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CHAPTER I 

INTRODUCTION 

1.1  Gold nanocluster as a catalyst 

Gold complexes having Au(I) or Au(III) states are well–established as the best 

choice for different kinds of organic reaction in both heterogeneous and homogeneous 

processes involving oxidation, reduction, carbon-carbon bond formation, carbon-

heteroatom formation, nucleophilic addition and so on [1-4]. In contrast, metallic gold 

or Au(0) is one of gold species that is very popular for being chemically inert and also 

known as the most stable metals and resistant to oxidation, because of the highest 

ionization energy. There is remarkably different chemical character between metallic 

gold and gold complexes (Figure 1.1). 
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Figure 1.1 Size dependence for the character of gold. 

Interestingly, the discovery by Haruta and co-workers in 1987, Au 

nanoparticles were highly active catalysis for CO and H2 oxidation, NO reduction, 

water-gas shift reaction, CO2 hydrogenation, and catalytic combustion of methanol 

[5,6]. The size dependence of cluster was observed and the TOF was drastically 

increased with a decrease in the diameter around 3-4 nm of gold clusters at 273 K. 

The oxidation by gold nanoparticles has become a hot topic in chemistry. In 

particular, an aerobic oxidation using molecular oxygen as an oxidant has attracted as 

the development for environmentally friendly catalysis processes. Many reports 

involving aerobic oxidation of small sized gold clusters have been presented. Rossi 
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and co-workers was firstly demonstrated the aerobic oxidation of small sized gold 

clusters without supporter as a catalyst for the oxidation of glucose. However, the 

gold clusters with supporter avoid particle aggregation in solution and preserved the 

activity for longer [7]. This observation is in good agreement with bare gold clusters 

in the gas phase which can catalyze the oxidation of CO by O2 [8]. Among the 

investigation on CO oxidation, the adsorption of molecular oxygen on gold clusters 

was described (Figure 1.2) [9]. Electron will transfer from metal oxide supporter to 

activate Au cluster and follow by electron transfer from Au cluster to oxygen 

molecule. The superoxo-like species was generated by partial electron transfer from 

5d orbital of gold clusters to the antibonding * orbital of O2 [10]. The electron 

transfer from gold nanocluster to molecular oxygen was observed using AunO2
- 

photoelectron spectroscopy [11]. In addition, the adsorption of water on Au cluster is 

expected to assist the electron donation and increase the activity (Figure 1.3) [12]. 

     

Figure 1.2 Adsorption of molecular oxygen on the gold clusters surface [9] 

 

 

Figure 1.3 Adsorption of water on gold clusters surface enhancing the activity of gold 

in CO oxidation [12]. 
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The primary role of the supporter is to avoid the aggregation of nanoclusters. 

The preparation of gold nanoclusters was succeeded by using many kinds of 

materials. The second role is the act of support in the reaction mechanism to boost the 

ability of gold catalyst. The strategies to stabilize gold nanoclusters against the 

aggregation are shown in Figure 1.4. 

HAuCl4

Reduction

Au nanoparticles

Supported gold
nanoparticles

Colloidal gold
nanoparticles solutions

Particle growth and
agglomeration

SolidsLigands

 

Figure 1.4 Strategies to stabilize gold nanoclusters against agglomeration. 

Many kinds of heterogeneous gold catalysts have been developed. The most 

widely reported supports were inorganic solids such as charcoal [13], silica [14], 

alumina [15], and metal oxides [15-16]. There were highly active and stable in the 

oxidation reaction such as CO, alcohols, cyclohexane, styrene, propene and etc. 

(Scheme 1.1) [17,18]. The controlling of particle size and the structures of their 

interfaces with solid supports is difficult. Therefore, it is difficult to clearify in the 

principle for the fabrication of active gold catalysts. To make the ideal system with 

small gold clusters less than 1 nm for activation of molecular oxygen, the colloidal 

gold clusters has been developed.  
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Oxidation of cyclohexene 

1% Au/C, 5 mol% t-BuO2H

O OH
O

+ +
1,2,3,4-tetramethylbenzene

O2, 80 oC, 24 h  

Oxidation of propene 

+ +O2 H2

0.98% Au/TiO2

323 K O
+ H2O

 

Oxidation of alcohols 

HO
OH

HO
OH

O

1% Au/C

NaOH, O2  

Scheme 1.1 Oxidation by heterogeneous Au nanocluster catalysts. 

Colloidal gold clusters represent as a bridge between homogeneous and 

heterogeneous catalysis called “quasi-homogeneous” which are dispersed in a 

medium with multiple but weak coordination to organic stabilizers. Thus, the cluster 

surface can expose to have catalytic activity. In addition, the cluster size can be 

controlled to give more fine clusters than that of heterogeneous catalysts which the 

effect of the size of clusters is important for activity of reaction. Furthermore, the 

homogeneous catalytic system is expected to have higher catalytic activity than 

heterogeneous system. 

1.2 Preparation and characterization of colloidal nanogold 

1.2.1  Overview [17,19-20] 

The general material for preparing of colloidal gold nanoclusters is 

tetrachloroauric acid (HAuCl4) obtained from the mixture of nitric acid and 

hydrochloric acid (aqua regia) with gold metal. The formation of gold nanoclusters 

on polymer was done by the reduction of gold ions (Au3+).  
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The main role of stabilizer was to reduce the mobility of the metal 

nanoparticles to inhibit the aggregation or cohesion of Au(0) at a very early stage, 

then the nanometer-sized of gold clusters was obtained. The average size of clusters 

could be controlled by the nature of polymer and concentration between polymer and 

gold ion in the solution. The amount of reducing agent was also one of factors for the 

size distribution of clusters. In addition, the temperature at the reduction process was 

very important. The high temperature could induce the aggregation of gold 

nanoclusters to bigger size and destroy the catalytic activity, because of the weak 

coordination between gold clusters and polymer.  

The polymer on the gold cluster could act as the protecting layer against the 

cohesion of nanoclusters, so that the gold clusters could be treated as normal chemical 

compounds. They could keep in the powder form by freeze-dry method and then 

redispersed in liquid media. The polymer was an ideal for catalytic applications, 

because the multiple and weak coordination between gold clusters and polymer could 

expose gold surface to substrates, and then permitted catalytic conversion. In contrast 

with the stabilization of gold clusters by organic ligands such as alkylthiol, arylthiol 

or phosphines, the strong adsorption of thiol on the gold cluster surface could 

deactivate the catalytic activity of gold nanoclusters [19].  

Some stabilizing polymers that are used in the preparation of colloidal gold 

nanoclusters are listed in Table 1.1. 
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Table 1.1 Structure of stabilizing polymers [20] 
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The polymers in this list usually contained oxygen, nitrogen, or sulfur moieties 

for introducing the coordination of gold clusters. Poly(N-vinyl-2-pyrrolidone) (PVP) 

had the oxygen moiety to interact with the metal clusters, so PVP was used as the 

stabilizing material for many transition metals such as platinum, palladium or 

rhodium including gold [20-22]. The weak point of quasi-homogeneous catalyst was 

the ultra filtration on a membrane filter is required for the recovery process after use 

in the reaction. Thus, polyacrylamide (PAA) microgels [23] with no dispersible in 

water were used and it could be simply recovered by filtration in the same as for 

heterogeneous catalyst. To use quasi-homogeneous ability, the star(EOEOVE) 

(EOEOVE = 2-(2-ethoxy)ethoxyethyl vinyl ether) [24] or poly(N-isopropyl-

acrylamide) (PNIPAM)  [25] which can disperse in water at low temperature (< 40 

°C) and easily precipitated at above 40 °C. Both of them could easily separate by their 

lower critical solution temperature (LCST) type phase-separation behavior. 

Herein, the gold nanocluster stabilized by hydrophilic polymer, PVP, was 

selected as quasi-homogeneous catalysis in this study, because of the simple 

preparation and stability both in water solution or powder form and also no 

deactivation of gold clusters from stabilization of PVP. 

1.2.2  PVP-stabilized gold clusters 

The typical method for size-controlled colloidal nanogold, monodisperse ultra-

small gold clusters stabilized by PVP (Au:PVP) involved the rapid reduction of 

Au(III) ions (HAuCl4) with a strong reducing agent (NaBH4) in the presence of PVP 

dispersing in water at O°C. The brownish solution was immediately obtained after 

mixed AuCl4
- and BH4

- (Scheme 1.2). The batch mixing process [26] and microfluidic 

reactor [27] were developed to get the smaller size of gold clusters (Figure 1.5). The 

size of Au:PVP clusters prepared by microfluidic reactor was smaller than that from 

batch process, because of the more homogeneous mixing solution by overlaying 

laminated substreams (70 micrometers thick) between AuCl4
- and NaBH4 than 

vigorous stirred solution in batch process. The larger size of gold clusters was 

prepared by reduction of additional AuCl4
- with a weak reducing agent (Na2SO3). The 

reduction of Au(III) occurred only on the surfaces of the cluster seed. The growing of 
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small clusters was depended on the amount of addition of AuCl4
- ions. Thus, a series 

of monodisperse Au:PVP clusters with average diameters in the range of 1.1-9.5 

nanometers were prepared by gradually increasing the concentration ratio of AuCl4
- to 

Au(0) [28]. 

HAuCl4 + PVP (K = 30)
NaBH4

H2O, 273 K
Au:PVP-1

Au:PVP-1 + HAuCl4
Na2SO3

H2O, 273 K

Au:PVP-n

n = 1,2,3,4,5,6,7  

Scheme 1.2 Preparation of Au:PVP. 

 

Figure 1.5 Method for preparing Au:PVP in batch process and microfluidic reactor 

[20]. 

The Au:PVP clusters have been characterized by transmission electron 

microscopy (TEM), powder X-ray diffraction (XRD), X-ray absorption near edge 

structure (Au L3-edge XANES), extended X-ray absorption fine structure (EXAFS) 

analysis, X-ray photoelectron spectroscopy (XPS) and matrix-assisted laser 

desorption ionization (MALDI) mass spectrometry (Figure 1.6). The XRD 

measurement afforded a broad (111) corresponding to face-centered cubic (fcc) 

structure of gold nanoclusters. The XPS analysis showed core-level peaks of C(1s), 

N(1s), O(1s), and Au(4f). The Au(4f7/2) binding energy of 83.5 eV agree well with 

those of typical Au(0) nanoparticles. Au:PVP did not contain ion species such as 
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AuCl4
- or AuCl2

-, because the signal of Cl was not observed. The intensity of 11.93 

keV in the Au L3-edge XANES was smaller than the bulk gold, thereby the gold 

clusters in Au:PVP was anionic character than bulk gold due to electron was 

transferred from 5d orbital through the interaction with PVP. 

 

 

Figure 1.6 Characterization data of Au:PVP [26-27,29]. 

XRD and EXAFS measurements supported the production of smaller gold 

clusters by microfluidic mixing. Negative-ion MALDI mass spectra of Au:PVP was 

taken at the lowest possible laser fluence to suppress fragmentation of the clusters 

(Figure 1.6). A series of magic numbers for the gold cluster size have been discovered 

as 35, 43, 58, 70, 107, 130, and 150 [29]. 

 

  

 

XRD Au L3-edge XANES 

XPS FT-EXAFS 
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Figure 1.7 TEM images and core-size distributions of Au:PVP prepared by batch 

mixing (top) and microfluidic mixing (bottom) [27]. 

Size distributions of Au nanoclusters were displayed in Figure 1.7. These data 

indicated that the narrow and smaller sizes of clusters were obtained from 

microfluidic mixing method [27]. 

The UV/Vis absorption spectrum of Au:PVP was presented in Figure 1.8 [28]. 

1.3 nm of Au:PVP showed no surface plasmon band, because there was no metallic 

character on small size of gold clusters. On the other word, there was a negligible 

population of gold clusters larger than two nanometers. In addition, the surface 

Plasmon bands of ~520 nanometer were caused by metallic character of gold 

nanocluster that appeared in the UV/Vis absorption spectrum in Figure 1.8 of bigger 

size of Au:PVP clusters. Likewise, TEM images are shown in Figure 1.9. Gold 

clusters size exhibited in the images with average diameters. 
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Figure 1.8 UV/Vis absorption spectra of Au:PVP [28]. 

 

Figure 1.9 TEM images of Au:PVP and size distribution [28]. 

The electron release from PVP to gold cluster was observed by Fourier 

transform infrared spectroscopy (FT-IR) using adsorbed CO as a probe (Figure 1.10) 

[30]. The different amounts of PVP in Au:PVP cluster ([PVP]/[Au] = 40-250) was 

detected in CH2Cl2 by FT-IR. The free CO dissolved in the solvent were monitored 
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and showed the population of adsorbed CO. The results showed that the adsorbed CO 

gradually decreased with the increase of the PVP concentration. It regarded that PVP 

was bound more strongly gold cluster than CO. The wavenumber of C-O bond was 

red-shift from 2107 to 2098 cm-1 when PVP concentration increased. This result 

implied that additional PVP could donate more electronic charge to the gold cluster. 

Thus, the electron rich gold clusters donated the electron to oxygen molecule to be 

active molecular oxygen on cluster surface (Figure 1.10). 

 

Figure 1.10 FTIR spectra of 12CO adsorbed on Au:PVP with various PVP 

concentrations and the electron donating from PVP to gold clusters to active 

molecular oxygen [30]. 

1.3  Application of PVP-stabilized gold clusters as an oxidation catalyst  

1.3.1  Oxidation of alcohol in water [28,30,31] 

As shown above, Au:PVP could promote the aerobic oxidation and played the 

important role as an oxidation catalyst by adsorbing molecular oxygen to be superoxo 

form as an oxidant. Tsukuda, Sakurai and Tsunoyama firstly developed the 1.3 nm of 

Au:PVP and used it in the oxidation of alcohol in water. Various types of alcohol 

including primary and secondary alcohols could be easily oxidized giving the 

corresponding carboxylic acids and ketones, respectively (Schemes 1.3 and 1.4). 
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OH O

OH

X X

X = H      85%

Me    93%

NO2  94%

2 atom% Au:PVP
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Alipatic 

C5H11CH2OH C5H11COOH

> 99%

2 atom% Au:PVP

300 mol% K2CO3 

H2O, 67 oC, 24 h  

Scheme 1.3 Aerobic oxidations of primary alcohols catalyzed by Au:PVP [28,31]. 
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Scheme 1.4 Aerobic oxidations of secondary alcohols catalyzed by Au:PVP [30,31]. 
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The reactions did not proceed under the reaction without base or oxygen 

because these molecular oxygens act as an oxidant for aerobic oxidation. In contrast 

with Pd nanocluster case, the aerobic oxidation can proceed in the absence of base 

because of different mechanism. The oxidation of Pd(0) nanoclusters proceeds via 

oxidative addition on Pd surface to afford the alkoxide and hydride. Then, -hydrogen 

elimination from adsorbed alkoxide to form Pd-hydride and the corresponding 

aldehyde were rate-determing step. Finally, molecular oxygen removed the hydride 

species from the Pd surface (Figure 1.11) [32]. 

Pd

Pd Pd

HO R

RCHO

OH
R

HO2

H2O2

H H

 

Figure 1.11 Proposed mechanism of Pd nanoclusters catalyst in aerobic oxidation of 

alcohol. 

In contrast, the oxidative addition on Au:PVP was not favored. On the basis of 

Au cluster in gas phase, molecular oxygen was activated by adsorption on negative 

Au surface to form peroxo-like species [11]. Thus, the smaller gold clusters in 

Au:PVP were negatively charged, they should activate oxygen molecule by donation 

of electronic charge from clusters. The proposed mechanism of Au:PVP in aerobic 

oxidation of alcohol are shown in Figure 1.12. Sakurai and co-workers proposed that 

the excess electronic charges on gold surface were transferred to molecular oxygen to 

form superoxo or peroxo species. Then, these active species abstracted hydrogen from 

alcohol to become the corresponding aldehyde. Furthermore, 5-10% silver doped in 

Au:PVP could increase the activity in the oxidation of alcohol due to the increasing 

electron donation to the gold moiety [33]. 
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Figure 1.12 Proposed mechanism of Au:PVP in aerobic oxidation of alcohol. 

Another mechanism has recently been proposed by Kobayashi and Chechik 

[34]. They detected a Au-H intermediate in the oxidation of alcohol on Au:PS catalyst 

by using spin-trapping techniques in ESR spectroscopy (Figure 1.13). They proposed 

that hydrogen or hydride was transferred to gold clusters followed by H-abstraction 

by oxygen molecule to form HOO radical. The different mechanisms were associated 

with various charge states of clusters involving different supporters. Au:PPh3 clusters 

and Au/CeO2 catalysts were also observed   Au-H adduct, in both of which gold was 

positively charged [35]. This difference should depend on the functional groups 

present on the polymers and cluster size to show the different catalytic performance. 
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Figure 1.13 Proposed mechanism of Au:PS in aerobic oxidation of alcohol. 

1.3.2  Oxygenation of benzylic ketones [36] 

Au:PVP could promote the autoxidation type reaction and α-hydroxylation 

reaction of benzylic ketones. The selectivity of product was controlled by changing 

the solvent and base (Scheme 1.5). The formation of α-peroxide intermediate from 

bond cleavage proceeded spontaneously in aqueous media to give the autoxidation 

products. In contrast, the α-hydroxylation product was obtained in the presence of 

dimethyl sulfoxide (DMSO) as a solvent. 

R1
R2

O

Ar

Au:PVP, 200 mol% DBU

MeCN/H2O (1:2)

Au:PVP, 100 mol%NaOAC

DMSO (1:2)

R1 Ar

O

HO
R2

O

Ar
R1

 

Scheme 1.5 Oxygenation of benzylic ketones catalyzed by Au:PVP. 
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The possible mechanism was shown in Figure 1.14. Au clusters would activate 

molecular oxygen to form superoxo-like species and the enolate of ketone substrates 

was adsorbed onto the Au cluster surface. Autoxidation took place predominantly in 

water/acetonitrile medium to give the corresponding peroxide intermediate. Peroxide 

was transformed to the corresponding aryl ketones with cleavage of carbon-carbon 

bond and α-hydroxylation product was obtained by reduction of peroxide with 

cleavage of oxygen-oxygen bond in DMSO. The carbon-carbon bond cleavage from 

peroxide intermediate could proceed without water, but the peroxide intermediate was 

produced at the beginning. In addition, DMSO worked as a reductant in α-

hydroxylation pathway. 
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Figure 1.14 Proposed mechanism of Au:PVP in oxygenation of benzyl ketone. 
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1.3.3  Oxidation of organoboron compounds. 

Au:PVP could promote the homocoupling reaction of arylboronic acids [26]. 

The aerobic oxidation of phenyl boronic acid in aqueous K2CO3 could proceed under 

aerobic conditions to give biphenyl and phenol (Scheme 1.6) [36]. 

B(OH)2

1 atom% Au:PVP

300 mol% K2CO3

H2O, air , 27 oC, 24 h

+ OH

72% 23%

B(OH)2

1 atom% Au:PVP

300 mol% HCO2NH4

H2O, air , 27 oC, 24 h

+ OH

8% 92%  

Scheme 1.6 Homocoupling and oxygenation of phenylboronic acid. 

The homocoupling of phenylboronic acid was catalyzed by Au:PVP giving 

biphenyl, but the latter product may not produce by a direct gold catalyzed process. 

The oxidation of phenylboronic acid with H2O2 co-product in the coupling reaction 

may be possible. In addition phenol could be selective generated in ammonium 

formate as reductant. 

To yield only biphenyl by gold nanoclusters catalyzed carbon-carbon 

formation reaction, the potassium aryltrifluoroborate (ArBF3K) was used [37]. 

Biphenyl was formed selectively and quantitatively in the Au:PVP-catalyzed aerobic 

oxidation of PhBF3K under weakly basic to neutral conditions (pH 9.18-6.86, Scheme 

1.7). 

BF3K
1 atom% Au:PVP

buffer pH 6.86

air , 47 oC, 24 h >99%  

Scheme 1.7 Selective homocoupling from potassium phenyltrifluoroborate. 
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1.4 Application of PVP-stabilized gold clusters as a formal Lewis acidic 

catalyst 

1.4.1  Intramolecular addition of alcohols to alkenes 

Gold cluster surface could adsorb molecular oxygen, so that an electron-

deficient site of cluster surface after the adsorption of oxygen could behave as a 

formal Lewis acid. Intramolecular hydroalkoxylation of alkenes was promoted by 

Lewis acid catalysts. To study the Lewis acid ability of gold clusters, Sakurai and co-

workers investigated this reaction with Au:PVP as catalyst [38]. The hydro-

alkoxylation did not occur under inert atmosphere or the bigger size (9.5 nm) of 

Au:PVP clusters, but 10 atom% of 1.3 nm of Au:PVP in the presence of DBU and 

H2O/DMF at 50°C under aerobic conditions, tetrahydrofuran derivative was obtained 

in 87% yield from alkenyl alcohol (Scheme 1.8). This observation indicated that 

molecular oxygen was essential and ion species of gold was not active species for this 

reaction. 

10 atom% cat. Au:PVP

200 mol% DBU

H2O/DMF (2:1)

conditions

Ph

OH

Ph

OPh

Ph

CH3

catalyst conditions

Au:PVP (1.3 nm) under air

Au:PVP (1.3 nm) degassed condition

Au:PVP (9.5 nm) under air

yield

87%

0%

0%

Wacker-type reaction product

OR

R'

OR

R'

CH3
OPh

Ph OH

oxygenation product

 

Scheme 1.8 Intramolecular hydroalkoxylation catalyzed by Au:PVP. 
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Normally, under aerobic oxidation conditions, -hydroxyalkenes underwent 

Wacker-type oxidation or oxygenation. In contrast, Au:PVP catalyst could proceed 

the reaction without Wacker-type reaction products or the oxygenation product. It was 

thought that molecular oxygen generated a reaction center of Lewis acid character on 

the cluster surface. The proposed mechanism was presented in Figure 1.15. The 

reaction proceed via the nucleophilec adsorption of alkoxide onto cationic site of gold 

cluster surface followed by cyclization, giving alkyl-Au intermediate. The 

oxygenation, -elimination and protonation did not occur. The hydrogen was 

introduced from formyl group of DMF to give the product with regeneration of gold 

catalyst. 
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Figure 1.15 Proposed mechanism of intramolecular hydroalkoxylation catalyzed by 

Au:PVP. 

1.4.2 Intramolecular addition of toluenesulfonamide 

By analogy to the similar reactions of -hydroxyalkenes, it would be expected 

that the reaction of -(toluenesulfonylamino)alkenes should proceed in the presence of 

Au:PVP as a catalyst under aerobic conditions. The intramolecular addition of amine 

to carbon-carbon multiple bond proceed under similar hydroalkoxylation condition, 5 

atom% of Au:PVP with 300 mol% of Cs2CO3 at 50°C in ethanol as solvent under 

aerobic condition (Scheme 1.9) [39]. The excellent yields of cycloaddition were 
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obtained, except for p-toluenesulfonyl protected alkenyl amide without -substituted 

group. Only 41% yield was obtained because of lacking a germinal effect.  

5 atom% Au:PVP

300 mol% Cs2CO3

EtOH, 50 oC, 1-16 h

R1

R2

Ts
N CH3

Ph Ph

Me Ph

Me

yield

>99%

93%

89%

NHTs

R1

R2

R1 R2

H

Ph Ph

Me Ph

81%

41%  

Scheme 1.9 Intramolecular addition of toluenesulfonamide. 

Interestingly, aerobic oxidation of benzylic alcohol occurred predominantly to 

afford corresponding ketone (Scheme 1.10), because the aerobic oxidation of benzylic 

alcohol proceeded rapidly even at room temperature. On the other hand, benzylic 

oxidation could not proceed in the case of toluenesulfonamide. Cyclization took place 

to provide tricyclic product. 

10 atom% Au:PVP

200 mol% DBU

H2O/DMF, 50 oC, 24 h

OH O

5 atom% Au:PVP

300 mol% Cs2CO3

EtOH, 50 oC, 1-16 h

77%

NHTs

95%

TsNhydroamination reaction

Oxidation of benzylic alcohol

 

Scheme 1.10 Comparison between the oxidation of benzylic alcohol and 

intramolecular addition of toluenesulfonamide. 
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The proposed mechanism is shown in Figure 1.16. The formation of superoxo-

like species by adsorption of molecular oxygen on gold cluster surface was the 

initiated step. The toluenesulfonamide anion generated in basic conditions promoted 

the intramolecular addition to -activation of olefin, which activated by adsorption on 

electron-deficient site of gold surface. Toluenesulfonamide anion attacked olefin from 

the opposite side of adsorbed to afford alkyl-Au intermediate. Ethanol should be 

adsorbed on the cluster surface as ethoxide and then hydrogen of ethyl group was 

abstracted to yield the corresponding cyclized product. 

O

O

Au Au

Ts
N

O2

O

O

Au
NTs

Ph
Ph

NTs

Ph
Ph

O

OH

AuPh

Ph

Ts
N

O OH

AuPh

Ph

O

H

H

H3C

CH3CHO + HOO

Ts
N

Ph

Ph

CH3

NH2

Ph
Ph

CO3
2-

HCO3
-

anti addtion

HCO3
-

CO3
2-EtO

 

Figure 1.16 Proposed mechanism of intramolecular addition of toluenesulfonamide 

catalyzed by Au:PVP. 
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1.4.3  Intramolecular addition of primary amines
 

Catalysts for cyclization of primary amines are normally not stable to moisture 

and air. Au:PVP could be utilized in cyclization of primary amines under neutral or 

slightly acidic conditions with formic acid derivatives as reductants. In addition, the 

reaction was dependent on the acidity of solvent (Scheme 1.11) [40]. 

5 atom% Au:PVP

EtOH/H2O (1:2), 50 oC, 4 h

conditions

R1

R2

H
N CH3

1000 mol% HCO2NH4

400 mol% HCO2H, pH = 6.86 buffer

yield

83%

80%

94%

NH2

R1

R2

conditions

1000 mol% HCO2H, 500 mol% NH4OH 

pH = 4.01 buffer  

Scheme 1.11 Intramolecular hydroamination of primary amines. 
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Figure 1.17 Proposed mechanism of intramolecular hydroamination of primary 

amines. 

In this reaction, basic condition was not necessary because primary amines 

possessed high nucleophilicity and could adsorb on surface of gold cluster even under 

neutral or slightly acidic conditions. The formal Lewis acid character of gold clusters 

might be more efficient under neutral or slightly acidic conditions. In Figure 1.17, the 

reaction began with N-H bond insertion to olefin followed by the formation of alkyl-

Au intermediate. Selective hydrogenation from formic acid may occur instead of 

adsorption of ethanol on gold cluster surface under neutral or slightly acidic 

conditions. Hydrogen of formyl group was abstracted to form cyclic amine. In 

addition, the formation of two imines may occur through secondary oxidation of 
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amine product as a major pathway or through isomerization followed by -hydrogen 

elimination form the alkyl-Au intermediate as a minor pathway. 

1.5 Objective of this research 

Since Au:PVP has been widely explored, the quasi-homogeneous catalyst of 

gold clusters in catalysis application should be fascinated. Thus, air and moisture 

stable catalyst Au:PVP will be prepared for exploring 2 reactions. Firstly, the N-

formylation of amine with MeOH oxidation or formalin condition was optimized and 

mechanism pathways were described endorsing with many of evidences.  Secondly, 

the selectivity between α-oxygenation and dehydrogenation of amines was 

scrutinized. 



   

CHAPTER II 

EXPERIMENTAL 

2.1  Instrument and equipments 

1H NMR spectra were measured on a JEOL JMN LAMBDA 400 spectrometer 

at 23°C at 400 MHz. CDCl3 was used as a solvent and the residual solvent peaks were 

used as an internal standard (1H NMR: 7.26 ppm). 

GC/MS data was collected on a Shimadzu GCMS QP-2010 gas 

chromatograph interfaced with mass spectroscopy. 

GC data was collected on a Shimadzu GCMS QP-2010 gas chromatograph. 

Hexadecane was used as an internal standard. 

UV/Vis spectroscopic data was recorded by HITACHI, U-2010 from 200-

1100 nm at room temperature (27°C). 

TEM images were recorded with transmission electron microscopes operated 

at 300 kV (Hitachi H-9500, JEOL JEM-3100FEF). 

2.2 Chemicals 

Silica gel column chromatography was performed on Kanto 60N, Wako 

Wakosil C-300, or Yamazen Hi-Flash column using a Yamazen YFLC purification 

system. TLC analysis was performed using Merck silica gel 60 F254 and preparative 

TLC was conducted using Wako Wakogel B-5F. GPC was performed with Japan 

Analytical Industry LC-908W, LC-9201 using chloroform as a solvent. Other reagents 

and solvents were commercially purchased from TCI and Wako chemicals and further 

purified according to the standard methods, if necessary. 
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2.3  Syntheses  

2.3.1  Preparation of gold nanoclusters stabilized by poly(N-vinyl-2-pyrroli-

done): Au:PVP nanoclusters [26,28] 

To the aqueous solution of HAuCl4 (1 mM, 50 mL) was added 555 mg 

(0.0139 mmol) of poly(N-vinyl-2-pyrrolidone) (PVP). The mixture was further stirred 

for 30 minutes under a bath of 0°C. Then, the aqueous solution of NaBH4 (0.1 M, 5 

mL) was rapidly added into the mixture under vigorous stirring. The color of the 

reaction mixture immediately turned from pale yellow to dark brown, indicating the 

formation of small Au nanoclusters (NCs). The hydrosol of the Au:PVP NCs was 

dialyzed three times by centrifugal ultrafiltration (MWCO = 10 kDa) using 10 mL of 

H2O. Finally, the Au:PVP clusters were concentrated by ultrafiltration and diluted 

with miliQ H2O to the total volume that made the concentrations of Au atoms and 

PVP monomers be 0.5 and 50 mM, respectively. The solution of Au:PVP was then 

concentrated and freeze-dried and could be kept for longer time without any 

aggregation of nanoclusters. 

2.3.2 Characterization of Au:PVP nanoclusters [26,28] 

The precise characterizations were reported in previous reports. The UV/Vis 

and TEM were used to monitor the reproducibility of the preparative method. 

2.3.2.1 Optical spectroscopy 

UV/Vis absorption spectra of hydrosols of the Au:PVP NCs were recorded by 

a UV/Vis spectrophotometer. All measurements were performed at room temperature. 

An example of UV/Vis absorption spectrum of Au:PVP is recorded as shown in 

Figure 2.1. 
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Figure 2.1 UV/Vis absorption spectrum of Au:PVP 

The spectrum shows no surface plasmon band at 520 nanometers. This 

indicated that no metallic character in the Au:PVP clusters. 

2.3.2.2 Transmission electron microscopy (TEM) 

TEM images were recorded with electron microscopes operated at 300 kV. 

Typical magnification of the images was 100,000. The diameters of more than 500 

particles are measured and plotted as the histograms in Figure 2.2. The average 

diameters of Au:PVP (K-30) are determined to be 1.3±0.3 nanometers. 

 

Figure 2.2 TEM image and the size distribution of Au:PVP. 
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2.3.3 Typical procedure of N-formylation 

2.3.3.1 N-Formylation under MeOH oxidation conditions. 

A mixture of amine (0.1 mmol) in MeOH (5 mL) with LiOH (0.2 mmol, 200 

mol%) and 1 mM of aq Au:PVP (10 mL) hours in a glass tube ( = 30 mm) was 

stirred vigorously (1300 rpm) at 80°C (bath temperature) for 4-24. The mixture was 

extracted with EtOAc (415 mL). The organic layers were washed with brine and 

dried over anhydrous Na2SO4 and purified by PTLC. 

2.3.3.2 N-Formylation under formalin oxidation conditions 

A mixture of amine (0.1 mmol), 1 mM of aq Au:PVP (1-10 atom%) with 

NaOH (0.1 mmol, 100 mol%) or NaHCO3 (0.05 mmol, 50 mol%) and EtOH (5 mL) 

was prepared. 37% of formalin solution (0.15 mmol, 6.2 µL, 150 mol%) was directly 

added to the reaction mixture (50 mol%  3 within 30 min) and stirred vigorously 

(1300 rpm) at room temperature (27°C). The extraction and purification method were 

carried out the same as that mentioned in 2.3.3.1. In the case of piperidine (1l), the 

yield of N-formylation was calculated using GC with hexadecane as an internal 

standard. The calculation method is shown in Appendix section. 

The products were identified by 1H NMR spectral data or GC comparing with 

those of the authentic samples. 

2a

N

CHO

 

N-Methyl-formanilide (2a): CAS No. [93-61-8], 1H NMR:  3.32 (s, 3H), 

7.16-7.19 (m, 2H), 7.26-7.30 (m, 1H), 7.40-7.44 (m, 2H), 8.48 (s, 1H). Experimental 

data was reported in ref. 41. 
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3a

NH

CHO

 

Formanilide (3a): CAS No. [103-70-8], 1H NMR:  8.98 (d, J = 11.5, 1H,), 

8.39 (bs, 1H), 7.57 (m, 1H), 7.60-7.57 (m, 2H), 7.42-7.31 (m, 4H), 7.26-7.05 (m, 4H). 

Experimental data was reported in ref. 42. 

2b

N

CHO

 

N-Ethylformanilide (2b): CAS No. [5461-49-4], 1H NMR:  8.36 (s, 1H), 

7.38-7.46 (m, 2H), 7.27-7.33 (m, 1H), 7.13-7.21 (m, 2H), 3.87 (q, J = 7.2 Hz, 2H), 

1.16 (t, J = 7.2 Hz, 3H). Experimental data was reported in ref. 43. 

2d

NH

CHO

 

p-Methylformanilide (2d): CAS No. [3085-54-9], 1H NMR:  8.61 (d, J = 11.6 

Hz, 1H), 7.83 (bs, 1H), 7.42 (d, J = 10.8 Hz, 1H), 7.15 (t, J = 8.8 Hz, 2H), 6.98 (d, J = 

8.4 Hz, 1H), 2.33 (s, 3H). Experimental data was reported in ref. 44. 

2e

N

CHO

MeO

 

N-(4-Methoxyphenyl)formamide (2e): CAS No. [5470-34-8], 1H NMR:  8.33 

(s, 1H), 7.07-7.12 (m, 2H), 6.89-6.95 (m, 2H), 3.81 (s, 3H), 3.26 (s, 3H). 

Experimental data was reported in ref. 42. 
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2h

N

CHO

 

N,N-Diphenylformamide (2h): CAS No. [607-00-1], 1H NMR:  8.67 (s, 1H), 

7.44-7.36 (m, 4H), 7.35-7.26 (m, 4H), 7.21-7.14 (m, 2H). Experimental data was 

reported in ref. 45. 

2i

N

CHO

 

1-Formyl-1,2,3,4-tetrahydroquinoline (2i): CAS No. [2739-16-4], 1H NMR:  

8.79 (s, 1H), 7.04-7.24 (m, 4H), 3.81 (t, J = 6.1 Hz, 2H), 2.82 (t, J = 6.5, 2 H), 1.96 

(tt, J = 6.3, 6.2 Hz, 2H). Experimental data was reported in ref. 46. 

2j

N
CHO

 

2-Formyl-1,2,3,4-tetrahydroisoquinoline (2j): CAS No. [1699-52-1], 1H 

NMR:  8.26 (s, 1H0.4), 8.20 (s, 1H0.6), 7.07-7.25 (m, 4H), 4.69 (s, 2H0.6), 4.55 

(s, 2H0.4), 3.79 (t, J = 6.2 Hz, 2H0.4), 3.65 (t, J = 5.9 Hz, 2H0.6), 2.98-2.84 (m, 

2H). Experimental data was reported in ref. 47. 

2k

N

CHO

 

1-Formylindoline (2k): CAS No. [2861-59-8], 1H NMR:  8.93 (s, 1H), 7.22-

7.26 (m, 1H), 7.14-7.19 (m, 2H), 7.02-7.07 (m, 1H), 4.06 (t, J = 8.0 Hz, 2H ), 3.15 (t, 

J = 8.0 Hz, 2H). Experimental data was reported in ref. 48. 
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2l

N

CHO

 

N-Formylpiperidine (2l): This product was identified by GC and comparing 

with authentic sample. CAS No. [2591-86-8]. Experimental data was reported in ref 

42. 

2m

N
H

CHO

 

N-(2-Phenylethyl)formamide (2m): CAS No. [23069-99-0], 1H NMR:  8.14 

(s, 1H), 7.14-7.40 (m, 5H), 5.56 (bs, 1H), 3.59 (dt, 6.8, 6.4 Hz, 2H), 2.85 (t, J = 6.8 

Hz, 2H). Experimental data was reported in ref. 49. 

2n

HN
CHO

 

N-Formyl-1-naphthylamine (2n): CAS No. [6330-51-4], 1H NMR:  8.62 (d, J 

= 11.2 Hz, 1H), 8.12 (bs, 1H), 7.70-8.06 (m, 3H), 7.42-7.65 (m, 3H), 7.33 (d, J = 3.6 

Hz, 1H). Experimental data was reported in ref. 50. 

3b

N
H

O

 

Acetanilide (3b): CAS No. [103-84-4], 1H NMR:  7.49 (d, J = 7.8 Hz, 2H), 

7.32 (t, J = 7.9 Hz, 2H), 7.08-7.15 (m, 1H), 2.18 (s, 3H). Experimental data was 

reported in ref. 51. 
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2.3.4 Procedure of mechanism study for N-formylation of amines 

2.3.4.1 Variation of formyl source in N-formylation of amines 

A mixture of N-methylaniline (1a) (0.05 mmol, 5.4 µL), 1 mM of aq Au:PVP 

(10 atom%) 5 mL with LiOH (0.1 mmol, 200 mol%) and EtOH (2.5 mL) was 

prepared. One of the formyl reagents, HCHO, HCOOMe or HCOOH (0.05 mmol, 100 

mol%) was directly added to the reaction mixture and stirred vigorously (1300 rpm) at 

50°C under air for 1 hour. 0.1 mL of the reaction mixture was taken and diluted with 

brine and extracted with EtOAc 0.5 mL three times. The organic layer was collected 

and transferred to a vial and then added 50 L of 6 mM hexadecane solution as an 

internal standard. %Yield of product was calculated by GC. 

2.3.4.2 Isotope labeling experiment for N-formylation of 1a 

A mixture of N-methylaniline (1a) (0.01 mmol, 1.1 µL), 0.5 mM of aq 

Au:PVP (10 atom%) 2 mL with LiOH (0.02 mmol, 200 mol%) and 99% of 13CH3OH 

(1 mL) was stirred vigorously (1300 rpm) at 80°C (bath temperature) for 4-24 hours 

in a glass tube ( = 30 mm). The reaction mixture (0.2 mL) was taken and diluted 

with brine and extracted with EtOAc 0.53 mL. The organic layer was collected and 

then added 50 L of 6 mM hexadecane solution as an internal standard. %Yield of 

products was calculated by GC. The calculation of %yield and %13C products are 

described in Appendix section. 

2.3.5 Synthesis of starting materials for oxygenation of amines 

2.3.5.1 Bromination of 1,2,3,4-tetrahydroquinoline to 6-bromo-1,2,3,4-tetra-

hydroquinoline (1q) 

1,2,3,4-Tetrahydroquinoline (100 mg, 0.75 mmol) was dissolved in N,N-

dimethylformamide (DMF) (1 mL) and cooled to 0°C. N-Bromosuccinimide (NBS) 

(134 mg, 0.75 mmol) was added dropwise under ice cooling (0°C) over 30 minutes 

and the mixture was stirred for 1-1.30 hours. The mixture was diluted with H2O, 

extracted with EtOAc or Et2O and washed with sodium bisulfite, water, brine, dried 

over anhydrous MgSO4. The organic layer was concentrated and purified by flash 
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column chromatograph (gradient 5%-30% EtOAc in hexane) afforded 6-bromo-

1,2,3,4-tetrahydroquinoline (137 mg). 

1q

N
H

Br

 

6-Bromo-1,2,3,4-tetrahydroquinoline (1q): CAS No. [22190-35-8], 1H NMR:  

δ 6.98-7.07 (m, 2H), 6.34 (d, J = 8.5 Hz, 1H), 3.83 (bs, 1H), 3.28 (t, J = 6.6 Hz, 2H), 

2.72 (t, J = 6.6 Hz, 2H), 1.81-2.00 (m, 2H). Experimental data was reported in ref. 52. 

2.3.5.2 Synthesis of 6-methoxy-1,2,3,4-tetrahydroquinoline (1p) 

N
H

Br

N

Br

O

N
H

MeO

1q 1p

a b

 

a) Acetylation of 6-bromo-1,2,3,4-tetrahydroquinoline (1q) 

6-Bromo-1,2,3,4-tetrahydroquinoline (636 mg, 3.0 mmol) was dissolved in 

acetic anhydride (30 mL) and KOAc (3.0 g, 30.6 mmol) was added. The solution was 

heated at 80°C for 5 hours. The work-up procedure was performed by adding water 

(30 mL), then the mixture was extracted with CH2Cl2 (330 mL). The combined 

organic phases were washed with water (230 mL), dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were purified by flash column 

chromatograph. 96% of 1-acetyl-6-bromo-1,2,3,4-tetrahydroquinoline was obtained.  

N

Br

O  
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1-Acetyl-6-bromo-1,2,3,4-tetrahydroquinoline: CAS No. [22190-40-5], 1H 

NMR: δ 7.28-7.32 (m, 2H), 7.26 (s, 1H), 3.76 (t, J = 6.6 Hz, 2H), 2.71 (t, J = 6.6 Hz, 

2H), 2.22 (s, 3H), 1.90-2.00 (m, 2H). Experimental data was reported in ref. 53. 

b) Methoxylation and deacetylation of 1-(6-bromo-3,4-dihydroquinolin-

1(2H)-yl)ethanone 

NaOMe solution was prepared from Na metal (303.6 mg, 13.2 mmol) with 

dried MeOH under inert atmosphere. 1-(6-Bromo-3,4-dihydroquinolin-1(2H)-

yl)ethanone was dissolved in the solution of NaOMe in 4 mL of MeOH which was 

flushed by N2. Methyl formate (117.1 mg, 1.95 mmol) was added to the mixture and 

then CuBr (93.2 mg, 0.65 mmol) was added. The reaction was refluxed for 1.5 hours 

at 70°C. MeOH was removed from the reaction by vacuo. 20% aq HCl was added to 

the reaction solution with gentle heating. The mixture was neutralized and extracted 

with Et2O 3 times. The combined organic phases were washed with water (230 mL), 

dried over anhydrous Na2SO4, and concentrated in vacuo. The crude products were 

purified by flash column chromatograph. 67% of 1-(6-bromo-3,4-dihydroquinolin-

1(2H)-yl)ethanone was obtained. 

1p

N
H

MeO

 

6-methoxy-1,2,3,4-tetrahydroquinoline (1p): CAS No. [120-15-0], 1H NMR: δ 

6.60 (dd, J = 2.9, 8.5 Hz, 1H), 6.56 (d, J = 2.9 Hz, 1H), 6.45 (d, J = 8.5 Hz, 1H), 3.73 

(s, 3H), 3.25 (t, J = 5.4 Hz, 2H), 2.75 (t, J = 6.6 Hz, 2H), 1.88-1.97 (m, 2H). 

Experimental data was reported in ref. 54. 
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2.3.5.3 Synthesis of 2,3,4,5-tetrahydro-1H-benzo[b]azepine (1r) and 1,2,3,4,5,6-

hexahydrobenzo[b]azocine (1s) [55] 

a b

n

O

n

N
OH

n = 0,1

N
H

n+1

 

a) General procedure for oxime formation 

To a solution of ketone compound (6 mmol) in pyridine (10 mL) was added 

hydroxylamine hydrochloride (762 mg, 10.96 mmol) at room temperature. After the 

mixture was stirred for 1.5 hours, pyridine was removed under reduced pressure. The 

residue was diluted with water, extracted with EtOAc and the combined organic 

extracts were washed with brine, dried over anhydrous MgSO4, and evaporated under 

reduced pressure to give the crude material. Purification by silica gel column (100% 

hexane to 20% EtOAc in hexane) afforded corresponding oxime. 

N
OH  

3,4-Dihydronaphthalen-1(2H)-one oxime: CAS No. [3349-64-2], 1H NMR: δ 

8.63 (bs, 1H), 7.90 (dd, J = 7.8, 1.1 Hz, 1H), 7.24-7.29 (m, 2H), 7.18 (dd, J = 7.6, 0.8 

Hz, 1H), 2.82 (dt, J = 6.6, 2.4 Hz, 2H), 2.79 (t, J = 6.1 Hz, 2H), 1.81-1.95 (m, 2H). 

Experimental data was reported in ref. 56. 
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N

OH  

(E)-6,7,8,9-Tetrahydrobenzo[7]annulen-5-one oxime: CAS No. [17910-25-7], 
1H NMR: δ 7.52 (bs, 1H), 7.38 (dd, J = 7.4, 1.2 Hz, 2H), 7.17-7.35 (m, 2H), 7.13 (dd, 

J = 7.4, 1.2 Hz, 2H), 2.68-2.84 (m, 2H), 1.71-1.85 (m, 2H), 1.60-1.71 (m, 2H). 

Experimental data was reported in ref. 57. 

b) Reductive ring-expansion reaction of carbocyclic ketoximes fused to a 

benzene ring 

To a stirred solution of ketoximes from procedure a (2.815 mmol) in CH2Cl2 

(28 mL) was added DIBAL-H (16.5 mL, 16.85 mmol, 1.02 M in n-hexane) over 10 

min at 0-5°C (internal temperature) under an argon atmosphere. Stirring was 

continued for 5 min at 0 °C and for 2-2.5 hours at room temperature. NaF powder 

(3.38 g, 80.5 mmol) and water (2.2 mL) were added at 0 °C, and the resulting mixture 

was stirred for 30 min at the same temperature. Then, the reaction mixture was 

filtered through a celite pad. The filter cake was washed with EtOAc, and the 

combined organic solutions were evaporated to give the crude product. Purification by 

preparative TLC yielded the corresponding product (1r or 1s) in 72-77%. 

1r

N
H

 

2,3,4,5-Tetrahydro-1H-benzo[b]azepine (1r): CAS No. [1701-57-1], 1H NMR: 

δ 7.10 (d, J = 7.3 Hz, 1H), 7.03 (dt, J = 7.5, 1.5 Hz, 1H), 6.82 (t, J = 7.3 Hz, 1H), 6.73 

(d, J = 7.8 Hz, 1H), 3.77 (bs, 1H), 3.04 (t, J = 5.4 Hz, 2H), 2.77 (t, J = 5.4 Hz, 2H), 

1.74-1.88 (m, 2H), 1.60-1.70 (m, 2H). Experimental data was reported in ref. 58. 
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1s

HN

 

1,2,3,4,5,6-Hexahydro-1-benzazocine (1s): CAS No. [7124-93-8], 1H NMR: δ 

7.12 (dt, J = 7.5,1.6 Hz, 1H, 7.06 (dd, J = 7.5, 1.6 Hz, 1H), 6.93 (dt, J = 7.5, 1.6 Hz, 

1H), 6.89 (dd, J = 7.5, 1.6 Hz, 1H), 3.14-3.26 (m, 2H), 2.81-2.89 (m, 2H), 1.61-1.83 

(m, 2H), 1.45-1.54 (m, 4H). Experimental data was reported in ref. 58. 

2.3.5.4 Synthesis of 2-methyl-1,2,3,4-tetrahydroisoquinoline (1u) 

To a solution of 1,2,3,4-tetrahydroisoquinoline (1j) (439.2 mg, 3.3 mmol) in 

98% formic acid (6.6 mL) was added 37% HCHO solution (4.3 mL). The mixture was 

stirred and refluxed under nitrogen atmosphere for 4 hours. Then, formic acid was 

removed under reduced pressure. The residue was neutralized by diluted NaOH and 

saturated Na2CO3 and extracted with Et2O. The combined organic solutions were 

evaporated to give the crude product and purified by column chromatograph. 2-

Methyl-1,2,3,4-tetrahydroisoquinoline (1u) was obtained in 97% yield. 

1u

N

 

2-Methyl-1,2,3,4-tetrahydroisoquinoline (1u): CAS No. [1612-65-3], 1H 

NMR: δ 7.09-7.40 (m, 4H), 4.83 (s, 2H), 4.08 (t, J = 6.6 Hz, 2H), 3.60 (s, 3H), 3.21-

3.33 (m, 2H). Experimental data was reported in ref. 59. 

2.3.6 Typical procedure of oxygenation of benzo-fused heterocyclic amines 

2.3.6.1 α-Oxygenation of 1,2,3,4-tetrahydroquinoline (1i) 

A test tube ( = 30 mm) was placed with 1i (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and EtOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 mL 

= 10 atom%) was added, and the reaction mixture was stirred vigorously (1300 rpm) 
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at 27 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. The products 

were identified by 1H NMR spectral data comparing with those of the authentic 

samples. 

3i

N
H

O

 

3,4-Dihydroquinolin-1(2H)-one (3i): CAS No. [553-03-7], 1H NMR: δ 8.50 

(bs, 1H), 7.26-7.18 (m, 2H), 6.99 (t, J = 7.6 Hz, 1H), 6.79 (d, J = 7.6 Hz, 1H)), 2.98 

(t, J = 7.6 Hz, 2H), 2.65 (dd, J = 7.6, 6.0 Hz, 2H). Experimental data was reported in 

ref. 60. 

2.3.6.2 α-Oxygenation of 1,2,3,4-tetrahydroisoquinoline (1j) 

A test tube ( = 30 mm) was placed with 1j (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and H2O (5 mL). The aqueous solution of Au:PVP (1 mM, 10 mL = 

10 atom%) was added, and the reaction mixture was stirred vigorously (1300 rpm) at 

90°C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. The products 

were identified by 1H-NMR spectral data comparing with those of authentic samples. 

3j

NH

O

 

3,4-Dihydroisoquinolin-2(1H)-one (3j): CAS No. [1196-38-9], 1H NMR: δ 

8.02 (dd, J = 7.6, 1.2 Hz, 1H), 7.96 (bs, 1H), 7.39 (dt, J = 7.6, 1.6 Hz, 1H), 7.29 (dt, J 

= 7.6, 0.8 Hz, 1H), 7.16 (d, J = 7.2 Hz, 1H), 3.52 (dt, J = 6.6, 3.0 Hz, 2H), 2.92 (t, J = 

6.6 Hz). Experimental data was reported in ref. 61. 
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2.3.6.3 α-Oxygenation of 6-methoxy-1,2,3,4-tetrahydroquinoline (1p) 

A test tube ( = 30 mm) was placed with 1p (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and t-BuOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 

mL = 10 atom%) was added, and the reaction mixture was stirred vigorously (1300 

rpm) at 90°C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O 

(310 mL), and then washed the organic layers with brine, dried over anhydrous 

Na2SO4, and concentrated in vacuo. The crude products were separated by PTLC. 

3p

N
H

O

MeO

 

6-Methoxy-3,4-dihydroquinolin-2(1H)-one (3p): CAS No. [54197-64-7], 1H 

NMR: δ 8.02 (bs, 1H), 6.66-6.76 (m, 3H), 3.93 (s, 3H), 2.91 (t, J = 7.2 Hz, 2H), 2.61 

(t, J = 7.6 Hz, 2H). Experimental data was reported in ref. 62. 

4p

N

MeO

 

6-Methoxyquinoline (4p): CAS No. [5263-87-6], 1H NMR: δ 8.77 (dd, J = 4.2, 

1.6 Hz, 1H), 8.04 (dd, J = 8.7 Hz, 2H), 7.32-7.42 (m, 2H), 7.08 (d, J = 2.8 Hz, 1H), 

3.94 (s, 3H). Experimental data was reported in ref. 63. 

2.3.6.4 α-Oxygenation of 1-(6-bromo-3,4-dihydroquinolin-1(2H)-yl)ethanone (1q) 

A test tube ( = 30 mm) was placed with 1q (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and EtOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 mL 

= 10 atom%) was added, and the reaction mixture was stirred vigorously (1300 rpm) 

at 27 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. The products 
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were identified by 1H NMR spectral data and comparing with those of authentic 

samples. 

3q

N
H

O

Br

 

6-Bromo-3,4-dihydroquinolin-2(1H)-one (3q): CAS No. [3279-90-1], 1H 

NMR: δ 9.21 (bs, 1H), 7.26 (s, 1H), 7.21-7.25 (m, 1H), 6.70 (d, J = 8.8 Hz, 1H), 2.93 

(t, J = 8.1, Hz, 2H), 2.60 (t, J = 8.1 Hz, 2H). Experimental data was reported in ref. 

64. 

4q

N

Br

 

6-Bromoquinoline (4q): CAS No. [5332-25-2], 1H NMR: δ 8.93 (bs, 1H), 8.09 

(d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.8 Hz, 2H), 7.79 (dd, J = 8.8, 2.0 Hz, 1H), 7.44 (m, 

1H). Experimental data was reported in ref. 52. 

2.3.6.5 α-Oxygenation of 2,3,4,5-tetrahydro-1H-benzo[b]azepine (1r) 

A test tube ( = 30 mm) was placed with 1r (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and H2O (5 mL). The aqueous solution of Au:PVP (1 mM, 10 mL = 

10 atom%) was added, and the reaction mixture was stirred vigorously (1300 rpm) at 

90 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. The products 

were identified by 1H NMR spectral data. 
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3r

N
H O

 

4,5-Dihydro-1H-benzo[b]azepin-2(3H)-one  (3r): CAS No. [4424-80-0], 1H 

NMR: δ 7.83 (bs, 1H), 7.19-7.25 (m, 2H), 7.13 (dt, J = 7.6, 1.2 Hz, 1H), 6.96 (d, J = 8 

Hz, 1H), 2.80 (t, J = 7.2 Hz, 2H), 2.36 (t, J = 7.2 Hz, 2H), 2.16-2.29 (m, 2H). 

Experimental data was reported in ref. 65. 

2.3.6.6 α-Oxygenation of indoline (1s) 

A test tube ( = 30 mm) was placed with 1s (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and EtOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 mL 

= 10 atom%) was added, and the reaction mixture was stirred vigorously (1300 rpm) 

at 27 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. The product 

3s was obtained only 5% yield. 

3s

N
H

O

 

Oxindole (3s): CAS No. [59-48-3], 1H NMR:  9.10 (bs, 1H), 7.22 (d, J = 8.0 

Hz, 1H), 7.17 (d, J = 6.7 Hz, 1H), 7.02 (dd, J = 8.0, 7.4 Hz, 2H), 6.87 (dd, J = 7.4, 6.7 

Hz, 1H), 3.56 (s, 2H). Experimental data was reported in ref. 66. 

2.3.6.7 α-Oxygenation of 2-methyl-1,2,3,4-tetrahydroisoquinoline (1t) 

A test tube ( = 30 mm) was placed with 1t (13.3 mg, 0.10 mmol), NaHCO3 

(8 mg, 0.10 mmol), and t-BuOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 

mL = 10 atom%) was added, and the reaction mixture was stirred vigorously (1300 

rpm) at 27 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O 
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(310 mL), then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. 

3t

N

O

 

3,4-Dihydro-2-methyl-1(2H)-isoquinoline (3t): CAS No. [6772-65-2], 1H 

NMR: δ 8.07 (d, J = 6.8 Hz, 1H), 7.39 (td, J = 7.4, 1.8 Hz, 1H), 7.32 (t, J = 7.4 Hz, 

1H), 7.16 (dd, J = 7.6 Hz, 1H), 3.55 (t, J = 6.8 Hz, 2H), 3.15 (s, 3H), 2.99 (t, J = 6.8 

Hz, 2H). Experimental data was reported in ref. 67. 

2.3.7 Typical procedure of dehydrogenation of benzo-fused heterocyclic amines 

2.3.7.1 Dehydrogenation of 1,2,3,4-tetrahydroisoquinoline (1j) 

A test tube ( = 30 mm) was placed with 1j (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and DMF (15 mL). Dried Au:PVP (10 atom%) was added, and the 

reaction mixture was stirred vigorously (1300 rpm) at 90 °C for 6 hours. The reaction 

mixture was extracted with EtOAc or Et2O (310 mL), and then washed the organic 

layers with brine, dried over anhydrous Na2SO4, and concentrated in vacuo. The crude 

products were separated by PTLC. 

4j

N

 

3,4-dihydroisoquinoline  (4j): CAS No. [3230-65-7], 1H NMR: δ 8.12 (d, J = 

7.6 Hz, 1H), 7.50 (t, J = 7.6 HZ, 1H), 3.57 (dt, J = 7.6 Hz, 1H), 7.27 (d, J = 7.6 Hz, 

1H), 6.88-7.09 (m, 1H), 3.63 (dt, J = 6.6, 2.8 Hz, 2H), 3.05 (t, J = 6.6 Hz, 2H). 

Experimental data was reported in ref. 68. 
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5j

N

 

Isoquinoline (5j): CAS No. [119-65-3], 1H NMR: (400 MHz, ref. 7.26 ppm for 

CHCl3 in CDCl3) δ 9.16 (s, 1H), 8.44 (d, J = 5.7 Hz, 1H), 7.79 (d, J = 7.66 (d, 8.1 Hz, 

1H), 7.55 (dt, J = 5.6, 1.1 Hz, 1H), 7.53 (d, J = 6 Hz, 1H), 7.45 (dt, J = 8.1, 1.1 Hz, 

1H) Experimental data was reported in ref. 69. 

2.3.7.2 Aromatization of indoline (1s) 

A test tube ( = 30 mm) was placed with 1s (13.3 mg, 0.10 mmol), NaOH (8 

mg, 0.20 mmol), and t-BuOH (5 mL). The aqueous solution of Au:PVP (1 mM, 10 

mL = 10 atom%) was added. The reaction mixture was stirred vigorously (1300 rpm) 

at 27 °C for 24 hours. The reaction mixture was extracted with EtOAc or Et2O (310 

mL), and then washed the organic layers with brine, dried over anhydrous Na2SO4, 

and concentrated in vacuo. The crude products were separated by PTLC. 

4s

N
H

 

Indole (4s): CAS No. [120-72-9], 1H NMR: δ 8.18 (bs, 1H), 7.73 (d, J = 8.0 

Hz, 1H), 7.46 (d, J = 8.0 Hz, 1H), 7.24-7.33 (m, 2H), 7.16-7.23 (m, 1H), 6.59-6.67 

(m, 1H). Experimental data was reported in ref. 70. 

 



   

CHAPTER III 

N-FORMYLATION OF AMINES UNDER AEROBIC METHANOL 

OXIDATION OR FORMALIN CONDITION 

3.1 Introduction and Literature reviews 

3.1.1 N-Formylatoin of amines 

Formylation is a very potential process in synthetic organic chemistry. These 

important amide groups in natural product, polymer, and pharmaceutical fields could 

be introduced by the reactions of carboxylic acids or their derivatives with amines 

(Scheme 3.1) [71-73]. It must be noted that this reaction required careful exclusion of 

moisture. Other methods have been addresses including Staudinger reactions, 

aminocarbonylation of halides with CO and amines, mercury-catalyzed 

rearrangements of ketoxime, and transition metal catalyzed carbonylation of alkenes 

and alkynes with amines. However, these processes not only contain complex 

procedures but also produce toxic chemical wastes.  

N

R1

R

H +

HCOOH

R, R1 = Alkyl or Aryl

N

R1

R

CHO
HCOOCOCH3

HCOOCOH

HCOF

 

Scheme 3.1 N-formylation of amines. 

From literatures, various approaches are available for N-formylation using 

different reagents such as chloral, formic acid with DCC or EDCL, ammonium 

formate, CDMT, and some solid-supported reagents [74]. However, the disadvantages 

of these methodologies are expensive and toxic formylating agents or toxic organic 

solvents are used. Besides, the side products were formed or applicable only for 
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aromatic amines. Some examples of the formylation were reported using ZnCl2, 

FeCl3, AlCl3, and NiCl2 [75]. 

Direct synthesis of amides by reacting alcohols or aldehydes with amines has 

recently attracted growing interest, because of the more environmentally benign and 

the wide availability of the starting materials. 

3.1.2  N-Formylation of amines via the MeOH oxidation  

Up to now, only few examples have been reported on N-formylation of amine 

using MeOH. This method leads to the development of environmentally benign 

processes. Besides, starting materials are inexpensive and the produced intermediates 

are important in organic synthesis. 

In 2009, Reddy and coworkers described N-formylation reaction by catalytic 

oxidation of MeOH in the presence of primary or secondary amines and H2O2 using a 

liquid phase reaction system over basic copper hydroxyl salts (Cu2(OH)3Cl). The 

catalyst was prepared by precipitation method using aq NH3 and NaOH as 

precipitating agents. The oxidation of MeOH by H2O2 was proceeded in the presence 

of Cu2(OH)3Cl catalyst to afford CO2 and H2, followed by condensation of CO2 with 

amines to afford desired product (Figure 3.1) [76]. 

Cu2(OH)3Cl

Cu2(OH)3Cl

CO2

+

H2

MeOH

+

H2O2

- H2O

R2NH

R2NCHO

 

Figure 3.1 Schematic pathway to produce active components for the N-formylation of 

primary or secondary amines with Cu2(OH)3Cl and H2O2. 

N-formylation of amines using gold nanoparticles catalyst was firstly 

published in 2009 by Ishida and Haruta. Gold nanoparticles supported on NiO 
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catalyzed the one pot N-formylation of amines with MeOH and molecular oxygen at 

100°C in 5 hours leading to formamide with 90% selectivity. This process generated 

methyl formate in situ from the MeOH oxidation, followed by reaction with amines to 

give corresponding formylation product (Figure 3.2) [77].  

 

Figure 3.2 N-Formylation of amines via the aerobic oxidation of methanol over 

supported gold nanoparticles [77]. 

3.1.3  N-Formylation of amines via the condensation with formaldehyde 

A year later, Madix and co-workers demonstrated the highly selective oxygen-

assisted formylation of dimethylamine with formylation of dimethylamine with 

HCHO driven by metallic silver surfaces as a catalyst [78]. Direct acylation of 

dimethylamine with HCHO to N,N-dimethylformamide proceeded with 100% 

selectivity at lower oxygen concentrations on silver surfaces; this reaction proceeded 

via nucleophilic attack of adsorbed dimethylamide on HCHO with subsequent -H 

elimination from the adsorbed hemiaminal. The catalytic cycle for this reaction using 

metallic silver surfaces was shown in Figure 3.3.  



 50 

Ag

Ag

N
H3C CH3

Ag

O
C

H

N
CH3

CH3

H

H2O, H2

N
CH3

CH3

H

O

O2

Ag

O

Ag

Ag

H

C

OO

C O

H

H

CO2

H2

O2

Ag

H2O

O2 + N
CH3H

CH3

H2O

N
CH3H

CH3

O2

H2O, NO2

CO2

C O

H

H

 

Figure 3.3 The catalytic cycle for silver-mediated acylation of dimethylamine with 

formaldehyde. 

Friend and co-workers investigated the cross-coupling between dimethylamine 

and HCHO approaching up to 100% selectivity at low coverage of adsorbed oxygen 

atom on metallic gold to form N,N-dimethylformamide through a pathway with a low 

activation energy (Figure 3.4) [79]. The coupling reaction occurs through the attack of 

nucleophilic (CH3)2N anion on the carbonyl carbon of the aldehyde. Nuclephilic 

intermediate is formed by the reaction of its conjugate acids and adsorbed oxygen 

atom.  
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Figure 3.4 The catalytic cycle for gold-mediated acylation of dimethylamine with 

formaldehyde. 

However, the development of practical procedures for N-formylation by 

aerobic oxidation for a wide scope of amines are still needed. Stemmed from the work 

addressed by Sakurai and co-workers concerning gold nanoclusters stabilized by PVP 

which could act as an excellent quasi-homogenous catalyst for the aerobic oxidation 

of benzylic alcohols in 2004 (Scheme 3.5, described in Chapter I), the investigation of 

N-formylation by the MeOH oxidation was first investigated. 

2 atom% Au:PVP

K2CO3, H2O, air, 27 oC
+

OH O O

OHR R R  

Scheme 3.2 Oxidation of benzylic alcohol catalyzed by Au:PVP. 

The N-formylation of amines may proceed in the corresponding conditions, 

MeOH could be oxidized to formyl source in situ, followed by the condensation with 

amines to form N-formylation products (Figure 3.5). 
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CH3OH HCHO

CO2

HCO2Me

MeOH oxidation

formyl source +

amines

N
H

R2R1

N
R2R1

CHO

N-formylation products  

Figure 3.5 N-formylation of amines by MeOH oxidation concept. 

3.2  Objective of this work 

To investigate the highly selective direct N-formylation using MeOH or 

HCHO as a formyl source in the presence of Au:PVP under aerobic conditions. 

Furthermore, the mechanism of N-formylation of amines under aerobic MeOH 

oxidation conditions was scrutinized in details. 

3.3 Results and discussion 

3.3.1  Optimization study for aerobic MeOH oxidation condition 

3.3.1.1 Screening conditions with and without additive 

According to Sakurai’s works in 2004 on the oxidation of benzyl alcohol, the 

aerobic oxidation condition was performed for N-formylation reaction under MeOH 

oxidation. N-formylation of N-methylaniline 1a was screened and used as a model 

reaction. The screening results are listed in Table 3.1.  
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Table 3.1 The reactions of 1a under aerobic MeOH oxidation conditions 

Condition

MeOH:H2O (1:2)

reflux, air ,4 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 

Conditions 
% Recovery 

of 1a 

% Yield
a
 

Au:PVP 

(atom%) 

DBU 

(mol%) 
2a 3a 4a 

1 10 - no reaction 

2 - 200 no reaction 

3 10 200 41 54 4 1 

4 PVP (10 mol%) 200 no reaction 
         a GC yields using hexadecane as an internal standard. 

The reaction did not occur with either no DBU (entry 1) or Au:PVP (entry 2). 

54% of N-formylated product 2a was obtained when 10 atom% of Au:PVP was used 

in the presence of 200 mol% of DBU (entry 3). In addition, no reaction was observed 

in the case of using PVP without gold nanoclusters (entry 4). 

3.3.1.2 Variation of bases 

The variation of bases was explored and 2a was obtained in moderate to 

excellent yield (61-94%) as shown in Table 3.2. 
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Table 3.2 The variation of bases in N-formylation of 1a under aerobic MeOH 

oxidation conditions 

10 atom% Au:PVP

MeOH:H2O (1:2)

reflux, air, 4 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 
Base 

(mol%) 

% Recovery 

of 1a 

% Yield
a
 

2a 3a 4a 

1 DBU (200) 41 54 4 1 

2 Bu4N+OH- (200) 8 85 4 3 

3 NH3 (300) 66 31 1 3 

4 CsOAc (300) 92 4 - 3 

5 KHCO3 (300) 28 61 3 7 

6 K2CO3 (300) 10 83 4 3 

7 KOH (300) 1 95 4 - 

8 NaOH (300) 2 94 4 1 

9 LiOH (300) - 94 5 - 
         a GC yields using hexadecane as an internal standard.  

As shown in Table 3.2, the basic conditions were found to be important for the 

oxidation of MeOH to generate the key intermediate for N-formylation. The reaction 

could not complete when organic bases such as DBU and Bu4N+OH- were used, only 

54 and 85% of 2a were observed (entries 1 and 2). These results indicated that when 

the stronger base was used, the higher conversion of N-formylation was obtained. 

Then, 300 mol% of inorganic bases were tried (entries 3-9) in the reaction at reflux 

MeOH-H2O. 31% of 2a was observed when NH3 was used (entry 3) and only 4% of 

2a was obtained in the case of CsOAc (entry 4). It must be noted that the color of the 

reaction mixture was changed from dark brown to red in both cases because during 

the reaction aggregated nano-sized gold was formed by OAc- and NH3 during the 

reaction. In addition, the color of the reaction mixture was changed immediately when 
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formic acid or carboxylic acid was directly added into the solution. The basicity was 

also important. N-formylated product 2a was formed in 61, 83 and 95% when using 

KHCO3, K2CO3 and KOH, respectively (entries 5-7). These results indicated that the 

stronger bases enhanced the rate of reaction. Thus, when hydroxide bases (entries 7-9) 

were used, 94-95% of 2a was obtained under each condition with 98-100% 

conversion. In addition, it was noticed that the stronger the bases used, the less 

amount of by product 3a and 4a were formed and hydroxide gave the best results 

(entries 7-9). For convenience, the powder LiOH was selected for all further reactions 

explored. 

3.3.1.3 Effect of Temperature 

The effect of temperature on the reaction was examined and the results are 

presented in Table 3.3. 

Table 3.3  The effect of temperature in N-formylation of 1a under aerobic MeOH 

oxidation conditions 

10 atom% Au:PVP

200 mol% LiOH

MeOH:H2O (1:2)

air, 4 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 
Temperature 

(°C) 

% Recovery 

of 1a 

% Yield
a
 

2a 3a 4a 

1 27 no reaction 

2 50 16 80 2 2 

3 80 - 94 5 - 
   a GC yields using hexadecane as an internal standard.  

No reaction was observed at 27 °C (entry 1) which was the same as that 

observed earlier in the case of the oxidation of benzyl alcohol. The reaction could 

proceed at 50 °C giving the products 2a, 3a, and aniline (4a) in 80, 2 and 2% yield, 

respectively with the recovered 1a in 16% yield (entry 2). Under reflux condition 
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(entry 1), the reaction proceeded smoothly in the presence of 10 atom% of Au:PVP, 

affording N-formyl-N-methylaniline (2a) in 94% yield along with the formation of N-

formylaniline (3a) in 5% yield, which is produced via oxidative demethylation 

followed by N-formylation. The generation of by-products 3a and 4a would be 

discussed later. 

3.3.1.4 Effect of catalyst and base loading 

The amount of Au:PVP and base (LiOH) are also important. Next 

investigation involved the study on the effect of the amount of catalyst and base 

loading. The results are shown in Table 3.4. 

Table 3.4 The effect of amount of Au:PVP and LiOH in N-formylation of 1a under 

aerobic MeOH oxidation conditions 

Condition

MeOH:H2O (1:2)

reflux, air, 4 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 

Conditions 
% Recovery 

of 1a 

% Yield
a
 

Au:PVP 

(atom%) 

LiOH 

(mol%) 
2a 3a 4a 

1 5 200 9(2) 81(89) 6(8) 4(2) 

2 10 300 - 94 5 - 

3 10 200 - 94 5 - 

4 10 150 - 93 6 1 

5 10 100 4(-) 88(92) 5(7) 2(1) 
              a GC yields using hexadecane as an internal standard.  

         (-) yield of product at 8 hours. 

When catalyst loading was reduced to 5 atom%, 2a was obtained after 4 and 8 

hours in 81 and 89% yield, respectively along with 10% of total yield of by-products 

3a and 4a (entry 1). By varying the amount of base up to 300 mol%, the same result 

was obtained as that observed using 200 mol% (entries 2-3). While lower the amount 



 57 

of base, the reaction rate was obviously slower. When the reaction was carried out by 

using 150 mol% LiOH, 93% of 2a was observed with 7% of total by-products 3a and 

4a (entry 4). The slightly decrease of 2a along with the increase of 3a and 4a was 

observed. It might be because of the slower rate of the condensation of amine 1a and 

HCHO than N-demethylation of 1a. When the oxidation of MeOH was slow, the rate 

of the condensation of amine and HCHO would decrease and the formation of imine 

intermediate via oxidative dehydrogenation was increased. The higher yield of by-

products was observed when only 100 mol% of LiOH was present in N-formylation 

of 1a. N-formylated product 2a was afforded in 88% yield with the recovered 1a in 

4%. If the reaction was prolonged for 8 hours, N-formylation product 2a was obtained 

in 92% with by-products 3a and 4a in 7 and 1% yield, respectively (entry 5). 

3.3.1.5 Effect of solvent ratio 

It might be interesting to investigate the reaction media whether water would 

affect on the reaction rate. The results are shown in Figure 3.6. It was found that the 

amount of water played a crucial role in this reaction. When the reactions were carried 

out in MeOH/H2O of 25/75, 50/50 and 75/25 ratio at 50°C for 4 hours, the reaction 

rate drastically decreased and the yield of 2a was declined while 1a was recovered. In 

addition, less than 2% of 2a was obtained in 100% MeOH (Figure 3.6). This could be 

explained that N-formylation of amine 1a could not proceed under condition without 

water, because the poor solubility of base in MeOH even if the oxidation of MeOH 

was carried out at 50°C. The condensation of amine and HCHO was slow under weak 

base condition, so the excess amount of HCHO in solution would aggregate Au:PVP 

nanoclusters and destroyed their activities. 
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Figure 3.6 The effect of solvent ratio on N-formylation of 1a under aerobic MeOH 

oxidation conditions. 

3.3.1.6 Effect of concentration of reaction mixture 

Previous literatures revealed that the concentration of the reaction using 

Au:PVP as a catalyst could affect on the rate of oxidation. With the high 

concentration of free ion in the solution of Au:PVP could cause the aggregation of 

Au:PVP clusters to the bigger ones, and then the activity of Au:PVP would be 

destroyed. The variation of the concentration of reaction mixture was investigated and 

results are shown in Table 3.5. 

MeOH (100) 

MeOH/H2O (75/25) 

MeOH/H2O (50/50) 

MeOH/H2O (25/75) 
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Table 3.5 The variation of total volume of reaction mixture 

10 atom% Au:PVP

200 mol% LiOH

MeOH:H2O (1:2)

air, reflux, 4 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 
Total volume 

(mL) 

Time 

(h) 

% Recovery 

of 1a 

% Yield
a
 

2a 3a 4a 

1 15 1 7 89 4 2 

  4 - 94 5 - 

2 7.5 1 8 90 3 2 

  4 1 94 5 - 

3b 1.5 1 40 45 - 2 

  4 3 82 2 2 
         a GC yields using hexadecane as an internal standard.  
         b color change from dark brown to red. 

The result showed that the reaction rates were not different under the 

conditions studied in entries 1 and 2. 89 and 90% of 2a were obtained after 1 hour and 

94% after 4 hours under both conditions. In contrast, the aggregation of Au:PVP was 

observed in the latter condition observed by the color change of solution mixture from 

dark brown to red. The lower yield of 2a was observed in 45% after 1 h with 40% 

recovery of 1a and 82% yield at 4 h. 

3.3.2 Mechanism study for N-formylation of amines under aerobic MeOH 

oxidation condition 

3.3.2.1 Formyl source for N-formylation of amines under MeOH oxidation 

condition 

The main formyl source for N-formylation of amines was generated from 

aerobic oxidation of MeOH. Many kinds of product from the oxidation of MeOH 

using gold nanoclusters was reported such as HCHO, formic acid (HCOOH), methyl 
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formate (HCOOMe), or CO2. To clarify the possible intermediate in the formylation 

reaction, different types of formyl sources were used instead of MeOH and the results 

are shown in Table 3.6. 

Table 3.6 The variation of formyl sources 

10 atom% Au:PVP

200 mol% LiOH

EtOH:H2O (1:2)

50
o
C, air , 1 h

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 
Formyl reagent 

(mol%) 

% Recovery 

of 1a 

% Yield
a
 

2a 3a 4a 

1  - no reaction 

2  HCHO 21 81 - 1 

3  HCOOMe no reaction 

4  HCOOH no reaction 
         a GC yields using hexadecane as an internal standard. 

All reactions were carried out under EtOH:H2O (1:2) instead of MeOH:H2O 

(1:2) at 50°C to avoid the oxidation of EtOH producing acetaldehyde. Formyl 

reagents were directly added to the solution mixture using 100 mol% for all reactions. 

In the case of without formyl sources, no reaction was observed (entry 1). When 

HCHO solution was added, 81% yield of 2a was obtained with 21% recovery of 1a 

(entry 2). The yield of 2a from directly adding HCHO in entry 2 was obtained nearly 

equal to that from optimized conditions at 50°C with 80% of 2a and 16% recovery of 

1a were observed (entry 2, Table 3.3). In contrast, neither addition of HCOOMe nor 

HCOOH, no reactions were observed (entries 3 and 4). These results indicated that a 

possible pathway for N-formylation should involved the hemiaminal formation by the 

condensation of amine and HCHO intermediate which generated from the oxidation 

of MeOH at reflux temperature rather than the condensation with HCOOH or 

HCOOMe from over oxidation of MeOH (Scheme 3.3).  
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CH3OH

oxidation

HCHO
N

R1 R2

OHH

N
R1 R2

OH

N
H

R1 R2

hemiaminaloxidation

oxidation

HCO2Me or HCOOH  

Scheme 3.3 Possible formyl source diagram for N-formylation of amine and MeOH. 

These results were different from a report on the reaction on heterogeneous 

Au/NiO published by Ishida and Haruta [77]. They reported that Au/NiO catalyzed 

the oxidation of MeOH affording HCO2Me under conditions (0.5 MPa O2, 100 °C, 5 

h) as the formyl source which it might react with benzylamine to give N-formyl 

product. In addition, the hemiaminal intermediate was proposed to stem from the 

reaction of dimethylamine and HCHO on the surface of Au or Ag catalyst [78-79]. 

3.3.2.2  Kinetic study of N-formylation of amines under aerobic MeOH oxidation 

condition 

As the results above, the optimization condition of N-formylation of amines 

under aerobic MeOH oxidation condition is 10 atom% of Au:PVP with 200 mol% of 

LiOH at reflux MeOH-H2O (1:2) under air for 4 hours. The kinetic study for N-

formylation of amines was carried out with this optimization condition and %yield of 

each product was investigated by GC using hexadecane as an internal standard. 
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Figure 3.7 [a] The kinetic study of N-formylation of N-methylaniline (1a) and [b] the 

expanded profiles of aniline (4a) and formanilide (3a). 

The formation of by-products 3a and 4a was observed from N-formylation of 

1a. Thus, a kinetic study of N-formylation of 1a was investigated and the result was 

shown in Figure 3.7. The N-formylation was started with the fast rate and almost of 

products which could be obtained was N-formylation product 2a with other minor 

products 3a and 4a in less amount than 6% (Figure 3.7[a]). As expected, aniline (4a) 

was observed during the reaction, with the amount of 4a being increased until 1 hour 
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less than 3%, then gradually decreased. In the case of the formation of 3a, the N-

formylation was observed from the beginning and increasing during the reaction 

proceeded (Figure 3.7[b]).  

In addition, N-formylation of 4a could proceed under aerobic oxidation of 

MeOH at reflux MeOH-H2O with 10 atom% of Au:PVP in the presence of 200 mol% 

of LiOH furnishing HCONH2 (3a) in 50% yield (Scheme 3.4).  

10 atom% Au:PVP, 200 mol% LiOH

MeOH:H2O (1:2), 80 oC, 4 h

3a4a

NH2 NH

CHO

45% 50%  

Scheme 3.4 N-formylation of aniline (4a) under aerobic MeOH oxidation condition. 

Even though the reaction rate of N-formylation of 4a was slower than that of 

1a, by-product 3a could obtain from N-formylation of 4a via N-demethylation of 1a 

and followed by the N-formylation of 4a. 

3.3.2.3  Proposed mechanism for N-formylation of amines under aerobic MeOH 

oxidation catalyzed by Au:PVP 

MeOH oxidation under reflux temperature (80 °C) gave aldehyde species 

(Figure 3.8). The main route of N-formylation of amines under aerobic MeOH 

oxidation condition was the condensation of amines with HCHO leading to 

hemiaminal (a) followed by the aerobic oxidation to afford amide product A (path A). 

However, because of the slow rate of MeOH oxidation, the condensation of amine 

with HCHO intermediate was retarded. Therefore, formamide 3a and aniline 4a were 

observed as by-products under this condition. Another pathway was proposed that an 

oxidative dehydrogenation of amines in path B generated imines at reflux 

temperature. Then, the hydration of imines under basic aqueous solution would 

transform through imines and hemiaminal (b). The reaction could proceed into two 

pathways from hemiaminal (b). The first one was hydrolysis of hemiaminal (b) in 

path B-1 to afford aniline C as one of by-product, observed during the reaction. From 
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Scheme 3.4, the N-formylation of aniline C could proceed under the same condition 

affording hemiaminal (c) followed by oxidation of this hemiaminal to amide D. The 

second pathway is the oxidation of hemiaminal (b) to generate the other amide 

product B.  

N R

N
H

R

N
H

R

Ox.

N
H

R NH2

OH, H2O

OH

O

Ox.

Ox.

HCHOMeOH

oxidat ion of MeOH

80
o
C

HCHO

HCHOOH, H2O

N-alkylaniline

imine

hemiaminal (b)

N R

HO
hemiaminal (a)

Ox.

N R

N
H

hemiaminal (c)

OH

O
A

B

N
H

D

O

C

path A

path B

Ox.

path B-1

path B-2

 

Figure 3.8 Proposed mechanism for N-formylation of amines. 

In the case of N-methylaniline (1a), amide products B and D should be the 

same compounds. Thus, the N-formylation of N-ethylaniline (1b) was investigated to 

confirm the mechanism in path B-2. 
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3.3.2.4  N-formylation of N-ethylaniline (1b) and heterocyclic amine (1i) under 

aerobic MeOH oxidation condition 

From the proposed mechanism in Figure 3.8, the N-formylation of 1b was 

observed. The results are presented in Schemes 3.5 and 3.6. 

N
H

N
H

NH

O

N

+

CHO

NH2

+

60%

14% 4%

21%

CHO
2b

3b

3a

4a

1b

10 atom% Au:PVP

200% NaOH

MeOH:H2O (1:2)

80
o
C, 24 h

 

Scheme 3.5 N-formylation of N-ethylaniline (1b) under aerobic MeOH oxidation 

condition. 

The oxidative dehydrogenation of amines in path B (Figure 3.8) could proceed 

faster when R group of amines was not hydrogen, such as N-ethylaniline (1b). The N-

formylation of amine (1b) was carried out under the MeOH condition the same as 

under the optimization condition of 1a. Four products were observed (Scheme 3.5). 

60% of N-ethyl-N-phenylformamide (2b) was obtained as a major product from 

condensation of HCHO with 1b. N-dealkylation of 1b from oxidative 

dehydrogenation in path B was performed easier than that of N-methylaniline (1a). 

Thus, 21% of 3a and 4% of 4a were observed in higher yield relative to 1a. In 

addition, 14% yield of 3b was obtained from oxidative dehydrogenation of 1b 

followed by hydration of imine and oxidation of hemiaminal to obtain an amide 

product. This is one of evidence for α-oxygenation of amines that proceed by Au:PVP 

catalysis (path B-2, Figure 3.8). 
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10 atom% Au:PVP

200% NaOH

MeOH:H2O (1:2)

80 oC, 24 h

N
H

N N
H

O

CHO

+

6% 81%

2i 3i1i

 

Scheme 3.6 N-formylation of 1,2,3,4-tetrahydroquinoline (1i) under aerobic MeOH 

oxidation condition. 

The reaction of N-formylation of heterocyclic amines was next investigated. 

Interestingly, the reaction of 1,2,3,4-tetrahydroquinoline (1i) was proceeded to afford 

only 6% of N-formylated product and 81% of lactam 3i was obtained as a major 

product. The imine formation of 1i should derive easily in the case of N-ethylaniline, 

but the imine intermediate of 1i is quite unstable. Thus, when the imine was formed, 

the hydration will proceed in a faster rate. The hydration reaction could proceed faster 

than oxidation, but in the case of heterocyclic amines the hydration might be easily 

reversible leading to the oxidation in the final step to form the lactam. 

3.3.2.5 Isotope labeling experiment for N-formylation of 1a 

The reaction of N-methylaniline (1a) with 13CH3OH took place with 10 

atom% of Au:PVP in the presence of 200 mol% of LiOH under reflux temperature 

(80°C) in 13CH3OH-H2O (Scheme 3.7). 

+

2a 3a1a

N
H

N

CHO

NH

CHO

10 atom% Au:PVP

200 mol% LiOH

13CH3OH:H2O(1:2)

 80oC

92% 13C 82% 13C

6% recovery 80% yield 3% yield 3% yield

+

NH2

4a

(13C) (13C)

 

Scheme 3.7 Isotope labeling experiment for N-formylation of N-methylaniline (1a) 

under aerobic 13CH3OH oxidation. 
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The result showed that 92% of 2a-
13

C was observed from 80% yield of 2a. 

Normally, the reaction of isotope labeling experiment could retard the reaction rate. 

However, the result indicated that the main source of formyl group was generated 

from aerobic 13CH3OH oxidation affording H13CHO. Thus, 99% of 13CH3OH was 

used instead of CH3OH in this experiment.  

If 2a was obtained by only condensation of amine 1a and HCHO, the nearly 

99% of 2a-
13

C should be observed from total yield of 2a. However, only 92% of 2a-

13
C was observed from 80% yield of 2a. Thus, 7% of 2a-

12
C should be formed by the 

condendation of amines with HCHO which generated from the other pathway. As 

shown in a proposed mechanism, HCHO should be generated from N-demethylation 

of 1a through path B and B-1 as a by-product (Figure 3.8). Thus, the reaction path B 

and B-1 should carry out under this condition along with the N-formylation of 1a and 

the formation of 2a-
12

C in 7% was attained. 

N
H

NH2

OH

OH, H2O

hemiaminal (b)

4a

NN
H

Ox. OH, H2O

1a
imine

HCHO

N

2a
CHO

 

Figure 3.9 N-demethylation of 1a under aerobic MeOH oxidation condition. 

It must be noted that not only aniline should be formed by N-demethylation of 

amine 1a but HCHO moiety could be formed as well (Figure 3.9). The amount of 

HCHO generated from N-demethylation should be roughly calculated from the 

amount of aniline. Thus, 94% conversion of this reaction was observed along with 

80% of 2a and 3% of 3a the 8% of aniline should be obtained. Unfortunately, all 
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aniline in the solution mixture was difficult to extract, based on the recovery result of 

1a in only 6%. Possibly, about 5% of 4a was still in the reaction mixture. However, it 

was explained that 2a-
12

C should generate from the condensation of amine 1a with 

HCHO generated from N-demethylation of 1a. 

82% of 3a-
13C was observed from 3% of 3a indicating that the main source of 

formyl group was generated from aerobic 13CH3OH oxidation as well as in the case of 

the formation of 2a, but the amount of 3a-
12

C (17% of 3 % of 3a) was observed more 

than amide 2a. The direct α-oxygenation of 1a to 3a in pathways B and B-2 should 

proceed in slower rate during reaction. The formation of 3a by condensation with 

HCHO generated from N-demethylation of 1a gave two possible pathways, which 

were caused more amount of 12C-product 3a than 2a. 

3.3.2.6 The pH of reaction mixture during the reaction and TOF of Au:PVP 

As the reaction of N-formylation of 1a in the presence of 200 mol% of LiOH 

and 10 atom% of Au:PVP under MeOH/H2O (25/75) solution, TOF and pH were 

measured as shown in Figure 3.10. 

 

Figure 3.10 The turnover frequency (TOF) and pH of reaction mixture for N-

formylation of 1a under aerobic MeOH oxidation condition. 
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The pH for N-formylation of 1a was gradually decreased from 12 to 10. 

Besides, hydroxide ion might be used to neutralize the formate ion which was 

generated from the over oxidation of MeOH. From previous report, the benzylic 

alcohol was oxidized to give benzoic acid as the major product. Therefore, more than 

100 mol% of base was required. In addition, the formation of formate ion from the 

oxidation of MeOH by Au:PVP could diminish the reaction rate during the reaction 

which TOF of this reaction was decreased from 16 to 2 h-1 by aggregation of some Au 

nanoclusters in solution. It was simply investigated this aggregation by direct adding 

HCHO or HCOOH into the reaction mixture. The color was suddenly changed from 

dark brown to red brown. Although the aggregation occurred, the reaction could 

proceed under this condition. 

3.3.3 Optimization study for N-formylation by HCHO condition 

As known that the rate determining step would be the aerobic oxidation of 

MeOH to HCHO, and the oxidation of the hemiaminal to amide would occur 

smoothly, the reaction conditions were expected to be much milder in the presence of 

HCHO compared with MeOH. The screening condition using HCHO as a formyl 

reagent was investigated as shown in the following sections. 

3.3.3.1 Effect of amount of Au:PVP 

The amount of Au:PVP was investigated for N-formylation of 1a by using 200 

mol% of LiOH as an additive at 27 °C. 
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Table 3.7 The amount of Au:PVP for N-formylation of 1a under HCHO condition 

cat. Au:PVP

200 mol% LiOH

EtOH:H2O (1:2)

150% HCHO

air, 27
o
C

+ +

2a 3a 4a1a

N
H

N

CHO

NH

CHO

NH2

 

Entry 
Au:PVP 

(atom%) 

Time 

(h) 

Recovery 

of 1a (%) 

% Yield
a
 

2a 3a 4a 

1 1 2 6 79 - - 

2 1 4 6 80 - - 

3 1 24 3 97 - - 

4 3 2 2 80 - - 

5 5 2 2 82 - - 

6 10 0.5 - > 99 - - 
               a GC yields using hexadecane as an internal standard.  

Quantitaive yield of 2a was obtained in 0.5 hour when 10 atom% of Au:PVP 

was used and no by-products 3a and 4a were formed (entry 6). The increase of 

Au:PVP slightly increased the yield of 2a from 79% to 82% when the amount of 

Au:PVP was increased from 1 to 5 atom% (entries 5, 4 and 1). %yield of 2a using 1 

atom% was up to 97%, but the reaction rate was dropped down very fast relative to 

the reaction at the beginning rate (entries 1, 2 and 3). The color of reaction mixture 

was investigated to check the aggregation of Au:PVP. It was found that the color of 

reaction solution suddenly changed from brown to red for all conditions after adding 

HCHO solution. It was possible that HCHO could cause the aggregation of Au:PVP 

in the reaction, so the reactions were nearly stop after 1-2 hours. 

3.3.3.2 The variation of ratio of Au and HCHO 

HCHO might cause the aggregation of Au:PVP and retarded N-formylation of 

amines by block surfaces of Au on PVP with HCHO, thus the oxidation by Au could 
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not proceed. The addition of HCHO to the reaction was investigated and the results 

are shown in Table 3.8. 

Table 3.8 The variation of addition rate of HCHO for N-formylation of 1a 

1 atom% Au:PVP

200 mol% LiOH

EtOH:H2O (1:2)

air, 27 oC 2a1a

N
H

N

CHO

 

Entry 
Amount of HCHO 

(total = 150 mol%) 

Method for 

adding formalin 

Time 

(h) 

% Recovery 

of 1a 

% Yield 

of 2a
a
 

1 150 0 min 2 6 79 

  4 6 80 

  24 3 97 

2 30×5 15 min-3 times 

and 

30 min-2 times 

2 1 87 

  3 - 98 

3 30×5 5 min-3 times and 

10 min-2 times 

0.75 11 79 

  2 1 81 

4 50×3 15 min-3 times 0.75 2 78 

  1.5 1 81 

  2 - 99 
         a GC yields using hexadecane as an internal standard.  

After 2 hours, the amount of HCHO intermediate was retarded N-formylation. 

In entry 1, 79 and 80% of 2a were obtained at 2 and 3 hours, respectively. If the 

reaction was prolonged until 24 hours, 97% of 2a would be obtained. In entry 2, 

HCHO was added with 5 portions by adding at 0, 15, 30 minutes (3 portions was 

added in every 15 min), 1 and 1.5 hours (the other 2 portions were added in every 30 

minutes). The reaction could complete within 3 hours yielding 2a in 98%. To 

decrease the total time, the addition rate of HCHO was altered by adding 30 mol% in 
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5 portions at 0, 5, 10 minutes and then 20, 30 minutes (total addition time is 30 

minutes) (entry 3). The reaction rate was dropped affording 79 and 81% of 2a with 11 

and 1% recovery of 1a at 45 min and 2 hours, respectively. From entry 4, the addition 

of HCHO was finished in 45 minutes (50 mol% adding in 3 portions) giving 99% of 

2a within 2 hours. This optimization condition was used for further studies. 

3.3.3.3 Variation of type and amount of bases 

Various bases could be used as an additive for N-formylation of 1a. The 

investigation on types of bases was carried out as shown in Table 3.9. 

Table 3.9 The variation of type and amount of bases for N-formylation of 1a 

1 atom% Au:PVP

EtOH:H2O (1:2)

150% HCHO

air, 27 oC 2a1a

N
H

N

CHO

 

Entry Base 
Amount of base 

(mol%) 

Time 

(h) 

% Recovery 

of 1a 

% Yield of  

2a
a
 

1 - - - no reaction 

2 KHCO3 200 5 - 100 

3 NaHCO3 200 5 - 99 

4 NaHCO3 100 5 - 94 

5 NaHCO3 50 9 - 100 

6 LiOH 200 2 - 99 

7 KOH 100 2 1 99 

8 NaOH 100 2 - 99 

9 NaOH 50 7 1 95 

10 DBU 100 5 45 55 

11 NaOAc 100 5 84 15 

12 Et3N 100 7 4 95 
               a GC yields using hexadecane as an internal standard.  
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N-formylation of 1a could only proceed under basic conditions and no 

reaction was observed in the reaction without base (entry 1). GC yields of 2a was 

obtained almost quantitative yield (95-100%) from each conditions except for entries 

10 and 11. 55% of 2a and 45% of 1a were obtained when 100 mol% of DBU was 

used as an additive as well as 16% conversion of N-formylation of 1a was observed 

under 100 mol% of NaOAc conditions giving only 15% of 2a. Because of acetate 

anion in the reaction mixture generated from NaOAc could cause the aggregation of 

Au:PVP and deactivated gold nano-sized catalyst. The color of solution mixture was 

also changed from brown to red as a basic evidence for aggregation of Au 

nanoclusters. The weaker bases could complete the reaction within 5 hours with 94-

100% yield of 2a (entries 2-4). In entry 5, using 50 mol% of NaHCO3 gave 

quantitative yield of 2a at 9 hours. Similarly, the faster rate of N-formylation of 1a 

was observed, the stronger base such as hydroxide was used. The reaction could 

complete within 2 hours even if 200 mol% or 100 mol% of base was used (entries 6-

8) which almost no significance between 200 mol% base and 100 mol% base was 

observed. But in the case of using 50 mol% of NaOH, the reaction rate was slow 

down and 95% of 2a was obtained after 7 hours (entry 9). 

3.3.3.4 Effect of solvent 

N-formylation of 1a was then tried in mixed EtOH-H2O and H2O. The results 

are shown in Table 3.10. 
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Table 3.10 The solvent effect for N-formylation 

1 atom% Au:PVP

150% HCHO

100 mo% NaOH

air, 27
o
C, 3 h 2a1a

N
H

N

CHO

 

Entry Solvent  
% Recovery 

of 1a 

% Yield
 

of 2a 

1 EtOH-H2O  - 97 

2 H2O  11 78 
    a Isolated yields.  

97% yield of 2a was obtained in EtOH-H2O (entry 1). On the other hand, only 

78% yield with 89% conversion was observed under H2O because of the poor 

solubility of amines in the reaction media. Thus, the activity of Au:PVP for N-

formylation was retarded.  

3.3.4  The variation of amines for practical method for N-formylation of amines 

with HCHO conditions 

The above results motivated us to develop a practical method for N-

formylation of amines with HCHO catalyzed by Au:PVP under aerobic conditions. 

Typical reaction conditions are as follows: 1 atom% of Au:PVP, 100 mol% of 

NaHCO3, 150 mol% of HCHO (added as a 37% HCHO solution), EtOH:H2O (1:2), 

27°C, 9 h. The results of this reaction with various amines are summarized in Table 

3.11. 
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Table 3.11 Scope and limitation of N-formylation catalyzed by Au:PVP 

R1

N
H

R2
R1

N
R2

CHO

1 atom% Au:PVP, 100 mol% NaOH

150 mol% HCHO, EtOH:H2O (1:2), 27
o
C

1a-n 2a-n  

10

5

11

12c

13

88 (100b)

no reaction
87

78a

2

Entry Amines % Yield

7

8

9

98a

81

95

14

6

no reaction

3

4

86

> 99a

1

53 (96a)

N
H

NH2

N
H

MeO

N
H

O2N

NH2

N
H

N
H

N
H

NH

N
H

N
H

NH2

NH2

97

1j

1e

1k

1l

1m

1g

1h

1i

1n

1f

1c (4a)

1d

1a

Entry Amines % Yield

N
H

2 911b

 
          a 10 atom% Au:PVP was used.  

         b 5 atom% Au:PVP was used. 
         c GC yields using hexadecane as an internal standard. 

The slightly decrease of N-formyl product 2b was observed in 91% yield when 

N-ethylaniline (1b) was used as a starting material (entry 2) comparing with 1a (entry 

1). The decrease of yield of 1b may be because of the steric effect of ethyl group. In 

the case of secondary amine 1c, the aggregation of Au clusters was observed during 

the reaction leading to 53% yield of desired product 2c when the reaction underwent 
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with 1 atom% of Au:PVP. Then, the amount of catalyst was increased to 10 atom% 

and yield of 2c was improved up to 96% (entry 3). A remarkable electronic effect was 

observed in the reactions of 1d, 1e and 1f, para-substituted N-methylaniline 

derivatives. Electron-donating groups (1d and 1e) in entries 4-5 gave high yield of N-

formylated product in >99 and 86% of 2d and 2e, respectively. In contrary, no 

reaction was observed in the case of electron-withdrawing group (1f) (entry 6) due to 

the strong electron-withdrawing effect. The ortho-subsitituted N-methylaniline (1g) 

was carried out under the same condition, but no reaction was observed because of the 

steric effect at ortho-position (entry 7) [36]. In addition, it was also found in the case 

of N,N-diphenylamine (1h) that only 2% of 2h was obtained because of the steric 

from diphenyl groups (entry 8).  

In the case of cyclic arylamines 1i-1k in entries 9-11, the reactions proceeded 

to give the desired products 2i-2k in high yields (81-98%) which in the case of 

indoline (1k), 10 atom% of Au:PVP was required. In addition, piperidine (1l) was 

carried out with 1 atom% affording 88% and quantitative yield when 5 atom% of 

Au:PVP was used (entry 12). Alkyamine (1m) was also carried out yielding 2m in 

high yield (87%, entry 13). A naphthlamine 1n underwent N-formylation using 10 

atom% of catalyst furnishing 78% of 2n. 

3.4  Conclusion 

Au:PVP was found to be an excellent catalyst for direct N-formylation of 

amines with MeOH or HCHO as a formyl agent. 10 atom% of Au:PVP and 200 mol% 

LiOH under reflux MeOH-H2O was the optimization condition. The reaction was 

carried out through the oxidation of MeOH as a rate determining step and then the 

condensation of amines and HCHO intermediate was proceeded, following the 

oxidation of hemiaminal to give N-formylated products. N-Demethylation of amines 

was the side reaction when N-formylation of amines was carried out under reflux 

temperature affording the side products. Therefore, the practical procedure of N-

formylation of amines could undergo with milder condition using only 1 atom% of 

catalyst under basic condition at room temperature. The desired products were 

obtained in moderate to excellent yield with 100% selectivity. 



   

CHAPTER IV 

AEROBIC OXIDATION OF CYCLIC AMINES TO LACTAMS 

CATALYZED BY PVP-STABILIZED NANOGOLD 

4.1 Introduction and literature reviews 

4.1.1 Oxidation of amines 

There are a variety of oxidizing agents for an oxidation of amines depending 

on types of amines (primary, secondary or tertiary amines) and desired products. In 

this research, direct oxidation of amines, especially heterocyclic amines, to 

corresponding lactam is focused. 

4.1.1.1 Hypervalent iodines 

Hypervalent iodines are firstly reported in 1988 for oxidation of amines. The 

oxidative decarboxylation of cyclic amino acids with iodosobenzene (ISB) yielded 

lactam under neutral conditions [80]. 2.2 Equiv of ISB was used for oxidation of L-

proline affording pyrrolidinone in 70% isolated yield (Scheme 4.1). The first step for 

the oxidative decarboxylation was the formation of imine intermediate following the 

second oxidation of cyclic hemiaminal to give lactam. 

H
N

H

CO2H (PhIO)n

RT, 2 days
CHCl3

H
N O

70%  

Scheme 4.1 Oxidative decarboxylation of L-proline. 

In addition, dehydrogenation of cyclic amines by ISB could proceed at room 

temperature. Indole was obtained in 38% yield by the oxidation of indoline and 61% 

of 3,4-dihydroisoquinoline was formed from oxidative dehydrogenation of tetrahydro-
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isoquinoline (Scheme 4.2) under the same condition with the oxidation in Scheme 4.1 

except for 1.1 equivalent of ISB was used. 

(PhIO)n

0 oC, 3.5 h

CHCl3

38%

NH

N
H

N

(PhIO)n

RT, 70 min

CH2Cl2

N

tautomer ized

N
H

61%  

Scheme 4.2 Dehydrogenation of cyclic amines by ISB. 

In the same year, the use of hypervalent iodine in amine oxidation was 

reported by Moriarty and Ochiai [81]. Secondary or tertiary heterocyclic amines were 

oxidized to give lactam around 70% yield. In the case of benzo-fused heterocyclic 

amines, tetrahydroisoquinoline was oxidized to afford the corresponding lactam in 

45% using 3.2 equivalents of ISB (Scheme 4.3).  

NH

3.2 equiv. (PhIO)n

RT, 3 days
CH2Cl2

NH

45%

O

 

Scheme 4.3 Oxidation of 1,2,3,4-tetrahydroisoquinoline. 

Using more ISB made the oxygenation at α-position of amines proceed faster 

than oxidative dehydrogenation. In fact this was a potent approach for the preparation 

of imine. To enhance an activity of ISB, metal complex or terminal oxidant and Lewis 

acid was used as a catalyst. For example, Mn(III) porphyrin, Mn(III) salen or Fe(III) 

porphyrin were selected to use in the oxidation of amines to imines by ISB [82]. 

Moderate to excellent yields were obtained. However, by products such as aldehyde 

or carboxylic acid were formed. 
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TBHP was also used as terminal oxidant in the oxidation of amines with 

iodinanes. Lewis acids such as BF3-Et2O, NO2BF4 or TMSOTf were required to 

activate ISB, but long reaction time was required [83-84]. 

In 2002, Huang reported the oxidation of amines with ISB using 

tetrabutylammonium iodide (TBAI) as a catalyst in a mixed solvent [85]. Quaternary 

ammonium salts such as TBAI could enhance the oxidation rate of ISB in the 

oxidation of benzo-fused heterocyclic tertiary amines to the corresponding amides in 

quantitative yield in MeCN or MeCN/H2O at room temperature. However, the 

oxidation of tetrahydroisoquinoline afforded a mixture of lactam and quinoline 

(Scheme 4.4). 

N

2.2 equiv. (PhIO)n

TBAI, RT, 1 h

MeCN/H2O (9:1)

N

96%

O

MeO

MeO Me Me

MeO

MeO

NH

2.2 equiv. (PhIO)n

TBAI, RT, 2 h
MeCN

NH

30%

O

MeO

MeO

MeO

MeO
N

50%

MeO

MeO

+

 

Scheme 4.4 Oxidation of 1,2,3,4-tetrahydroisoquinoline and substituted 

tetrahydroisoquinoline by ISB with TBAI as a catalyst. 

Recently, Dohi published the benzylic C-H oxidation in water using activated 

polymeric iodosobenzene (PhIO)n with KBr in the presence of montmorillonite K-10 

(M-K10) [86]. 

Aqueous solution of (PhIO)n 3 equivalents and KBr 0.2 equivalents could 

proceed the selective oxidation at benzyl positions adjacent to the heteroatom to 

afford 71% yield of the desired lactam (Scheme 4.5). However, there are no reports 

for the oxidation of tetrahydroquinoline. 
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NH

3 equiv. (PhIO)n

KBr, RT, 2 h
H2O

NH

71%

O

 

Scheme 4.5 Aqueous benzylic oxidation of aromatic compounds having activated 

benzyl groups. 

4.1.1.2 Potassium permanganate (KMnO4) [87] 

KMnO4 is a general oxidizing agent that could proceed many kinds of 

oxidation reactions. Among them, the oxidaition of isoquinoline and quinoline was 

reported in 1996 by Venkov. Tetrahydroquinoline, tetrahydroisoquinoline and N-

substituted tetrahydroisoquinolines were tried in the oxidation condition using excess 

amount of KMnO4 with catalytic amount of 18-crown-6 (Scheme 4.6). 

NH 18-crown-6
CH2Cl2

NH

80%

O

N
H

18-crown-6
acetone

N
H

10%

N N

82%

O

O

N

50%

N

N N

+

+ +

20%

COOEtCOOEt

KMnO4

KMnO4

18-crown-6
CH2Cl2

KMnO4

 

Scheme 4.6 Oxidation of amines with KMnO4 in the presence of 18-crown-6. 

The disadvantages were the mixture of products with low yield (Scheme 4.6). 

The stoichiometic excess of KMnO4 was required to proceed the oxidation reaction. 
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4.1.1.3 Sodium chlorite [88] 

Recently, the above mentioned oxidant was addressed for the oxidation of 

secondary amines or imines. The excellent yield of the corresponding lactam from the 

oxidation of 3,4-dihydroisoquinoline was obtained. However, the direct oxidation of 

tetrahydroisoquinoline was impossible. Only 4% of desired lactam in 34% conversion 

was observed. In addition, 98% of desired lactam was obtained after treated the 

reaction mixture for 5 min with 10% aqueous sodium thiosulfate (Scheme 4.7). 

NH

5 equiv. NaClO2

1.5 equiv. NaH2PO4

2-methylbut-2-ene
RT, 20 h

THF/H2O

NH

4%

O

N NH

13% (98%)a

O

N

68%

O

+
5 equiv. NaClO2

1.5 equiv. NaH2PO4

2-methylbut-2-ene
RT, THF/H2O

Cl

N

5%

+

Cl

aafter work up with 10% aqueous of sodium thiosulfate

5 min

77%24 h

 

Scheme 4.7 Oxidation of amines and imines with sodium chloride under buffered 

condition. 

However, the oxidation of imines to amides has been reported not only 

NaClO2, but also various transition-metals such as nickel peroxide and other oxidizing 

agents: mCPBA, TBHP, and oxone. 

4.1.1.4 Metal catalyst 

Aerobic oxidation of amines is an interesting topic for green chemistry 

because the oxygen gas is inexpensive and clean oxidant. Many transition metal 

complexes have been reported for this purpose. For example, inexpensive Cu(I) or (II) 

chloride was used in aerobic oxidation of amines to imines or nitriles at 80 °C in 

toluene with dehydrating agent for 12 hours (Scheme 4.8) [89].  
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NH

Cu catalyst/O2

toluene, MS3A

80 oC, 12 h

N

88%

R NH2
RCN

Cu catalyst/O2

toluene, MS3A

80 oC, 12 h

N
H

Cu catalyst/O2

toluene, MS3A

80 oC, 12 h
N

34%

Cu catalyst/O2

toluene, MS3A

80 oC, 12 h
73%

N
H

N
H

17-97%

 

Scheme 4.8 Aerobic oxidation of amines by copper catalyst. 

In 2006, palladium was firstly examined in the aerobic oxidation of amines 

[90]. The secondary amines were tried with Pd salt catalyst. 25-98% of imines were 

obtained from the oxidation of secondary amines under DMF condition at 80°C for 14 

hours.  

In the same year, dirhodium caprolactamate (Rh2(cap)4) was reported for the 

oxidation of amines in the presence of TBHP instead of molecular oxygen [91]. Under 

the conditions: at room temperature in MeCN of Rh catalyst and 2-4 equivalents of 

TBHP, the oxidative dehydrogenation of benzo-fused hetercyclic amines were 

proceeded affording the corresponding imines in high yield (> 80% yield) (Scheme 

4.9). 
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88%
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1 mol% Rh2(cap)4

4 equiv. t -BuOOH
MeCN, RT, 16 h

N

82%

73%

N
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1 mol% Rh2(cap)4

2 equiv. t -BuOOH
MeCN, RT, 16 h

1 mol% Rh2(cap)4

2 equiv. t -BuOOH
MeCN, RT, 16 h

 

Scheme 4.9 Aerobic oxidation of amines by rhodium catalyst. 

In addition, oxovanadium complex bearing 3-hydroxypicolinic acid 

(VO(Hhpic)2) was reported in the oxidation of amines to imines under atmospheric 

molecular oxygen uisng imidazolium-type ionic liquids. This process made possible 

to attain recycling of the catalyst [92]. However, harsh conditions would be required 

(Scheme 4.10). 

. 

NH N

78%

2 mol% VO(Hhpic)2

MeCN

120 oC,18 h

 

Scheme 4.10 Aerobic oxidation of amines by oxovanadium complex. 

As shown above, the oxidation of amines by metal complexes with external 

oxidizing agents such as peroxide or molecular oxygen could proceed only oxidative 

dehydrogenation of amines. Nonetheless, there were no reports in the oxygenation of 

amines to amides. 

4.1.2 Aerobic oxidation of amines catalyzed by gold  

From 2007 until now, metallic gold, particularly nano-sized gold clusters, has 

attracted a great deal of interest as an aerobic amine oxidation catalyst.  
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4.1.2.1 Oxidative dehydrogenation 

Zhu and Angelici firstly reported the catalysis for aerobic amine oxidation by 

bulk gold powder (~103 nm particle size) or micrometric size gold with molecular 

oxygen [93]. A novel and unexpected feature of this work was that bulk gold powder 

catalyzed this transformation, although at an extremely low rate (Scheme 4.11). This 

report initiated a great interest in developing efficient gold catalysts for the 

dehydrogenation of amines using molecular oxygen.  

N
H

R1
R2 N

R1
R2

+ "H2O"
Au powder, O2

a) 60 oC, 40 h, MeCN

b) 100 oC, 24 h, toluene

N
H

N
H

NH

N

N

N

15a

35a, 64b

40a, 87b

acondition a, bcondition b  

Scheme 4.11 Non-nanogold catalyzed aerobic oxidation of secondary amines to 

imines. 

In 2008, the reports from Angelici using bulk gold metal of micrometric size 

and alumina-supported gold nanoparticles (size distribution 50-100 nm) as catalysts 

for the aerobic oxidative condensation of benzylamines indicated the low activity of 

bulk gold clusters [94-95]. Since these reports, the development of small size gold 

cluster for aerobic oxidative condensation of benzylamines to imines has been 

studied. In principle, it could be anticipated that by decreasing the gold crystallite size 

the activity of gold should increase. Corma and co-workers reported the 

heterogeneous gold nanocluster catalyst for aerobic oxidation of benzylamines (Table 

4.1) [96].  
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Table 4.1  Average particle size (d), TOF, conversion and selectivity for 

benzylamine oxidation catalyzed by a series of gold catalysts with 

different particle sizes 

NAu/TiO2

toluene, O2

100 oC

NH2

 

 

Catalyst  

0.8 wt% 

Au/C 

1.5 wt% 

Au/TiO2 

1.2 wt% 

Au/TiO2 
Au/TiO2 Au/Al2O3 

(d) (nm) 10 3.5 5.5 25 69 

TOF (h-1) 280 70 20 0 0 

Time (h) 1 30 30 30 30 

Conversion (%) 99 98 76 58 48 

Selectivity (%) 100 94 98 97 97 

The activity of gold clusters increased when the smaller sizes of gold clusters 

were used (Table 4.1). 69 nm of Au/Al2O3 and 25 nm of Au/TiO2 were used in 

benzylamine oxidation. Only 48 and 58% conversion were observed, respectively. 

The smaller size of Au/TiO2 cluster was tried. 76% conversion was obtained in the 

reaction using 5.5 nm of Au/TiO2 and 98% conversion was observed when using 3.5 

nm of Au/TiO2. Except for 10 nm of Au/C, this catalyst could proceed the oxidation 

up to 99% conversion in 1 hour with high TOF (280 h-1). They explained that the 

catalyst may exhibit a large number of very small particles that were difficult to be 

seen and to be measured by TEM. 

In 2009, Linda and co-workers published the oxidation of dibenzylamine to 

dibenzylimine with molecular oxygen using Au(OAc)3/CeO2. The reaction was 

furnished by using Au(OAc)3/CeO2 in toluene at 108°C. 99.7% yield with 91% 

selectivity of imine product was obtained (Scheme 4.12) [97]. 
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NAu(OAc)3/CeO2

toluene, O2

108 oC

N
H

99.7% yield
91% selectivity  

Scheme 4.12 Aerobic oxidation of dibenzylamine. 

Au(OAc)3 was dissolved and subsequently reduced by amine and the in situ 

formed gold nanoparticles was believed as the real active species of this reaction. In 

that year, they also reported the oxidation of indoline to indole using similar condition 

(Scheme 4.13) [98-99]. 

Au(OAc)3/CeO2

Chlorobenzene

O2, 1.5 h, 108 oC
N
H

N
H

100% yield

TOF = 38.5 h-1  

Scheme 4.13 Oxidation of indoline. 

Furthermore, the magnetically separable gold nano-sized catalyst was 

developed. Au/CeO2 showed high activity for oxidation of amines to imines. For 

instance, Linda and co-workers prepared Au/CeO2/FeOx for simplicity and easily 

reused by magnetic separation from the reaction [100]. 

Che and co-workers studied the graphite-supported gold nanoparticles 

(AuNPs/C) to catalyze aerobic oxidation of cyclic amines to corresponding imines 

with 43-100% conversion (Table 4.2).[101] Comparing with the report of Angelici 

and co-coworkers, aerobic oxidation of 1,2,3,4-tetrahydroisoquinoline (entry 2, Table 

4.2) was catalyzed by Au/Al2O3 at 100°C for 80 hours. This indicated that the small 

size of gold clusters catalyst was important for the activity in oxidation reaction. 
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Table 4.2  Aerobic oxidation of heterocyclic secondary amines using the AuNPs/C 

and oxygen 

N
H

N
H

NH N

N

N
H

MeO

N

MeO

N
H

N

Entry Substrate Product Conversion (%) Yield (%)a

1 68 66

2 100 95 (84:8)b

3 92 95

4 43 78

Condition: amines (0.4 mmol), AuNPs/C (Au: 5 mol%), toluene (8 mL), O2

bubbling, 110 oC, 24 h. ayield was calculated based on substrate conversion. 
bThe ratio of products is shown in parentheses.  

4.1.2.2 The synthesis of azo compounds [102] 

Gold nanoparticles supported on TiO2 and CeO2 could catalyze the aerobic 

oxidation of anilines to azo compounds with high yield (Scheme 4.14).  

Au/TiO2 (1.5 wt%)

H2 (9 bar)

120 oC, 6 h

94.6%

NO2

Au/TiO2 (1.5 wt%)

O2 (5 bar)

100 oC, 9 h

NH2

N
N

92%  

Scheme 4.14 Two steps synthesis for azo compound by reduction and oxidation of 

Au/TiO2 as a catalyst. 
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In addition, Au/TiO2 could also act as a reductive catalyst to proceed the 

reduction of nitroaromatics to aniline in good yield by adding hydrogen molecule. 

Different metal oxide support could be accessed the reaction in different activity, such 

as Au/Fe2O3 or Au/C could not proceed the formation of azo compounds under this 

condition.  

4.1.2.3 Enamine synthesis [103] 

In 2010, the oxidative dehydrogenation of amines by Au nanoclusters catalyst 

could apply in the synthesis of enamines. The reaction of diazoalkanes with amines 

and O2 giving enamines was reported by Zhou (Scheme 4.15).  

Au, O2

MeCN, 60 oC

24 h

2 EtO2CCHN2 +

H
N

CO2Et

HN

CO2Et

+ H2O

94%  

Scheme 4.15 Gold powder catalyzed reaction of ethyl diazoacetate (EDA) with 

piperidine and oxygen molecule. 

4.1.2.4 Oxidation of tertiary amines 

In 2009, Che reported the aerobic oxidation of tertiary amines catalyzed by 

AuNPs/C. N-alkyl or phenyl-1,2,3,4-tetrahydroisoquinoline were treated with 

AuNPs/C (Au 5 mol%) in reflux toluene (110°C) under O2 bubbling in the precence 

of saturated NaHCO3 (1 mL) (Scheme 4.16) [22]. 

N N

83-93%

AuNPs/C (Au 5 mol%)

O2 bubbling, toluene (10 mL)

sat. NaHCO3 (1 mL), 110 oC,24 h
R R

N

4-7%

R

+

O O
R = alkyl, benzyl

 

Scheme 4.16 Aerobic oxidation of tertiary amines using AuNPs/C and O2 protocol. 
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The mixture of amide products was generated. Dehydrogenation yielding 

lactam was obtained as a minor product. As shown above, the aerobic oxidation of 

amines generally required high temperature. The size of gold nanoclusters is an 

important factor for catalytic activity of gold nano-sized catalyst.  

Herein, Au:PVP was selected to explore the aerobic oxidation of heterocyclic 

amines. The higher catalytic activity was expected due to quasi-homogeneous system 

and smaller size of gold nanoclusters. As shown in Chapter III, Au:PVP demonstrated 

the excellent catalytic activity as quasi-homogeneous catalysts for aerobic oxidation 

of MeOH in aqueous solution. Both Au:PVP-catalyzed N-formylation of amines 

under MeOH oxidation and HCHO conditions could generate hemiaminal 

intermediate by the condensation of starting amines with HCHO. Then, the oxidation 

of that hemiaminal intermediate will proceed the amide formation to afford N-formyl 

products. 

N
H

N

2a

conditions

a: formalin
b: MeOH NH

3a

+

CHOCHO

1a

2a 3aconditions

97% -a. 1 atom% Au:PVP, 150 mol% HCHO

50 mol% NaHCO3, EtOH-H2O (1:2)

27 oC, 9 h

94% 5%b. 10 atom% Au:PVP, 200 mol% LiOH

MeOH-H2O (1:2), 80 oC, 4 h  

Scheme 4.17 N-formylation of 1a under MeOH oxidation and HCHO condtion. 

The model reaction, N-methylaniline (1a) was shown in Scheme 4.16. An 

excellent selectivity for N-formylation of 1a was observed when 1 atom% of Au:PVP 

and HCHO solution was used in weak basic aqueous conditions at 27°C for 9 hours 

and 97% of 2a was observed (condition a, Scheme 4.17). The selectivity of N-

formylation of 1a was slightly decreased when the reaction underwent with 10 atom% 

Au:PVP and 200 mol% LiOH under reflux MeOH and water for 4 hours. (condition b, 
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Scheme 4.17). 94% yield of 1a was obtained along with 5% yield of N-formylaniline 

(3a) via oxidative demethylation of 1a, followed by N-formylation.  

N
H

N

2i

conditions

a: formalin
b: MeOH N

H

3i

+

CHO

1i

2i 3iconditions

95% -a. 10 atom% Au:PVP, 150 mol% HCHO

200 mol% NaOH, EtOH-H2O (1:2)

27 oC, 24 h

6% 81%b. 10 atom% Au:PVP, 200 mol% NaOH

MeOH-H2O (1:2), 80 oC, 24 h

O

 

Scheme 4.18 N-formylation of 1i under MeOH oxidation and HCHO conditions. 

In the case of tetrahydroquinoline (1i), N-formylation product (2i) was 

obtained in 100% selectivity with 95% yield when the reaction was carried out in 

HCHO (condition a, Scheme 4.18). Interestingly, the selectivity was opposite under 

condition b. The lactam (3i) was afforded from MeOH oxidation condition (condition 

b, Scheme 4.18) as the main product in 81% yield along with only 6% desired N-

formylation product (2i). The possible mechanism in Figure 4.1 could describe the 

different forms of two hemiaminal intermediates. One was generated from the 

condensation of 1i with HCHO (hemiaminal A) and the other was formed from the 

oxidative dehydrogenation to imines followed by hydration of imine (hemiaminal B).  
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Figure 4.1 Possible pathways of N-formylation and oxidation of tetrahydroquinoline. 

These results indicated that the oxidation of MeOH was slower than the imine 

formation via oxidative dehydrogenation of amine, especially cyclic secondary 

amines. In addition, this result was the first example of the α-oxygenation of a cyclic 

secondary amine by Au nano-sized catalyst. Because of benzo-fused lactam skeletons 

such as 3,4-dihydroquinolin-2-ones were important in pharmacologically and 

biologically active compounds, the aerobic oxygenation at the α-position of cyclic 

amines should be valuable for investigation. 

4.2  Objective of this work 

To study the highly selective α-oxygenation of a cyclic secondary amine 

catalyzed by Au nano-sized catalyst under basic aerobic conditions. The selectivity 

between oxidative dehydrogenation and oxygenation of amines would be investigated. 

Furthermore, the mechanism of α-oxygenation of amines was discussed. 

4.3  Results and discussion 

4.3.1 Optimization study 

4.3.1.1 α-Oxygenation of 1,2,3,4-tetrahydroquinoline (1i) 

As described above, α-oxygenation of 1,2,3,4-tetrahydroquinoline (1i) could 

proceed under reflux MeOH-H2O catalyzed by 10 atom% of Au:PVP in the presence 
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of 200 mol% of LiOH. The optimization for selective α-oxygenation of 1i was 

investigated and the results are listed in Table 4.3. 

Table 4.3 The optimization for aerobic oxidation of 1i 

N
H

Cat. Au:PVP, NaOH

24 h
N
H

3i1i

O

 

Entry 

Conditions 

Solvent 
Temperature 

(°C) 

% Yield 

Au:PVP 

(atom%) 

NaOH 

(mol%) 
3i 

1 10 - EtOH-H2O (1:2) 27 - 

2 - 200 EtOH-H2O (1:2) 27 - 

3a 10 200 EtOH-H2O (1:2) 27 - 

4 10b 200 EtOH-H2O (1:2) 27 - 

5 10 200 EtOH-H2O (1:2) 27 91 

6 10 100 EtOH-H2O (1:2) 27 49c 

7 10 200 H2O 27 35c 

8 10 200 H2O 50 89 

9d 1 200 EtOH-H2O (1:2) 50 84 
         a Under argon atmosphere.  
         b Use of Au:PVP with 20 nm mean size. 
         c 51% of 1i was recovered.  
         d 38 h. 

No reaction was observed when the reaction underwent in the absence of base 

(entry 1) or Au:PVP (entry 2). As known in previous reports, the reaction catalyzed 

by Au:PVP could occur under oxygen atmosphere. When α-oxygenation of amine 1i 

was carried out under argon atmosphere, no product was observed (entry 3). This 

result indicated that oxidation of amine to amide was promoted by adsorbed oxygen 

molecule on gold clusters surface. In addition, the clusters size of gold also played an 

important role in this reaction. When 20 nm of diameter size of Au:PVP clusters was 

used as catalyst, the oxidation of amine 1i could not proceed (entry 4). Previously, 
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Au:PVP clusters having the mean size larger than 10 nm were almost inert for the 

aerobic oxidation [28]. When the reaction was performed in the presence of 10 atom% 

Au:PVP under basic condition at room temperature for 24 hours, the oxidation 

proceeded to give lactam 3i in 91% yield without any other by-product (entry 5). All 

of these results were contrary to the previous example of bulky gold catalysts which 

could catalyze amine oxidation on gold surface [14-16]. 

The rate of oxidation was dropped when NaOH was reduced in a half from 

200 mol% in entry 5 to 100 mol%. Only 49% of 3i was obtained with 51% recovery 

of 1i (entry 6). When the solvent was changed to only H2O, the reaction rate was also 

decreased. The reaction was observed in 51% conversion along with 35% yield of 3i 

(entry 7). The result could be explained that due to the poor solubility of amine 1i in 

water, the reaction rate of the oxidation of amine was decreased. The conversion of 

this reaction in only water could be improved when the temperature was raised up to 

50°C and 89% yield of 3i was obtained (entry 8). The catalyst loading was attempted 

to reduce from 10 atom% to only 1 atom% under EtOH-H2O solution at 50°C (entry 

9). 84% yield of desired product 3i was obtained for 38 hours. These optimized 

conditions were significantly milder compared to previous reactions catalyzed by 

gold. 

4.3.1.2 α-Oxygenation of 1,2,3,4-tetrahydroisoquinoline (1j) 

The α-oxygenation of amine 1j was investigated and the results are shown in 

Table 4.4. 

The optimization condition of 1i was then applied to 1j. No reaction was 

observed and the color of solution was not changed (entry 1). Thus, the reaction was 

then carried out at higher temperature. To increase the temperature, the solvent system 

was changed from EtOH-H2O to t-BuOH-H2O to avoid the oxidation of EtOH under 

reflux temperature affording the corresponding acetamide as a by-product. Under 

reflux conditions of t-BuOH-H2O, 85% of desired product 3j was obtained along with 

7% of aromatization product 5j via oxidative dehydrogenation (entry 2). Due to the 

observation of 5j, the reaction mechanism should not involve the formation of 
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hemiaminal as shown in Figure 4.1 via the hydration of imine. Therefore, the blank 

reaction was performed under the same conditions without water at 90 °C. The result 

revealed that the formation of desired product lactam 3j was not obtained and only 

oxidative dehydrogenation products 4j and 5j were observed in 48 and 9% yield, 

respectively (entry 3). On the other hand, when the solvent was changed to only 

water, the oxygenation of 3j was observed in quantitative yield (99%) without 

oxidative dehydrogenation products 4j and 5j (entry 4). The temperature was tried to 

decrease to 80 °C,  the reactivity of reaction was slightly dropped in  the hydration 

Table 4.4 The optimization for aerobic oxidation of 1j 

Cat . Au:PVP, NaOH

24 h

3j1j

NH NH

O
4j

N

5j

N
+ +

 

Entry 
Au:PVP 

(atom%) 
Solvent 

Temperature 

(°C) 

% Yield 

3j 4j 5j 

1 10 EtOH-H2O (1:2) 27 no reaction 

2 10 t-BuOH-H2O (1:2) 100 85 - 7 

3 10 t-BuOH 90 -a 48 9 

4 10 H2O 90 99 - - 

5 10 H2O 80 84 - 16 

6 5 H2O 90 97 - 1 

7 5b H2O 90 no reaction 

8 - H2O 90 no reaction 

9 10 DMF- H2O (1:2) 90 53 27 20 

10c 10 DMF 90 - 93 1 
         a Recovery of 1j: 42%. 
      b 20 nm of Au:PVP catalyst. 
         c 6 h. 

process. The products 3j and 5j were obtained in 84 and 16%, respectively. Then, the 

decrease of Au:PVP loading was investigated. When 5 atom% Au:PVP was used as a 
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catalyst instead of 10 atom% under reflux at 90°C in water, 97% yield of 3j was 

obtained with only 1% of 5j (entry 6). In addition, the color of the reaction mixture at 

nearly reflux temperature either 90 or 80 °C was changed from dark brown to red. 

This observation indicated that the aggregation of Au nanoclusters occurred to destroy 

to activity of catalyst. Therefore, the bigger diameter size of Au:PVP (~ 20 nm) was 

tried, no reaction was taken place (entry 7). The blank reaction without catalyst was 

performed (entry 8). As expected, no reaction was observed. 

The selectivity of oxidative dehydrogenation and α-oxygenation was 

investigated. As shown in entries 2 and 3, the selectivity of oxidation of amines was 

observed in the different media. The oxygenation took place in aqueous media, but 

the oxidative dehydrogenation could proceed in the reaction without water. To 

optimize the selective oxidation of amines 1j, the reaction conditions in reflux DMF-

H2O and DMF were carried out. In a mixed solvent (entry 9), 100% conversion with 

53% of oxygenation product was obtained with 27% yield of imine 4j and 20% of 

aromatization product 5j. To reduce the oxygenation product, the reaction was 

performed in DMF at 90°C. It was found that 100% conversion was observed within 6 

hours and 93% of imine 4j was attained with 1% yield of aromatized product 5j (entry 

10). 

The aggregation of Au:PVP α-oxygenation of 1j from optimization study 

(Table 4.4) was observed by changing of color reaction mixture from dark brown to 

red or purple. Au:PVP solution after reaction was detected by measuring with UV/vis 

absorption spectroscopy. The surface plasmon band at 520 nm was observed and 

gradually increased with longer reaction time (Figure 4.2). TEM of Au:PVP was 

measured after finish the reaction and diagram was shown in Figure 4.3. The 

aggregation of Au clusters was observed in some parts of TEM diagram. It indicated 

that the small size of Au clusters could activate the α-oxygenation of amines even if 

the aggregation was occurred.  
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Figure 4.2 UV/Vis absorption spectra of Au:PVP during α-oxygenation of 1j. 

2 0  n m2 0  n m  

Figure 4.3 TEM image of Au:PVP after 24 h of α-oxygenation of 1j. 

& H2O 
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According to this observation, Au:PVP was impossible to reuse for the next α-

oxygenation of 1j. Metallic character of Au nanoclusters was observed by UV/Vis 

absorption spectra (Figure 4.2) by sampling an equal amount of reaction mixture from 

1 until 24 h to compare with the blank Au:PVP solution in EtOH-H2O before adding 

into the reaction. The results indicated that Au:PVP was not good enough for being a 

catalyst in next run for oxidation of 1j. On the other hand, the oxidation of 1i did not 

reveal the aggregation of Au:PVP. This might be because of the lower temperature 

under the condition of the oxidation of 1i and also the basicity of 1j was higher than 

that of 1i which could cause the aggregation of gold cluster by adsorption of 1j on 

gold surface. 

In addition, TEM image in Figure 4.3 could explain the aggregation clearer 

than the result of UV/Vis absorption spectra. The black dots in the picture were Au 

clusters which some of them were big and some were small. The smaller ones may 

have the activity to catalyze the oxidation, but the bigger ones (>2 nm) lost their 

activities during reaction. Thus, Au:PVP could proceed the α-oxygenation of 1j even 

if the aggregation of Au:PVP was observed. 

4.3.2  Mechanism 

As shown in Figure 4.1, the oxygenation of 1i was started from oxidative 

dehydrogenation of amines to form imine intermediate (path A), and then the 

hydration of this imine intermediate taken place under basic aqueous condition would 

give the hemiaminal intermediate. Finally, the oxidation of hemiaminal to 

corresponding lactam was occurred. The results strongly indicated that amine 

oxidation to imine (path A in Scheme 4.6) was slower than hemiaminal formation 

with HCHO followed by oxidation (path B), but sufficiently faster than the MeOH 

oxidation process.  

The formation of imine in the first step could not be confirmed from the α-

oxygenation of 1i, because of the unstability of that imine. However, the investigation 

of imine formation as an intermediate could achieve in the oxygenation of 1j and 
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imine (4j) which could be detected by GC during the reaction and isolated after the 

reaction (Table 4.4).  

imine (4j) hemiaminal B

N

1j

NH NH

Ox.

5j

N

Ox.

3j

NH

OH-/H2O

OH

O

Ox.

 

Figure 4.4 Proposed mechanism of α-oxygenation of 1,2,3,4-tetrahydroisoquinoline 

(1j) catalyzed by Au:PVP. 

The selectivity for oxidative dehydrogenation and α-oxygenation to afford 

imine 4j and 3j could be clearly explained from Table 4.4. The conditions without 

water would proceed only the oxidative dehydrogenation to afford imine and 

aromatization product. A hydration step would occur faster than dehydrogenation to 

form 5o under aqueous conditions, so hemiaminal B was then generated and oxidized 

to give lactam in faster rate than the formation of aromatization compound. 

Other benzo-fused heterocyclic amines were investigated for α-oxygenation 

reaction using both optimization conditions of 1i and 1j. 

4.3.3 Variation of amines 

4.3.3.1 Effect of substituent group for α-oxygenation of benzo-fused heterocyclic 

amines 

p-Methoxy-1,2,3,4-tetrahydroquinoline (1p) and p-bromo-1,2,3,4-tetrahydro-

quinoline (1q) were firstly treated with the optimization condition for 1,2,3,4-tetra-

hydroquinoline (1i) (Scheme 4.19). The selectivity of the formation of lactam 

decreased when para-substituted heterocyclic amines (1p and 1q) were used. In the 
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presence of a donating group (methoxy group; 1p), the reaction could not proceed at 

room temperature. 66% yield of lactam (3p) and 33% of aromatization product (4p) 

were obtained under reflux t-BuOH-H2O. Imine intermediate of 1p could not be 

observed the same as in the case of 1i. α-Oxygenation of 1p could not proceed at 

100C because of the very poor solubility in water. The reaction rate of 1p was slower 

than that of 1i because the electron donating group decreased the acidity of hydrogen 

at N-atom of amine 1p. The process of oxidation of amines to imines would be slow 

and also the dehydrogenation of amines should be occurred as a side reaction at high 

temperature. 

N
H

10 atom% Au:PVP

200 mol% NaOH

t-BuOH-H2O (1:2)

90 oC, 24 h
N
H

3p1p

N

4p

+

O

MeO MeO MeO

N
H

10 atom% Au:PVP

200 mol% NaOH

EtOH-H2O (1:2)

27 oC, 24 h
N
H

3q1q

N

4q

+

O

Br Br Br

66% 33%

88% 9%  

Scheme 4.19 α-Oxygenation of para-substituent heterocyclic amines. 

In the case of 1q, oxygenation was carried out under similar reaction condition 

with amine 1i at room temperature. 88% yield of corresponding lactam 3q was 

obtained with 9% yield of aromatization product 4q. The α-oxygenation of 1q could 

proceed even at room temperature, because the bromine group, electron withdrawing 

group, could increase the acidity of hydrogen of amines and increased the reaction 

rate of the formation of imine intermediate. In contrast with 1i, 9% of aromatization 

product was formed, but the corresponding aromatization product of 1i could not be 

observed, because high activity of starting amines 1q could easily dehydrogenate to 

form 4q. 
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These investigations indicated that the electronic effect from substituent group 

of heterocyclic amines could cause the selectivity of α-oxygenation of amines.  

4.3.3.2 Ring size effect for α-oxygenation of benzo-fused heterocyclic amines 

Benzo-fused hetercyclic amines 1r, 1s and 1t were chosen for exploring the 

ring size effect in α-oxygenation catalyzed by Au:PVP. The results are shown in 

Scheme 4.19. Under the optimization conditions, no reaction was occurred for 

2,3,4,5-tetrahydro-1H-benzo[b]azepine (1r) at room temperature either in water or 

mixed solvent between EtOH-H2O. But 96% yield of the desired product 3r could be 

accomplished when the reaction was conducted at 90°C (equation 1, Scheme 4.20). In 

the case of 1,2,3,4,5,6-hexahydrobenzo[b]azocine (1s) which the oxidation did not 

take place neither at room temperature nor 90°C (equation 2, Scheme 4.20). 

Interestingly, α-oxygenation of indoline (1t) could proceed affording lactam 3t 5% 

yield along with 45% yield of indole 4t via oxidative dehydrogenation and 

isomerisation of imine intermediate when the reaction was carried out at room 

temperature. On the other hand, the quantitative yield of 4t was obtained when the 

reaction was conducted at 90°C for 6 hours and no lactam was generated (equation 2, 

Scheme 4.20).  
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10 atom% Au:PVP

200 mol% NaOH

H2O
a, 24 h

3r1r

3s1s

N
H

HN

N
H

HN

O

O

10 atom% Au:PVP

200 mol% NaOH

H2O
a, 24 h

temperature

27 oC

90 oC

no reaction

96%

temperature

27 oC

90 oC

no reaction

no reaction

10 atom% Au:PVP

200 mol% NaOH

EtOH-H2O, 24 h

3t1t
condition

27 oC, 24 h

90 oC, 6 h

5%

-

N
H

N
H

N
H

+

4t

45%(32%)b

99%

a no reaction under EtOH-H2O (1:2)
b (-) is % yield of recovered starting material (1t)
c H2O or t -BuOH-H2O can used as solvent at 90 oC

O

(1)

(2)

(3)

 

Scheme 4.20 α-Oxygenation of benzo-fused heterocyclic amines. 

The formation of indole as a major product from oxidation of 1t was described 

in Figure 4.5. Oxidative dehydrogenation of 1t was carried out, the isomerization of 

imine intermediate would undergo to afford indole product (4t). According to the 

gathered results, an isomerization step was taken place faster than hydration of imine 

intermediate to form hemiaminal even if at room temperature, the α-oxygenation 

product (3t) was difficult to generate under this condition. When the reaction was 

carried out at high temperature, the rates of oxidative dehydrogenation of 1t and 

isomerization of imine were increased. Thus, a hydration step was then hardly 

undergone at high temperature. 
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Figure 4.5 Possible mechanism of oxidation of indoline (1t) catalyzed by Au:PVP. 

4.3.3.3 α-Oxygenation of tertiary amines 

N-methyl-1,2,3,4-tetrahydroisoquinoline (1u) could be oxidized at α-position 

adjacent to N-atom of heterocyclic ring catalyzed by gold nanocluster supported on 

graphite (AuNPs/C) which was recently reported by Che. The reaction was carried out 

with 5 mol% of Au in AuNPs/C under reflux toluene affording lactam 3u in 92% 

yield with enamide 4u in 4% (Scheme 4.21, condition a). 4u was obtained under 

Che’s condition because high temperature would increase the rate of oxidative 

dehydrogenation step. In contrast, Au:PVP (5 atom%) in the presence of 100 mol% of 

NaHCO3 in vigorous stirred of t-BuOH-water at 27°C was conducted in α-

oxygenation of 1u affording only the desired lactam (3u) in 94% without any of by-

product (Scheme 4.21, condition b). 
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1u 3u 4u

N N

O

N

O

+
Conditions

Condition 3u 4u

a. 5 mol% of Au in AuNPs/C, O2 

bubbling, sat. NaHCO3 (1mL), 

toluene, 110 oC, 24 h

b. 5 mol% of Au:PVP, 100 mol% 

NaHCO3 (1mL), t-BuOH:H2O 

(1:2), 27 oC, 24 h, air

92% 4%

94% -

 

Scheme 4.21 α-Oxygenation of N-methyl-1,2,3,4-tetrahydroisoquinoline (1u). 

The high temperature might permit the oxidative dehydrogenation of lactam 

3u to enamide 4u by over oxidation. This indicated that a smaller size of gold 

nanocluster of Au:PVP promoted higher catalytic activity than AuNPs/C catalyst. 

N N

1211
O

N

H2O

N

OH

Au:PVP

O2

 

Figure 4.6 Possible mechanism of α-oxygenation of N-methyl-1,2,3,4-

tetrahydroisoquinoline (1u). 

The reaction conditions required for α-oxygenation of 1u was milder than that 

of 1i and 1j. This could be explained by the iminium intermediate was undergone the 

hydration step much faster than imine intermediate and the nucleophilic attack to 

iminiun compound could undergo under weak base condition instead of strong base 
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condition (Figure 4.6). The reaction was then tried under neutral condition, but slower 

rate of reaction was observed. The reaction was not complete within 48 hours. 

4.4 Conclusion 

As described above, Au:PVP could be applied for aerobic oxidation of 

heterocyclic amines to lactam. The nearly quantitative yield was obtained by using 

Au:PVP as an excellent catalyst. This research demonstrated for the first time to use 

as a catalyst in selective aerobic oxidation of secondary heterocyclic amines to 

lactams. The milder reaction conditions, even at room temperature, in basic aqueous 

solvent was optimized for Au:PVP catalysis. According to a smaller size of Au 

clusters of Au:PVP (1.3 nm), the higher activity compared with previous reported 

heterogeneous catalysts such as AuNCs (mean size 12–15 nm) or bulk gold powder 

(ca. 50–1000 nm) was observed. Only Au:PVP could carry out the α-oxygenation of 

amines with excellent results. 

In addition, the high selectivity between α-oxygenation and oxidative 

dehydrogenation process was viewed by changing solvent media. Oxidative 

dehydrogenation process could easily be selective in 100% by carrying out this 

reaction without water and α-oxygenation was also selective in water. Finally, 

quantitative yield in both processes were obtained.  



CHAPTER V 

CONCLUSION 

This research is divided into two parts for the application of gold nanoclusters 

stabilized by poly(N-vinyl-2-pyrrolidone) (Au:PVP), hydrophilic polymer in direct N-

formylation of amines and α-oxygenation of benzo-fused heterocyclic amines.  

The excellent yield was observed for the N-formylation of N-methylaniline 

under optimization condition. 10 atom% Au:PVP in the presence of 200 mol% LiOH 

under reflux MeOH-H2O. This reaction was studied under the hypothesis that formyl 

source will generate in situ from the oxidation of MeOH and reacted with amines 

leading to the corresponding amides. Formaldehyde is the formyl intermediate that 

generated via the oxidation of MeOH. Thus, the mechanism of N-formylation was 

then proposed that the condensation of amines with formaldedhyde intermediate to 

afford hemiaminal followed by the oxidation to give corresponding amides. 

Unfortunately, N-formylation under reflux condition was proceeded very well only in 

the case of N-methylaniline (1a), because of the N-demethylation of amines as a side 

reaction. Therefore, the direct N-formyltion of amines using formalin as a formyl 

source was investigated under milder condition. The excellent selectivity of N-

formylation of amines was attained by using 1-10 atom% of Au:PVP under basic 

condition at room temperature. The desired products were obtained in moderate to 

excellent yield. 

As described above, Au:PVP was then tried to use as a catalyst for aerobic 

oxidation of heterocyclic amines to lactam. The quantitative yield with excellent 

selectivity was obtained from α-oxygenation of 1,2,3,4-tetrahydroquinoline (1i) and 

1,2,3,4-tetrahydroisoquinoline (1j) using 10 atom% Au:PVP as a catalyst in aqueous 

solution under basic condition at room temperature or 90 °C. The high selectivity 

between α-oxygenation and oxidative dehydrogenation process was investigated using
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1j as a starting material. The oxidative dehydrogenation could proceed very well in 

organic solvent without water and α-oxygenation could be selective in aqueous 

solution. Not only 1i and 1j but the other heterocycyclic amines can transform to 

lactam under these optimization conditions. The excellent yields of lactam were 

obtained, except for indoline (1t) and 1,2,3,4,5,6-hexahydrobenzo[b]azocine (1s) 

because of the tautomerization of imine generated from 1t and the configuration of 

amine 1s. In contrast with the heterogeneous catalyst, the oxidation of tertiary amines 

using Au:PVP as a catalyst could undergo at room temperature under aqueous 

condition without any by-products generated from dehydrogenation process. 

Overture for the future work 

 As described in this research, the mechanism of N-formylation of amines is 

still unclear regarding the role of base and water. The isotope labeling experiment 

should be done to confirm the N-demethylation pathway. The separation of Au:PVP 

comparing with the heterogeneous catalyst is still more difficult. Thus, the catalyst 

development will be required for easy separation, such as doping magnetic metal into 

Au:PVP to be magnetic catalyst.  By the way, the development of aerobic oxidation of 

amines catalyzed by Au:PVP nanoclusters is interesting because the variety of the 

reaction can proceed under green and mild condition. From N-formylation of amines, 

the condensation of amines and aldehyde moiety will apply for the oxazoline 

derivatives via condensation of amino alcohols with aldehyde compounds. In 

addition, the C-C bond formation through aerobic oxidation process of cyclic amines 

with nucleophiles should be studied. 
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A.1 Calculation of percent GC yield 

A.1.1 Sample preparation 

A.1.1.1 Preparation of authentic sample for calibration curve 

6 mM of hexadecane (C16) diluted in ethyl acetate is used as internal standard 

solution in all reactions. Four concentration mixtures of each authentic sample have to 

prepare for each calibration curve. Ethyl acetate was used as solvent for dilution in all 

samples.  The amount of authentic sample was prepared in 4 samples (180, 125, 75 

and 50 ppm) and then C16 was added to that samples in 30, 60, 10 and 150 ppm, 

respectively. N-formyl-piperidine (2l) and internal standard (C16) are shown in Table 

1 as an example. 

Table A.1 Example for preparation of authentic sample (2l) and C16 in 4 

concentrations 

Authentic sample (2l) 

180 ppm 

16.3 mg 

144.04 mmol 

125 ppm 

11.3 mg 

99.86 mmol 

75 ppm 

6.75 mg 

59.65 mmol 

50 ppm 

4.5 mg 

39.77 mmol 

Internal standard (C16) 

30 ppm 

3.5 µL 

11.4 mmol 

60 ppm 

7.0 µL 

22.8 mmol 

100 ppm 

11.7 µL 

38 mmol 

150 ppm 

17.5 µL 

57 mmol 

Mol ratio of 

C16/authentic sample 
0.0791 0.2283 0.6370 1.433 

A.1.1.2 Calculation method for calibration curves 

5 area values of internal standard (C16) and authentic samples detected by gas 

chromatography (GC), A1-A5, were obtained in each concentration. The maximum 

and minimum values were discarded and area value of three data (A1, A2, A3) was 

calculated in Equation 1. The area ratio of C16/authentic sample was calculated. 

 ̅   √
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Calibration curves: 

The mol ratio of C16/authentic sample was set in X-axis and area ratio of 

C16/authentic sample was Y-axis. Linear graphs of calibration curves between mol 

ratio and area ratio were done. Calibration curves of all authentic samples were shown 

here. 

 

Figure A.1 Calibration curve of formanilide (3a) 

 

Figure A.2 Calibration curve of N-formyl piperidine (2) 
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Figure A.3 Calibration curve of acetanilide (1) 

 

Figure A.4 Calibration curve of N-ethylaniline (1) 
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Figure A.5 Calibration curve of N-methylaniline (1a) 

 

Figure A.6 Calibration curve of aniline (4a) 
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Figure A.7 Calibration curve of N-methylformanilide (2a) 

The slope of all calibration curves were calculated and used for calculation of 

%GC yield by using Equation 2. 

A.1.1.3 Preparation of sample from reaction mixture 

0.2 mL of solution mixture from 15 mL of reaction solution was picked up. 

Sat. NaHCO3 and sat. NaCl was added (0.5 mL) and the reaction mixture was 

extracted with ethyl acetate 3 times (0.5 mL×3). The organic layer was combined into 

GC vial and 50 µL of 6mM of internal standard (C16) was added.  

A.1.1.4 Calculation of percent yields of compound. 

GC sample would be detected the amount of composition by gas 

chromatography 5 times per 1 sample and %GC yield of each component will 

calculate by Equation 2. 
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A.2 Calculation of percent carbon-13 in Scheme 3.7 

%Yield was detected and calculated as described above and %yield of 13C in 

each compound was detected and calculated by GCMS. 

+

2a 3a1a

N
H

N

CHO

NH

CHO

10 atom% Au:PVP

200 mol% LiOH
13

CH3OH:H2O(1:2)

80
o
C

92% 13C 82% 13C

6% recovery 80% yield 3% yield 3% yield

+

NH2

4a

(13C) (13C)

 

For example: N-methylformanilide (2a) 

GCMS data: 

MS 135 136 137  
12C (GCMS intensity) 

(natural abundance) 
99629 8667.7  108296.7 (A) 

13C (GCMS intensity)  1112085.3 94403 1206488.3 (B) 

Calculation: 
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