide larger surface areas comparing those with FeOx, NiOx 

and CuOx as supports. For example, the BET surface areas of 

Au/Al2O3, Pd/Al2O3, Pt/Al2O3 and Ru/Al2O3 are in the range of 

147.7-166.0 m
2
/g, while less than 10 m

2
/g BET surface areas 

are observed in catalysts Au/FeOx, Au/NiOx and Au/CuOx. In 

the meanwhile, the pore volumes were significantly decreased, 

too. It might be due to the reducibility of FeOx, CuOx and NiOx. 

Partial reduction of these metal oxides occurred when the 

catalysts were treated under hydrogen flow at 350 
o
C. The XRD 

characterization also reveals the existence of metallic Cu and 

Ni in the final catalyst samples.  

TEM characterization 

TEM images of the as-synthesized catalysts samples Au/Al2O3, 

Pd/Al2O3, Pt/Al2O3, Ru/Al2O3, Au/FeOx, Au/NiOx and Au/CuOx are 

shown in Fig. 1 and Fig. S2. Based on the TEM images of catalyst 

Au/Al2O3, it can be seen that the Au nano-particles were well 

dispersed on the support (Fig. 1A and H). According to the statistic 

results of TEM image, the average diameter of gold particles is ~2.5 
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nm, and 73% of nano-gold particles dropped in the range of 2-3 nm. 

In catalysts Pd/Al2O3 and Pt/Al2O3, the nano-Pd and nano-Pt 

particles were also well dispersed on the surface of Al2O3 (Fig. 1B 

and C), and the mean diameters are ~2.7 nm and ~2.8 nm (Fig. S2A 

and B). Interestingly, no obvious Ru and Au nanoparticles were 

observed from the TEM images of Ru/Al2O3 and Au/CuOx.  

    

    
 

    
 

    
Figure 1. TEM images of supported catalysts samples synthesized with co-
precipitation method. (A) Au/Al2O3, (B) Pd/Al2O3, (C) Pt/Al2O3, (D) Ru/Al2O3, (E) 
Au/FeOx, (F) Au/NiOx and (G) Au/CuOx. Insets: SAED patterns of the 
corresponding samples. 

It suggests that the Ru and Au species might be encapsulated 

inside the supports or highly dispersed on the supports. Bigger 

nano-gold particles, with mean diameter of ~8.3 nm and ~9.4 

nm were formed if the catalyst supports were FeOx and NiOx 

(Fig. 1E and F and Fig. S2D and E). If taking the results of 

catalytic performance exploration into consideration together, 

we can imagine that the coagulation of nano-gold particles in 

catalysts Au/FeOx and Au/NiOx might be one of the reasons for 

their low activities.  

XRD characterization 

Fig. 2 shows the XRD diffraction patterns of the as-prepared 

supported catalysts. Based on the XRD diffraction patterns, the 

Au/Al2O3 sample shows diffraction peaks at 38.3º, 44.3º, 64.7º

and 77.5º, which can be ascribed to the diffraction peaks of Au 

(111), (200), (220) and (311). However, there are no Pt, Pd and 

Ru diffraction peak can be observed when Pd/Al2O3, Pt/Al2O3 

and Ru/Al2O3 were characterized by XRD. It suggests that Pd, 

Pt and Ru were well dispersed on the supports and amorphous 

Pd, Pt and Ru species were formed in the samples. About the 

diffraction patterns of Au/FeOx, Au/NiOx and Au/CuOx, it can 

be seen clearly that the diffraction peaks can be attributed to 

Fe3O4, metallic nickel and copper, i.e. 35.5º Fe3O4 (311), 62.5º 

Fe3O4 (440),  30.1º Fe3O4 (220),  57.0º Fe3O4 (511),  42.9º 

Fe3O4 (400); 44.4º Ni (111),  98.4º Ni (222),  76.4º Ni (220),  

51.87º Ni (200),  92.9º Ni (311); 50.5º Cu (200),  43.4º Cu 

(111),  74.0º Cu (220) and  89.9º Cu (311). No characteristic 

diffraction peak ascribed to noble metal species was 

observable, indicating that these gold particles were well 

dispersed and no crystallized gold formed. The metallic copper 

and nickel species should be formed during the reduction of 

the catalyst samples. 
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Figure 2. XRD diffraction patterns of catalysts Au/Al2O3, Pd/Al2O3, Pt/Al2O3 (A) 
and Ru/Al2O3, Au/FeOx, Au/NiOx and Au/CuOx (B). 

XPS characterization 

The catalytic activity should be remarkably influenced by the 

surface properties of the catalysts, so XPS characterization was 

carried out to determine the surface properties of the 

supported catalysts, and the Au 4f spectra were shown in Fig. 

3. The Au 4f signals of catalysts Au/Al2O3 and Au/FeOx showed 

at 83.26-83.75 eV and 79.61-80.10 eV, and the binding energy 

values of Au 4f7/2 are fixed 3.1 eV more than those of Au 4f5/2, 

which is agreed with the binding energy of metallic gold. The 

aluminium species on the surface of the catalysts were 

aluminium oxide (Fig. S3D). The Pd 3d peaks were 330.07 eV 

and 335.60 eV, and it is in line with the binding energy of 

metallic Pd (Fig. S3A). Meanwhile, the 74.35 eV is the metallic 
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Figure 3. XPS spectra of Au4f of catalysts Au/Al2O3, Au/FeOx, Au/NiOx and 
Au/CuOx.  

Pt 4f5/2 binding energy, and 284.84 eV is the metallic Ru 3d5/2 

binding energy (Fig. S3B and C). Nevertheless, weak peaks of 

gold were found from Au/CuOx and Au/NiOx. It suggests that 

the gold particles might be coated by CuOx and NiOx. In 

addition, the typical binding energy of CuO was found on the 

surface of Au/CuOx (Fig. S3G). As metallic copper was observed 

by XRD characterization, the surface phase composition is 

different from the bulk phase. This phenomenon also exists in 

Au/FeOx. The surface composition of Au/FeOx is Au
0
 and Fe2O3 

(Fig. 3 and Fig. S3E), while it is Fe3O4 in the bulk phase, which 

might be due to the oxidation of catalyst surfaces in the air.  

Catalyst screening and reaction conditions optimization 

Table 2 shows the results of catalyst screening and reaction 

conditions optimization with the N-formylation of morpholine 

as a model reaction at 25 
o
C in the presence of 1 atm O2. 

Clearly, no N-formyl morpholine was formed and the major 

product was 1c if Al2O3 was used as catalyst directly (Table 2, 

entry 1). Following, the catalytic performance of catalysts with 

different noble metals and supports were tested. Clearly, 

Au/Al2O3 exhibits the best catalytic performance, and 96% 

morpholine conversion with 98% N-formyl morpholine 

selectivity were obtained. If other catalysts including Pd/Al2O3, 

Ru/Al2O3 and Pt/Al2O3 were employed, lower conversions or 

selectivities were obtained (Entries 2-5). Thus supported nano-

gold catalyst might be more suitable for the N-formylation of 

morpholine with paraformaldehyde.  

Table 2. Reaction conditions optimization for N-formylation of morpholine
[a]

  

 

Entry Catalyst/mg Base Conv. (%)
[b]

 Sel. (%)
[c]

 

1b 1c 1d 1e 

1 Al2O3/25 NaOH 99 3 97 trace - 

2  Pd/Al2O3/20 NaOH 78 93 - - 7 

3 Au/Al2O3/20 NaOH 96 98 2 -  

4 Ru/Al2O3/20 NaOH 63 26 - 6 68 

5 Pt/Al2O3/20 NaOH 68 - - 34 66 

6 Au/FeOx/20 NaOH 84 31 15 4 50 

7 Au/NiOx/20 NaOH 88 - 11 1 88 

8 Au/CuOx/20 NaOH 64 51 - 20 29 

9 Au/Al2O3/5 NaOH 97 25 75 trace - 

10 Au/Al2O3/10 NaOH 95 79 21 trace - 

11 Au/Al2O3/25 NaOH 98 99 - 1 - 

12[d] Au/Al2O3/20 Na2CO3 86 79 - 5 16 

13[d] Au/Al2O3/20 K2CO3 78 51 - 16 33 

14[d] Au/Al2O3/20 KOH 86 83 - 11 6 

15[d] Au/Al2O3/20 NaOH 74 100 - - - 

16[d] Au/Al2O3/20 NaOCH3 90 80 - 13 7 

17[d]  Au/Al2O3/20 tert-BuOK 98 97 1 1 1 

18 Au/Al2O3/25 ---- 99 9 trace 91 - 

19 Au/Al2O3/25 NaOH/2 mg 96 22 trace 78 - 

20  Au/Al2O3/25 NaOH/4 mg 96 33 trace 67 - 

21 Au/Al2O3/25 NaOH/6 mg 98 96 1 3 - 

22 Au/Al2O3/25 NaOH/8 mg 99 99 trace - - 

23
[e]

 Au/Al2O3/25 ---- 79 57 25 - 18 

 [a] Reaction conditions: 1a (1.0 mmol), paraformaldehyde (1.2 mmol), catalyst (5-25 mg), NaOH (0.2 mmol), deionized water (2.0 mL), 25 
o
C, 6 h. [b] Conversion of 

morpholine was determined by GC-MC. [c] Selectivity by GC-MS analysis based on the morpholine consumed. [d] 25 
o
C, 4 h. [e] 38% formaldehyde solution (1.2 mmol). 
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Then, nano-gold catalysts with other supports, i.e., Au/FeOx, 

Au/NiOx and Au/CuOx were tested.  However, the yields to the 

desired product 1b were <40% (Entries 6-8). The main reason 

for their low activity might be attributed to their small surface 

areas. By applying Au/Al2O3 as the model catalyst, the catalyst 

loadings were varied from 5 mg to 25 mg to check its influence 

on the catalytic reaction, and finally we found that 97% yield of 

N-formyl morpholine can be achieved if 25 mg catalyst was 

added (Entries 3 and 9-11). The influence of base on the 

catalytic reaction was further tested. Typical bases including 

Na2CO3, K2CO3, KOH, NaOH and tert-BuOK were tested under 

the same reaction conditions (Entries 12-17). Although similar 

conversions of morpholine were observed, it can be seen that 

100% selectivity to N-formyl morpholine was obtained if NaOH 

was used. Thus NaOH is the best cocatalyst for this 

transformation. Finally the base loadings were tested and the 

results suggested that 15-20% is the suitable loadings of base 

(Entries 18-22). The presence of base might promote the de-

polymerization of paraformaldehyde and nucleophilic addition 

of amine to formaldehyde (Entries 18, 22 and 23).  

Next, the generality of catalyst Au/Al2O3 in the N-

formylation of different secondary amines with 

paraformaldehyde were studied (Table 3). For the cyclic 

secondary amines, including 1a–10a, the N-formylation 

products, i.e. 1b–10b, can be synthesized with 78–97% yields 

(Entries 1–10 and Scheme 2). The reactions were also 

successful for the N-formylation of aliphatic secondary amines, 

and 75%-99% yields of the corresponding products were 

obtained (Entries 11–16). The applying of secondary amines 

with aromatic substituents as starting materials should be 

more challenging due to the weak nucleophilicity of the 

nitrogen atom. To our delight, excellent results can be 

achieved with 75-93% isolated yields (Entries 17-18). If 

secondary amines, i.e., N-benzyl aniline and dibenzyl amine, 

with melting points above room temperature, the reaction 

temperature should be increased to 100 
o
C, and 75-84% 

isolated yields to the corresponding N-formylation products 

were obtained, too (Entries 19-20). Therefore, this Au/Al2O3 

catalyst exhibit nice generality in N-formylation reactions of 

secondary amines.  

Table 3. Results of N-formylation of secondary amines
[a] 

 

Entry Substrates Products Yields
[c]

 

1 

1a 

1b 

97 

2 

2a 

2b 

88 

3 

3a 

3b 

90 

4 

4a 

4b 

91 

5 

5a 

5b 

78 

6 

6a 

6b 

89 

7 

7a 

7b 

83 

8 

8a 

8b 

92 

9 

9a 

9b 

95 
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10 

10a 

10b 

78 

11 

11a 

11b 

99
[d]

 

12 

12a 

12b 

91 

13 

13a 

13b 

88 

14
[b]

 

14a 
14b 

75 

15 

15a 15b 

83 

16 

16

a 

16

b 

93 

17 

17a 

17b 

93 

18 

18

a 18

b 

82 

19
[b]

 

19a 19b 

75 

20
[b]

 

20a 20b 

84 

 [a] Reaction conditions: amine (1.0 mmol), paraformaldehyde (1.2 mmol), 

catalyst (25 mg), NaOH (0.2 mmol), deionized water (2.0 mL), 25 
 o

C, 6 h. [b] 100 
o
C, 24 h. [c] Isolated yield. [d] The yields were obtained by GC-FID using biphenyl 

as the external standard material. 

It should be interesting to explore the N-formylation 

reaction of piperazine because it has two –NH groups so we 

can check its reactivity for mono- and di-N-formylation 

reactions (Scheme 2). Clearly, the mono-N-formylation 

reaction can be realized selectively with 86% yield when 1 

equiv., paraformaldehyde was employed, while 1, 4-

diformylpiperazine can be synthesized with 87% isolated yield 

when 2 equiv., paraformaldehyde was used. These results 

indicate that piperazine is more active than the N-formyl 

piperazine as almost no 1, 4-diformylpiperazine is produced 

with the addition of 1 equiv., of paraformaldehyde. Therefore, 

the Au/Al2O3 should be a potential catalyst for the selective N-

formylation of polyamines.  

 

  

Scheme 2. N-formylation of piperazine to synthesis various N-formamine 

catalyzed by Au/Al2O3. 

Inspired by the results in Table 3, we further investigated 

whether N-formamide can be synthesized from primary 

amines (Table 4). Clearly, butyl amine was converted into N-

butylformamide successfully with an isolated yield of 80% 

(Entry 1). Following, aliphatic primary amines including iso-

butylamine, 1-heptanamine, 1-decanamine, 1-dodecylamine 

and 1-cetylamine can be transformed into the corresponding 

N-formylation products, 23-27b, with yields of 79–87% (Entries 

2–6). For cyclic primary amines including cyclopentylamine and 

cyclohexylamine, the corresponding N-formamides, 28b and 

29b, can be synthesized with 81% and 72% isolated yields 

(Entries 7–8). If benzylamine derivatives with various 

functional groups, i.e. 30a and 31a, were used as starting 

materials, the corresponding N-formamides can be obtained 

selectively with 84% and 85% isolated yields (Entries 9–10). 

Aniline and aniline derivatives with various functional groups 

also can be transformed into the corresponding N-formamides 

with yield of 73%-80% (Entries 11–13).Thus, Au/Al2O3 can be 

used in the N-formylation reactions of primary and secondary 

amines almost under ambient conditions. 

Table 4. Results of N-formylation of primary amines
 [a] 

 

Entry Substrates Products Yields
[c]

 

1 

2

2a 22b 
80 

2 
NH2

23a 23b 
82 

3 

24a 
24b 

72 

4 

25a 
25b 

83 

5 

26a 
26b 

79 
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6 

27a 
27b 

87 

7 

28a 

28b 

81 

8 

29a 
29b 

72 

9 

30a 
30b 

85 

10 

3

1a 

31b 

84 

11
[b]

 

32a 

32b 

80 

12
[b]

 

33a 

33b 

73 

13
[b]

 

34a 

34b 

74 

 [a] Reaction conditions: amine (1.0 mmol), paraformaldehyde (1.2 mmol), 

catalyst (25 mg), NaOH (0.2 mmol), deionized water (2.0 mL), 100 
o
C, 24 h. [b] 25 

o
C, 24 h [c] Isolated yield.  

Catalyst Reusability 

One of the major advantages of heterogeneous catalysts is 

the facile catalyst separation and recycling. So the reusability 

of the Au/Al2O3 catalyst was tested by the reaction of 

morpholine with paraformaldehyde (Fig. 4).  

1 2 3 4 5
0

20

40

60

80

100

y
ie
ld
 (
%
)

 Catalyst recycle number

 

 

 

Figure 4. Recyclability test of Au/Al2O3 catalyst for the N-formylation of 

morpholine. Reaction conditions: morpholine (1.0 mmol), paraformaldehyde (1.2 

mmol), catalyst (25 mg), NaOH (0.2 mmol), deionized water (2.0 mL), 25 
o
C, 6 h. 

After each reaction, the catalyst was recovered by simple 

centrifugation and reused without further treatment. As it can 

be seen from Fig. 4, the catalyst can be recycled for 5 runs 

without obvious deactivation. As it is well known, supported 

nano-gold catalysts often face deactivation problem during 

storage. Thus, it is very interesting to explore the storage 

stability of the Au/Al2O3 catalyst. To our delight, 83% 

morpholine was converted into N-formyl morpholine with 98% 

selectivity by applying an Au/Al2O3 catalyst being stored in air 

for 30 days. Thus this catalyst exhibits nice stability during the 

catalytic reactions, and storage in air.  

Catalytic reaction mechanism  

Finally, the reaction mechanism of N-formylation of amine 

with paraformaldehyde was studied using morpholine as the 

model substrate. To gain insight into the mechanism, control 

experiments were conducted under different atmospheres 

(Table 5). All the reactions were progressed for 6 h and traced 

by GC-MS. Clearly, morpholine can react with 

paraformaldehyde to give N-formyl morpholine under 1 atm 

oxygen in the presence of the Au/Al2O3 catalyst.  Nevertheless, 

no N-formyl morpholine was observed under Ar or H2 

atmosphere, and the sole product was aminal 1c. It suggests 

that the mechanism was oxidative dehydrogenation rather 

than catalytic dehydrogenation. 

Table 5. N-formylation of morpholine under different atmosphere.
[a]

 

 

Entry atmosphere Conv (%)
[b]

 Sel (%)
[c]

 

1b 1c 

1 O2 98 99 - 

2 H2 65 - 100 

3 Ar 78 - 100 

[a] Reaction conditions: morpholine (1.0 mmol), paraformaldehyde (1.2 

mmol), Au/Al2O3 catalyst (25 mg), NaOH (0.2 mmol), deionized water (2.0 

mL), 25 
o
C, 6 h. [b] Conversion of morpholine was determined by GC-MS. [c] 

Selectivity by GC–MS analysis based on the morpholine consumed.  

Based on the former report
46

, a plausible reaction 

mechanism is given in Scheme 3. First, paraformaldehyde was 

dissociated in aqueous solution under basic conditions and 

molecular oxygen was dissociated on the gold-nano particles 

to formed Oad. Then morpholine and dissociated formaldehyde 

were spread onto the catalyst surface. Morpholine was 

deprotonated and adsorbed to form adsorbed C4H8NOad and 

generating water. At the same time formaldehyde was 

adsorbed to form HCHOad species. Then, nucleophilic C4H8NOad 

attacked the aldehydic carbon of formaldehyde, presumably to 

form the hemiaminal. Subsequently 2-hydride elimination 

yields N-formyl morpholine. However, the other route cannot 

be ruled out. 
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Scheme 3. Plausible reaction pathway for N-formylation of morpholine with 
paraformaldehyde. 

Conclusions 

In conclusion, the N-formylation reactions of diffident 

amines with paraformaldehyde were achieved successfully 

catalyzed by a simple Au/Al2O3 catalyst. Under the optimized 

reaction conditions, primary and secondary amines can be 

efficiently and selectively transformed into the corresponding 

N-formylation products with excellent yields in water under 

ambient conditions. It offers a clean and economic method for 

the synthesis of N-formylation amines. 
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A simple and efficient Au/Al2O3 catalyst was prepared for the oxidative N-formylation of amines 

and paraformaldehyde under ambient conditions with up to 97% yield. 
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