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Abstract 
Metal oxide supported noble metal catalysts show many significant advantages 

such as low cost, high durability, and mass-producibility. In research on supported 

catalysts, investigating and determining the real active species and sites on the inorganic 

solids in various reactions were important. However, the supported noble metals are 

distributed rather than single species, and the reaction mechanism has not been well 

elucidated compared to molecular catalysts. Therefore, their research was inadequate, 

which hindered their industrialization. In this research, study on the development and 

analysis of soft Lewis acid functions of metal oxide supported noble metal catalysts 

was performed, and the application of these reusable soft Lewis acid catalysts can offer 

new opportunities for industrial processes and syntheses.  

In the hard-soft acid-base (HSAB) principle, Lewis acids can be classified into 

hard and soft acids which can activate corresponding hard or soft bases. In industrial 

catalytic reactions, zeolites, typical hard acids, have been widely used. However, most 

reactions over soft Lewis acids were still using homogeneous catalysts. The low-valent 

noble metals have soft characteristics and thus should function as a soft Lewis acid to 

activate soft bases, such as p electrons of C–C double and triple bonds, which easilt 

undergo nucleophilic attack with various nucleophiles. Because Au and Pt are the soft 

transition metals according to the HSAB principle, the supported Au and Pt catalysts 

were mainly discussed in this thesis. 

It was demonstrated for the first time that supported Pt catalysts with residual 

chloride can act as a heterogeneous soft Lewis acid. For the application to isomerization 

of allylic esters, high turnover numbers were realized under solvent-free conditions. X-

ray photoelectron spectroscopy (XPS) and X-ray absorption fine structure (XAFS) 

analyses reveal that the highly dispersed Pt clusters with Pt–Cl bonds play a key role in 

the high activity. In addition, DFT calculation and controlling tests verify the reaction 

mechanism and the enhancement effect in Lewis acidity owing to the residual chloride. 

Additionally, reusability of Pt-Cl/CeO2 was investigated, and the activity was 

proven to be recovered. XAFS was used to understand the deactivation mechanism of 
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the catalysts. The reduction of PtOxCly species should be the main reason for 

deactivation. A relatively stable state may occur during the reusing of Pt-Cl/CeO2.  

To develop a more stable soft Lewis catalysts, research on the catalytic 

isomerization of allylic esters with zirconia supported Au nanoparticles (NPs) succeed. 

It offers a practical application in the transformation between but-3-ene-1,2-diyl 

diacetate (3,4-DABE) and but-2-ene-1,4-diyl acetate (1,4-DABE), valuable 

intermediates of butanediol or THF. Furthermore, a total turnover number (TON) of 

more than 38,000 are available by flow reaction with the total scale up to kilogram. 

Meanwhile, there is no obvious deactivation despite slight agglutination of Au NPs.  

Moreover, supported sodium-salt-modified Au NPs catalyst was developed, and it 

was stable and recyclable in the intramolecular cyclization of alkynoic acids. The effect 

of sodium species, which has been overlooked in previous studies, was studied, and 

they were found to play an essential role. In addition, the relationship between the 

kinetics and size of Au NPs revealed that the active sites of the catalyst are located on 

the surface of Au NPs. Detailed kinetic studies revealed that the cyclization was a zero-

order reaction with respect to substrate concentration, and the rate-determining step of 

the reaction is presumed to be protodeauration. 

Furthermore, a practical method for regulating and optimizing the activities of 

metal-oxide supported Au NP catalysts was discovered. Its effect was investigated in 

the multiple reactions based on the soft Lewis acid function of Au NPs. By comparing 

the relationship between specific surface areas and catalytic activities of the prepared 

metal-oxide supported Au NP catalysts, the catalysts with smaller specific surface area 

showed better catalytic activity. This tread was obtained in the soft Lewis acid reactions, 

including isomerization, cyclization, and hydroamination reactions. XPS spectra reveal 

that the Au NPs supported by the metal-oxides with low specific surface areas tend to 

have higher binding energy, revealing that more Auδ+ species form on their surfaces.  

    Finally, to further enhance the sustainability of the C4 synthesis process, one-pot 

synthesis of THF from 1,4-DABE was also developed by preparing bi-functional 

Rh/Al-MCM-41catalysts. In addition, a yield around 60% was obtained using the 

optimized catalysts. 
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1.1. Soft Lewis Acid Catalysis 

The Lewis acid-base theory is well known as that Lewis acids accept electrons and 

Lewis bases donate electrons, and this is more general than the Bronsted acid-base 

theory, since the Lewis acids may contain halides in higher oxidation states of metals. 

The hard-soft acid-base (HSAB) theory was later developed by Pearson and describes 

the stability of acid-base adducts by classifying both acids and bases as hard and soft. 

Hard acids are characterized by small atomic radii, highly positive charges, and 

generally no unshared electron pairs in their valence shells. These correspond to the 

properties of hard bases. Soft acids, on the other hand, have large atomic radii, low 

positive charge, and contain unshared electron pairs (p or d electrons) in their valence 

shells. These correspond to the characteristics of soft bases [1–3]. According to the 

concept of HSAB, metals prefer ligands of the same kind (soft–soft or hard–hard) when 

forming coordinated bonds. Cations act as Lewis acids by accepting non-bonding 

electrons from ligands to form coordinative bonds[4]. A plot of the softness of a range 

of cations and anions of different valency, with respect to H+ and OH− ions of zero 

softness, was summarized (Fig. 1). In addition, the anions of higher softness have lower 

Lewis basicity; however, divalent cations have higher Lewis acidity compared to 

monovalent cations[5]. 

 
Figure 1. Illustration of HSAB theory and hardness of partial anions and cations[5]. 

hard-soft acid-base (HSAB) theory

cations:
Ca2+ > NH4+ > Na+ > K+ > Mg2+ > Cu+ > H+ > Ag+ > Fe3+ > Zn2+ > Cu2+ > Pb2+ > Au+ 

anions:
PO4

3– > F– > CO3
2– > SO4

2– > Cl– > OH– > NO3
– > Br– > CN– >  I– > HS– > SO3

2– > S2–

hardness of anions/cations    

small and highly charged
electrostatics dominant
ionic bonds

large and minimally charged
orbital overlap dominant
covalent bonds

acid base

acid base

hard

soft
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The great attraction of Lewis acid catalysts is their activity, reactivity, and 

selectivity in organic and inorganic synthesis, and the selectivity of Lewis acid catalysts 

is one of the important issues in modern catalytic chemistry. Metal catalysts that 

activate the π-electrons of alkenes, alkynes, aromatics (soft bases), etc. to promote 

attack by oxygen or nitrogen nucleophiles are called soft Lewis acid catalysts[6]. Solid 

acid catalysts are widely used in petrochemical reactions, synthesis of fine chemicals, 

and biomass conversion in industry. However, as solid acid catalysts, protonic acids 

such as zeolite and cation exchange resins are hard Lewis acids. The reaction tends to 

be complicated due to rearrangement of carbocation. That is, the selectivity tends to be 

low. Unlike hard Lewis acids, soft Lewis acids can coexist with water and alcohols. Au 

and Pt are the soft transition metals according to the HSAB principle. The low-valent 

noble metals have soft functions and thus should act as a soft Lewis acid to activate soft 

bases, such as, π-electrons of C–C double and triple bonds, to undergo nucleophilic 

attack with nucleophiles. Despite these catalysts provide many useful synthetic 

applications, the poor reusabilities and small turnover numbers (TONs) hinder their 

practical application. Therefore, their applications are still limited.  

For soft Lewis acid catalysts, there are many examples of homogeneous catalysts.  

To satisfy the principles of green sustainable synthesis, the development of 

heterogeneous soft Lewis acid catalysts become meaningful. Over the last decades, 

several reactions using supported noble metal nanoparticles (NPs) as a soft Lewis acid 

catalysts were reported. Corma et al. reported catalytic hydroamination using supported 

Au catalysts[7]. In general, monovalent Au species exhibit soft Lewis acidity, but when 

they are immobilized on a support, reduction to stable zero-valent Au NPs and 

aggregation should occurr. In addition, Somorjai et al. also successfully used supported 

Au NPs with N-heterocyclic carbenes (NHCs) for lactonization[8]. However, 

exhaustion of the ligand becomes a problem. Moreover, our team have also reported 

hydroamination[9], direct C–H arene homocoupling[10], and Wacker oxidation[11] 

using supported Au and Pd catalysts with soft Lewis acid functions. 
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In Lewis acid-base catalysis, the counter-anion is significant to expand the Lewis 

acid function. The stronger the conjugated acid of the counter-anion promote better 

Lewis acidity. Besides, the Lewis acidity could also be enhanced by isolated cation, 

such as frustrated Lewis pairs. However, soft cations are easily reduced to zero-

valences and easily aggregate, making it difficult to maintain activity. In addition, the 

systematization of heterogeneous soft Lewis acid catalysts is still insufficient, and their 

active sites, stabilities, and industrial applications need to be further discussed. 

 

1.2.Supported Noble Metal Catalysts 

In recent decades, supported noble metal catalysts have been widely researched, 

and most of them were prepared in the form of supported nanoparticles, nanolayers, 

clusters and single atoms[12]. In the catalytic reactions, different supported structures 

often cause different catalytic activities. Meanwhile, the main target of structure design 

or optimization is to improve the atomic efficiency of noble metal[13]. 

Supported Pt catalysts have been well researched in the fields of fuel cells[14], 

oxygen reduction reaction[15], and automobile industry[16]. In the catalytic reaction of 

the sustainable synthesis, dispersion of Pt species on the surface of supports is an 

important factor that may control the activity. Many efforts have been focused on this 

field in recent years, and single-atom catalysts provide a new frontier in heterogeneous 

catalysis due to the improved atom efficiency. On the other hand, atomically dispersed 

Pt species can be synthesized simply by calcination treatment when using the CeO2 as 

support[17]. In fact, current applications of supported Pt catalysts are mainly based on 

the redox function. Despite homogenous Pt(II) complexes have been employed in the 

reactions, such as hydration of alkynes and nitriles[18], cyclization of alkynes[19]. 

However, there are no reports on the supported Pt catalysts with soft Lewis acidity; thus, 

supported Pt catalysts with soft Lewis acid function would be a promising 

heterogeneous catalysts. 

Supported Au NPs catalysts are usually considered as the main form of 

heterogeneous Au catalysts, and the synthesis of small Au NPs on the supports should 



 
 

5 

be an important target when optimizing the activity of Au catalysts[20]. Nowadays, the 

most general preparation method used for the synthesis of Au NPs on metal oxides are 

known as deposition-precipitation, and it was proved as a convenient way to synthesize 

Au NPs with a diameter around of 3 nm on the support[21]. Normally, the activity of 

the metal NPs catalysts increased when the diameters of the particles decreased. 

Regarding the redox function of Au NP catalysts, the oxidation of CO to CO2 was firstly 

developed by Haruta et al[22]. However, studies on π-activating reactions of alkenes, 

alkynes, and aromatics as soft Lewis acid catalysts are insufficient. On the other hand, 

gold complex catalysts have been greatly developed mainly for application to 

sustainable synthesis, but their application is insufficient due to problems in activity 

and stability. In several reports, zero-valent Au NPs have been demonstrated to be able 

to use as soft Lewis acid catalysts, which should be promising stable catalysts; therefore, 

further systematic research on soft Lewis acidic reactions catalyzed by supported gold 

NPs is expected to develop active and stable gold catalysts that can be industrialized.  

 

1.3. Sustainable Synthesis and Catalysis 

Supported noble metal catalysts have been developed in the synthesis of several 

valuable compounds. Because these catalysts can avoid energy-intensive separation 

processes and have a long lifetime during the application, they are considered important 

tools for achieving sustainable synthesis. 

Catalytic reaction based on the C4 compounds, such as buta-1,3-diene, was of 

great significance to the development of the chemical industry. The application of 

supported noble metal catalysts in this field can even help realize emissions reduction, 

which is consistent with the concept of sustainable development goals. Tetrahydrofuran 

(THF) is a solvent with excellent properties and an important raw material for the 

synthesis of several polyurethane elastic fibers, and about million tons of THF are 

produced annually. In this synthesis route, byproduct but-3-ene-1,2-diyl diacetate (3,4-

DABE) formed during the unit reaction of catalytic acetoxylation[23]. Thousand tons 

of 3,4-DABE were treated by burning every year (scheme 1). Transformation of 3,4-
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DABE into its isomer but-3-ene-1,2-diyl diacetate (1,4-DABE) could be proceeded by 

soft Lewis acid catalysts; therefore, the isomerization of 3,4-DABE should be a 

practical reaction to study the performance of heterogeneous soft Lewis acid catalysts. 

 

Scheme 1. Catalytic reaction and the C4 derivatives from buta-1,3-diene. 

    Producing methyl methacrylate (MMA) from tert-butyl alcohol was another 

significant industrial synthesis route. In the past, the plant usually used a three-step 

process, including the oxidation to methacrolein, subsequent oxidation to methacrylic 

acid, and the final esterification with methanol[24].This process needed high 

investment costs, and the catalyst in the second oxidation step showed short lifetime[25]. 

To solve this problem, a short process where methacrolein was oxidatively esterifies 

with methanol to produce the MMA directly, called Direct-Metha Process (Scheme 

2)[26]. In this new process, Au-NiO/SiO2-Al2O3-MgO with a core-shell structure was 

identified as the best catalyst. In addition, the practical applicability of this catalytic 

system was verified in a 100,000 ton/year plant, and high selectivity, high activity, and 

long lifetime of the optimized Au catalysts were demonstrated. Thus, the developed 

catalysts help save energy and resources, and make the process become highly 

economical in the chemical synthesis. 
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Scheme 2. The old Asahi process (upper route) and the new Direct-MethaProcess 

(lower route) to methyl methacrylate[25]. 

    Heterogeneous catalysts due to the insolubility in the solvents or liquid substrates 

are usually evaluated in batch reactors. However, with the benefits of continuous flow 

reactors, the application of heterogeneous catalysts in flow reaction gradually becomes 

prevalent with the development of a column reactor. When the heterogeneous catalysts 

are filled in the column reactor, the continuous product formation, long lifetime of 

catalysts and high turnover frequency could be achieved. This technology can bring 

environmental and economic benefits.  

    Suzuki-Miyaura cross-coupling reaction was an important catalytic reaction, and 

the continuous flow synthesis with this reaction was also of great significance. Qu et al. 

rationally designed a novel noble metal/graphene/nylon rope to act as a highly efficient 

catalyst for the continuous-flow organic reactions, and they showed that different noble 

metal (Pd, Pt, Au and Ag) nano-catalysts and graphene can be readily assembled by a 

one-step hydrothermal method[27]. The high catalytic activity and stability of the 

catalysts developed were demonstrated in the 4-nitrophenol reduction reaction, as well 

as the Suzuki-Miyaura cross-coupling reaction. 

 
Figure 2. Schematic representation of continuous-flow system of Suzuki-Miyaura 

cross-coupling reaction catalyzed by the supported Pd catalysts[27]. 

In addition, it was also reported that supported AuNPs are suitable for being 

employed as catalysts in the oxidation of alcohols in continuous-flow packed bed 

reactors[28]. In this research, Au NPs were anchored on alkynyl carbamate-

OH

O2
[cat.] CHO

O2

[cat.]
COOH MeOH

COOMe

MeOH, O2
[cat.]

R I + B(OH)2 R

Pd/graphene/nylon
(PdGN)

R R
K2CO3, 90 °C

DMF/H2O 1:1 v/v

continuous flow reaction
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functionalized support materials, which should be the suitable features for application 

as catalysts in continuous-flow reaction. Moreover, Au/SiO2@Yne was demonstrated 

as an efficient catalyst, both in batch and continuous-flow conditions, and it could be 

applied in the oxidation of several alcohols using H2O2 as the oxidizing agent. 

Furthermore, under flow conditions, no significant decrease in the catalytic activity was 

observed when the catalyst worked for over 50 h. It was also found that the flow 

approach plays a strategic role in preserving the physical and chemical integrity of the 

heterogeneous catalysts during the reaction, with remarkable consequences for the 

reaction conversion (from 2% in batch to 80% in flow). 

 

Figure 3. Illustration of supported Au NPs for alcohols oxidation in continuous flow 

heterogeneous systems[28].   

 

1.4. This research 

Herein, the soft Lewis acid function of supported noble metal catalysts were 

mainly discussed, and the active and stable catalysts were used to realize several 

sustainable syntheses. Pt/CeO2 with residual chloride was proved to act as soft Lewis 

acids and facilitate the efficient isomerization of allylic esters. Meanwhile, reusability 

and deactivation mechanism of this Pt catalysts was investigated, and a great 

reactivation method was also developed. Moreover, a facile solvent-free methodology 

was developed for isomerization of allylic esters with supported Au NPs catalysts, 

which showed superior catalytic activity and stability. Lifetime and stability of the 

optimized catalyst were evaluated by a 14-day flow reaction in the scale of kilogram, 

and no obvious deactivation occurred. In addition, a sustainable catalytic system for the 

intramolecular cyclization of alkynoic acids by using Na-salt-modified Au NPs 

supported on monoclinic ZrO2 was realized, and the positive and significant role of the 

R2

OH

R1

R2

O

R1

Au/OS@Yne

H2O2, 90 °C
tBuOH/H2O 4:6 v/v

continuous flow reaction
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Na salt in this reaction was disclosed. Furthermore, a practical method for regulating 

and optimizing the activities of metal-oxide supported Au NP catalysts was well 

investigated. The catalysts with smaller specific surface area showed better catalytic 

activity, and this tread was obtained in the soft Lewis acid reactions, including 

isomerization, cyclization, and hydroamination reactions. Finally, to further enhance 

the sustainability of the C4 synthesis process, one-pot synthesis of THF was also 

developed. 
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2.1. Introduction 

Supported Pt catalysts have been extensively researched and proven to play crucial 

roles in multiple applications, such as fuel cells[1], three-way catalysts[2], catalytic redox 

reactions[3], and value-added fine chemical reactions[4]. However, most applications of 

supported Pt catalysts are based on the redox function. On the other hand, to the best of 

our knowledge, there are no reports on the supported Pt catalysts using soft Lewis acidity, 

although homogenous Pt(II) complexes have been applied in the hydration of alkynes and 

nitriles[5], isomerization of allylbenzenes[6], cyclization of alkynes[7], etc. Therefore, a 

heterogeneous supported platinum catalyst with soft Lewis acidity would be a promising, 

practical, and environmental catalyst, which can be easily separated from the reaction 

mixture and reused. 

For the Lewis acid-base catalysis, the counter-anion is important to the Lewis acid 

function. The stronger the conjugated acid of the counter-anion is, the greater the Lewis 

acidity showed by the central metal. In addition, Lewis acidity can also be increased when 

the cation is isolated, like the function of frustrated Lewis pairs. Whereas, soft cations 

such as Au(I) and Pd(II) are easily reduced and aggregate, which makes it difficult to keep 

their activity when apply them as immobilized catalysts. 

Considering the goal of atom efficiency and the price of platinum, platinum catalysts 

that contain highly dispersed Pt or even single-atom Pt catalysts have attracted wide 

interest[8]. Besides, a special metal-support interaction between Pt and CeO2 was 

discovered and studied, revealing that the trapping of platinum on the CeO2 surface can 

facilitate and atomic dispersion[9,10]. Because of the properties of supported Pt in current 

applications, it is significant to develop supported Pt catalysts as soft Lewis acids.  

Sustainable synthesis of C4 chemicals is significant in the chemical industry. During 
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the current catalytic reactions for C4 chemicals, there are still unusable byproducts, such 

as but-3-ene-1,2-diyl diacetate (3,4-DABE) (Fig. 1a). The minor product 3,4-DABE, an 

isomer of but-2-ene-1,4-diyl diacetate (1,4-DABE) which is an important intermediate to 

produce tetrahydrofuran (THF). THF is produced million tons/year for polyesters and 

polyethers, and thousand tons/year of 3,4-DABE is incinerated. Thus, the efficient 

transformation of 3,4-DABE into 1,4-DABE will be valuable in chemical industry and 

environmental protection, and will be conducive to a low-carbon society. Recently, we 

developed a direct transformation of but-1,3-diene into but-2-ene-1,4-diol with O2 and 

H2O with supported Pd catalysts [11]. It is an alternative route to THF; however. the 

selectivity should to be further improved[12] 

In the recent decades, several kinds of homogeneous catalysts were developed for 

this reaction via the p-allyl[13,14] or soft Lewis acid mechanism[15,16] (Fig. 1b). 

Additionally, only low activity was obtained when using hard Lewis acid catalysts like 

montmorillonite and ZSM-5; therefore, we devote to developing active soft Lewis acid 

catalysts and thus choose the isomerization of 3,4-DABE as the benchmark reaction. 

Here, we for the first-time report that Pt/CeO2 with residual chloride can act as soft 

Lewis acids and can facilitate the isomerization of allylic esters efficiently (Fig. 1c). 

Interestingly, the active species in this reaction are demonstrated as highly dispersed Pt 

clusters consisting of Pt–Cl and Pt–O bonds. The residual chloride anion could enhance 

the Lewis acidity of the Pt metal center. In addition, this should be the first example of 

the supported Pt soft Lewis acid catalysts. Moreover, this is also the first example of 

applying supported noble catalysts in the practical isomerization of allylic esters. This 

reaction can be realized under solvent-free conditions, and the TON of the catalyst reaches 

5400. Furthermore, the role of Pt–Cl bonds in the isomerization reaction was also studied 



 
 

14 

by the density functional theory (DFT) calculations. Our findings introduce a new 

approach for the transformation of unsaturated compounds over high-performance 

supported Pt soft Lewis acid catalysts as well as provide a strategy to control the acidity 

of supported metal Lewis acid catalysts. 
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Figure 1. (a) A C4 chemical reaction process from buta-1,3-diene; (b) Reaction 

mechanism with homogeneous catalysts; (c) Research of efficient supported soft Lewis 

acid catalysts (this research). 
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2.2. Experimental 

2.2.1. Materials 

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O) was purchased from Furuya Metal 

Co., Ltd. Palladium nitrate (Pd(NO3)2) and hydrogen tetrachloroaurate tetrahydrate 

(HAuCl4∙4H2O) were purchased from Tanaka Precious Metals Co., Ltd. Platinum 

acetylacetonate (Pt(acac)2), tetraammineplatinum(II) nitrate (Pt(NH3)4(NO3)2) and 

hydrogen hexachloroiridate(IV) n-hydrate (H2IrCl6·nH2O) were purchased from 

FUJIFILM Wako Pure Chemical Corp. CeO2 (JRC-CEO-3) and ZrO2 (JRC-ZRO-4) were 

reference catalysts supplied by the Catalysts Society of Japan. Al2O3 with a specific 

surface area of 179 m2/g was purchased from Mizusawa Industrial Chemicals, Ltd. MgO 

with a specific surface area of 8 m2/g was purchased from Ube Industries, Ltd. TiO2 (PC-

101) was purchased from Titan Kogyo, Ltd. 3,4-DABE was purchased from Sigma 

Aldrich, Ltd., and used as received. All chemicals were used without further purification. 

2.2.2. Preparation of catalysts  

Pt/CeO2, Pt/ZrO2, Pt/Al2O3, Pt/TiO2, and Pt/MgO catalysts with a Pt loading of 1 wt% 

were prepared by the impregnation method. H2PtCl6 aqueous solution (Pt: 19.75 g/L; 511 

μL) was diluted in 1.5 mL distilled water. A metal oxide support (1.0 g) was added to the 

aqueous solution, and then stirred at room temperature for 30 min. After the impregnation 

process, the catalysts were dried by a vacuum freeze method overnight. The obtained 

catalysts were calcined in a furnace at 300 °C for 4 h. Pt/CeO2 Cl-free catalysts were also 

prepared by the impregnation method from Pt(acac)2 and Pt(NH3)4(NO3)2 and were 

named Pt/CeO2_A and Pt/CeO2_N, respectively. Pt(acac)2 (20.4 mg) was dissolved in 2 

mL dehydrated toluene, and the following procedures were as described above. 

Pt(NH3)4(NO3)2 (20.1 mg) was dissolved in 0.5 M HNO3 (2 mL). The following 
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procedures were the same as described above. 

Ir/CeO2 catalysts were also prepared by the impregnation method. H2IrCl6·nH2O (Ir: 

36.5 wt%; 27.7 mg) was diluted in 1.5 mL distilled water, and the following procedures 

were the same as those of Pt/CeO2. 

Pd/CeO2 and Pd/ZrO2 catalysts were prepared by the impregnation method. 

Pd(NO3)2 aqueous solution (Pd: 200 g/L) was diluted in 1 mL distilled water. ZrO2 or 

CeO2 (1.0 g) was added to the aqueous solution and stirred for 30 min. After the 

impregnation was completed, residual distilled water was removed by freeze-drying. The 

catalysts were calcined at 550 °C for 4 h. Then they were reduced in a flow of H2 (20 

mL/min) at 200 °C for 2 h. The obtained Pd/CeO2 and Pd/ZrO2 catalysts were directly 

used for catalytic reactions without further treatment. 

Au/ZrO2 was prepared by deposition precipitation method. ZrO2 (1.0 g) was added 

to an aqueous solution (100 mL) of urea (7.6 g) and HAuCl4∙4H2O (21.1 mg). Then the 

mixture was stirred at 90 °C for 10 h. After collecting by filtration, the obtained catalyst 

was washed with water and dried in air at 70 °C overnight. Finally, the catalyst was 

calcined in air at 300 °C for 4 h and directly used for catalytic reactions without further 

treatment. 

HCl treatment was performed with Pt/CeO2 catalysts prepared from Cl-free 

precursors, and the treated catalysts were named Pt/CeO2_A_HCl and Pt/CeO2_N_HCl. 

The prepared catalysts (0.1 g) were added to 1.5 mL HCl solution (0.1 M) and stirred at 

90 °C for 6 h. Then, the solid was collected by filtration and vacuum freeze-dried for 4 h. 

Finally, the obtained catalysts were calcined again at 300 °C for 1 h. 

2.2.3. Characterization 

High-angle annular dark-field scanning transmission electron microscopy (HAADF-
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STEM) images were performed with a JEOL JEM-ARM200F. The loading amount of Pt 

in the prepared catalysts was determined by microwave plasma-atomic emission 

spectrometry (MP-AES) via an Agilent 4100 MP-AES. X-ray diffraction (XRD) was 

performed using a Rigaku MiniFlex600 instrument equipped with a Cu Kα radiation 

source. The properties of the surface species was analyzed by X-ray photoelectron 

spectroscopy (XPS) using a Shimadzu AXIS-165 spectrometer equipped with Al Kα 

radiation at a pressure lower than 10-8 Pa. The obtained binding energies were calibrated 

to the C1s peak at 284.8 eV. XPS spectra were analyzed by XPS PEAK41 software. The 

local structures of Pt species were analyzed by Pt LIII-edge and LI-edge X-ray absorption 

fine structure (XAFS) spectra collected at the BL14B2 beamline of SPring-8 (Hyogo, 

Japan). XAFS measurement experiments were conducted in fluorescence mode. The 

specific spectral analysis was conducted with the XAFS analysis software Athena and 

REX2000. Temperature-programmed reduction of H2 (H2-TPR) was performed by a 

BELCAT instrument equipped with a thermal conductivity detector (TCD). 

Conversions and yields of the compounds discussed were detected by gas 

chromatography (GC) using an Agilent GC 6850 Series II instrument equipped with a 

flame ionization detector (FID) and a J&W HP-1 column. 1H and 13C NMR spectra were 

collected on a JEOL JNM-ECS400 or JEOL JNM-ECA600 spectrometer. 

2.2.4. General Procedure for the Catalytic Reactions 

A screw cap vial was charged with catalysts, but-3-ene-1,2-diyl diacetate, and a 

magnetic stirring bar. Then, the reaction mixture was stirred at 150 ℃ under an N2 or air 

atmosphere. After reaction, the mixture was filtered, and the filtrate was analyzed by GC 

with tridecane as an internal standard. In the scale-up reaction of 10 mmol, same 

procedures were performed, and the catalytic activity was evaluated by the same method 
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described above. In a recycling experiment, A screw cap vial was also charged with 

catalysts, but-3-ene-1,2-diyl diacetate and a magnetic stirring bar. The catalytic activity 

was tested through the same method described above. The screw cap vial was cooled in 

an ice bath for approximately 20 min after reacting for 2 h. The used Pt catalysts were 

washed with Et2O, collected by centrifugation, and dried under vacuum conditions. Then, 

the obtained Pt catalysts were used for the next run. 

2.2.5. Computational Methods  

DFT calculations for the model cluster systems were carried out using Gaussian 

09[17]. For the model clusters, a 6-31+G(d) basis set for C, O, and H atoms and 

LANL2DZ for Pt atoms were used, and hybrid DFT (PBE0 functional) was applied. First-

principles calculations using DFT for the structures and electronic states of the slab 

models were carried out with the Vienna Ab initio Simulation Package (VASP)[18,19]. 

The projector-augmented-wave (PAW)[20] method was utilized for the calculation of the 

ionic core electrons. The Perdew-Burke-Ernzerhof (PBE)[21] functional with a cutoff 

energy of 400 eV was set for the determination of the exchange correlation term. To 

confirm the possible behavior of electrons in the supported Pt catalysts, the DFT + U 

method (U (Ce, 4f) = 5.0 eV) was used[22]. 

 

2.3. Results and Discussion 

2.3.1. Isomerization of 3,4-DABE  

The direct transformation of 3,4-DABE to 1,4-DABE was selected as the benchmark 

reaction for the isomerization of allylic esters with various heterogeneous catalysts, and 

the equilibrium between 3,4-DABE and 1,4-DABE was reported to be 37/63[13], as 

shown in Fig. 2a. In fact, the distillation separation of 3,4-DABE and 1,4-DABE is 
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established in chemical industry of THF production. Catalyst screening was carried out 

with various metal oxide-supported Pd, Ir, Au, Pt catalysts, which may act as soft Lewis 

acids and facilitate the reaction, according to the previsou reports with the Pd complex[16] 

and Au complex catalysts[15], in which the highest TON is only 33.  

 

Figure 2. (a) Equilibrium of 3,4-DABE and 1,4-DABE; (b) TON for the catalyst prepared 

in this study and the maximum TON of discussed allylic esters substrates in the previous 

reports[13–16]. 

To develop active catalysts for the direct isomerization of allylic esters, we chose 

ZrO2 and CeO2 as supports, which could promote the high dispersion of noble metal 

species, owing to the strong metal-support interaction[23,24]. Among the discussed 

supported noble metal catalysts, Au/ZrO2 and Pt/CeO2 catalysts produced (2) in the yields 

of 11% and 52%, respectively (Table 1).   
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Table 1. Support effect of metal oxide-supported Pt catalysts in the catalytic 

isomerization of 3,4-DABE. 

 

Entry Catalyst Conv./%a 
Yield/%a 

TON 
(E)-2 (Z)-2 

1b Pd/ZrO2 0 0 0 0 

2c Pd/CeO2 18 0 0 0 

3 Ir/CeO2 0 0 0 0 

4 Au/ZrO2 14 10 1 67 

5 Pt/CeO2 63 51 1 347 

6 Pt/ZrO2 57 49 2 327 

7 Pt/TiO2 63 47 1 320 

8 Pt/Al2O3 49 40 0 267 

9 Pt/MgO 39 27 0 180 

10d Pt/CeO2 55 52 1 5300 

11d,e Pt/CeO2 56 51 1 5200 

12d,e,f Pt/CeO2 60 53 1 5400 

13g Mont-K10 18 12 1 – 

14g ZSM-5 27 7 1 – 
aDetermined by GC analysis using tridecane as an internal standard. bUsing 10 wt% Pd/ZrO2 (2 
mol%), THF used as the solvent, and reacting for 14 h. cUsing 5 wt% Pd/CeO2 (2 mol%), DMSO 
used as the solvent, reacting for 18 h. dReacting in 0.01 mol%. eUnder an air atmosphere. fReacting 
at the feedstock scale of 10 mmol. cUsing 30 mg catalysts under an air atmosphere, reacting for 5 
h. 
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In addition, a high TON of 5400 was also obtained in the reaction scale of 10 mmol. 

With the optimized 1 wt% Pt/CeO2, the isomerization reaction could reach the 

equilibrium after 30 min and showed a turnover frequency (TOF) of 2120 h-1 with the 

catalyst amount of 0.05 mol% (Fig. 3). The time course of the isomerization of 3,4-DABE 

over the optimal Pt/CeO2 catalysts was performed with a Pt amount of 0.05 mol% at 

150 °C in 2 h. After reacting for 30 minutes, few changes in the conversion and yields 

could be observed.  

 

Figure 3. Reaction time course of the catalytic isomerization of allylic esters using 

Pt/CeO2. 

Moreover, the effect of loading amount was also investigated, and Pt/CeO2 catalysts 

with Pt loadings below 3 wt% showed high activity (Table 2), which is probably related 

to the atomically dispersed active Pt species that was only formed with Pt loadings less 

than 3 wt%[25]. 
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Table 2. Effect of the Pt loading on the catalytic isomerization of allylic esters. 

 

Entry Catalyst Conv./%a 
Yield/%a 

(E)-2 (Z)-2 

1 1 wt% Pt/CeO2 51 49 1 

2 3 wt% Pt/CeO2 57 50 1 

3 5 wt% Pt/CeO2 48 43 1 

4 10 wt% Pt/CeO2 27 18 n.d. 

aDetermined by GC analysis using tridecane as the internal standard. 

The reusability of the catalysts was evaluated with the Pt catalysts supported by 

different metal oxide supports, and Pt/CeO2 exhibited better reusability than the other 

catalysts after reacting for twice (Fig. 4). After the Pt/CeO2 catalysts were used twice, no 

obvious deactivation could be observed both in the conversions or yields. However, a 

marked decrease in conversions and yields were observed when using the other catalysts. 

In addition, the reaction solution of the Pt/CeO2 catalysts was analyzed by MP-AES, and 

the leaching of the Pt was only around 2 %. 
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Figure 4. Reusability of Pt catalysts supported by different metal oxides for the 

isomerization of allylic esters. 

In fact, the use of H2PtCl6·6H2O as a precursor through the simple impregnation 

method could facilitate the formation of stable oxidized Pt species, such as Pt(OH)xCly[26] 

and PtOxCly[27]. Many reports on residual chloride in supported Pt catalysts showed their 

poisoning effect on catalytic activities[27-29]. In addition, the promoting effect of the 

residual chloride was also discovered in a few cases[30]. Therefore, to remove the 

influence of residual chloride, we also evaluated the Pt/CeO2 prepared by Cl-free 

precursors, such as Pt(acac)2 and Pt(NH3)4(NO3)2 (Table 3). The existence of chloride 

species was investigated by XPS spectra (Fig. 6a). Interestingly, Cl-free Pt/CeO2 showed 

no catalytic activities (Table 3, entries 2 and 3). In contrast, Pt/CeO2 prepared from 

H2PtCl6·6H2O and HCl-treated catalysts showed high catalytic activity, and produced 1,4-

DABE in approximately 60% yield (Table 3, entries 1, 4, and 5). Furthermore, the same 
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effect was also observed over the Pt/CeO2-containing bromide anion. The reaction with 

CeO2 treated by HCl (without Pt loading) was also discussed (Table 3, entry 6), and no 

yield of target compounds was detected. Considering the above results, the chloride anion 

should enhance the Lewis acidity of the Pt metal center, which is important for the 

catalytic activity in this reaction. 

Table 3. Chloride effect over the supported Pt catalyst in the catalytic isomerization of 

allylic esters. 

 

Entry Catalyst Precursor Conv./%b 
Yield/%b 

(E) (Z) 

1 Pt/CeO2_Cl H2PtCl6·6H2O 63 51 1 

2 Pt/CeO2_A Pt(acac)2 4 1 n.d. 

3 Pt/CeO2_N Pt(NH3)4(NO3)2 3 1 n.d. 

4a Pt/CeO2_A_HCl Pt(acac)2 64 50 7 

5a Pt/CeO2_N_HCl Pt(NH3)4(NO3)2 65 52 8 

6a CeO2_HCl / 3 n.d. n.d. 
aTreated by 0.1 M HCl after the catalysts were prepared. bDetermined by GC analysis using 
tridecane as an internal standard.  
 

2.3.2. Characterization of the Catalysts  

HAADF-STEM coupled with EDS mapping was used to determine the existence 

and morphology of supported Pt species on the prepared Pt/CeO2 catalysts. The formation 

of Pt particles was not observed, which should be due to the high dispersion of Pt species 
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or the high atomic weight of Ce in the support[24]. Notably, EDS mapping of Pt element 

revealed the high dispersity (Fig. 5), and the existence and fine dispersion of Cl element 

could also be confirmed by the EDS mapping. 

 

Figure 5. HADDF-STEM images coupled with EDS mapping of 1 wt% Pt/CeO2 prepared 

from H2PtCl6·6H2O. 

XPS spectra of the prepared catalysts were analyzed to investigate the chemical 

states of the supported Pt species (Fig. 6). In the Cl 2p spectra, a couple of peaks at 198.3 

eV and 200 eV with a spin-orbit separation of 2 eV corresponding to 2p1/2 and 2p2/3 were 

observed from the catalysts Pt/CeO2_Cl, Pt/CeO2_A_HCl, and Pt/CeO2_N_HCl (Fig. 6a). 

The results uncover the existence of residual chloride for the catalysts prepared by 

H2PtCl6·6H2O and Cl-free catalysts with HCl post-treatment. In addition, according to 

the reaction results in Table 3, the essential positive effect of chloride in Pt/CeO2 catalysts 

was further proved. 
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Figure 6. XPS spectra of 1wt% Pt/CeO2 prepared from different precursors or Cl-free 

catalysts with HCl post-treatment. (a) XPS spectra of Cl 2p; (b) XPS spectra of Pt 4f; (c) 

Simple structural model correlates the XPS spectra. 
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XPS spectra in the Pt 4f regions of Pt/CeO2 catalysts prepared by different precursors 

and Cl-free catalysts with HCl post-treatment were further analyzed by peak 

deconvolution (Fig. 6b). From the XPS spectra, Pt species supported on CeO2 were 

mainly in the Pt2+ state (72.7 eV, Pt 4f7/2, Pt(OH)2, yellow curves) with a component from 

Pt4+ (74.1 eV, Pt 4f7/2, PtO2, blue curves)[31]. Meanwhile, XPS spectra in the Ce 3d 

regions were also collected (Fig. 7). The Ce 3d peaks of the catalysts prepared from Cl-

contianing precursor and HCl-treated catalysts prepared from Cl-free precursors shifted 

by 0.2 eV to higher binding energies, when compared with those of the catalysts 

containing no chloride species. The peak shift can be considered as the positive charge 

effect with the existence of chlorine.  

 

Figure 7. Ce 3d XPS spectra of (a) 1 wt% Pt/CeO2 prepared from different precursors or 

as-prepared catalysts after HCl post-treatment and (b) amplification of the peaks. 
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The unobservable Pt nanoparticles in the HAADF-STEM images and the dominant 

Pt2+ oxidation state reveal that most of the Pt atoms on the support may be trapped and 

strongly bound on the CeO2(111) facet by forming a 4-fold coordination[32]. For the 

catalysts containing chloride ions, Pt4+(Cl) components (74.8 eV, Pt 4f7/2, red curves) were 

also observed (Fig. 6b), and they were considered as the Pt species with Pt–Cl bonds[26]. 

In addition, after HCl post-treatment, peaks attributed to Pt4+(Cl) also emerged, and they 

appeared simultaneously with the peaks of Cl 2p (198.3 eV, Cl 2p3/2). In conclusion, 

Pt/CeO2 prepared from H2PtCl6·6H2O and HCl-treated Cl-free catalysts containing 

residual chloride ions could provide high catalytic activity (Fig. 6c). 

Pt LIII-edge X-ray absorption near edge structure (XANES) spectra of Pt/CeO2 

catalysts prepared by different precursors were measured in an air atmosphere with the 

reference of Pt foil (Fig. 8a). Characteristic peak, the white lines, at around 11568 eV 

were observed, which indicate that the Pt species in the catalysts were in high oxidation 

states[33]. In addition, the intensity of the white line of Pt/CeO2_Cl was higher than those 

of Pt/CeO2_A and Pt/CeO2_N. After HCl post-treatment, increased intensities of the white 

lines were detected in the spectra of Pt/CeO2_A_HCl and Pt/CeO2_A_HCl, uncovering 

the increased oxidation state along with the formation of chloride (Fig. 8c). 
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Figure 8. Pt LIII-edge XANES spectra and radial structure functions of Pt/CeO2 (k = 3-13 

Å–1). (a) (b) prepared from various precursors; (c) (d) HCl-treated Pt/CeO2 prepared from 

Cl-free precursors. 

In addition, phase-uncorrected radial structure functions (RSFs) of Pt/CeO2 prepared 

by different precursors were also analyzed (Fig. 8b), and two peaks were mainly observed 

at approximately 1.65 Å and 1.95 Å in Pt/CeO2_Cl. According to the peaks from the 

reference sample of Pt foil, PtO2, and K2PtCl6, the peak at approximately 1.65 Å could be 

attributed to Pt–O coordination, and the peak at approximately 1.95 Å could be attributed 

to Pt–Cl coordination. Meanwhile, the weak intensities of peaks at 2.60 Å and 2.85 Å 
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should correspond to the Pt–Pt coordination in Pt foil and the Pt–O–Pt coordination in 

PtO2, respectively, and they were much weaker than those of the reference samples, 

revealing the high dispersion of Pt species and the existence of Pt nanoclusters or even 

atomic Pt species. This result was also consistent with the finding in HAADF-TEM 

measurement. On the other hand, in the spectra of Pt/CeO2_A and Pt/CeO2_N, peaks at 

approximately 1.65 Å and 2.85 Å were also observed, and almost no intensities at 

approximately 1.95 Å were observed, uncovering the formation of PtOx species. After 

HCl post-treatment, in the RSFs spectra of Pt/CeO2_A_HCl and Pt/CeO2_N_HCl, peaks 

at approximately 1.65 Å and 1.95 Å were observed as predicted (Fig. 8d), and no obvious 

peaks could be observed around the distances of other coordination. Considering the 

reaction results and the investigation of XPS spectra, the active species of Pt/CeO2 were 

proven to contain both Pt–O coordination and Pt–Cl coordination that were highly 

dispersed. In addition, the k3-weighted Pt LIII-edge extended X-ray absorption fine 

structure (EXAFS) oscillation patterns of Pt/CeO2_Cl, Pt/CeO2_A_HCl, and 

Pt/CeO2_N_HCl were collected and compared with those of PtO2, and K2PtCl6 (Fig. 9). 

In the spectra, oscillation patterns of Pt/CeO2_Cl, Pt/CeO2_A_HCl, and Pt/CeO2_N_HCl 

were between those of K2PtCl6 and PtO2, revealing the existence of both Pt–O 

coordination and Pt–Cl coordination in the active catalysts. 
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Figure 9. k3-weighted Pt LIII-edge EXAFS oscillations of Pt/CeO2_Cl, Pt/CeO2_A_HCl, 

and Pt/CeO2_N_HCl. 
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For a further investigation, Pt LIII-edge XANES spectra of Pt catalysts supported by 

different metal oxides were also collected in an air atmosphere. Through estimating the 

intensities of the white lines, the oxidation states of Pt species supported by other metal 

oxides were lower than those by CeO2 (Fig. 10). Pt–O coordination and Pt–Cl 

coordination were also compared in the phase-uncorrected RSFs, and a relatively low 

intensity was observed from the catalysts with low catalytic activity. 

 
Figure 10. (a) Pt LIII-edge XANES spectra and (b) RSFs of Pt catalysts supported by 

different metal oxides (k = 3-13 Å–1).  
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Furthermore, the specific oxidation states of Pt species of the catalysts were analyzed 

by the edge energy of Pt LI-edge XANES spectra (Fig. 11). The energy differences from 

the edge energy of Pt foil are shown as ΔEs, and ΔEs are found to vary linearly with the 

oxidation states of Pt. The oxidation state of Pt in Pt/CeO2_Cl was nearly 4+ and higher 

compared with that of Pt/Al2O3_Cl. These results reveal that a higher oxidation state of 

Pt could provide a higher catalytic activity. 

 

Figure 11. (a) Pt LI-edge XANES spectra and (b) edge energy plots of Pt/CeO2 and 

Pt/Al2O3 prepared from H2PtCl6·6H2O.
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 H2-TPR measurement was also conducted to investigate the active Pt species, 

and CeO2 gave a reduction peak at 550 ℃, which should belong to the reduction of the 

surface of CeO2 (Fig. 12). However, Pt/CeO2_Cl only showed an sharp reduction peak 

at 220 ℃ below 600 ℃, which might be attribute to the Pt(OH)xCly species directly 

binded to the surface of CeO2. Moreover, the disappearance of the reduction peak of 

CeO2 at 550 ℃ in the curve of the prepared catalysts also revealed a strong metal-

support interaction between Pt species and CeO2.  

 
Figure 12. TPR profiles of 1 wt% Pt/CeO2 (prepared from a H2PtCl6·6H2O precursor, 

red line, calcination temperature: 300 ℃) and CeO2 without treatment (black line). 

Additionally, measurement of Pt/CeO2_A showed a peak at 80 ℃, and Pt/CeO2_N 

showed a peak at 190 ℃ (Fig. 13a). The difference in the reduction peaks of the 

prepared Cl-free catalysts might be related to the supported PtOx in different sizes and 

Pt/O ratios as well as the interaction between Pt and CeO2. In this section, Pt/CeO2_Cl 

was calcined at 300 ℃ and 500 ℃ during the preparation process to obtain Pt(OH)xCly 

and PtOxCly acting as references [34,35]. In addition, after HCl post-treatment, the peak 

of Pt/CeO2_A_HCl was mainly showed at approximately 220 ℃ (Fig. 13b). However, 

the peak of Pt/CeO2_N_HCl was observed at 250 ℃. Thus, supported Pt species after 

HCl post-treatment were considered as Pt(OH)xCly and PtOxCly with the reference peaks 

in Fig 13a. These results were roughly consistent with the findings in the XAFS analysis, 
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and the shift from the different calcination temperatures may be related to the changes 

in the ratios of x/y of the species. The main reduction temperature should increase along 

with the decrease in the x/y ratio.  

 
Figure 13. TPR profiles of 1 wt% Pt/CeO2 prepared (a) from different precursors or 

with different calcination temperatures and (b) with HCl post-treatment. 

Based on the above experimental results, the formed Pt–Cl bonds in Pt/CeO2 

catalysts can play an essential role for the high catalytic activity, which should be due 

to the stably enhanced acidity of Pt with the existence of chloride anions. In addition, 

the active species supported on CeO2 are considered as Pt(OH)xCly and PtOxCly, which 

can be prepared with a simple impregnation method or a HCl post-treatment. 

Furthermore, because of the strong interaction between Pt and CeO2, the active specie 

can easily be highly dispersed and keep Pt in a high oxidation state. 
2.3.3. Catalytic Isomerization of Allylic Esters 

With the previous reports on this reaction with homogeneous catalysts, the 

reaction mechanism of the catalytic isomerization of allylic esters could be classified 

into the p-allyl mechanism and the soft Lewis acid mechanism. Thus, pentanoic acid 

was added to the reaction mixture to confirm the reaction mechanism using Pt/CeO2 

catalysts. Only the products of (E)-2a and (Z)-2a were detected, and no exchange 

between externally added pentanoic acid was observed, proving that the mechanism for 

the isomerization of allylic esters with Pt/CeO2 catalysts could be a soft Lewis acid 



 
 

37 

mechanism (Fig. 14a). 

 

Figure 14. (a) Reaction mechanism investigation by the addition of pentanoic acid. (b) 

illustration of catalytic reaction paths of substrate oct-1-en-3-yl benzoate. 

An investigation on substrate scope was also conducted under the optimized 

reaction conditions. The optimized Pt/CeO2 catalysts also provided great reaction 

activities for the isomerization of other allylic acetates (Table 4). When the allylic 

acetate derived from tertiary alcohol was evaluated, a yield of 48% was obtained (entry 

1). Meanwhile, the substrates with pentyl or cyclo-hexyl groups also showed high 

yields to the model reaction discussed above (entries 2 and 3). Particularly, the substrate 

with phenyl group even provided a higher yield than those of others, which might be 

due to the stable conjugated structure of the product (entry 4). However, low yield and 

Z-isomer formation were detected when testing linalyl acetate derived from tertiary 

alcohol, which might be related to the strong steric effect (entry 5). Actually, the 

theoretical maximum yields for the equilibria have not been discussed for each substrate, 

but they should be close to those values except for the result in entry 5. 
  

a

b

Pt/CeO2, PtCl2(PhCN)2, PdCl2(MeCN)2

Pt(PPh3)4, Pd(PPh3)4



 
 

38 

Table 4. Pt/CeO2-catalyzed isomerization of allylic acetates. 

	
aDetermined by GC analysis using tridecane as an internal standard. b0.25 mol% Pt/CeO2. 
c71:29 ratio of E/Z isomers. 

Furthermore, allylic benzoates with different groups on the phenyl moiety were 

also discussed and generally showed great results in the reaction with the Pt/CeO2 

catalysts (Table 5). Despite the presence of the electron-donating methoxy or electron-

withdrawing nitryl group on the phenyl, the obtained yields were around 57-67% 

(entries 1-3), showing the weak electron effect in this reaction. In addition, allylic 

benzoate with a 2,4,6-trimethylphenyl group was tested to investigate the steric effect 

of the substrates (entry 4), and a yield of 33% revealed that the steric effect plays a 

more essential role than the electron effect in this reaction. 
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Table 5. Pt/CeO2-catalyzed isomerization of allylic benzoates. 

 

aDetermined by NMR analysis using mesitylene as an internal standard. bunder an air 
atmosphere. 

Homogeneous Pt and Pd catalysts were also discussed for the substrate of allylic 

benzoate (Fig. 14b). The soft Lewis acid complexes PdCl2(MeCN)2 provided the 

product for allylic benzoate as well as Pt/CeO2, although TON was low (5000 for 

Pt/CeO2 cf. 6 for PdCl2(MeCN)2). Then, it is noteworthy that Pd(0) and Pt(0) complexes, 

which catalyze the reaction via a p-allyl intermediate, could only give eliminated diene 

due to the low nucleophilicity of benzoate. Therefore, these results also demonstrate 

the soft Lewis acid mechanism using Pt/CeO2 catalysts. In addition, the proposed 

catalytic cycle for the isomerization of allylic esters with Pt/CeO2 was presented, and 

the hexatomic ring state over the Pt catalysts was a transition state (Fig. 15). 
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Figure 15. Proposed catalytic cycle of the isomerization of allylic esters with Pt/CeO2. 

 

2.3.4. Result of Calculations 

Because of the Pt-Cl clusters supported by metal oxides were demonstrated as the 

active species for the catalytic isomerization of allylic esters, the quantum chemical 

calculation was conducted to investigate the role of the charges over Pt clusters.  

Initially, DFT calculations on the isolated cluster model were carried out with 

Gaussian09 to investigate the relationship between the activation energies and the 

charges of the Pt clusters. The calculation results of the reaction cycle based on the 

cluster model were consistent with the proposed Lewis acid mechanism, and INI-TS1 

was considered the activation energy barrier due to the major energy gap between TS1 

and INI (Fig. 16a). In other words, the catalytic activities of cationic clusters are much 

higher than those of neutral clusters. In addition, the detailed results are not listed here, 

and the change in energy of the transition state corresponds to a reversible reaction.  
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Figure 16. (a) Basic transition states of the catalytic isomerization of 3,4-DABE on the 

cluster model. (b) Slab models of Pt/CeO2. 

A slab model was set up with single-atom tetravalent Pt species containing Pt–Cl 

bonds and Pt–O bonds on CeO2(111) surfaces, such as PtOCl2/CeO2, PtCl4/CeO2, and 

PtO2/CeO2 with VASP code, to further simulate the actual reaction paths (Fig. 16b). 

Ce–Cl bonding was observed in the optimized model of PtCl4/CeO2, where the Ce–Cl 

group can also work as a Lewis acid and thus possibly increase the acidity of the Pt 

metal center in a Lewis acid-assisted approach[36,37].  

Afterwards, the energy of each state for the catalytic process was optimized, and 

the diagram of the results reveals that the activation energy barrier and adsorption-

desorption energy were low enough to facilitate the whole process when using Pt/CeO2 

catalysts with Pt–Cl bonds (Fig. 17a). In addition, the calculation for the reaction over 

PtOCl2/CeO2 PtCl4/CeO2 PtO2/CeO2

a

b

ISO

INI

TS1 IM1 TS2

FIN

DES
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PtO2/CeO2 was also conducted, and the result shows that the adsorption of 3,4-DABE 

should be via di–σ (Pt–O) bonding between the C=C and Pt–O instead of the p-bond 

(Fig. 17b). Due to the large activation energy barrier (1.40 eV) and high desorption 

energy (2.14 eV), PtO2/CeO2 was demonstrated to show low activity for this reaction. 

The results of DFT calculations in this section are highly consistent with the actual 

results of the reaction and the findings in characterization experiments. Therefore, this 

research could promote a deep understanding of the effects of the fine structures or 

compositions of supported platinum catalysts on developing effect valuable catalytic 

reactions with olefin compounds. 

 

Figure 17. Calculation results for isomerization of 3,4-DABE on Pt/CeO2 catalysts. (a) 

Diagram of the energy calculation of the transition states on the model catalysts 

PtOCl2/CeO2 and PtCl4/CeO2. (b) Diagram of the energy calculation of the transition 

states on the model catalyst PtO2/CeO2. 
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2.4. Conclusion 

In conclusion, the efficient isomerization of allylic esters was achieved under 

solvent-free conditions using metal oxide-supported Pt catalysts, which can act as soft 

Lewis acids. great reusability, a high TON of 5400, and a wide substrate scope are 

available with the optimized Pt/CeO2 catalysts. In addition, through the structural 

characterizations, the active species on CeO2 were proved as highly dispersed Pt oxide 

clusters with Pt–Cl bonds, such as PtOxCly. The reaction process with the optimized Pt 

catalysts was demonstrated to be via the soft Lewis acid mechanism, as proved by 

controlling experiments and DFT calculations. The characterization results reveal that 

the existence of Pt–Cl bonds, the high oxidation state of Pt species, and the strong 

interaction between CeO2 and Pt play key roles in the high activity in this reaction. This 

research provides great reference of supported Pt soft Lewis acids that can efficiently 

catalyze the isomerization of allylic esters under ultra-simple reaction condition. 

Moreover, the enhancement effect of residual chloride on the Lewis acidity of the Pt 

metal center and thus the high catalytic activity could also show significance for the 

advanced design of heterogeneous catalyst in the future. 
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Investigation of reusability and deactivation 
mechanism of supported Pt catalysts in the 

practical isomerization of allylic esters 
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3.1. Introduction 

In recent decades, supported Pt catalysts have been widely studied, and have been 

applied to tackle energy and environment problems, such as fuel cells[1], exhaust-gas 

treatment[2], and volatile organic compounds (VOCs) conversion[3]. In addition, 

supported Pt catalysts are also applied in the transformation of petroleum-based 

feedstocks or biomass derivatives into high value-added chemicals[4–7]; however, 

most of them acted as redox catalysts. As a matter of fact, the number of previous 

studies about the Lewis acid-base properties of supported Pt catalysts was infrequent. 

On the other hand, homogeneous Pt(II) catalysts have been well developed in many 

reactions by soft Lewis acid functions[8,9], based on Pearson’s hard-soft acid-base 

(HSAB) theory[10]. To obtain further recognition of the Lewis acid properties of 

supported Pt catalysts, we prepared well-designed metal-oxides supported Pt catalysts, 

which can be applied for the isomerization of allylic esters in a soft Lewis acid 

mechanism[11], and it was the first example for supported Pt catalysts acting as soft 

Lewis acids. Meanwhile, an extremely high turnover number (TON) was also obtained, 

which was more than two orders of magnitude higher than those in the previous 

reports[12–13]. Highly dispersed Pt oxide clusters with Pt–Cl bonds were demonstrated 

to play an essential role for the high catalytic activity. 

Currently, utilization of biomass derivatives and the captured CO2 have become a 

significant field for researches of heterogeneous catalyst and resource chemicals[14,15]. 

However, only few attention has been paid to solving the practical issues in the 

production of valued chemicals of the petrochemical industry[16,17]. For instance, 

during the production of C4 derivatives, a byproduct but-3-ene-1,2-diyl diacetate (3,4-

DABE) obtained by oxidative acetoxylation of butadiene is treated by burning, which 

is not environmental (Fig. 1). With the previous research on supported Pt catalysts with 

soft Lewis acidity for the isomerization of allylic esters, this issue can be solved with 

the industrialization of catalytic isomerization of 3,4-DABE[11].  

Meanwhile, for the industrial heterogeneous catalysts, reusability should be one 

of the most significant indexes besides the catalytic activity. Normally, along with the 
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increase of reaction times or reusing times, ineluctable deactivation of catalysts 

occurred to some extend by various reasons, such as sintering, coking, and the changes 

in valence states[18–20]. Therefore, in-depth investigation on the reasons and 

mechanisms of catalyst deactivation can alleviate the deactivation and help reactivate 

the catalysts[21].  

 
Figure 1. Illustration of a C4 derivatives production unit and the value of catalytic 

isomerization of 3,4-DABE. 

In this research, we carried out investigation over the reusability of metal oxides 

supported Pt catalysts with soft Lewis acid function in the isomerization of 3,4-DABE 

to facilitate the industrialization of this catalytic system. Multiple used catalysts were 

analyzed using X-ray absorption fine structure (XAFS) to understand the states of 

supported Pt species and their deactivation mechanism. The results uncover that the 

deactivated catalysts can be easily reactivated through a method with HCl treatment, 

and a relatively stable state may form during the reusing of Pt-Cl/CeO2, retarding the 

further deactivation.  
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3.2. Experimental 

3.2.1. Materials 

Chloroplatinic acid hexahydrate (H2PtCl6·6H2O) was purchased from Furuya 

Metal Co., Ltd. CeO2 (JRC-CEO-3, 81 m2/g), ZrO2 (JRC-ZRO-4, 30 m2/g), Al2O3(9) 

(JRC-ALO-9, γ-Al2O3, 204 m2/g), and Al2O3(10) (JRC-ALO-10, θ-Al2O3 104 m2/g) 

were reference catalysts obtained by the Catalysis Society of Japan. 3,4-DABE was 

purchased from Sigma Aldrich, Ltd. 

3.2.2. Preparation of catalysts  

Pt-Cl/CeO2 catalysts with a loading of 1 wt% Pt were prepared by an impregnation 

method. H2PtCl6 aqueous solution (Pt: 19.75 g/L; 511 μL) was diluted in 1.5 mL of 

H2O. 1.0 g CeO2 was added to the solution and mixed at room temperature for 30 min. 

Then, the obtained slurries were dried by a vacuum freeze method overnight. Finally, 

the catalysts were calcined with a furnace at 300 °C for 4 h. Pt-Cl/ZrO2 and Pt-Cl/Al2O3 

were prepared by the same method.  

The reactivation of deactivated Pt-Cl/CeO2 was investigated with HCl treatment. 

The deactivated catalysts (100 mg) were added into a 0.1 M HCl solution (1.5 ml) and 

stirred at 80 °C for 12 h. Then, the solid was filtered and dried by a vacuum freeze 

method for 6 h. The obtained catalysts were then calcined at 500 °C for 4 h.  

3.2.3. Characterization 

The local structures of supported Pt catalysts were analyzed through Pt LIII-edge 

XAFS spectra measured at the BL14B2 beamline of SPring-8 (Hyogo, Japan). 

Temperature-programmed desorption (TPD) was performed by a BELCAT instrument 

equipped with a thermal conductivity detector (TCD). In addition, the CO-pulse were 

conducted to confirm the dispersion of the supported platinum species, and the samples 

were pretreated in a flow of He at 300 °C for 30 min. 

Conversions and yields of the compounds discussed were determined by gas 

chromatography (GC) using an Agilent GC 6850 Series II instrument equipped with a 

flame ionization detector (FID) and a J&W HP-1 column with tridecane as an internal 

standard. 
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3.2.4. General Procedure for the Catalytic Reactions 

A screw cap vial was charged with catalysts, 3,4-DABE, and a magnetic stirring. 

Then, the reaction mixture was stirred at 150 °C under an N2 or air atmosphere (1 atm). 

When the reaction was finished, the mixture was filtered, and the filtrate was analyzed 

by GC.  

Reusing tests were carried out with the Pt-Cl/MOx prepared by an impregnation 

method. In one reusing cycle, the screw cap vial was cooled in an ice bath after the 

reaction. After collecting by the centrifugation, used Pt catalysts were washed with 

Et2O twice and dried under vacuum conditions. Then, the obtained catalysts were used 

for the next cycle.  

 

3.3. Results and Discussion 

Pt-Cl/CeO2 catalysts ould be easily prepared by an impregnation method using the 

precursor of H2PtCl6·6H2O. Therefore, the catalysts for reusing test were prepared by 

this method, and their reusability and the deactivation mechanism were investigated. 

Then, an 8-run reusing test for isomerization reaction of 3,4-DABE was performed, and 

an obvious deactivation was observed (Fig. 2).  

 

Figure 2. Reusability of Pt-Cl/CeO2 for isomerization of 3,4-DABE.  

Since it has been measured that the leaching amount of supported Pt species in this 

reaction was only around 2% in our previous research[11], it could be inferred that the 
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dominant deactivation reason of catalysts in this reaction should be reduction or 

agglutination of the supported Pt species. In addition, oxychlorination treatment has 

been demonstrated to be an effective method for reactivation of supported Pt catalysts 

[22]. Thus, calcination treatment and HCl-treatment are performed to discuss the 

reactivation of the catalysts. TPD is used to identify residual organic matter on the 

surface of the catalysts, and desorption peak of organic compounds from the deactivated 

catalysts was observed extended to above 400 °C (Fig. 3); therefore, the used and the 

HCl-treated catalysts after the 8th run were calcinated at 500 °C.  

 
Figure 3. TPD profiles of Pt-Cl/CeO2 catalysts fresh and after the 8th run. 

Reactivation method of HCl-treatment gave an obvious recovery of activity in the 

catalytic isomerization reaction, and no recovery of activity was achieved for the used 

catalysts only treated with a calcination at 500 °C (Table 1). In addition, no significant 

changes were observed in CO-pulse detection, revealing that no significant obvious 

agglutination of supported Pt species occurred after reacting for 8 times. Thus, 

reduction of the active Pt species in high valence should be the dominant reason for the 

deactivation. Furthermore, although no obvious byproducts were detected from the GC 

results, we infer that the trace alcohol compounds produced from the inevitable 

hydrolysis of esters should be a reductant for the reduction of Pt species in the reaction.   
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Table 1 Discussion on the reusability and reactivation of the Pt-Cl/CeO2a 

 

Entry Run Conv. (%)a 
Yield (%)b 

(E)-2 (Z)-2 

1 1st 64 57 4 

2 8th 41 39 trace 

3c,d
 calcination 39 37 trace 

4d,e
 HCl treatment 58 54 2 

aReaction scale was 3 mmol. bDetermined by GC analysis with tridecane as internal standard. 
cThe catalyst after the 8th run was calcined at 500 °C. d1 mmol scale. eThe catalyst after the 8th 
run was treated by HCl and a following calcination at 500 °C.  

Afterwards, Pt LIII-edge XAFS spectra were collected and analyzed to investigate 

the fine structure of the catalysts after the 8th run. Pt LIII-edge X-ray absorption near 

edge structure (XANES) spectra of the Pt-Cl/CeO2 catalysts as prepared and after the 

8th run were compared with Pt foil as the reference (Fig. 4a). The reduction of the 

supported Pt species was uncovered by observing the decrease in intensity of the used 

catalysts through the characteristic peak, the white line[23]. In addition, phase-

uncorrected radial structure functions (RSFs) for the discussed catalysts were also 

analyzed (Fig. 4b), and the peaks at approximately 1.65 Å attributing to the Pt-O 

coordination and the peaks at approximately 1.95 Å attributing to the Pt-Cl 

coordination were observed in both the fresh and used catalysts with the reference peaks 

of PtO2 and K2PtCl6. After comparing the changes over RSFs, the intensity of Pt-O 

coordination decreased more significantly than the Pt-Cl coordination after the 8th run. 

No obvious peaks around 2.60 Å and 2.85 Å were observed, which should attribute to 

the Pt-Pt coordination and the Pt–O–Pt coordination, respectively, revealing the 

unobvious agglutination. Thus, the oxidation state is a significant factor for the catalytic 

activities of the catalysts, and the Pt-Cl coordination is more stable than the Pt-O 
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coordination. Moreover, the reactivated catalysts after HCl-treatment-calcination were 

also analyzed using Pt LIII-edge XAFS spectra, and the structural parameters of the 

catalysts were analyzed through EXAFS curve-fitting (Table 2). In the XANES spectra, 

an enhancement in oxidation was observed by comparing the white lines of the used 

catalysts and the used catalyst with reactivation treatment (Fig. 4c). The increase in the 

intensity of Pt-O coordination should account for the reactivation, and the relatively 

low intensity in the region of Pt-Cl coordination and the enhanced intensity in the 

region Pt-Pt coordination revealed a little agglutination of supported Pt species after 

the reactivation treatment, which should be caused by the post-calcination at 500 °C 

(Fig. 4d).  

 
Figure 4. (a) Pt LIII-edge XANES spectra, (b) RSFs, and (c) Pt LIII-edge XANES 

spectra, (d) RSFs of Pt-Cl/CeO2 catalysts after the 8th run and reactivated.  
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Table 2. EXAFS fitting results and of Pt-Cl/CeO2 in different situation.a 

Catalyst Scattering path CNb R (Å)c s2 (Å2)d R-factorf 

Pt foil Pt-Pt 12e 2.76 ± 0.002 0.004 ± 0.0002 0.001 

Na2Pt(OH)6 Pt-O 6e 2.00 ± 0.006 0.002 ± 0.0008 0.002 

K2PtCl6 Pt-Cl 6e 2.32 ± 0.004 0.002 ± 0.0004 0.004 

Pt-Cl/CeO2_fresh 
Pt-O 

Pt-Clh 

4.69 ± 0.53g 

1.31 ± 0.53g 

1.99 ± 0.012 

2.32 ± 0.009 

0.002 ± 0.001 

0.001 ± 0.002 
0.003 

Pt-Cl/CeO2_ 

react1 

Pt-O 

Pt-Clh 

2.75 ± 0.76 

1.95 ± 0.92 

2.03 ± 0.032 

2.31 ± 0.015 

0.009 ± 0.007 

0.007 ± 0.005 
0.005 

Pt-Cl/CeO2_ 

react8 

Pt-Oh 

Pt-Clh 

2.15 ± 0.54 

1.91 ± 0.90 

2.04 ± 0.032 

2.31 ± 0.020 

0.006 ± 0.004 

0.010 ± 0.007 
0.010 

Pt-Cl/CeO2_ 

8th_HCl_C 

Pt-Oh 

Pt-Clh 

4.38 ± 1.04g 

1.62 ± 1.04g 

2.01 ± 0.011 

2.31 ± 0.060 

0.004 ± 0.002 

0.019 ± 0.009 
0.020 

a k3: k-range = 3–12 Å-1. Intrinsic loss factor, S0
2=0.77(Pt–O), 0.82(Pt–Cl), and 0.80(Pt–Pt). r-

range=1.8–3.2, 1.0–2.0, 1.0–2.5, and 1.0–2.5 Å for Pt foil, PtO2, Na2Pt(OH)6, and Pt catalysts, 
respectively. b Coordination number. c Bond length. d Debye-Waller factor. e Fixed. f Goodness-
of-fit index. g Total coordination numbers were fixed to 6. h ΔE0 was fixed to the value of 
reference samples (Pt–O: 15.57 eV, Pt–Cl:13.15 eV). 

Pt-Cl/CeO2 and Pt-Cl/ZrO2 showed similar Pt oxidation state and Pt-Cl 

coordination [11]. In this section, we analyzed the used catalysts with XAFS and 

conducted reusing test under the same condition to compare their reusability (Fig. 5). 

Partial reduction of Pt species and decrease in the intensity of Pt-O coordination was 

observed for the Pt-Cl/CeO2 catalysts, which were recycled from the first run (Fig. 5a 

and 5b). However, no obvious decrease in yield could be found during the 4-run reusing 

test (Fig. 5c). In addition, almost completely reduced Pt species were observed in the 

XANES spectra for the used Pt-Cl/ZrO2 catalysts (Fig. 5d). In the RSFs spectra, the 

intensities of Pt-O coordination and Pt-Cl coordination were drastically decrease, 

which were seems to be replaced by the Pt-Pt coordination (Fig. 5e). The strong signal 

of Pt-Pt coordination uncovered the reduction and agglutination of the Pt species 

supported by ZrO2. Meanwhile, the results of structure analysis were consistent with 

the drastic degradation in the reusing test (Fig. 5f). 



 
 

57 

 
Figure 5. (a) Pt LIII-edge XANES spectra, (b) RSFs, and (c) reusing result of Pt-

Cl/CeO2. (d) Pt LIII-edge XANES spectra, (e) RSFs, and (f) reusing result of Pt-Cl/ZrO2.   
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The reusability of Pt-Cl/Al2O3 was also discussed with two kinds of Al2O3 

supports, γ-Al2O3 (JRC-ALO-9) and θ-Al2O3 (JRC-ALO-10). XAFS analysis was 

performed for the fresh Pt-Cl/Al2O3(9) and Pt-Cl/Al2O3(10) catalysts, and a relatively 

high oxidative state of Pt species in Pt-Cl/Al2O3(10) was observed (Fig. 6).  

 

Figure 6. (a) Pt LIII-edge XANES spectra of Pt-Cl/Al2O3(9) and Pt-Cl/Al2O3(10). (b) 

RSFs of Pt-Cl/Al2O3(9) and Pt-Cl/Al2O3(10). 

In the reusing test, a drastic degradation in reaction activity was observed when 

using the Pt-Cl/Al2O3(10) catalysts (Fig. 7f). However, only a moderate decrease in 

reaction results occurred when using the Pt-Cl/Al2O3(9) catalysts (Fig. 7c). In addition, 

the XANES spectra of the used catalyst showed that Pt-Cl/Al2O3 catalysts are easy to 

be reduced (Fig. 7a and 7d). On the other hand, drastic decreases in the intensities of 

Pt-O coordination were also observed in RSFs (Fig. 7b and 7e). Through the curve-

fitting of the EXAFS spectra, the relatively great reusability of Pt-Cl/Al2O3(9) catalysts 

should be related to the relatively high Pt-Cl coordination number (Table 3), which was 

significant for the catalytic activity. Based on the above results, Pt-Cl/Al2O3 seems 

unsuitable for further optimized as industrial catalysts for this kind of reaction. Among 

the metal oxide supports discussed in this study, CeO2 supported Pt catalysts provided 

superior performance both in the catalytic activity and reusability. This could be 

attributed to the relatively strong metal-support interaction between Pt species and 

CeO2.   
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Figure 7. (a) Pt LIII-edge XANES spectra, (b) RSFs, and (c) reusing result of Pt-

Cl/Al2O3(9). (d) Pt LIII-edge XANES spectra, (e) RSFs, and (f) reusing result of Pt-

Cl/Al2O2(10). 
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Table 3. EXAFS fitting results of Pt/MOx.a 

Catalyst Scattering path CNb R (Å)c s2 (Å2)d R-factorf 

Pt foil Pt-Pt 12e 2.76 ± 0.002 0.004 ± 0.0002 0.001 

Na2Pt(OH)6 Pt-O 6e 2.00 ± 0.006 0.002 ± 0.0008 0.002 

K2PtCl6 Pt-Cl 6e 2.32 ± 0.004 0.002 ± 0.0004 0.004 

Pt-Cl/CeO2_fresh 
Pt-O 

Pt-Clh 

4.69 ± 0.53g 

1.31 ± 0.53g 

1.99 ± 0.012 

2.32 ± 0.009 

0.002 ± 0.001 

0.001 ± 0.002 
0.003 

Pt-Cl/ZrO2 
Pt-O 

Pt-Clh 

4.82 ± 0.90g 

1.18 ± 0.90g 

1.99 ± 0.025 

2.30 ± 0.015 

0.003 ± 0.001 

0.0001 ± 0.005 
0.012 

Pt-Cl/Al2O3(9)I 

Pt-Oh 

Pt-Clh 

Pt-Pth 

2.34 ± 0.89 

1.05 ± 0.62 

4.48 ± 1.79 

2.02 ± 0.014 

2.30 ± 0.010 

2.76 ± 0.006 

0.004 ± 0.003 

0.002 ± 0.004 

0.006 ± 0.002 

0.013 

Pt-Cl/Al2O3(10)I 

Pt-Oh 

Pt-Clh 

Pt-Pth 

2.99 ± 1.16 

0.95 ± 0.79 

4.74 ± 2.55 

2.01 ± 0.015 

2.32 ± 0.014 

2.77 ± 0.009 

0.004 ± 0.003 

0.002 ± 0.005 

0.007 ± 0.003 

0.020 

a k3: k-range = 3–12 Å-1. Intrinsic loss factor, S0
2=0.77(Pt–O), 0.82(Pt–Cl), and 0.80(Pt–Pt). r-

range=1.8–3.2, 1.0–2.0, 1.0–2.5, and 1.0–2.5 Å for Pt foil, PtO2, Na2Pt(OH)6, and Pt catalysts, 
respectively. b Coordination number. c Bond length. d Debye-Waller factor. e Fixed. f Goodness-
of-fit index. g Total coordination numbers were fixed to 6. h ΔE0 was fixed to the value of 
reference samples (Pt–O: 15.57 eV, Pt–Cl:13.15 eV, Pt–Pt:9.68 eV). I r-range=1.0–3.0 Å, k-
range = 3–13 Å-1. 

Spectral analyses were carried out using the XAFS analysis software of Athena 

and Artemis. In the curve-fitting analysis, backscattering amplitude, phase shift, and 

mean free path of the photoelectrons were calculated by FEFF6 and then the other 

parameters, including the number of neighboring atoms, the interatomic distance 

between the adsorbed atom to the neighboring atom, the Debye-Waller factor, and 

absorption edge energy, were treated as fitting parameters. The intrinsic loss factors 

were obtained by curve-fitting analysis of the EXAFS data of reference samples, Pt foil, 

PtO2 and Na2Pt(OH)6, respectively. 

Through the above investigation, it was found that the Pt-O coordination of the 

supported Pt catalysts is easier to be reduced than the Pt-Cl coordination, and this 
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usually affect their catalytic efficiency. In addition, it was also uncovered that the Pt-Cl 

coordination play a significant role in the reaction and govern the upper limit of the 

catalytic efficiency. Fortunately, both Pt-O coordination and Pt-Cl coordination were 

reduced moderately when using the catalysts supported by CeO2, and they were proved 

by the XAFS measurement of Pt-Cl/CeO2 reused in different cycles. Besides, a 

relatively stable state of the supported Pt species may form during the reusing, and it 

could effectively prevent the catalysts from further deactivation (Fig. 8).  

 
Figure 8. (a) Pt LIII-edge XANES spectra and (b) RSFs of the used Pt-Cl/CeO2 catalysts 

recycled from the first run and the 8th run. 

 

3.4. Conclusion 

In conclusion, we carried out investigation on the reusability and deactivation 

mechanism of metal oxides supported Pt catalysts in the isomerization of 3,4-DABE. 

The results showed that it is peasible to reactivate the catalysts and recover the high 

catalytic activities by treating the deactivated catalysts with 0.1 mol% HCl solution. 

Among the metal oxides supported Pt catalysts investigated, Pt-Cl/CeO2 catalysts 

showed the best reusability, and it should be related to the highly dispersed stable Pt 

species protected by the CeO2. XAFS measurements were mainly utilized to learn the 

deactivation of the catalysts and revealed that the reduction of active PtOxCly species 

should be the dominant reason for the deactivation. In addition, the XAFS analysis of 

Pt-Cl/CeO2 reused in different cycles also uncovered one of the reasons for the great 
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reusability of Pt-Cl/CeO2 that a stable state could form during the reuse. This research 

has provided an example for analyzing the deactivation pathway for supported Pt 

catalysts and reactivating their activities. The investigation method to understand the 

deactivation mechanism and the reactivation strategy will be a valuable reference for 

the further application of supported catalysts. 
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Chapter 4.  

Engineering active and stable Au/ZrO2 catalysts 
for isomerization of allylic esters: a practical 

application of gold catalysis 
 
 
 
 
 
 
 
 

  



 
 

65 

4.1. Introduction 

The high activities of nano-scale gold catalysts were discovered for the oxidation 

of CO and the hydrochlorination respectively by Haruta et al. and Hutchings et al. in 

the 1980s[1,2]. The catalytic activity of Au strongly depends on the size and contact 

structure of gold nanoparticles[3]. When the gold was prepared as supported 

nanoparticles (NPs), excellent performance could be obtained[4,5]. Since then, 

supported gold catalysts have been explored for valuable reaction development[6]. 

Applications of supported gold catalyst in redox reactions were widely discussed, such 

as propylene epoxidation[7,8], oxidation of alcohols[9,10], and selective 

hydrogenation[11,12]. Meanwhile, several studies on the activity of their Lewis acid 

function were also reported[13–15]. On the other hand, the practical application of gold 

catalysis was still under developing[16]. To the best of out knowledge, two supported 

gold catalysts are commercially employed in the chemical industry: Carbon-supported 

Au catalyst for the hydrochlorination of acetylene to vinyl chloride[17], which could 

avoid the use of highly toxic HgCl2 catalyst, and the supported core-shell AuNiOx 

catalyst for the oxidative esterification of methacrolein to methyl methacrylate[18]. The 

ongoing development of new applications of gold catalysis has been expected to tackle 

significant environmental and economic issues. 

In the last decade, the development of sustainable chemistry and clean production 

has become an essential direction in the field of heterogeneous catalysis and resource 

chemistry, and a lot of attention has been paid to the efficient conversion of biomass 

derivatives and the captured carbon dioxide, promising technologies for the 

environmental society[19–22]. Before this society is realized, addressing the current 

problems in the existing chemical production process could still reap environmental 

and economic benefits. For example, sustainable production of C4 chemicals is 

significant in the industry. C4 derivatives, like tetrahydrofuran (THF) and butane-1,4-

diol (1,4-BG) are important raw materials to produce polyester and polyether, and they 

are produced million tons/year globally. However, in an essential C4 chemical reaction 

route from buta-1,3-diene[23], there is a byproduct but-3-ene-1,2-diyl diacetate (3,4-
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DABE), an isomer of but-2-ene-1,4-diyl acetate (1,4-DABE) which is a valuable 

intermediate for the synthesis of 14BG and THF (Fig. 1). Most of the 3,4-DABE waste 

is currently treated by combustion, causing environmental problems. Therefore, 

developing efficient catalysts for the isomerization of 3,4-DABE into 1,4-DABE will 

be beneficial to low-carbon society and economy. Since the isomerization of allylic 

esters is reversible, even if the demands for butane-1,2-diol (1,2-BG) and 3,4-DABE 

increase significantly in the future, this catalytic process can easily realize the 

transformation of 1,4-DABE to 3,4-DABE. 

Catalytic isomerization of allylic esters has been developed with several 

homogeneous catalysts via the soft Lewis acid mechanism or the π-allyl mechanism 

[24,25]. In the recent year, we demonstrated for the first time that PtOxCly/CeO2 can act 

as a heterogeneous soft Lewis acid catalyst and high activity was observed in the 

isomerization of allylic esters under solvent-free conditions[26]. We further proved that 

the reduction of the Pt species cause deactivation, although the activity could be 

recovered by reactivation[27]. Both homogeneous and heterogeneous Au catalysts have 

been developed for their soft Lewis acid functions[28–30], including the metal oxide 

supported Au NPs catalysts[31,32]. Supported Au NPs catalysts were firstly discussed 

in our previous research as a comparison of supported platinum catalysts, and the 

catalytic activity was two orders of magnitude lower than that of the supported Pt 

catalysts[26]. Ishida et al. prepared hydroxyapatites (HAPs) supported Au catalysts 

with strong metal-support interaction (SMSI) under oxidative atmosphere and found 

the catalytic activities for isomerization of 3,4-DABE correlated well with the cationic 

properties of Au (Aud+)[33].  

Moreover, it has been proved that precise engineering of supported Au catalysts 

has could effectively realize high stability and activity and contact structure or 

atmosphere could also regulate the catalytic performance[34,35]. We developed Na-

salt-modified Au/m-ZrO2 catalysts, and they showed activity and stability in the 

intramolecular cyclization of alkynoic acids, a soft Lewis acid reaction[36]. However, 

the decomposition of the contact structure limited the durability of the Au/ZrO2 and 
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thus the further application. Considering the ambient condition of the supported Au 

catalyst could also affect the electronic states of the supported gold catalysts and their 

performance[37], we envisaged that regulation of the local gas-phase environment will 

be a promising method for developing highly active and stable gold catalysts for the 

practical application. 

In this research, we reported a facile solvent-free methodology for isomerization 

of allylic esters with supported Au NPs catalysts, which showed superior catalytic 

activity and stability. Koros-Nowak criterion test and reaction condition modulation 

were performed to optimize the catalytic efficiency. Catalysts with high loading amount 

of gold showed a better catalytic efficiency for per gold atom, and partial pressure of 

oxygen for the reaction produced an essential effect on the performance of supported 

Au NPs catalysts in both batch and flow reactions. The oxygen atmosphere could 

facilitate the formation and thus the maintenance the of Aud+ component, which is the 

active specie with soft Lewis acid property. Lifetime and stability of the optimized 

catalyst were evaluated by a 14-day flow reaction in the scale of kilogram, and no 

obvious deactivation occurred. The Au/m-ZrO2 catalysts demonstrate a promising 

activity and stability over the efficient conversion and utilization of C4 derivatives, and 

we hope this practical technology will be applied industrial process soon and promote 

the development of industrial gold catalysis.  

 

Figure 1. (a) A C4 chemical reaction route from buta-1,3-diene. (b) this research. 
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4.2. Experimental 

4.2.1. Materials 

HAuCl4·4H2O was purchased from Tanaka Precious Metals Co., Ltd. Metal oxides 

Al2O3 (JRC-ALO-9), Nb2O5 (JRC-NBO-1), MgO (JRC-MGO-4, 2000A), CeO2 (JRC-

CEO-3), TiO2 (JRC-TIO-17), and m-ZrO2 (JRC-ZRO-8, monoclinic) were reference 

catalysts obtained from the Catalysis Society of Japan. a-ZrO2 (NND, amorphous) and 

m-ZrO2(SO4) (3%) was purchased from Daiichi Kigenso Kagaku Kogyo Co., Ltd. t-

ZrO2 (SZ61152, tetragonal) was purchased from Saint-Gobain Co., Ltd. But-3-ene-1,2-

diyl diacetate were purchased from Sigma Aldrich, Ltd. and but-2-ene-1,4-diyl 

diacetate was obtained from Mitsubishi Chemical Co., Ltd. All chemicals were used 

without further treatment. 

4.2.2. Preparation of catalysts 

The optimized Au/ZrO2 catalyst was prepared by deposition-precipitation method 

(DP) as reported[36]. m-ZrO2 (1g, powder) was added to distilled water (50 mL) and 

keep stirring for 10 min. An aqueous solution (25 mL) with (NH4)2CO3 (2.4 g) was 

prepared and added to the suspension. Then, the aqueous solution of HAuCl4·4H2O (3 

mM, 50 mL) was dropped to it slowly within 30 min, and the mixture was stirred for 4 

h. After filtration, the solid was washed with hot water (70 °C, 200 mL), and dried in 

air at 70 °C overnight. The calcination process was performed in air at 200 °C for 1 h 

and directly used for catalytic reactions without further treatment. The other catalysts 

discussed in this research were prepared in the same method with differences in support, 

precursor amount and calcination temperature. 

4.2.3. Characterization 

High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were performed with a JEOL JEM-ARM200F operated at 

200 kV. The loading amounts of prepared catalysts were detected by microwave plasma 

atomic emission spectrometry (MP-AES) on Agilent 4100 MP-AES. The crystalline 

structures of the catalysts were measured with Powder X-ray diffraction (PXRD) using 

a Rigaku MiniFlex600 equipped with a Cu Kα radiation source. The properties of the 
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surface species were analyzed by X-ray photoelectron spectroscopy (XPS) using a 

Shimadzu-AXIS-165 spectrometer equipped with an Al Kα radiation source at pressure 

below 10-8 Pa. The obtained binding energies were calibrated to the C 1s peak at 284.8 

eV. XPS profiles were further analyzed using XPSPEAK41 software. The local 

structures of Au NPs were analyzed by the Au LIII-edge X-ray absorption fine structure 

(XAFS) spectra collected at the BL14B2 beamline of SPring-8 (Hyogo, Japan). Diffuse 

reflectance infrared Fourier transform (DRIFT) spectra were recorded using a JASCO 

FT/IR-6100 V system equipped with a heat chamber. The powder sample was 

pretreated at 150 °C for 1 h in a N2 flow (50 mL min−1) and then exposed to 10 vol% 

CO in He (40 mL min−1) at −175 °C. After the Au sites were saturated with CO, N2 (50 

mL min−1) was introduced, and O2 (10 mL min−1) was also introduced to investigate the 

effect of oxygen. All the spectra were collected at −175 °C. DRIFT spectra were 

obtained by subtracting the background spectrum. 

The results of the benchmark reaction including the calculation of conversions and 

yields of the compounds were detected by gas chromatography (GC) using an Agilent 

GC 6850 Series II equipped with a flame ionization detector (FID) and a J&W HP-1 

column with tridecane as an internal standard. The 1H and 13C NMR spectra of the 

substrates were obtained using the JEOL JNM-ECS400 spectrometer. 

4.2.4. General procedure for the catalytic reactions 

A screw cap vial was charged with the prepared catalyst, substrate, and a magnetic 

stirring bar. Then the reaction mixture was stirred at 150 °C. The mixture was filtered 

after reaction, and the filtrate was analyzed by GC using tridecane as an internal 

standard. In a reusing experiment, the same procedure was repeated. After each run, the 

catalysts were washed with Et2O and dried under vacuum condition for 3 h. For the 

discussion on reaction atmosphere, an autoclave was used, and filled with target gas 

(O2, Air, 6% O2/N2, N2) to a total pressure of 0.5 MPa. Absolute pressures were used in 

this study.  

4.2.5. Continuous flow reactions 

Flow reaction for isomerization of but-2-ene-1,4-diyl diacetate was performed by 
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a flow reactor (EYELA, Flow Factory, FFX-1000G). The stainless column (Φ10×50 

mm) bed reactor was packed with 2.5 wt% Au/m-ZrO2 (0.4 g) catalyst and sea sand. 

The column was set vertically in a downward flow mode. The reaction mixture was 

collected and analyzed by GC using tridecane as an internal standard. 

 

4.3. Results and discussion 

4.3.1. Screening and optimization of the active catalyst 

In this research, isomerization of 3,4-DABE(1) to 1,4-DABE(2) was chose as the 

benchmark reaction to screen the active catalysts. This reaction was a reversible 

reaction, and the equilibrium between the 3,4-DABE and 1,4-DABE was 37/63[24], so 

there is an upper limit to the yield. Since the supported gold nanoparticles have been 

proved to be soft Lewis acid catalysts in our previous studies[33,36]. Hence, we directly 

performed catalyst screening with metal oxides supported gold nanoparticles in the 

preliminary discussion, due to the stability of metal oxides. The activities of 

heterogeneous gold catalyst supported by several metal oxides was evaluated (Table 1, 

entries 1–6). Monoclinic zirconium oxide (m-ZrO2) supported gold catalysts showed a 

yield around 58% in this reaction, which was better than those of the other catalysts. 

Under the same reaction condition, Au catalysts using amorphous zirconium oxide (a-

ZrO2) or the tetragonal zirconium oxide (t-ZrO2) only produced 1,4-DABE in low 

yields (entries 7 and 8). In addition, the acidity-enhanced zirconium oxide support SO4-

ZrO2 was also tested (entry 9), and the yield was not as high as that of m-ZrO2. Au/m-

ZrO2 catalysts calcined under H2 atmosphere showed a yield below 50% (entry 10), 

which was lower than that of the catalysts calcined under air. Moreover, a low yield 

around 6% was obtained when perform the reaction under Ar atmosphere (entry 11), 

supporting the essential role of oxygen in this reaction. Moreover, reaction at a low 

catalyst equivalent was discussed, and a turnover number (TON) of 680 was achieved 

(entry 12). No products were detected when using the m-ZrO2 as the catalyst (entry 13).  
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Table 1. Catalyst screening results over isomerization of 3,4-DABE. 

 

Entry Catalyst Conv./%a 
Yield/%a 

TON 
(E) (Z) 

1 Au/Al2O3 24 12 trace 48 

2 Au/Nb2O5 4 n.d. n.d. - 

3 Au/MgO 5 n.d. n.d. - 

4 Au/CeO2 18 12 1 52 

5 Au/TiO2 41 33 2 140 

6 Au/m-ZrO2 61 52 6 232 

7 Au/a-ZrO2 15 8 1 36 

8 Au/t-ZrO2 20 16 1 68 

9 Au/m-ZrO2(SO4) 40 36 2 152 

10b Au/m-ZrO2 53 45 4 196 

11c Au/m-ZrO2 8 6 trace 24 

12d Au/m-ZrO2 37 32 2 680 

13e m-ZrO2 9 n.d. n.d. - 
aDetermined by GC analysis using tridecane as an internal standard. bCalcined under hydrogen 
atmosphere at 300 °C. cPerformed under Ar atmosphere. dAu amount: 0.05 mol%, 24 h. 
eCatalyst: 20 mg. 

The sizes of supported gold nanoparticles are thought to affect their catalytic 

activities, and the particle sizes usually changed along with the calcination 

temperature[36]; therefore, the effect of calcination temperature was discussed. (Fig. 

2a). Superior reaction activity was obtained when using Au/m-ZrO2 calcined under 

200 °C. The XRD intensities of Au 111 were extremely weak when calcined under 

200 °C (Fig. 2b), supporting the formation of small Au NPs, and this may boost the 

preeminent activity.  
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Figure 2. (a) Au/m-ZrO2 calcined under different temperatures. (b) XRD patterns of 

the Au/m-ZrO2 catalysts calcined at different temperatures. 

In addition, the optimization on the loading amount was carried out based on the 

constant Au amount and the constant weight (Fig. 3a and 3b). Au/m-ZrO2 with low Au 

loading amount afforded low catalytic efficiency, and the yield increased with the 

augment of the loading amount. Meanwhile, the catalyst adding amount based on the 

Au equivalent was also discussed using the 0.35 wt% Au/m-ZrO2 and 2.5 wt% Au/m-

ZrO2. A decline in yield was observed when Au equivalent exceeded 0.15 mol%, using 

the 0.35 wt% Au/m-ZrO2. This possibly due to the low stirring efficiency (Fig 3c). 
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Besides, a continuous increase in yield was achieved with the increase in gold 

equivalent when the 2.5 wt% Au/m-ZrO2 was used (Fig. 3d). Based on the above results 

and taking the cost and reactivity of catalyst into consideration, the optimized catalyst 

was determined as 2.5 wt% Au/m-ZrO2 in this research. Furthermore, time course of 

the concentration of each compound over the optimized catalyst was determined (Fig. 

4), which fit the character of a reversible reaction.  

 

Figure 3. (a) Results of different Au loading amount with constant Au mol% in 0.25. 

(Koros-Nowak criterion test) (b) Results of different Au loading amount with constant 

weight in 20 mg. (c) Results of different Au amount with 0.35 wt% Au/m-ZrO2. (d) 

Results of different Au amount with 2.5 wt% Au/m-ZrO2. 
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Figure 4. Time course of the reaction. 

In addition, reaction temperature was also discussed with the optimized Au/m-

ZrO2, and the appropriate temperature around 150 °C was obtained (Table 2). 

The smaller particle size usually provides more active sites considering the active 

sites on the surface or perimeter of supported nanoparticles. Here, we measured the 

particle sizes of the optimized catalyst with HAADF-STEM, and well dispersed and 

uniform Au NPs were observed (fig. 5). The average size of the Au NPs was around 2.3 

nm.  

Table 2. Effect of the reaction temperature. 
 

Entry Temp./°C Conv./%a 
Yield/%a 

(E) (Z) 

1 90 5 1 trace 

2 120 17 13 1 

3 150 55 49 4 

4 180 44 38 3 
aDetermined by GC analysis using tridecane as an internal standard.  
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Figure 5. HAADF-STEM image and the histogram of the particle sizes. 

XRD was also performed to investigate the crystal size of Au NPs, and almost no 

obvious peak from Au (111) was observed when compared with that of m-ZrO2, 

showing the Au NPs were in small sizes (fig. 6). In fact, the peak of Au (111) was also 

partially overlapped with m-ZrO2 (120).  

 
Figure 6. XRD patterns of of Au/m-ZrO2 and m-ZrO2. 

Deposition-precipitation method (DP) is a conventional route to prepare supported 

Au NPs catalyst. However, when the catalyst is calcined at a relatively low temperature, 

residual Aud+ species could be detected. The optimized catalysts were also analyzed by 

XAFS with the reference samples of the Au foil and Au2O3. The Au LIII-edge X-ray 
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absorption near edge structure (XANES) spectra showed that the Au species in the 

Au/m-ZrO2 are mainly in zero valence. Besides, the slight difference from the zero-

valent Au foil also indicates the presence of residual oxidation states (fig. 7a). After 

analyzing the radial structure functions, a relatively low coordinating intensity was 

observed when it was compared with Au foil, supporting the small sizes of Au NPs in 

this catalyst (fig. 7b).  

 

Figure 7. (a) Au LIII-edge XANES spectra and (b) radial structure functions of Au/m-

ZrO2. 
Additionally, XPS analysis was performed to investigate the chemical states of the 

surface species. According to the Au 4f spectra, Au species in the optimized Au/m-ZrO2 

catalysts were principally in the Au0 state (83.5 eV, Au 4f7/2; 87.2 eV, Au 4f5/2), and a 

pair of peaks attributable to components from Aud+ (84.5 eV, Au 4f7/2; 88.2 eV, Au 4f5/2) 

were also observed (fig. 8)[38]. Considering the essential role of oxygen species during 

reaction, we inferred that residual Aud+ or the generated Aud+ through the surface-

oxidation on the of Au NPs should be the dominant active sites during this kind of 

reaction.  
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Figure 8. Au 4f XPS profiles of Au/m-ZrO2. 

Moreover, CO-DRIFT measurement was performed to investigate to surface 

species and the effect of oxygen atmosphere, and the shift of the peaks from 2096 cm-1 

to 2102 cm-1 verified the generation of Aud+ with the existence of oxygen atmosphere 

(fig. 9). 

 
Figure 9. CO-DRIFT spectra of Au/m-ZrO2 under changed atmosphere. 
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4.3.2. Effect of reaction atmosphere 

Through the above catalyst screening and optimization process, this reaction has 

proceeded under air atmosphere instead of the previous research under N2. Due to the 

interaction between oxygen and Au NPs, we discussed the effect of reaction pressure 

of air atmosphere (fig. 10a). Enhanced reaction efficiency was observed when the 

reaction pressure was increased to more than 0.3 MPa. This revealed the positive effect 

of air pressure for this reaction, but whether the partial pressure of oxygen is a factor 

was not clear. Thus, we evaluated the atmosphere with different oxygen partial pressure 

(fig. 10b). The reaction using N2 only showed a yield below 5%, a yield of 35% was 

obtained even under atmosphere containing oxygen in 6%. As expected, higher yields 

were detected when the reaction atmosphere with higher oxygen partial pressures was 

discussed, showing that the existence of oxygen in reaction atmosphere should act as 

an essential role in this kind of reaction. 

 
Figure 10. Discussion on reaction atmosphere over the optimized Au/m-ZrO2 catalysts. 

(a) Absolute pressures of air. (b) Different partial pressure of oxygen. Reaction 

conditions: 2.5 wt% Au 0.25 mol%, 150 °C, 2 h. 

4.3.3. Reusability and stability 

The application of this catalytic reaction is significant for the emission reduction 

and the goal of carbon neutral for the high atomic efficiency and solvent-free reaction. 
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Thus, the reusability and stability of the Au/m-ZrO2 catalysts become valuable 

evaluation indexes. Notably, the optimized Au/m-ZrO2 showed great reusability for the 

isomerization of 3,4-DABE, and almost no obvious deactivation in yields were detected 

even used for eight catalytic runs (fig. 11a). Besides, the recycled catalysts after the 8th 

run were analyzed by HAADF-STEM (fig. 11b), and an average particle size of 3.8 nm 

was determined (fig. 11c). Compared with the fresh catalysts and other practical 

application of Au NPs catalysts, the aggregation of Au NPs and the resulting 

deactivation were not obvious. This result support the optimized Au/m-ZrO2 have the 

potential to be a long-life industrial catalyst. 

 

Figure 11. Reusability of the optimized Au/m-ZrO2 for the catalytic isomerization of 

3,4-DABE. (a) Results for a 10-run reusing test by batch reaction. (b) HAADF-STEM 

images of the catalysts after the 8th run and (c) the histogram of the particle sizes. 

Furthermore, to evaluate the long-time stability and the practical catalytic 



 
 

80 

efficiency, we conducted a continuous reaction test based on a laboratory fixed-bed 

flow reactor (fig. 12b). Here, we executed a 7-cycle test with different reaction 

conditions in 14 days, obtaining a total TON more than 38000 (fig. 12a). To our 

excitement, no significant decrease in yield was confirmed during each cycle. Effect of 

oxygen partial pressure was confirmed between the cycle 1 and cycle 2. Besides, only 

slight changes in activity were observed at different oxygen flow rates by comparing 

the cycle 3–5. When the reaction temperature was raised, the enhancement in reaction 

efficiency could be observed. Additionally, the discussion on the feed rate showed that 

even if the rate was increased to three times, the catalytic efficiency was still stable.  

 
Figure 12. Evaluation the stability of the optimized Au/m-ZrO2 using the continuous-

flow reactor. (a) result of flow reaction for 7 cycles in 14 days. (b) Illustration of 

continuous-flow reaction.  
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We analyzed the morphology and particle sizes of the recycled catalysts (fig. 13a), 

and the average particle diameter only increased to 3.7 nm, which was smaller that of 

the recycled catalysts in batch reaction (fig. 13b). In addition, small amount of 

agglutinated Au NPs were still observed after the long-time reaction, because the 

agglutination of Au NPs is inevitable. The increase of particle diameter did not lead to 

the sharp decline of catalyst activity, which may be caused by the sufficient contact and 

activation between oxygen and the catalysts in the flow reactor. The above results will 

provide an important basis for the industrial application of the heterogeneous Au 

catalysis. 

 

Figure 13. (a) HAADF-STEM images of the catalysts after the flow reaction and (b) 

the histogram of the particle sizes. 

Moreover, the recycled catalysts from the flow reaction were also evaluated 

through the batch reactions of both directions, and only slight decrease in yields were 

observed (fig. 14). This leads to the belief that the optimized Au/m-ZrO2 catalysts are 

available to keep its activity for at least thousands of hours in this reaction.  
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Figure 14. Evaluation of activities of the catalysts after 14-day flow reaction by the 

Reversible isomerization of 3,4-DABE and 1,4-DABE. 

In addition, the recycled catalysts from the 8-run batch reaction and 14-day flow 

reaction were also analyzed by the XPS, compared with the fresh catalysts. Although 

no significant deactivation was observed in the reaction result, the Aud+ species on the 

catalysts decreased over reaction time (fig. 15). The reasons may be that the 

agglutination of the Au NPs leads to the decrease of Aud+ on their surface. Besides, the 

direct reduction of Aud+ on the Au NPs should also be an important reason. Indeed, due 

to the existence of oxygen during the reaction, the Aud+ can still be continuously 

generated on the surface of Au NPs and keep the high catalytic activity. 
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Figure 15. Au 4f XPS profiles of the Au/m-ZrO2. (a) fresh. (b) after the 8th run in batch 

reaction. (c) after a 14-day flow reaction. 

4.3.4. Investigation on substrate scopes and reaction mechanism 

With the optimized catalyst and reaction condition, a substrate scope of allylic 

acetates and allylic benzoates was investigated (Table 2). When the substrate with 

phenyl group was tested, a yield of 33% was detected (entry 1). A yield of 38% was 

achieved when using linalyl acetate derived from tertiary alcohols, and almost no 

obvious steric effect existed during the reaction (entry 2). Besides, the substrate with 

the pentyl showed a yield of 46% (entry 3). Additionally, during the investigation on 

allylic benzoates, the presence of the electron-withdrawing nitryl or electron-donating 

methoxy group on the phenyl resulted in quite different results (entry 4–6). An 

enhanced yield was observed when discussed the methoxy group. However, A limited 

yield of 15% was obtained when it contained the nitryl group. Moreover, we also 

investigated the steric effects through the allylic benzoate with a 2,4,6-trimethylphenyl 

group (entry 7). Beyond our expectation, a relatively higher yield at 58% was received 

even when it was compared with that of the active Pt catalysts. This revealed that the 

electron effect produces a deeper impact than the steric effect in Au/m-ZrO2 catalyzed 

isomerization of allylic benzoates. The theoretical maximum yields for the equilibria 

have not been investigated for each substrate, but they can be evaluated with the result 

in our previous report. 
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Table 3. Catalytic isomerization of allylic acetates and allylic benzoates. 

 
aReaction conditions: 2.5 wt% Au/m-ZrO2 (0.25 mol%), 150 °C, 8 h, under air. bDetermined by 
1H NMR analysis using mesitylene as an internal standard. c5 h. dDetermined by GC analysis 
using tridecane as an internal standard. 

To determine the reaction mechanism, we performed a simple controlling 

experiment and distinguished whether the reaction belonged to the p-allyl mechanism 

or soft Lewis acid mechanism. Here, pentanoic acid was added to the reaction system 

with Au/ZrO2 catalysts. A relatively low yields of (E)-2a and (Z)-2a were obtained after 

the reaction, and no exchange of acetic acid group was observed (fig. 16a). Based on 

the above results, we proposed that the catalytic isomerization of allylic esters over 

Au/ZrO2 should in a soft Lewis acid mechanism. Initially, the presence of oxygen 

promotes the generation of surface Aud+ species, which increase the soft Lewis acidity 
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of the supported Au NPs. Subsequently, the alkene moiety in allylic esters acting as soft 

Lewis base coordinate to the surface Aud+. A transition state of the hexatomic ring state 

on Au NPs is formed through the attack to electrophilic carbon by C=O. Then, 

hexatomic ring opens, following with the generation of isomer allylic ester (fig. 16b). 

 

Figure 16. (a) Investigation of reaction mechanism. (b) Proposed reaction mechanism 

of isomerization of allylic esters over Au/m-ZrO2 with the existence of oxygen. 

Finally, we compared the catalytic activity of Au/m-ZrO2 with previously reported 

results for rearrangement reaction of allylic acetates (Table 4). For the catalyst 

Au/Mg0.1SrHAP calcined under oxygen, a TON value of 204 could be realized after 

24 h. In this research, a TON value of 232 for 5 h and a TON value of 680 for 24 h was 

obtained. Furthermore, a total TON more 38,000 was also be realized through a 14-day 
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flow reaction. 

Table 4. Comparison of the catalytic activity of Au catalysts for the isomerization of 
allylic esters. 

Catalyst Au 
loading/wt% 

Au 
amount/mol% 

Time/h Yielda/% TON Ref. 

[(IPr)AuCl]/AgBF4b - 3 mol% 12 95 32 [25] 
Au/ZrO2 1.0 0.15 mol% 2 11 73 [26]d 

Au/Mg0.1SrHAP 1.0 0.25 mol% 5 34 136 [33] 
Au/Mg0.1SrHAP 1.0 0.25 mol% 24 51 204 [33] 

Au/m-ZrO2 2.5 0.25 mol% 5 58 232 This work 
Au/m-ZrO2 2.5 0.05 mol% 24 34 680 This work 
Au/m-ZrO2

c 2.5 - 336 - >38,000 This work 
a Total yield of the E and Z isomers. b Reaction conditions: 1-phenylallyl acetate as a substrate 
(1 mmol), catalyst (3 mol%), AgBF4 (2 mol%), 1,2-dichloroethane (5 mL), and refluxing in an 
oil bath for 12 h. c flow reaction. d our previous report.  

 

4.4. Conclusions 

Catalytic isomerization of allylic esters with zirconia supported Au NPs is 

demonstrated to be simple and efficient. It offers a new practical application to the gold 

catalysis in the transformation between 3,4-DABE and 1,4-DABE, valuable 

intermediates of butanediol or THF. This reaction can be well operated under an 

environmentally friendly solvent-free condition, and optimal catalysts can also 

maintain high activity and stability. Koros-Nowak test and reaction condition 

modulation are conducted to optimize the catalytic efficiency. In addition to the catalyst 

with high loading amount of gold showing better efficiency with respect to per gold 

atom, partial pressure of oxygen for the reaction reveals an essential effect on the 

performance of supported Au NPs catalysts in both batch and flow reactions. The local 

oxygen atmosphere shows modifying function to the surface of the supported Au NPs 

and is considered to facilitate the formation and thus the maintenance the of Aud+ 

component, which is the active specie with soft Lewis acid property. Furthermore, a 

total TON of more than 38,000 are available by flow reaction with the total scale up to 

kilogram. Meanwhile, there is no obvious deactivation despite slight agglutination of 

Au NPs, confirming that this catalytic system is highly suitable for the further industrial 

application. Moreover, we hope the strategies and the catalysts discussed in this 
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research could promote the application of the technologies in green chemistry and 

heterogeneous catalysis. 
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Intramolecular cyclization of alkynoic acid 
catalyzed by Na-salt-modified Au nanoparticles 

supported on metal oxides 
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5.1. Introduction 
Enol lactones occur extensively in nature and exhibit high bioactivity and are 

useful for the synthesis of pharmaceuticals and other complex natural molecules[1,2]. 

Catalytic intramolecular cyclization of alkynoic acids into enol lactones is one of the 

most promising methods owing to its high atom efficiency and step economy, which is 

in line with the principles of green chemistry and the standards in the sustainable 

development goals (SDGs)[3–5]. 

In the recent decades, numerous metal catalysts for the intramolecular cyclization 

of alkynoic acids, such as Au[6–9], Pd[10–13], Ag[14–16], Pt[17], Rh[18], Ir[18], 

Ru[19], and Ni[20],  have been reported. In recent years, developments in Au and Pd 

catalysts have provided reliable and effective tools for improving the reaction. An 

extremely high turnover number (approximately 106) was obtained using the Pd 

complex catalyst reported by Domínguez et al [21]. Conversely, several heterogeneous 

Pd catalysts for this reaction were reported to result in relatively low activity. Ramón 

et al. demonstrated that Pd(II) oxide impregnated on magnetite can act as a versatile 

and active catalyst for the intramolecular cyclization of alkynoic acids[22]. 

Additionally, Bäckvall et al. developed heterogeneous catalysts where Pd was 

immobilized on aminopropyl (AmP) functionalized siliceous mesocellular foam (MCF) 

and successfully applied in the intramolecular cyclization of alkynoic acids[23]. 

Subsequently, they established the active species of the developed catalyst as the 

immobilized Pd(II) species, and using in situ X-ray absorption spectroscopy (XAS) 

investigated the deactivation process[24]. The results showed that the essential base 

triethylamine promotes the reduction of Pd(II) to metallic Pd NPs. Therefore, the 

unstable active species of heterogeneous Pd catalysts would limit this prospect.  

Moreover, Au complex catalysts were widely investigated for use in 

intramolecular cyclization of alkynoic acids (Figure 1a). Michelet and Cadierno et al. 

reported that both Au(I) and Au(III) complexes with sulfonated NHC ligands are active 

in the aforementioned reaction[6]. In addition, Nolan et al. developed a dinuclear NHC-

Au(I) catalyst and realized high reaction efficiency[25]. Meanwhile, methods with 

heterogeneous Au catalysts were developed for the intramolecular cyclization of 
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alkynoic acids mainly in the immobilization forms (Figure 1b). Michelet et al. 

developed a zeolite beta-NH4+ supported Au(III) catalyst for this reaction and proposed 

the deactivation process as the reduction of Au(III) species[26,27]. In addition, Toste et 

al.19 immobilized the Au(I) complex on SBA-15 and achieved reliable reusability[28]. 

Because the Au species in the oxidation state is unstable and easily reduced, Bäckvall 

et al. reduced the Au(I) thiolates immobilized in the pores of MCF proved the activity 

of zero-valent Au species[29]. However, the complex preparation process and rapid 

deactivation reveal the deficiency of this species and were therefore significant focal 

points for this research. Besides, the deactivation of the reported Au catalysts can be 

attributed to the reduction of Au(I) or (III) species; however, the real reasons for the 

poor reusability of the Au(0) species remain unclear. 

Sustainable synthesis of fine chemicals is significant in the industry; hence, the 

development of reusable and stable heterogeneous catalysts for the required type of 

reaction is valuable. Our group is dedicated to the study of this subject and has reported 

several reactions with metal oxide-supported Au catalysts[30,31], as well as supported 

Pd catalysts[32,33]. We also developed a simple impregnation method for preparing 

supported small Au NPs on most of the supports[34]. Instead of the immobilization of 

metal complexes, we recently focused on the method of element modification and are 

committed to solving several existing problems. We previously reported that Cl-

modification over Pt/CeO2 boosted excellent activity for the isomerization of allylic 

esters[35]. 

    In this study, the essential role of Na-modification for the catalytic intramolecular 

cyclization of alkynoic acids is uncovered. Na species like NaOH and Na2CO3 were 

widely used to synthesize Au NPs or Au precursors from HAuCl4·nH2O[36–38]. For 

instance, Na species were used in previous reports on heterogeneous Au catalysts 

shown in Figure 1b. Trace amounts of Na species might disturb the nuclear active sites 

and have adverse effects[39]. In contrast, the addition of alkali metal like sodium for 

promotion effects was also reported. Several of its functions, such as stabilizing 

atomically dispersed noble metal species[40–42], facilitating the activation of both 
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surface OH groups and chemisorbed oxygen[43–46], and acting as immobilized base 

on the surface of the catalysts, determined[47–50]. We modified the prepared Au/m-

ZrO2 with Na2CO3 and disclosed the positive and significant role of Na salts on the 

intramolecular cyclization of alkynoic acids (Figure 1c). Therefore, a stable, reusable, 

and reactivable catalytic system was successfully achieved. 

Herein, we report the catalytic intramolecular cyclization of alkynoic acids with 

Na-modified Au(0)/m-ZrO2, and enhancement in the turnover frequency (TOF) by 

more than one order of magnitude achieved after the addition of Na salts. The optimized 

Na-Au/m-ZrO2 shows stability, reusability, and reactivating ability, addressing the 

questions and limitations left unresolved in previous research. The X-ray photoelectron 

spectroscopy (XPS) results uncovered the effects of the Na species on the surface of 

the catalysts. Even negatively charged Au0 NPs can facilitate the reaction, supporting 

the deactivation drives from the leaching of Na species rather than the reduction of Au. 

Following in-depth analysis of the kinetics and reaction mechanism, we, for the first 

time, clearly demonstrate kinetics of catalytic intramolecular cyclization of alkynoic 

acid substrate over supported Au0 NPs. Additionally, the reaction is determined to be 

zero-order in substrate and the active sites are identified on the surface of the supported 

Au NPs. The rate-determining step of the reaction is presumed to be protodeauration 

with kinetic isotope effects. We proposed that Na salts in this case act as a base and 

might accelerate the addition of carboxylic acid to alkyne, thus changing the rate-

determining step. Furthermore, yields of more than 98% and TON above 9000 were 

obtained during the continuous flow reaction, showing that this catalytic system can be 

a promising green method in fine chemical synthesis. 
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Figure 1. Previously reports on intramolecular cyclization of alkynoic acids over (a) 

homogeneous Au catalysts and (b) heterogeneous Au catalysts, and (c) this work. 
 

5.2. Experimental 

5.2.1. Materials  

HAuCl4·4H2O was purchased from Tanaka Kikinzoku Kogyo K.K. Commercially 

available chemicals were supplied by FUJIFILM Wako Pure Chemical Corp. or Tokyo 

Chemical Industry. 5-Hexynoic acid was purified by distillation before use, and the 

other reagents were used without purification. m-ZrO2 (JRC-ZRO-4, monoclinic 

structure) and am-ZrO2 (JRC-ZRO-6, amorphous structure) were reference catalysts 
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obtained from the Catalysis Society of Japan. t-ZrO2 (SZ61152, tetragonal structure), 

CeO2 (HS), SiO2 (CARiACT Q-10), carbon (Tokusen Shirasagi), TiO2 (anatase, PC-

111), and WO3 were purchased from Saint-Gobain K.K., Daiichi Kigenso Kagaku 

Kogyo Co., Ltd., Fuji Silysia Chemical Ltd., Mitsubishi Corporation Life Sciences Ltd., 

Titan Kogyo Ltd., and FUJIFILM Wako Pure Chemical Corp, respectively. 

5.2.2. Catalyst Preparation 

Preparation of supported Au NP catalysts by an impregnation (IP) method  

    A convenient impregnation method using chloride-free and water-soluble Au 

complex Au–(β-ala) was employed to prepare the small nanoparticles[34]. 

The Au complex precursor (Au: 10 mg) was dissolved in distilled water (The 

amount of distilled water used for different supports was as follows: Au/ZrO2: 0.2 mL, 

Au/WO3: 0.4 mL, Au/C: 0.5 mL, Au/SiO2 and Au/TiO2: 1.0 mL). The support powder 

(990 mg) was added to the solution of Au complex in a mortar, and the mixture was 

stirred for 20 min at room temperature (approx. 25 °C). After impregnation, the solid 

was heated to 300 °C for 30 min and calcined for 30 min with air atmosphere. The 

catalysts obtained were directly used for catalytic reactions without further treatment. 

The targeted Au loading of all the catalysts prepared in this study was 1 wt%. The Au/m-

ZrO2 catalyst prepared by the impregnation method was written as Au/m-ZrO2 (IP). 

Preparation of Au/m-ZrO2 catalysts by a deposition–precipitation (DP) method  

    m-ZrO2 (1.0 g) was added to distilled water (50 mL) and stirred continuously for 

10 min. An aqueous solution (25 mL) with (NH4)2CO3 (2.4 g) that had been previously 

prepared was added to the suspension. Then drops of HAuCl4·4H2O (3 mM, 50 mL) 

aqueous solution were added slowly over a period of 30 min and the mixture was stirred 

for 4 h at room temperature (approx. 25 °C). After collection by filtration, the solid was 

washed with hot water (70 °C, 200 mL), and dried in air at 70 °C overnight. The 

calcination process was the same as that in the impregnation method. The Au/m-ZrO2 

catalyst prepared by the DP method was written as Au/m-ZrO2. Au loading amount of 

prepared Au/m-ZrO2_DP was 0.9 wt%, as determined by microwave plasma atomic 

emission spectrometry (MP-AES). 
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Alkali metal modification of Au/m-ZrO2 

Na-Au/m-ZrO2 catalysts were prepared by a post-modification of Au/m-ZrO2 with 

alkali metal salts (1 M) via grinding (1500 rpm). Subsequently, all the catalysts were 

dried at room temperature under a vacuum condition for 6 h. In addition, MgO/m-ZrO2 

was prepared based on a previously reported method[51]. Then, the Au/MgO/m-ZrO2 

catalysts were prepared by the DP method described above. 

5.2.3. Catalyst characterization 

    High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were obtained using a JEOL JEM-ARM200F microscope 

operated at 200 kV. The loading amount of Au for the prepared catalysts were detected 

using MP-AES on Agilent 4100 system. The crystalline structure and size of gold 

nanoparticles were measured via powder X-ray diffraction (PXRD) using a Rigaku 

MiniFlex600 equipped with a Cu Kα radiation source. The properties of the surface 

species were analyzed via XPS using a Shimadzu-AXIS-165 spectrometer equipped 

with Al Kα radiation at a pressure below 10–8 Pa. The obtained binding energies were 

calibrated to the C 1s peak at 284.8 eV. XPS spectra were further analyzed using XPS 

PEAK41 software. The local structures of Au nanoparticles were analyzed using Au 

LIII-edge X-ray absorption fine structure (XAFS) spectra collected at the BL14B2 

beamline of SPring-8 (Hyogo, Japan)[52]. Diffuse reflectance infrared Fourier 

transform (DRIFT) spectra were recorded using JASCO FT/IR-6100 V equipped with 

a heat chamber. The powder sample was pretreated in an air flow (50 mL min–1) at 

250 °C for 1 h, and then exposed to 10 vol% CO in He (40 mL min–1) at −180 °C for 

35 min. DRIFT spectra were obtained by subtracting the background spectrum. After 

Au sites had been saturated with CO, a flow of N2 (30 mL min–1) was performed, and 

the spectra were collected at −180 °C. The yields of the compounds discussed in this 

paper were determined by 1H NMR spectra using a JEOL JNM-ECS400 spectrometer. 

Besides, 1H and 13C NMR spectra of the substrates were also analyzed on a JEOL JNM-

ECS400 spectrometer. 
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5.2.4. Catalytic test 

A screw cap vial was charged with a supported Au catalyst and a magnetic stirring 

bar, then an anhydrous solvent, alkynoic acid was added under N2 flow. The reaction 

tube was sealed, and the mixture was stirred at 50 °C. After the reaction, the mixture 

was cooled to room temperature (approx. 25 °C) and centrifuged. The supernatant of 

the reaction mixtures was analyzed using 1H NMR after adding mesitylene as the 

internal standard. In the reusing experiments, the reaction was subjected to the same 

process as normal. After the reaction, the used catalyst was washed using Et2O twice 

and dried in a vacuum for 3 h before reusing. 

5.2.5. Flow Reaction 

A column reactor (diameter: 10 mm, Length: 50 mm) was packed with Au/m-ZrO2 

(0.4 g, Au: 0.018 mmol) mixed with 2.6 g sea sand. In addition, cotton was fitted at 

each end. A mixture CH2Cl2 solution with mesitylene (0.1 M), 5-hexynoic acid 1a (1.0 

M), and pre-dissolved Na2CO3 (0.5 mol%) was continuously pumped into the column 

reactor in a rate of 0.05 mL/min. The column was set vertically in a downward flow 

method. A fraction of the mixture was collected from the exit of the column every few 

hours or overnight. The yields were determined by 1H NMR analyses. 

 

5.3. Results and Discussion 

We examined the catalytic activity with the metal oxide-supported Au NP catalysts 

prepared by the simple impregnation (IP) method developed in our previous 

research[31], in which a chloride-free and water-soluble complex Au–(β-ala) was used 

as the precursor. This method has been established to have the ability to prepare stable 

and small Au nanoparticles on most of the supports. 

Among the prepared catalysts, m-ZrO2- and SiO2-supported Au NPs produced 2a 

in 100% yields (Table 1, entries 1−4).  

Their reuse performance is presented in Tables 2 and 3, and the results reveal the 

superior reusability of Au/m-ZrO2 in this reaction, comparing with that of Au/SiO2. In 

contrast, Au/TiO2 and Au/WO3 only exhibited low yields (entries 5 and 6), and Au/C 
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and Au/CeO2 even showed almost no yields (entries 7 and 8). Additionally, because the 

different crystalline structures of zirconium oxides have in recent decades been reported 

to have notable effects on catalytic reactions[53–55], we discuss three kinds of 

zirconium oxides: amorphous (am-ZrO2), tetragonal (t-ZrO2), monoclinic (m-ZrO2). 

Compared with the high catalytic activity of Au/m-ZrO2, trace 2a was detected after the 

reaction when Au/am-ZrO2 (entry 9) was used, and only 21% yield was obtained over 

the Au/t-ZrO2 (entry 10). The different behavior of m-ZrO2 might be attributed to 

differences in acidic/basic properties as well as the concentrations of hydroxyl group 

on the surface [56,57]. 

Table 1. Intramolecular cyclization of 1a using supported Au NP catalysts prepared 

by the impregnation methoda 

 

Entry Catalyst Au amount/mol% Yield/%b TOF/h-1 

1 Au/SiO2 0.1 100 42 

2 Au/SiO2 0.05 100 83 

3 Au/m-ZrO2 0.1 100 42 

4 Au/m-ZrO2 0.05 100 83 

5 Au/TiO2 1.0 14 1 

6 Au/WO3 1.0 42 2 

7 Au/C 0.2 trace – 

8 Au/CeO2 1.0 n.d. – 

9 Au/am-ZrO2 0.1 trace – 

10 Au/t-ZrO2 0.1 21 9 
aReaction conditions: 1a (0.3 mmol), 1 wt% Au/support (0.05–1 mol%), CH2Cl2 (0.6 mL), 
50 °C, 24 h, under N2. bDetermined by 1H NMR analysis using mesitylene as an internal 
standard. 
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Table 2. Reusing test of Au/m-ZrO2 (IP) in the catalytic intramolecular cyclization of 

1aa 

 

Entry Run Yield/%b 

1 1st 100 

2 2nd 100 

3 3rd 100 

4 4th 100 

5 5th 100 

6 6th 87 

7 7th 75 

8 8th 69 
aReaction conditions: 1a (3 mmol), 1 wt% Au/m-ZrO2 (IP) (Au 0.2 mol%), CH2Cl2 (1.5 mL), 
50 °C, 24 h, under N2. bDetermined by 1H NMR analysis using mesitylene as an internal 
standard.  
 

Table 3. Reusing test of Au/SiO2 (IP) in the catalytic intramolecular cyclization of 1aa 

 

Entry Run Yield/%b 

1 1st 100 

2 2nd 89 

3 3rd 86 

4 4th 76 
aReaction conditions: 1a (3 mmol), 1 wt% Au/SiO2 (IP) (Au 0.2 mol%), CH2Cl2 (1.5 mL), 
50 °C, 24 h, under N2. bDetermined by 1H NMR analysis using mesitylene as an internal 
standard. 
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Because the catalytic activity of supported Au NPs usually depends on the sizes 

of Au NPs[58,59]; therefore, the particle size distribution of the prepared catalysts 

Au/m-ZrO2 (IP) was measured by HAADF-STEM. The result shows a uniform 

distribution of particles with an average size of 2.4 nm (Fig. 2a). The size of Au NPs in 

Au/SiO2 (IP) was also calculated to be 3.1 nm by XRD (Fig 3).  

 
Figure 2. Characterization results of Au/m-ZrO2 (IP). (a) BF-STEM image, (b) Au LIII-

edge XANES spectra, (c) Au 4f XPS spectra, and (d) Na 1s XPS spectra. 

  

10581062106610701074

In
te

ns
ity

Binding energy / eV
8083868992

In
te

ns
ity

Binding energy / eV

2.4 ± 0.8 nma b

c d

11900 11920 11940 11960

N
or

m
al

iz
ed

 a
bs

or
pt

io
n

Photon energy / eV

Au/m-ZrO2 (IP)
Au foil

Au 4f Na 1s83.5

1071.0

1068.5

87.2

86.2
82.5

0

25

50

75

100

<0.5 1 2 3 4 5 6 7

C
ou

nt
s

Particle size / nm



 
 

101 

 

Figure 3. XRD pattern of Au/SiO2 (IP). 

    In addition, the prepared Au catalysts were analyzed by XAFS, and Au LIII-edge 

X-ray absorption near edge structure (XANES) spectra attested the presence of Au0 

NPs in the catalysts with the reference sample of Au foil (Fig. 2b). Moreover, XAFS 

analysis of the Au0 NPs supported by t-ZrO2 and SiO2 were conducted (Fig. 4), and 

their XANES spectra, k3-weighted EXAFS oscillations, and radial structure functions 

were also compared, showing zero-valence of the supported Au NPs. 

 

    XPS was performed to analyze the chemical state of surface species. In the Au 4f 

spectra, Au species on the surface of the catalyst were primarily Au0 state with binding 

energy of 83.5 eV (Au 4f7/2) and 87.2 eV (Au 4f5/2) (Fig. 2c)[60–62]. Furthermore, a 

couple of peaks of 82.5 eV (Au 4f7/2) and 86.2 eV (Au 4f5/2) was observed after fitting 

the curve, which were relatively low for normal supported Au NPs and possibly 

contributed to the negatively charged Au0 particles (Auδ−)[63,64]. Therefore, we 

inferred the possible presence of elements acting as electron donors around the 

supported Au NPs. Meanwhile, during the surveying sweeps, an evident signal around 

1071.0 eV was observed, which should belong to the 1s peak of Na[65]. The Na 1s XPS 

profile is shown in Figure 2d, and the peak in a relatively low binding energy (1068.5 

eV) may be derived from the Na+ bonded to oxygen in the transition metal oxide[66], 
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such as ZrO2. Indeed, the residual basic counterion of the Na cation would act as an 

electron-donating ligand and cause the negative charge of Au species. Besides, the Na 

salts could trigger the reaction by deprotonating the carboxylic acid and then facilitate 

the addition of carboxylic acid group to alkynes. The source of Na would be the NaOH 

reagent used in the preparation process of Au–(β-ala) complex. In the preparation 

process of Au NPs catalysts, bases or reducing agents containing Na salts are often used 

in large quantities, and the complete removal of these Na species from the surface of 

the catalyst is usually difficult, thus affecting the catalytic reactions[39,67]. 

 
Figure 4. Results of XAFS analysis of Au/m-ZrO2, (IP) Au/t-ZrO2, and (IP) Au/SiO2 

(IP). (a) Au LIII-edge XANES spectra, (b) k3-weighted EXAFS oscillations, and (c) 

radial structure functions (k = 2–10 Å–1). 
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To remove the influence of the residual Na species and clarify the active sites of 

the Au/m-ZrO2 (IP) catalyst, a normal Au/m-ZrO2 catalyst prepared by the deposition 

precipitation (DP) method was discussed. Considering that the Na salts should play the 

role of bases, an analysis on the intramolecular cyclization of 1a over Au/m-ZrO2 with 

the addition of a normal base Na2CO3 was performed (Table 4). Only low yield and 

TOF were obtained when using the Au/m-ZrO2 prepared by the Na-free DP method 

(entry 1). After directly adding the Na2CO3 to the catalyst or the reaction system, the 

TOF turned up to 153 h–1 and 157 h–1, respectively (entries 3 and 4), which were higher 

than the 130 h1 of Au/m-ZrO2 (IP) (entry 7). Meanwhile, organic base triethylamine 

was added to the reaction and contributed to a TOF of 163 h1, demonstrating the 

essential role of base to this reaction (entry 5). Moreover, the amount of Au was 

investigated; a TOF exceeding 100 h1 could still be achieved under Au 0.01 mol% and 

a stable TOF was achieved if the Au amount was not too low (entries 6 and 8). Among 

the Na-added Au/m-ZrO2 catalyst, the Na-Au/m-ZrO2 prepared by grinding yielded the 

highest TOF (250 h1) (entry 9), which may be due to the improved distribution of the 

Na salts achieved by grinding[68]. Additionally, a Na-modified m-ZrO2 was prepared 

and no generation of 2a was detected (entry 10). In addition, reaction under air 

atmosphere was also investigated, and a TOF of 223 h1 was obtained.  
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Table 4. Intramolecular cyclization of 1a over Au/m-ZrO2 prepared or treated by 

different methodsa 

 

Entry Catalyst Method Time/h Yield/%b TOF/h-1 

1 Au/m-ZrO2 Au DP 24 8 7 

2 Na-Au/m-ZrO2 Au DP, Na2CO3 (IP) 24 100 83 

3 Na-Au/m-ZrO2 Au DP, Na2CO3 (IP) 6 46 153 

4 Au/m-ZrO2 Au DP, Na2CO3 (addition) 6 47 157 

5 Au/m-ZrO2 Au DP, Et3N (addition) 6 49 163 

6c Na-Au/m-ZrO2 Au DP, Na2CO3 (IP) 24 25 104 

7 Au/m-ZrO2 (IP) Au IP 2 52 130 

8d Na-Au/m-ZrO2 Au DP, Na2CO3 (IP) 2 63 158 

9d Na-Au/m-ZrO2 Au DP, Na2CO3 (grinding) 2 100 250 

10e Na/m-ZrO2 Na2CO3 (IP) 6 n.d. – 

11f Na-Au/m-ZrO2 Au DP, Na2CO3 (grinding) 2 89 223 
aReaction conditions: 1a (1 mmol), Au/m-ZrO2 (0.05 mol%), alkali metal salts or base (0.4 
mol%), CH2Cl2 (0.5 mL), 50 °C, N2. bDetermined by 1H NMR analysis using mesitylene as an 
internal standard. cAu amount was 0.01 mol%, alkali metal salts was 0.09 mol%. dAu amount 
was 0.2 mol%, alkali metal salt amount was 1.7 mol%. eCatalyst weight was 40 mg. fReaction 
atmosphere was air. 

The advantage of Na salt modification by the grinding process was further 

discussed using Na2CO3 and a more stable Na salt, Na3PO4 (Table 5). Similar results 

were obtained for the modification methods, and it reveals that Na-Au/m-ZrO2 catalysts 

prepared by grinding are more active than those prepared by impregnation.  
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Table 5. Effect of bases and modification methods for Na-Au/m-ZrO2 catalystsa 

 

Entry Na source Modification method Yield/%b TOF/h-1 

1 NaOH residual species 52 130 

2 Na2CO3 impregnation 63 158 

3 Na3PO4 impregnation 60 150 

4 Na2CO3 grinding 100 250 

5 Na3PO4 grinding 100 250 

6c Na2CO3 grinding 50 250 

7c Na3PO4 grinding 47 235 
aReaction conditions: 1a (1 mmol), 1 wt% Na-Au/m-ZrO2 (Au 0.2 mol%, Na 1.7 mol%), 
CH2Cl2 (0.5 mL), 50 °C, 2 h, N2. bDetermined by 1H NMR analysis using mesitylene as an 
internal standard. cReaction time was 1 h. 

Afterwards, other Na salts and carbonates of K, Cs, and Li were used to undertand 

the effects of alkali metals and their counter anions (Table 6). Under the same grinding 

process, Na2CO3 showed higher activity than K2CO3, Cs2CO3, and Li2CO3 (entries 2−5). 

This revealed the high basicity of salts might lower the Lewis acidity of the supported 

Au NPs, and the Na salts could supply the opportune basicity. Catalytic activity of 

Au/m-ZrO2 modified with Na2CO3 or Na3PO4 salt was inferior to that of the others 

(entries 6−9). Because the Na salts can be dissolved in the reaction conditions to some 

extent, the effects of the insoluble base of hydrotalcite and MgO were evaluated in this 

reaction, which gave very low yields (entries 10 and 11).  
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Table 6. Intramolecular cyclization of 1a over Au/m-ZrO2 modified with different 

basic speciesa 

 

Entry Catalyst Modification Yield/%b TOF/h-1 

1 Au/m-ZrO2 – 7 18 

2 Na-Au/m-ZrO2 Na2CO3 100 250 

3 K-Au/m-ZrO2 K2CO3 81 203 

4 Cs-Au/m-ZrO2 Cs2CO3 51 128 

5 Li-Au/m-ZrO2 Li2CO3 36 90 

6 Na-Au/m-ZrO2 Na3PO4 100 250 

7 Na-Au/m-ZrO2 NaOH 91 228 

8 Na-Au/m-ZrO2 NaHCO3 70 175 

9 Na-Au/m-ZrO2 NaCl 31 78 

10 Au/m-ZrO2 Hydrotalcitec n.d. – 

11 Au/MgO/m-ZrO2 MgO n.d. – 
aReaction conditions: 1a (1 mmol), 1 wt% Au/m-ZrO2 (Au: 0.2 mol%, alkali metal salts: 1.7 
mol%), CH2Cl2 (0.5 mL), 50 °C, 2 h, N2. bDetermined by 1H NMR analysis using mesitylene 
as an internal standard. cThe weight was 4 mg. 
 

Furthermore, based on the optimized catalyst and reaction condition, the effect of 

the solvent was also discussed, and a higher reaction efficiency was obtained when 

using CH2Cl2 as the solvent than those using the others (Table 7). Meanwhile, a 

secondary result (TOF = 158 h–1) can be achieved even under neat conditions. 
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Table 7. Effect of solvents catalytic intramolecular cyclization of 1aa 

 

Entry Solvent Yield/%b TOF/h-1 

1 neat 63 158 

2 CH2Cl2 100 250 

3 CHCl3 56 140 

4 Toluene 52 130 

5 MeCN 43 108 

6 CH2Cl2c 88 220 
aReaction conditions: 1a (1 mmol), 1 wt% Na-Au/m-ZrO2 (Au 0.2 mol%, Na 1.7 mol%), 
CH2Cl2 (0.5 mL), 50 °C, 2 h, N2. bDetermined by 1H NMR analysis using mesitylene as an 
internal standard. cNon-purified CH2Cl2. 

To further uncover the function of Na modification, the effect of the Na loading 

amount was investigated using Na2CO3 (Fig. 5). Na-free 1 wt% Au/m-ZrO2 catalyst 

confirmed by the Na 1s XPS analysis showed a TOF of 18 h–1 (Fig. 6), which could be 

considered as the basic value for the following comparison. When the Na loading 

amount increased to 0.4 mol%, a TOF of 118 h-1 was obtained. For the 0.9 mol% one, 

more than 10-fold enhancement was observed in catalytic activity. However, as the 

loading amount increased from 1.7 mol% to 3.4 mol%, no significant change was 

observed in TOF. The above results reveal that a significant enhancement effect can be 

realized even if a small amount of Na species is added to the Au/m-ZrO2 catalysts. In 

addition, the enhancement effect becomes steady after the Na loading amount over 1 

wt% (1.7 mol%, Na/Au > 9), which may imply surface modification with Na salts, 

becomes saturated. Moreover, when the catalyst is loaded with a relatively excess 

amount of Na species, the catalytic efficiency should begin to be limited by the number 

of active sites from Au NPs. 
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Figure 5. Investigation of the influence of Na loading amount on the catalytic 

intramolecular cyclization of 1a. 
 

 
Figure 6. Na 1s XPS spectra of Au/m-ZrO2, Na-Au/m-ZrO2, Au/m-ZrO2 (IP), and Na-

Au/m-ZrO2-used (after the 4th run). 
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A reusing test was carried out using the optimized Na-Au (1:1 wt%)/m-ZrO2 to 

investigate its reusability (Table 8). High yields could be maintained until the second 

run, and a steep drop was observed during the third run, which is attributed to the 

leaching of Na species (Fig. 6).  

Table 8. Reusing test of the Na-Au/m-ZrO2a 

 

Entry Run Na addition Yield/%b 

1 1st Na2CO3 100 

2 2nd – 100 

3 3rd – 94 

4 4th – 46 

5c 5th Na2CO3 100 
aReaction conditions: 1a (1 mmol), 1 wt% Au/m-ZrO2 (Au 0.05 mol%, Na 0.4 mol%), CH2Cl2 
(0.5 mL), 50 °C, 24 h, under N2. bDetermined by 1H NMR analysis using mesitylene as an 
internal standard. cNa2CO3 addition (0.4 mol%) was performed again. 

Following the later addition of Na2CO3 to the recycled catalyst, the yield returned 

to the same level as that of the fresh catalyst. This reveals that the active sites of Au 

NPs can remain active until reused four times. In addition, replenishing the loss of the 

Na species should achieve stable and multiple reuses. To confirm the catalytic system 

developed in this research could be a reliable green synthesis route for further 

application, we conducted this reaction with a continuous flow reactor. In the first 24 h, 

the yield remained above 98%, and there was almost no significant deterioration (Fig. 

7).  
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Figure 7. Relationship between yield and time in the continuous synthesis of 2a using 

a flow reactor. 
 

After a continuous flow reaction of 72 h, a total TON above 9000 was achieved 

(Table 9). This should be the highest TON of heterogeneous Au catalysts for the 

intramolecular cyclization of 1a, and the feasibility in flow synthesis also provides 

significant reference for synthesizing these compounds using a green method. 
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Table 9. Continuous flow synthesis of 2a with Na-modified Au/m-ZrO2a 

 

Entry Reaction time/h Yield/%b 

1 0 0 
2 1 49 

3 2 98 

4 4 99 

5 8 98 
6 20 99 

7 24 98 

8 28 95 
9 32 92 

10 44 87 

11 48 85 
12 52 84 

13 56 86 

14 68 85 

15 72 94 
aReaction conditions: 1 wt% Au/m-ZrO2 (400 mg), 1a (23.2 g), CH2Cl2 (210 mL), Na2CO3 (110 
mg), mesitylene, 50 °C, flow rate: 0.05 mL/min. bDetermined by 1H NMR analysis using 
mesitylene as an internal standard.  
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Moreover, the catalysts recycled from the continuous flow reaction were 

investigated by XRD, and the slightly increased intensity in the region of Au (111) 

phase showed the agglutination of Au NPs was a reason for the decrease in yield during 

a long time reaction (Fig. 8). 

 
Figure 8. XRD patterns of the fresh catalyst and the used catalyst after flow reaction. 

     

XAFS analysis was used to confirm the changes in chemical valence states of gold 

nanoparticles after the addition of Na2CO3 for the optimized Na-Au/m-ZrO2 (Fig. 9). 

No visible change was observed in XANES spectra, revealing that the active species of 

both the catalysts should be the zero-valent Au NPs. Furthermore, XRD was also 

performed over the m-ZrO2, Au/m-ZrO2, and Na-Au/m-ZrO2 (Fig. 10). The loading of 

Au NPs and the Na salts evidently causes no changes in the reflecting peaks, verifying 

that the Au NPs and Na salts were highly dispersed. 
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Figure 9. XAFS analysis of Au/m-ZrO2 and Na-Au/m-ZrO2. (a) Au LIII-edge XANES 

spectra, (b) k3-weighted EXAFS oscillations, and (c) radial structure functions (k = 2–

10 Å–1). 

 

Figure 10. XRD patterns of Au/m-ZrO2 and Na-Au/m-ZrO2 with m-ZrO2 as the 

reference. 
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Au 4f XPS profile of the Na-free Au/m-ZrO2 was also collected and analyzed via 

peak deconvolution (Fig. 11a). Au species on the m-ZrO2 were primarily in the Au0 

(83.5 eV, Au 4f7/2; 87.2 eV, Au 4f5/2) with components from Auδ+ (84.5 eV, Au 4f7/2; 

88.2 eV, Au 4f5/2)[69–72]. After the addition of Na salts to the catalysts, the peaks 

belonging to Auδ+ disappeared and a couple of negatively charged peaks were observed 

in 82.5 eV (Au 4f7/2) and 86.2 eV (Au 4f5/2) (Fig. 11b), which exhibited the same 

binding energy as that of the Auδ− species illustrated in Figure 2. 

 
Figure 11. Au 4f XPS spectra of (a) Au/m-ZrO2, and (b) Na-Au/m-ZrO2. 
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    The catalyst recycled from the reusing test was also analyzed; apart from the Au0 

species in 83.5 eV (Au 4f7/2) and 87.2 eV (Au 4f5/2), a couple of relatively weak peaks 

were observed in 82.5 eV (Au 4f7/2) and 86.2 eV (Au 4f5/2) (Fig. 12). Therefore, the 

relationship between Auδ− species and Na species was confirmed by contrasting the Au 

4f and Na 1s XPS spectra. Na salts added to the Au/m-ZrO2 act as an electron donor 

and account for the negatively charged Au species. 

 

Figure 12. Au 4f XPS spectra of Na-Au/m-ZrO2-used (after the 4th run). 

     

To elucidate the role of Na salts on the Au/m-ZrO2, XPS spectra of Zr 3d were also 

investigated (Fig. 13). The Zr 3d peaks of the catalysts containing Na species shifted 

by 0.2 eV to lower binding energy compared with those of the Na-free Au/m-ZrO2 and 

used Na-Au/m-ZrO2 catalysts. This can be considered as the negative charge effect from 

the Na salt, revealing the adhesion of Na species on the surface of m-ZrO2 and the 

strong interaction between m-ZrO2 and Na species. Moreover, the further reduced Zr 

species (178.5 eV, Zr 3d5/2; 180.9 eV, Zr 3d3/2) in Au/m-ZrO2 (IP) catalysts might be 

related to the partial reduction of m-ZrO2 caused by the existence of Na species during 

the calcination[35]. 
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Figure 13. Zr 3d XPS spectra of Au/m-ZrO2, Na-Au/m-ZrO2, Au/m-ZrO2 (IP), and Na-

Au/m-ZrO2-used (after the 4th run). 

 

    Meanwhile, CO-DRIFT analysis was also used to characterize the surface species 

of Au NPs (Fig. 14). Compared with the spectrum of support m-ZrO2, peaks belonging 

to both Au0-CO and Auδ−-CO were observed from the Na-containing Au/m-ZrO2 

catalysts[64,73,74]. This is consistent with the XPS spectra. Therefore, although it was 

reported that supported Auδ+ species is active for the intramolecular cyclization of 

alkynoic acids, considering the results in this study, reduced Au species may also be 

active, and the addition of Na salts should play the key role during the catalytic reaction. 
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Figure 14. CO-DRIFT measurements of m-ZrO2 and Au/m-ZrO2 (IP). 

The maximum reaction efficiency was proved to be limited by the number of 

active sites; therefore, clarifying active sites is significant. Initially, calcination process 

was controlled and thus catalysts with different Au particles sizes were obtained (Fig. 

15a–d). When the calcination temperature was 500 °C, only mild aggregation occurred, 

compared with the sample at 300 °C. However, an average size above 10 nm was 

observed with the calcination temperature of 600 °C. Subsequently, these catalysts with 

Na salt modification were used in a group of kinetic investigations (Fig 15e). Based on 

the results in the time course of the yield over the Na-Au/m-ZrO2 catalysts with 

different Au particles sizes, a linear relationship between yield and reaction time was 

found. Thus, this reaction should be a zero-order in substrate. Afterwards, we tried to 

calculate and fit the kinetic data in relation to the model of active Au atoms on surface 

area or the model of active Au atoms on interface perimeter. The data of the catalytic 

reaction are highly consistent with the model of active Au atoms on surface area (Fig. 

15f)[72], rather than the model of interface perimeter[75,76]. This is the first time that 

a clear kinetic demonstration of catalytic intramolecular cyclization of alkynoic acid 

substrate has been achieved on supported Au0 NPs, and the following two important 

points are confirmed. The reaction is zero-order in substrate and the active sites are on 

the surface of the supported Au NPs. This will provide valuable reference for the 

development of additional green reactions over supported Au NPs catalysts in the future. 
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Figure 15. Investigation of the reaction kinetics and active sites of the catalyst. BF-

STEM images of Na-Au/m-ZrO2 calcined at (a) 300 °C (C300), (b) 400 °C (C400), (c) 

500 °C (C500), and (d) 600 °C (C600). (e) Time course of the yields over catalysts with 

different particle sizes. (f) Relationship between the average particle size and TOF in 

the intramolecular cyclization of 1a (k represents the reaction rate and r is the average 

radius of Au NPs). 

11.2 ± 2.3 nm4.2 ± 1.0 nm

2.7 ± 0.6 nm 3.1 ± 0.7 nm

0

100

200

300

0 0.2 0.4 0.6 0.8

TO
F 

/ h
-1

r -1/nm-1

0

25

50

75

100

0 0.5 1 1.5 2

Yi
el

d 
/ %

Reaction time / h

C300 C400
C500 C600

a b

c d

e f

C300 C400

C500 C600

Active surface sites

Au

! ∝ 1$



 
 

119 

The substrate scope was also investigated under the optimized reaction conditions. 

The Na-Au/m-ZrO2 catalysts also provided satisfactory reaction activity for the 

intramolecular cyclization of other alkynoic acids (Table 10).  

Table 10. Intramolecular cyclization of alkynoic acids catalyzed by Na-Au/m-ZrO2a 

 
 aReaction conditions: substrate (1 mmol), 1 wt% Na-Au/m-ZrO2 (Au 0.2 mol%, Na 1.7 mol%), 
CH2Cl2 (1 mL), 50 °C, 5 h, N2. bDetermined by 1H NMR analysis using mesitylene as an internal 
standard. cReaction scale was 0.5 mmol. dIsolated yield. eReaction time was 24 h. 

Yields as high as 100% were detected when 4-pentynoic acid (1b) and 2-phenyl-

4-pentenoic acid (1c) were tested. A relatively low yield of 94% was obtained in the 

conversion of 5-phenyl-4-pentynoic acid (1d) without any noticeable formation of 

byproducts. Moreover, the presence of electron-donating methoxy in phenyl at the end 
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of the alkyne(1e) was also evaluated, and a yield of 70% for the pentatomic ring product 

and 30% for the hexatomic ring product was detected. On the other hand, the presence 

of electron-withdrawing trifluoromethyl (1f) only provided a relatively low yield of 

68%, showing the distinct electron effect from the substrates.  

Considering the property of Au0 NPs and previous reports about similar reactions 

over homogeneous Au(I) catalysts, the rate-determining step of the intramolecular 

cyclization of alkynoic acids over supported Au0 NPs catalysts could be considered as 

the addition of carboxylic acid to alkyne or the protodeauration[77,78]. To address this 

uncertainty, an isotopic effect investigation was performed to confirm the rate-

determining step of this reaction. Under the same reaction conditions used above, a 

deuterated substrate RCOOD 1a-d1 which was treated with CD3OD, only gave a yield 

of 16% for 2a and 8% for 2a-d1 (Scheme 1), and the formation of 2a should be derived 

from the incompletely deuterated substrate. On the contrary, a significant yield of 91% 

was detected when using the substrate treated by the normal methanol in a same process. 

This result proves the reaction is of zero-order with respect to substrate concentration. 

Here, we simply calculated the kH/kD by dividing the yield of 91% (without deuterium) 

with the yield of 8% (with deuterium). Therefore, a kinetic isotopic effect (KIE) was 

observed in this research, and a large KIE value (kH/kD = 11.4) should be related to the 

quantum tunneling effect[79].  

Scheme 1. Isotope effect on the protodeauration step in the catalytic intramolecular 

cyclization of 1a-d1 over Na-Au/m-ZrO2. 

 
aReaction conditions: 1a-d1 (1 mmol), 1 wt% Na-Au/m-ZrO2 (Au 0.2 mol%, Na 1.7 mol%), 
CH2Cl2 (0.5 mL), 50 °C, 2 h, under N2. bTreated with CD3OD (see details in supporting 
information). cDetermined by 1H NMR analysis using mesitylene as an internal standard.  
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This result reveals that the rate-determining step of this reaction over Na-Au/m-

ZrO2 catalyst should be the protodeauration. The Na species on the surface of the 

catalyst likely act as bases and promote the nucleophilic attack of the carboxylic acid, 

thereby accelerating the addition of carboxylic acid to alkynes. 

In addition, an isotopic effect investigation using a substrate with an alkynyl Csp-

D bond was also carried out on the stereoselectivity of the protonation process (Scheme 

2). This proved that the generation of the Z configuration product is favorable, the 

configuration of which is the same as in the cyclization of alkynoic acids using 

homogeneous Au(I) catalysts[25]. 

Scheme 2. Investigation on the stereoselectivity of protonation. 

 
aReaction conditions: 1b-d (1 mmol), 1 wt% Au/m-ZrO2 (prepared by IP method, Au 0.1 mol%, 
residual sodium), CH2Cl2 (0.5 mL), 50 °C, 24 h, under N2. bTreated with tert-BuLi and D2O at 
-78 °C. cDetermined by 1H NMR analysis using mesitylene as an internal standard. 

Based on the above results and analysis, a proposed catalytic cycle for the 

intramolecular cyclization was present (Scheme 2): (i) coordination of either the alkyne 

or the carboxylate to the surface of Au0 NPs and activation of the substrate by 

deprotonation with add of Na species; (ii) addition of carboxylic acid to alkyne and thus 

the intramolecular cyclization; (iii) protodeauration of vinyl gold intermediate.  
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Scheme 2. Proposed reaction mechanism of the intramolecular cyclization of alkynoic 

acids over Na-Au/ZrO2 catalysts. 

 
5.4. Conclusion 

In conclusion, we demonstrated that the atomically efficient intramolecular 

cyclization of alkynoic acids could be realized even over the supported Au0 NPs 

catalysts modified by sodium salts, which is a very stable and simple catalyst compared 

to the current ones. More than one order of magnitude of enhancement in the reaction 

efficiency was achieved by adding the Na2CO3 even below 1 mol%. The effects of the 

Na species on the surface of the catalysts were also investigated based on XPS. Even 

negatively charged Au0 NPs can facilitate the reaction. This study also conducted the 

analysis on kinetics. We, for the first time, provide a clear kinetic demonstration of the 

catalytic intramolecular cyclization of alkynoic acid substrate over supported Au0 NPs. 

The reaction is zero-order in substrate concentration and the active sites are on the 

surface of the supported Au NPs. The rate-determining step of the reaction is presumed 

to be protodeauration with the isotopic discussion. In addition, we proposed that the 

most desirable role of Na salts was accelerating the addition of carboxylic acid to alkyne 

and changed the rate-determining step. Furthermore, continuous yields of more than 

98% and TON above 9000 were obtained during the flow reaction, verifying that this 

catalytic system can be a promising green method in the synthesis of fine chemicals. 

Moreover, the essential role of Na and the uncovered active sites on the surface of 
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nanoparticles could map out the strategies for the design of catalyst composition and 

active sites. 
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Chapter 6.  

Effect of the structure of metal oxide support on 
the activity of supported Au nanoparticles in 

soft Lewis acid catalysis  
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6.1. Introduction 

    Supported Au catalysts were widely developed started from the 1980s by the 

revolutionary independent researches of Haruta and Hutchings[1,2]. It was discovered 

that small Au nanoparticles (NPs) supported by metal oxides (MOx) showed great 

catalytic activity for the CO oxidation[3]. In addition, supported Au NPs with the size 

below 5 nm were obtained by coprecipitation or deposition-precipitation method[4,5], 

and such Au NPs can provide superior catalytic activities in various reactions. Thus, 

these discoveries triggered developments of supported Au NPs catalysts for many types 

of reactions such as the normal hydrogenation and oxidation reactions[6,7]. Small Au 

NPs could show not only the effect of the increased number of surface Au sites, but 

also the changed chemical properties of surface Au atoms. In addition, It was also 

reported that as the size of Au NPs, the continuous valence bands of the bulk metal 

begin to separate in a discrete state, similar to semiconductor oxides[8]. 

    On the other hand, the catalytic activity of supported Au catalysts strongly depends 

on the kind of support [9]. Selecting a suitable support to stabilize the small NPs and to 

form an optimal contact structure between Au and the support is significant. For 

different reactions, the electronic state of the supported Au NPs can be regulated by 

adjusting the type of the support, thus to achieve the optimization of the reaction[10,11]. 

In addition, the structure like vacancies on the support also affect the catalytic activities 

[12,13]. Moreover, there is also a sabatier principle in the interaction between supported 

Au NPs and supports. Too strong of an interaction is demonstrated to trigger Ostwald 

ripening; however, too weak of an interaction stimulates particle migration and 

agglutination[14]. Furthermore, it was also reported that the catalytic activity of 

supported Au NPs could be regulated through changing the particle size of ZnO, and 

this was explained by an electronic modification of Au interface perimeter sites due to 

the electronic metal-support interactions (EMSIs)[15]. Meanwhile, the Au NP catalysts 

supported by ZrO2 with large particle size or small specific surface area also showed 

better activity than that by ZrO2 with small particle size or large specific surface 

area[16]. 
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    In recent decades, supported Au NPs have been developed as soft Lewis acid 

catalyst and discussed for the hydration, hydroamination, isomerization, and 

cyclization of alkynes or alkenes[17–21]. Au NPs supported by various metal oxides 

were discussed in these researches, and the effect of metal oxides was demonstrated 

significant. Since the specific surface area or the particle size of the metal oxide also 

affect the catalytic activities, we attempted to control the particle size or specific surface 

area of the metal oxides to improve the catalytic activity of the Au NPs supported by 

them.  

Herein, we found a practical method for regulating and optimizing the activities 

of metal-oxide supported Au NP catalysts. Its effect was investigated in the multiple 

reactions based on the soft Lewis acid function of Au NPs. By comparing the 

relationship between specific surface areas and catalytic activities of the prepared 

metal-oxide supported Au NP catalysts, the catalysts with smaller specific surface area 

showed better catalytic activity. This tread was obtained in the soft Lewis acid reactions, 

including isomerization, cyclization, and hydroamination reactions. In addition, after 

increasing the Au load densities and comparing their catalytic efficiencies. There is no 

sufficient evidence to prove that the high activity of Au NPs supported by metal-oxides 

with low specific surface areas comes from the reduced mass transfer limitation. In 

addition, XPS spectra reveal that the Au NPs supported by the metal-oxides with low 

specific surface areas tend to have higher binding energy, revealing that more Auδ+ 

species should form on their surfaces.  
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Figure 1. (a) Isomerization of allylic esters, (b) cyclization of alkynoic acid, (c) 

transvinylation of carboxylic acid, and (d) hydroamination of alkyne. 

 
6.2. Experimental 
6.2.1. Materials 

HAuCl4·4H2O was purchased from Tanaka Precious Metals Co., Ltd. But-3-ene-

1,2-diyl diacetate were purchased from Sigma Aldrich, Ltd., and but-2-ene-1,4-diyl 

diacetate was obtained from Mitsubishi Chemical Co., Ltd. 5-Hexynoic acid, aniline, 

benzoic acid, ethenyl acetate, were purchased from FUJIFILM Wako Pure Chemical 

Corp. Ethynylbenzene was purchased from Tokyo Chemical Industry Co., Ltd. 5-

Hexynoic acid and aniline were purified by distillation before use, and the other 

reagents were used as received. 

ZrO2 (NND) was reference catalyst obtained from the Catalysis Society of Japan, 

and commercial ZrO2 supports (SZ series) were purchased from Saint-Gobain Co., Ltd. 

CeO2 (JRC-CEO-1) and CeO2 (JRC-CEO-3) were obtained from the Catalysis Society 

of Japan. TiO2 (JRC-TIO-17, P25) was obtained from the Catalysis Society of Japan, 

TiO2 (STR-100N) was purchased from Sakai Chemical Industry Co., Ltd., and TiO2 

(ST-01) was purchased from Ishihara Sangyo Kaisha, Ltd. Al2O3 (JRC-ALO-9) and 
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Al2O3 (JRC-ALO-10) were reference catalyst obtained from the Catalysis Society of 

Japan, and Al2O3 (α-Al2O3) was purchased from FUJIFILM Wako Pure Chemical Corp. 

6.2.2. Preparation of catalysts 

    Annealing treatment was used to controlling the crystallite sizes of the chose metal 

oxides, and thus changing their specific surface area. The temperature was raised at a 

rate of 15 °C min−1, and the materials were then annealed at air atmosphere with the 

specified temperature for 3 hours. 

Metal oxide supported Au NPs catalysts were prepared by deposition-precipitation 

method (DP) as reported[20]. Support (1g) was added to distilled water (50 mL) and 

keep stirring for 10 min. An aqueous solution (25 mL) with (NH4)2CO3 (2.4 g) was 

prepared and added to the suspension. Then, the aqueous solution of HAuCl4·4H2O (3 

mM, 50 mL) was dropped to it slowly within 30 min, and the mixture was stirred for 4 

h. After filtration, the solid was washed with hot water (70 °C, 200 mL), and dried in 

air at 70 °C overnight. The calcination process was performed in air at 200 °C for 1 h 

and directly used for catalytic reactions without further treatment. All catalysts have a 

target Au loading of 3 wt%, unless otherwise specified. The bead catalysts were 

prepared by the same method from the bead supports without breaking into powders, 

and stirred using sealing mixer UZU. 

6.2.3. Characterization 

High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were performed with a JEOL JEM-ARM200F operated at 

200 kV. The loading amounts of prepared catalysts were detected by microwave plasma 

atomic emission spectrometry (MP-AES) on Agilent 4100 MP-AES. The crystalline 

structures of the catalysts were measured with Powder X-ray diffraction (PXRD) using 

a Rigaku MiniFlex600 equipped with a Cu Kα radiation source. The properties of the 

surface species were analyzed by X-ray photoelectron spectroscopy (XPS) using a 

Shimadzu-AXIS-165 spectrometer equipped with an Al Kα radiation source at pressure 

below 10-8 Pa. The obtained binding energies were calibrated to the C 1s peak at 284.8 

eV. XPS profiles were further analyzed using XPSPEAK41 software. The specific 

surface areas were measured using an automatic adsorption instrument BELSORP-Max 
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(MicrotracBEL) and were calculated by the Brunauer–Emmet–Teller (BET) method.  

All samples were degassed at 100 °C for 3 h before measuring the adsorption isotherms 

of N2 at –190 °C. 

The results of the isomerization and transvinylation including the calculation of 

conversions and yields of the compounds were detected by gas chromatography (GC) 

using an Agilent GC 6850 Series II equipped with a flame ionization detector (FID) 

and a J&W HP-1 column. The yields of the products for the cyclization and 

hydroamination were determined by 1H NMR spectroscopy (JEOL JNM-ECS400 

spectrometer). 

6.2.4. General procedure for the catalytic isomerization reaction 

A screw cap vial was charged with the prepared catalyst, substrate, and a magnetic 

stirring bar. Then the reaction mixture was stirred at 150 °C. The mixture was filtered 

after reaction, and the filtrate was analyzed by GC using tridecane as an internal 

standard.  

6.2.5. General procedure for the catalytic cyclization reaction 

A screw cap vial with a magnetic stirring bar was charged with the prepared 

catalyst and Na2CO3. Then, an anhydrous solvent and the alkynoic acid were added 

under N2 flow. The reaction tube was sealed, and the mixture was stirred at 50 °C. After 

the reaction, the mixture was cooled to room temperature and centrifuged. The 

supernatant of the reaction mixture was analyzed by 1H NMR spectroscopy after the 

addition of mesitylene as the internal standard. 

6.2.6. General procedure for the catalytic hydroamination reaction 

A screw cap vial with a magnetic stirring bar was charged with the prepared 

catalyst. Then, aniline and ethynylbenzene were added under N2 flow. The reaction 

tube was sealed, and the mixture was stirred at 100 °C. After the reaction, the mixture 

was cooled to room temperature and centrifuged. The supernatant of the reaction 

mixture was analyzed by 1H NMR spectroscopy after the addition of 1,3,5-

trimethoxybenzene as the internal standard. 
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6.2.7. General procedure for the catalytic transvinylation reaction 

Benzoic acid, vinyl acetate, catalyst, and a magnetic stirring bar were placed in a 

screw capp vial. The reaction was carried out in air at 100 °C with stirring. After the 

reaction, the reaction solution was analyzed by GC using tridecane as an internal 

standard. 

6.2.8. Continuous flow reactions 

Flow reaction for isomerization of but-2-ene-1,4-diyl diacetate was performed by 

a flow reactor (EYELA, Flow Factory, FFX-1000G). The stainless column (Φ10×50 

mm) bed reactor was packed with catalyst and sea sand. The column was set vertically 

in a downward flow mode. The reaction mixture was collected and analyzed by GC 

using tridecane as an internal standard. 

 

6.3. Results and Discussion 

6.3.1. Study on the ZrO2 support 

    In order to better understand the universality of the influence of supports on soft 

Lewis acid catalysis, commercial supports were used for preliminary discussion in this 

study. SZ31164 (monoclinic-ZrO2) and NND (amorphous-ZrO2) were annealed under 

different temperatures, and the changed on crystalline was analyzed by XRD (Fig. 2). 

Because the monoclinic is stable state for ZrO2, only the increases in crystalline sizes 

were observed for SZ31164. Meanwhile, both changes in crystalline phases and sizes 

were observed for NND. 
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Figure 2. XRD pattern of ZrO2 annealed at different temperature from (a) SZ31164 

and (b) NND. 

    Due to the support might contain organic impurities, they will decompose at high 

temperature and affect the catalyst activity. Some commercial ZrO2 supports with 

different crystalline phases and sizes were also used as reference in this research and 

analyzed by XRD (Fig. 3). 
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Figure 3. XRD pattern of SZ series supports. 

    The sizes of the supported Au NPs usually affect their catalytic activities. 

Therefore, while investigating the influence of other factors on the catalytic activity, it 

is necessary to prepare Au NPs of the same size as possible. HAADF-STEM was 

performed to compare the morphology and measure the average particle sizes of the 

supported Au NPs. For the catalysts prepared from the SZ31164 annealed at different 

temperatures, the average diameters of Au NPs prepared on the supports were around 

2.5 nm except for the support annealed at 1400 °C (Fig. 4). 
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Figure 4. BF-STEM images and histogram of particle sizes of Au/ZrO2 catalysts 

prepared from the SZ31164 with different annealing temperatures.  

    Additionally, morphology and the average particle sizes of Au/ZrO2 catalysts 

prepared from NND with different annealing temperatures were also measured by 

HAADF-STEM (Fig. 5). Because the presence of Au NPs was not observed on the 

unannealed NND-supported gold catalyst, its average particle size was not counted. 

The average particle sizes of Au NPs on these catalysts were around 2.2 nm.  

2.8 ± 0.7 nm 2.5 ± 0.6 nm 2.4 ± 0.6 nm

2.5 ± 0.6 nm 2.5 ± 0.7 nm 3.7 ± 0.9 nm

Au/SZ Au/SZ600 Au/SZ800

Au/SZ1000 Au/SZ1200 Au/SZ1400
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Figure 5. BF-STEM images and histogram of particle sizes of Au/ZrO2 catalysts 

prepared from the NND with different annealing temperatures. 

    The average sizes for the gold nanoparticles of catalysts prepared from unannealed 

SZ series commercial supports were also measured by HAADF-STEM (Fig. 6). The 

sizes of the Au NPs on the pure ZrO2 supports were still around 2.5 nm. However, the 

sizes of Au NPs on the metal oxide mixtures were increased greatly. 
  

2.3 ± 0.6 nm 2.2 ± 0.5 nm

2.0 ± 0.4 nm2.2 ± 0.5 nm

Au/NND400 Au/NND600

Au/NND800 Au/NND1000
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Figure 6. BF-STEM images and histogram of particle sizes of Au/ZrO2 catalysts 

prepared from the SZ series supports. 

    Through the above discussion, a total of 16 Au/ZrO2 catalysts with different 

support properties were prepared, and their Au loading amount, specific surface area, 

and average particle size were listed together (Table 1). 
  

2.5 ± 0.6 2.3 ± 0.4 4.7 ± 1.0

4.3 ± 1.0 2.4 ± 0.4

Au/SZ61152 Au/SZ39164 Au/SZ31107

Au/SZ31140 Au/SZ31163
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Table 1. Basic properties of Au/ZrO2 catalysts. 

Entry Catalyst Au loading amounta/wt% SBETb/m2 g-1 Au NP size /nm 

1 Au/SZ 2.5 94.3 2.8 ± 0.7 

2 Au/SZ600 2.5 48.2 2.5 ± 0.6 

3 Au/SZ800 2.5 20.1 2.4 ± 0.6 

4 Au/SZ1000 2.6 10.8 2.5 ± 0.6 

5 Au/SZ1200 2.1 2.2 2.5 ± 0.7 

6 Au/SZ1400 1.0 0.9 3.7 ± 0.9 

7 Au/NND 2.6 296.4 – 

8 Au/NND400 2.5 150.6 2.3 ± 0.6 

9 Au/NND600 2.6 73.8 2.2 ± 0.5 

10 Au/NND800 2.0 11.9 2.2 ± 0.5 

11 Au/NND1000 1.4 3.7 2.0 ± 0.4 

12 Au/SZ61152 2.6 136.8 2.5 ± 0.6 

13 Au/SZ39164 2.5 109.0 2.3 ± 0.4 

14 Au/SZ31107 2.4 92.4 4.7 ± 1.0 

15 Au/SZ31140 2.4 81.4 4.3 ± 1.0 

16 Au/SZ31163 2.4 52.5 2.4 ± 0.4 
a Determined by MP-AES. b Calculated by the images of HAADF-STEM. 

    To investigate the effects of these different supports on the activity of supported 

Au NPs in the soft Lewis acid catalyzed reaction, the intramolecular isomerization and 

cyclization reactions were used preferentially for evaluation. Initially, the catalytic 

activities of these catalysts were evaluated by the isomerization of 3,4-DABE (Table 

2). It can be roughly observed from the reaction results that the annealing of the 

supports enhances the catalytic activity. Meanwhile, the catalytic activities of these 

catalysts were also evaluated by the cyclization of 5-hexynoic acid (Table 3), and a 

same trend was also be observed. 
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Table 2. Results of Au/ZrO2 catalysts over the isomerization reaction of allylic esters. 

 
Entry Catalyst Conv.a/% Yield(E)a/% Yield(Z)a/% TON 

1 Au/SZ 37 33 2 140 

2 Au/SZ600 51 45 3 192 

3 Au/SZ800 55 47 4 204 

4 Au/SZ1000 58 52 4 224 

5 Au/SZ1200 58 51 4 220 

6 Au/SZ1400 47 41 3 176 

7 Au/NND 15 8 trace 32 

8 Au/NND400 22 15 1 64 

9 Au/NND600 43 37 3 160 

10 Au/NND800 57 49 4 212 

11 Au/NND1000 57 50 4 216 

12 Au/SZ61152 29 22 1 92 

13 Au/SZ39164 39 33 2 140 

14 Au/SZ31107 22 18 1 76 

15 Au/SZ31140 32 27 2 116 

16 Au/SZ31163 48 43 3 184 
a Determined by GC analysis using tridecane as an internal standard. 
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Table 3. Results of Au/ZrO2 catalysts over the cyclization reaction of alkynoic acid. 

 

Entry Catalyst Yield/% TON 

1 Au/SZ 29 145 

2 Au/SZ600 64 320 

3 Au/SZ800 75 375 

4 Au/SZ1000 82 410 

5 Au/SZ1200 72 360 

6 Au/SZ1400 75 375 

7 Au/NND n.d. – 

8 Au/NND400 2 10 

9 Au/NND600 30 150 

10 Au/NND800 80 500 

11 Au/NND1000 70 350 

12 Au/SZ61152 4 20 

13 Au/SZ39164 13 65 

14 Au/SZ31107 34 170 

15 Au/SZ31140 28 140 

16 Au/SZ31163 42 210 
a Determined by NMR analysis using mesitylene as an internal standard. 

    Afterwards, to better understand and investigate the above results, we conducted 

a further comparative study over the above data. The specific surface areas of the 

supports are large variables in the annealing treatment of the supports; therefore, the 

relationship between the specific surface area and the catalytic activities was mainly 

investigated here. In addition, because in the commercial supports of SZ series, 

SZ31107 and SZ31140 are mixtures of ZrO2 and SiO2 and TiO2, respectively; the effect 

of metal oxide mixing of SZ series is preferentially discussed (Fig. 7).  
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Figure 7. Relationship between TON and specific surface area of Au/ZrO2 catalysts 

prepared from commercial SZ series. 

    Except for commercial supports containing TiO2 or SiO2 component, supported 

Au NPs catalysts prepared from these commercial supports of SZ series showed linear 

relationship between relationship between turnover number (TON) and specific surface 

area both in isomerization reaction and cyclization reaction. These results reveal that 

the catalytic activities of the supported gold nanoparticles prepared from the metal 

oxide supports with low specific surface area is higher than those of the catalysts 

prepared from the same kind of metal oxide supports with high specific surface area. 

 

Figure 8. Relationship between TON and specific surface area of Au/ZrO2 catalysts 

prepared from ZrO2 supports. 
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    In addition, all the samples except SZ31140 and SZ31107, which are not pure 

ZrO2, were analyzed for the relationship between specific surface area and TON (Fig. 

8). The trend observed in catalysts prepared from SZ series support was observed in all 

the supported Au NPs catalysts prepared from ZrO2 discussed in this research. However, 

this trend stagnated when the specific surface area was low (below 10 m2/g), which 

may be due to the Au NPs tended to agglutinate when the loading density is high, thus 

affecting the catalytic activity. 

    Considering that the reduced specific surface is conducive to reducing the mass 

transfer limitation, Au/ZrO2 catalysts with Au loading amount were evaluated (Fig. 9). 

The changes in yield were observed in the isomerization reaction, but not occurred in 

the cyclic reaction. Therefore, the phenomenon discussed here seems to be independent 

of the mass transfer limitation, and changes in isomerization reaction should be due to 

the changes in stirring efficiencies under neat condition. 

 
Figure 9. Discussion on mass transfer limitation in isomerization and cyclization 

reaction. (Isomerization: Au 0.25 mol%; Cyclization: Au 0.20 mol%) 
6.3.2. Study on the multiple metal oxide supports and reactions 
    Because enhanced catalytic activities have been obtained by controlling the 
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and transvinylation were used to evaluate the catalytic activities of these catalysts as 

well as the isomerization and cyclization.  

    Four kinds of oxides were annealed at different temperatures to change their 

morphologies and structures, and a total of sixteen different supports samples were 

obtained. Then, all of them are prepared as supported Au NP catalysts under the same 

condition (Table 4). 

Table 4. Number of the discussed catalysts and the detailed information about the 

corresponding metal oxide supports. 

Entry Catalyst Support  Annealing temperature/°C 

1 Au/ZrO2-1 NND 400 

2 Au/ZrO2-2 SZ31164 – 

3 Au/ZrO2-3 SZ31164 600 

4 Au/ZrO2-4 SZ31164 1000 

5 Au/CeO2-1 JRC-CEO-1 – 

6 Au/CeO2-2 JRC-CEO-3 – 

7 Au/CeO2-3 JRC-CEO-3 1000 

8 Au/CeO2-4 JRC-CEO-3 1200 

9 Au/TiO2-1 ST-01 – 

10 Au/TiO2-2 STR-100N – 

11 Au/TiO2-3 P25 – 

12 Au/TiO2-4 STR-100N 1000 

13 Au/Al2O3-1 JRC-ALO-9 – 

14 Au/Al2O3-2 JRC-ALO-9 1000 

15 Au/Al2O3-3 JRC-ALO-10 – 

16 Au/Al2O3-4 Wako (015-13001) – 

 

    Afterwards, XRD pattern of these catalysts was collect and compared in the group 

of same metal oxide (Fig. 10). Changes in crystal structures were observed in the metal 

oxides, except the CeO2. In addition, the high-temperature crystalline phases could keep 
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relatively stable structures, and their narrow FWHM indicated their larger crystalline 

sizes. 

 
Figure 10. XRD pattern of the Au/MOx catalysts list in table 4. 

    The uniform distribution and the small Au NPs can be demonstrated by XRD by 

detecting whether there is an obvious peak at around 38.4° attributed to Au 111. No 

distinct peaks from Au NPs were obtained in Au/CeO2. However, there are serious 

interference of other peaks in the spectra of Au/ZrO2, Au/TiO2, and Au/Al2O3. 

Therefore, HAADF-STEM measurement was performed to confirm whether the 

average particle sizes are small and similar (Fig. 11–13). The results showed that 

similar Au NPs could be well prepared on metal oxides with various morphologies. 
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Figure 11. BF-STEM images and histogram of particle sizes of Au/ZrO2-n catalysts. 
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Figure 12. BF-STEM images and histogram of particle sizes of Au/TiO2-n catalysts. 
  

4.3 ± 1.2 nm 3.2 ± 1.3 nm 

3.3 ± 0.8 nm 3.0 ± 0.6 nm 

Au/TiO2-4Au/TiO2-3

Au/TiO2-2Au/TiO2-1



 149 

 

Figure 13. BF-STEM images and histogram of particle sizes of Au/Al2O3-n catalysts. 

     

    Au loading amounts of discussed Au/MOx catalysts were determined using MP-

AES, and their specific surface areas were measured by BET method. Basic properties 

of the Au/MOx with a total of sixteen different supports were concluded and listed 

together (Table 5). The specific surface areas of the catalysts were mainly in the range 

of 3–220 m2/g.  
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Table 5. Basic properties of discussed Au/MOx catalysts. 

Entry Catalyst Au loading amounta/wt% SBETb/m2 g-1 Au NP sizeb/nm 

1 Au/ZrO2-1 2.5 150.6 2.3 ± 0.6 

2 Au/ZrO2-2 2.5 94.3 2.8 ± 0.7 

3 Au/ZrO2-3 2.5 48.2 2.5 ± 0.6 

4 Au/ZrO2-4 2.1 10.8 2.5 ± 0.6 

5 Au/CeO2-1 2.6 149.2 < 5c 

6 Au/CeO2-2 2.8 70.8 < 5c 

7 Au/CeO2-3 2.2 27.6 < 5c 

8 Au/CeO2-4 1.0 3.2 < 5c 

9 Au/TiO2-1 2.7 213.6 4.3 ± 1.2 

10 Au/TiO2-2 2.1 79.8 3.2 ± 1.3 

11 Au/TiO2-3 2.5 49.9 3.3 ± 0.8 

12 Au/TiO2-4 1.4 5.4 3.0 ± 0.6 

13 Au/Al2O3-1 2.5 203.6 1.8 ± 0.5 

14 Au/Al2O3-2 2.6 155.6 2.1 ± 0.6 

15 Au/Al2O3-3 2.3 109.9 2.4 ± 0.7 

16 Au/Al2O3-4 1.4 4.6 2.6 ± 0.8 
a Determined by MP-AES. b Calculated by the images of HAADF-STEM. c Estimated by XRD. 

 

    Initially, isomerization of 3,4-DABE was used to evaluate the catalytic activities 

of the prepared Au/MOx (Table 6). For the catalysts prepared from different metal 

oxides, the Au NPs supported by metal oxides in high-temperature crystalline phases 

or with low specific areas provided higher TONs than those of the metal oxides in low-

temperature crystalline phases or with large specific areas. High TONs could be 

obtained if the supported Au NP catalysts were prepared using metal oxides with 

specific surface areas below 10 m2/g. 
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Table 6. Results of Au/MOx catalysts over the isomerization reaction of allylic esters. 

 
Entry Catalyst Conv.a/% Yield(E)a/% Yield(Z)a/% TON 

1 Au/ZrO2-1 22 15 1 64 

2 Au/ZrO2-2 37 33 3 140 

3 Au/ZrO2-3 51 45 3 192 

4 Au/ZrO2-4 58 52 4 224 

5 Au/CeO2-1 7 1 trace 4 

6 Au/CeO2-2 18 12 1 52 

7 Au/CeO2-3 34 28 2 120 

8 Au/CeO2-4 47 41 3 176 

9 Au/TiO2-1 9 3 trace 12 

10 Au/TiO2-2 18 13 1 56 

11 Au/TiO2-3 35 29 2 124 

12 Au/TiO2-4 52 45 3 192 

13 Au/Al2O3-1 24 12 trace 48 

14 Au/Al2O3-2 36 24 1 100 

15 Au/Al2O3-3 38 33 2 140 

16 Au/Al2O3-4 55 47 4 204 
a Determined by GC analysis using tridecane as an internal standard. 

 

    Cyclization of 5-hexynoic acid was also used to evaluate the catalytic activities 

(Table 7). Except the reaction with Au/CeO2 catalysts, the trend of increasing catalytic 

activity with decreasing specific surface area of the supports was also observed. The 

reaction with Au/CeO2 was found to proceed only by the catalysts with the lowest 

specific surface area (Au/CeO2-4). 
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Table 7. Results of Au/MOx catalysts over the cyclization reaction of alkynoic acid. 

 

Entry Catalyst Yield/% TON 

1 Au/ZrO2-1 2 10 

2 Au/ZrO2-2 29 145 

3 Au/ZrO2-3 64 320 

4 Au/ZrO2-4 82 410 

5 Au/CeO2-1 n.d. – 

6 Au/CeO2-2 trace – 

7 Au/CeO2-3 trace – 

8 Au/CeO2-4 41 205 

9 Au/TiO2-1 15 75 

10 Au/TiO2-2 33 165 

11 Au/TiO2-3 72 360 

12 Au/TiO2-4 89 445 

13 Au/Al2O3-1 3 15 

14 Au/Al2O3-2 5 25 

15 Au/Al2O3-3 16 80 

16 Au/Al2O3-4 60 300 
a Determined by NMR analysis using mesitylene as an internal standard. 

 

    Reaction tests of hydroamination of ethynylbenzene and aniline were also 

performed to investigate the phenomenon in intermolecular reaction (Table 8). Great 

trend was observed when using the Au/ZrO2 and Au/TiO2 catalysts. In addition, in the 

reaction with Au/CeO2 and Au/Al2O3 catalysts, sharp increase in catalytic activity 

occurred using the catalysts with the lowest specific surface areas, and only low 
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catalytic activities could be obtained using the catalysts with relatively large specific 

surface areas. 

Table 8. Results of Au/MOx catalysts over the hydroamination reaction. 

 

Entry Catalyst Yield/% TON 

1 Au/ZrO2-1 n.d. – 

2 Au/ZrO2-2 4 20 

3 Au/ZrO2-3 46 230 

4 Au/ZrO2-4 56 280 

5 Au/CeO2-1 1 5 

6 Au/CeO2-2 1 5 

7 Au/CeO2-3 1 5 

8 Au/CeO2-4 12 60 

9 Au/TiO2-1 14 75 

10 Au/TiO2-2 33 165 

11 Au/TiO2-3 60 300 

12 Au/TiO2-4 66 330 

13 Au/Al2O3-1 7 35 

14 Au/Al2O3-2 4 20 

15 Au/Al2O3-3 3 15 

16 Au/Al2O3-4 54 270 
a Determined by NMR analysis using trimethoxybenzene as an internal standard. 

 

    Moreover, transvinylation of benzoic acid and ethenyl acetate was conducted 

using these catalysts as another example of intermolecular reaction (Table 8). Unlike 

the reactions described above, no clear relationship between the specific surface area 

and the catalytic activity of the catalyst could be observed. 
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Table 8. Results of Au/MOx catalysts over the transvinylation reaction. 

 
Entry Catalyst Conv.a/% Yielda/% TON 

1 Au/ZrO2-1 23 14 14 

2 Au/ZrO2-2 32 24 24 

3 Au/ZrO2-3 63 56 56 

4 Au/ZrO2-4 56 47 47 

5 Au/CeO2-1 16 7 7 

6 Au/CeO2-2 67 63 63 

7 Au/CeO2-3 62 54 54 

8 Au/CeO2-4 45 37 37 

9 Au/TiO2-1 10 3 3 

10 Au/TiO2-2 27 20 20 

11 Au/TiO2-3 16 8 8 

12 Au/TiO2-4 15 8 8 

13 Au/Al2O3-1 59 37 27 

14 Au/Al2O3-2 19 10 10 

15 Au/Al2O3-3 13 6 6 

16 Au/Al2O3-4 8 trace – 
a Determined by GC analysis using tridecane as an internal standard. 

 

    Furthermore, the results of the above four reactions and the relationships between 

their TONs and specific surface areas are summarized (Fig. 14). It is easy to find that 

the catalysts with low specific surface area show superior catalytic activities in 

isomerization reaction, cyclization reaction, and hydroamination reaction. Therefore, 

the catalyst supported Au NP catalysts supported by metal oxides with low specific 

surface areas seems to have better catalytic efficiency in gold atoms. However, the 
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reason for the different results in transvinylation reaction is still unclear, and it should 

be further discussed.  

 
Figure 14. Summary of the reaction results of Au/MOx catalysts in isomerization, 

cyclization, hydroamination, and transvinylation. 

 

6.3.4. Characterizations of the prepared Au/MOx catalysts. 

    To understand the reasons for the results obtained above, characterizations, such 

as N2 adsorption/desorption and XPS spectra were performed over the prepared catalyst. 

Compared with the pore size distributions of the catalysts with relatively low activities, 

almost no pores could be observed on the catalysts with good catalytic activity (Fig. 
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pores brought negative effects in soft Lewis acid reactions using supported Au NP 

catalysts. 

 
Figure 15. Pore size distributions of the prepared Au/MOx catalysts. 
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and analyzed by XPS measurement (Fig. 16). In the Au 4f XPS spectra, the catalysts 
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phases with low specific surface areas should bring a positive charging effect on the 
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Figure 16. Au 4f XPS spectra of the prepared Au/MOx catalysts. 
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annealing treatments of supports, and a superior result was obtained when the annealing 

temperature was 1000 °C (entry 4). 

Table 9. Results of Au/ZrO2 catalysts (bead) over the isomerization reaction of allylic 

esters. 

 

Entry Catalysta Conv.b/% Yield(E)b/% Yield(Z)b/% 

1 2.1 wt% Au/SZ (bead) 28 25 1 

2 1.9 wt% Au/SZ600 (bead) 46 39 3 

3 1.6 wt% Au/SZ800 (bead) 50 44 4 

4 1.1 wt% Au/SZ1000 (bead) 53 45 5 

5 0.5 wt% Au/SZ1200 (bead) 46 39 4 
a Support: SZ31164 in the shape of bead; target Au loading amount: 3wt%. b Determined by 
GC analysis using tridecane as an internal standard. 

 

Furthermore, to evaluate the stability of the prepared catalysts, a continuous 

reaction test based on a laboratory fixed-bed flow reactor was conducted (Fig. 17). A 

4-cycle test with different reaction conditions was executed in 7 days, obtaining a total 

TON more than 8000. In addition, no significant decrease in yield was confirmed 

during each cycle.  

Additionally, the morphology and particle sizes of the recycled catalysts were 

analyzed using the fresh catalysts as a reference (Fig. 18). The average particle diameter 

increased from 3.1 nm to 3.2 nm after the 7-day flow reaction. This result should 

provide an effective method for enhancing the performance of supported Au catalysts. 
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Figure 17. Evaluation the stability of the Au/ZrO2 (bead) using the continuous-flow 

reactor. (a) result of flow reaction for 4 cycles in 7 days. (b) Illustration of continuous-

flow reaction.  
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Figure 18. BF-STEM images and of histogram of the particle sizes of the catalysts 

before and after the flow reaction. 

 

6.4. Conclusion 

    In conclusion, a practical method for regulating and optimizing the activities of 

metal-oxide supported Au NP catalysts was developed and investigated, and its effect 

was verified in the multiple reactions based on the soft Lewis acid function of Au NPs. 

By comparing the relationship between specific surface areas and catalytic activities of 

the prepared metal-oxide supported Au NP catalysts, the catalysts with smaller specific 

surface area showed better catalytic activity. This tread was observed in intramolecular 

and intermolecular reactions based on the soft Lewis acid function, including 

isomerization, cyclization, and hydroamination reactions. The effect of surface area 

shrinkage on mass transfer was also discussed, it was conducted by simply increasing 

the load densities and comparing their catalytic efficiencies. There is no sufficient 

evidence to prove that the high activity of Au NPs supported by metal-oxides with low 

specific surface areas comes from the reduced mass transfer limitation. By comparing 

the influence of different metal-oxide supports in different specific surface areas on the 

catalytic activities of the supported Au NPs, changing the specific surface area of the 
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congeneric metal oxide is even significant than changing the metal oxides. In addition, 

XPS spectra reveal that the Au NPs supported by the metal-oxides with low specific 

surface areas tend to have higher binding energy, that is, more Auδ+ species should form 

on their surfaces. Moreover, this method was successfully applied to enhance the 

activities of supported Au NP catalyst in the shape of beads and showed practical 

application value for the industrial catalysts. 
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Chapter 7.  

One-pot synthesis of THF from but-2-ene-1,4-
diyl acetate (1,4-DABE) over bifunctional 

rhodium silica-alumina catalysts  
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7.1. Introduction 

    Tetrahydrofuran (THF) is a common raw material used in in the production of poly 

tetramethylene ether glycol (PTMEG), a component of polyurethane and a great 

industrial solvent used in Vinyl chloride (PVC), pharmaceuticals and coatings. THF 

was mainly a product of the petrochemical industry, and about million tons of THF are 

produced annually. On the other hand, with the deepening of the research on biomass 

in recent years, the methods using biomass resources have also been developed, and 

furfural was used as the main raw material[1,2]. In addition, a synthesis method of THF 

from 1,4-anhydroerythritol (1,4-AHERY), a dehydration product of biomass-derived 

erythritol was also reported[3]. Although there are many specific processes for the mass 

production, most are based on C4 base chemicals. For example, in the current 

Mitsubishi Chemical Corporation (MCC) method[4,5], a four-step process from buta-

1,3-diene was used (Fig. 1a). In the process, the buta-1,3-diene was first transformed to 

but-3-ene-1,2-diyl diacetate (1,4-DABE) through acetoxylation, and subsequent 

hydrogenation, hydrolysis, and condensation take place to obtain the final product. The 

yield of each step is relatively high, but the complex process, high investment, and large 

amounts of wastewater limit the sustainability of the process. Therefore, in addition to 

using more environmentally friendly raw materials like biomass, sustainable 

improvements and innovations in existing processes are also of great value. In the MCC 

method, if the multi-step process of THF could be replaced by a one-pot synthesis, huge 

economic and environmental benefits could be achieved. 

    One-pot synthesis method in catalysis requires the catalysts to provide multiple 

functions simultaneously[6,7]. Considering the unit step in the current MCC method, 

the acid function and hydrogenation function of catalysts should play dominant roles; 

thus, bifunctional heterogeneous catalysts need to be developed. The general concept 

of bifunctional heterogeneous catalysis is that there are two distinct types of active sites 

that function in tandem. Normally, the two sites are expected to catalyze different steps 

within an overall reaction. In principle, the two sites could participate in the same step, 

for example, acting on different parts of the adsorbed reactant molecule, as in a 
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consistent reaction [8]. In fact, bifunctional catalysts have been widely researched in 

various direct synthesis of valued-added chemicals, such as hydrodeoxygenation[9,10], 

hydroisomerization[11,12], and dehydrocyclization[13,14].  

    A typical model of bifunctional catalysts was metal species supported by zeolites 

or mesoporous materials with rich porosities and acidities [15–18]. Noble metals (Pt, 

Pd, Ru, Rh) and transition metals (Ni, Co, Fe) were widely used as active hydrogenation 

centers, and even show great efficiencies under low metal loadings. Therefore, 

supported bifunctional catalysts should consist of active metal nanoparticles with 

hydrogenation capacities and supports of zeolite or mesoporous materials. In addition, 

the synergistic effect of metal and zeolite/mesoporous materials over bifunctional 

catalysts was normally existed and the adjustment to specific chemical reaction 

pathway could enhance the conversion and the selectivity of final products. [19–22].  

    Herein, a direct one-pot synthesis method of THF from 1,4-DABE was realized 

using bifunctional catalysts Rh0/Al-MCM-41 (Fig. 1b). A yield around 60% was 

obtained using the optimized catalysts, and another main product was butane-1,4-diyl 

diacetate (1,4-DAB) in a yield around 30%, which could be further used in the synthesis 

of THF. The characterization over the catalysts showed that supported Rh nanoparticles 

(NPs) were in small sizes and highly dispersed. In addition, a synergistic effect in the 

acidity occurred, the loading of Rh NPs enhanced the strong acid sites. 

 
Figure 1. The current MCC process (a) and the new one-pot process (b) to THF 

synthesis. 
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7.2. Experimental 

7.2.1. Materials 

Rhodium(III) chloride trihydrate (RhCl3·3H2O) and ruthenium(III) chloride 

trihydrate (RuCl3·3H2O) were purchased from Sigma Aldrich Ltd. Chloroplatinic acid 

hexahydrate (H2PtCl6·6H2O) was purchased from Furuya Metal Co., Ltd. Palladium 

nitrate (Pd(NO3)2) were purchased from Tanaka Precious Metals Co., Ltd. Nickel(II) 

nitrate hexahydrate (Ni(NO3)2·6H2O), Cobalt(II) nitrate hexahydrate (Co(NO3)2·6H2O), 

and Iron(III) nitrate enneahydrate (Fe(NO3)3·9H2O) were purchased from FUJIFILM 

Wako Pure Chemical Corp. 

Al-MCM-41 and Mont-K10 were purchased from Sigma Aldrich Ltd. Al2O3 (JRC-

ALO-10), Nb2O5 (JRC-NBO-1), and MgO (JRC-MGO-4, A2000) were reference 

catalysts supplied by the Catalysts Society of Japan. HS690 was purchased from 

Daiichi Kigenso Kagaku Kogyo Co., Ltd. SiO2 (CARiACT Q-10) was purchased from 

Fuji Silysia Ltd. 1,4-DABE was provided by Mitsubishi Chemical Corporation and 

used as received. Hydrotalcite was purchased from FUJIFILM Wako Pure Chemical 

Corp. 

     

7.2.2. Preparation of catalysts  

Supported catalysts with a loading of 1 wt% were generally prepared by the 

impregnation method. The precursor was dissolved in distilled water (The amount of 

distilled water used for different supports was as follows. Mont-K10: 0.5 mL; Al-

MCM-41: 1 mL; Al2O3: 1.5 mL; SiO2: 1.5 mL; HS690: 1 mL; Nb2O5: 0.5 mL; 

Hydrotalcite: 1 mL; MgO: 0.5 mL). The support power (1.0 g) was added to the solution, 

and the mixture was stirred for 20 min at room temperature. After the impregnation was 

completed, residual distilled water was removed by drying at 70 °C overnight. The 

catalysts were calcined at 400 °C for 2 h. Then they were reduced in a flow of H2 (20 

mL/min) at 300 °C for 1 h. The obtained catalysts were directly used for catalytic 

reactions without further treatment. 

In the preparation of Pt/Al-MCM-41 and Pd/Al-MCM-41, H2PtCl6 aqueous 
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solution (Pt: 20 g/L; 505 μL) or Pd(NO3)2 aqueous solution (Pd: 200 g/L, 51 μL) was 

diluted in 1 mL distilled water. Al-MCM-41 (1.0 g) was added to the aqueous solution, 

and the following procedures were the same as those of the general method.  

Ni/Al-MCM-41, Co/Al-MCM-41, and Fe/Al-MCM-41were prepared by the same 

method, and changed temperatures of 600 °C, 300 °C, and 600 °C were used in the 

reduction process, respectively, which were determined by the temperature-

programmed reduction of H2 (H2-TPR) 

7.2.3. Characterization 

High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) images were performed with a JEOL JEM-ARM200F. H2-TPR was 

performed by a BELCAT instrument equipped with a thermal conductivity detector 

(TCD). Temperature-programmed desorption of NH3 (NH3-TPD) was measured by a 

BELCAT instrument equipped with a BELMASS quadrupole mass spectrometer. 200g 

catalyst was placed in a glass tube and pretreated at 250 °C for 1 h under a He flow. 

The adsorption of NH3 was performed at 100 °C for 1 h with a flow 5% NH3 in He at 

50 mL/min. Then a flow of He at 50 mL/min was performed at 100 °C for 1 h. During 

the test, the samples were heated to 800 °C at 10 °C /min, under a He flow of 50 mL/min. 

The mass spectrometer for NH3 desorption was collected by m/z = 17.  

Conversions and yields of the compounds discussed were detected by gas 

chromatography (GC) using an Agilent GC 6850 Series II instrument equipped with a 

flame ionization detector (FID) and a J&W HP-1 column. GC mass spectrometry (GC-

MS) analysis was performed to determine the products using a Shimadzu GCMS-

QP2010 SE. 

7.2.4. General Procedure for the Catalytic Reactions 

A mini-autoclave (10 mL) was charged with 1,4-DABE (1 mmol), catalysts (50 

mg), distilled water (1 mmol), and a magnetic stirring bar. Then, the autoclave was 

purged and filled with H2 until the pressure reached 0.5 MPa, and then stirred at 150 °C 

for 24 h. After the reaction, the mixture was filtered, and the filtrate was analyzed by 

GC using tridecane as an internal standard. 
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7.3. Results and conclusions 

    In the catalyst screening section, mesoporous materials supported Ru NPs was 

examined (Table 1, entries 1–6). High conversions were obtained when using these 

catalysts, and a yield of 50% was achieved over the Ru/Mont-K10 catalysts for 48 h. 

However, limited yields of THF were obtained with the Ru/Al2O3 and Ru/SiO2, which 

should be caused by the relatively low acidities compared with those of Ru/Mont-K10 

and Ru/Al-MCM-41. In addition, supported Rh NPs catalysts were also investigated 

(entries 7–9), and Rh/Al-MCM-41 showed a yield of 55%. 

Table 1. Catalyst screening for the one-pot synthesis of THF from 1,4-DABE. 

 

Entry Catalyst Conv.a/% Yield(1a)a/% Yield(1b)a/% Yield(1c)a/% 

1 Ru/Mont-K10 >99 29 33 12 

2b Ru/Mont-K10 >99 50 10 17 

3 Ru/Al-MCM-41 >99 28 41 13 

4b Ru/Al-MCM-41 >99 33 21 15 

5 Ru/Al2O3 91 3 49 18 

6 Ru/SiO2 96 n.d. 50 26 

7 Rh/Mont-K10 >99 20 29 23 

8 Rh/Al-MCM-41 99 55 33 9 

9c Rh/Al-MCM-41 98 21 37 14 

10 Pt/Al-MCM-41 99 12 25 33 

11 Pd/Al-MCM-41 97 1 12 7 

12 Ni/Al-MCM-41 >99 33 7 12 

13 Co/Al-MCM-41 >99 7 13 12 

14 Fe/Al-MCM-41 98 11 22 13 
a Determined by GC analysis using tridecane as an internal standard. 
b Reaction time: 48h 
c Catalyst: 25 mg 
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    Moreover, other metals, such as Pt, Pd, Ni, Co, and Fe with reduction capacities 

were also examined based on the Al-MCM-41 support (entries 10–14). However, only 

low yields were obtained with Pt/Al-MCM-41 and Pd/Al-MCM-41 catalysts. On the 

other hand, Ni/Al-MCM-41 provided a yield of THF in 33%, which was higher than 

that of Ru/Al-MCM-41. No satisfactory yields were obtained when the Co/Al-MCM-

41 and Fe/Al-MCM-41 were tested. In addition to the target product THF and 

intermediate 1,4-DAB, a byproduct butyl acetate (BUA) was also detected. The highest 

selectivity of THF AND 1,4-DAB was realized with the Rh/Al-MCM-41 among the 

examined catalysts. 

    Because of the great yield of Rh/Al-MCM-41 in the initial screening, a further 

investigation on the supports was conducted (Table 2). Considering the properties of 

the supports, the high strong Brønsted acidity and high specific surface area seem to 

facilitate the reaction. In addition, no production of THF was detected when using the 

catalysts prepared from basic supports.  

Table 2. Results of the one-pot synthesis from 1,4-DABE using Rh NPs on different 

supports. 

 

Entry Catalyst Conv.a/% Yield(1a)a/% Yield(1b)a/% Yield(1c)a/% 

1 Rh/Al-MCM-41 99 55 33 9 

2 Rh/Mont-K10 >99 20 29 23 

3 Rh/HS690 99 17 31 15 

4 Rh/Nb2O5 99 13 20 23 

5 Rh/Hydrotalcite >98 n.d. 9 13 

6 Rh/MgO 98 n.d. 27 23 
a Determined by GC analysis using tridecane as an internal standard. 

     

    Because the Rh/Al-MCM-41 showed superior activity in this one-pot synthesis of 

THF from 1,4-DABE. The morphology and particle size distribution of the optimized 
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Rh/Al-MCM-41 catalysts were measured by HAADF-STEM (Fig. 2). A narrow 

distribution of Rh NPs within 0.5 to 2 nm reveals that the Rh NPs were high dispersed 

on the surface of Al-MCM-41, and the average particle size was 1.3 nm. 

 

Figure 2. BF-STEM images and histograms of the particle sized of Rh/Al-MCM-41. 

 

    Afterwards, the effect of hydrogen pressure in the one-pot synthesis of THF was 

investigated with Rh/Al-MCM-41 (Fig. 3). A hydrogen pressure of 0.5 MPa brought 

the best THF yield and selectivity within the pressure range from 0.1 to 5.0 MPa. The 

results showed that a yield a 51% could be obtained even under 0.1 MPa. In addition, 

with the increase of hydrogen pressure, the yields of THF and 1,4-DAB decreased to a 

certain extent. On the contrary, the yield of byproduct BUA decreased along with the 

increased hydrogen pressure. 

 

Figure 3. Effect of hydrogen pressures (relative pressure). 
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    In addition, discussion on the reaction temperatures was carried out to further 

optimize the reaction condition (Table 3). At a reaction temperature of 30 °C, 90% yield 

of 1,4-DAB was obtained, and no THF was detected. When the reaction temperature 

increased to 100 °C, the production of THF was still not detectable. Moreover, at a 

reaction temperature of 170 °C, 60 % yield of THF was achieved. It was discovered 

that the hydrogenation of 1,4-DABE could occur around room temperature, and the 

hydrolysis and condensation should require a high reaction temperature.  

 

Table 3. Effect of reaction temperatures in the one-pot synthesis of THF from 1,4-

DABE using Rh/Al-MCM-41. 

 

Entry Temperature/°C Conv.a/% Yield(1a)a/% Yield(1b)a/% Yield(1c)a/% 

1 30 99 n.d. 90 6 

2 100 92 n.d. 49 19 

3 150 99 55 33 9 

4 170 98 60 13 13 
a Determined by GC analysis using tridecane as an internal standard. 

 

    Because the hydrogenation reaction was relatively easy to go, compared with the 

following hydrolysis and condensation, a discussion was performed to optimize the Rh 

loading amount to determine if the loading amount can be reduced to improve the 

atomic efficiency and cost of the noble metal (Fig. 4). When the Rh loading amount 

was 0.25 wt%, the conversion was relatively low, and a yield of only 18% for THF was 

obtained. With the Rh loading amount increasing to 1.0 wt%, the yield of THF increased 

up to 55%. Similar results were available when the Rh loading amount was 1.0 wt% 

and 2.0 wt%. As the Rh loading amount further increased to 4.0 wt%, decrease in THF 

yield was observed. These results reveal that the high yield of THF should be related to 

the synergistic effect from Rh NPs and the Al-MCM-41support. The supported Rh NPs 

AcO
OAc

Rh/Al-MCM-41
H2 (0.5 MPa), 24 h

H2O (1 eq.)

O
AcO

OAc+ + AcO

1 1a 1b 1c
1 mmol



 
 

172 

not only acted on the hydrogenation process, but also promotes the hydrolysis and 

condensation. 

 

Figure 4. Discussion on the Rh loading amounts in the one-pot synthesis of THF from 

1,4-DABE using Rh/Al-MCM-41. 

 

    Furthermore, a NH3-TPD measurement was performed on the Rh/Al-MCM-41 

catalysts with various Rh loading amounts to investigate the effect of acid sites in this 

reaction (Fig. 5). In the result of reference sample Al-MCM-41, two peaks of NH3 

desorption were observed at the weak and strong acid sites. With the loading of Rh NPs, 

the NH3 desorption peaks at high temperatures, which were considered strong acid sites, 

shifted to higher temperatures, and no obvious changes occurred at low temperatures, 

which were considered weak acid sites. This revealed that the loading of Rh NPs 

promoted the enhancement of acidity at the strong acid site. However, the great reaction 

results of 1 wt% and 2 wt% Rh/Al-MCM-41 and the relative bad reaction results of 

0.25 wt%, 0.5 wt% and 4 wt% Rh/Al-MCM-41 further support that an opportune strong 

acid site was significant in this reaction. 
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Figure 5. NH3-TPD profiles of Rh/Al-MCM-41 with different Rh loading amounts 

(m/z=17).  

 

7.4. Conclusion 

In conclusion, a direct one-pot synthesis method of THF from 1,4-DABE was 

developed over bifunctional catalysts Rh0/Al-MCM-41 (Fig. 1b). A maximum yield 

around 60% was obtained using the optimized catalysts, and another main product was 

1,4-DAB in a yield around 30%, which was an intermediate in the synthesis of THF. 
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The characterization over the catalysts showed that supported Rh NPs were in small 

sizes and highly dispersed. In addition, a synergistic effect in the acidity was discovered, 

and the loading of Rh NPs enhanced the strong acid sites. 
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Concluding Remarks 
In this doctoral thesis, the author systematically studied the soft Lewis acid 

function in supported noble metal nano-catalysts for sustainable synthesis. 

In chapter 1, general introduction of the soft Lewis acid catalysis and the 

development of supported noble metal catalysts was conducted. It was pointed out that 

the sustainable synthesis could be realized by the application of active and stable 

heterogeneous catalysts. 

In chapter 2, Pt/CeO2 with residual chloride was proved to act as soft Lewis acids 

and facilitate the efficient isomerization of allylic esters. 

In chapter 3, reusability and deactivation mechanism of this Pt catalysts were 

investigated, and a great reactivation method was also developed. 

In chapter 4, a facile solvent-free methodology was developed for isomerization 

of allylic esters with supported Au NPs catalysts, which showed superior catalytic 

activity and stability. Lifetime and stability of the optimized catalyst were evaluated by 

a 14-day flow reaction in the scale of kilogram, and no obvious deactivation occurred. 

In chapter 5, a sustainable catalytic system for the intramolecular cyclization of 

alkynoic acids by using Na-salt-modified Au NPs supported on monoclinic ZrO2 was 

realized, and the positive and significant role of the Na salt in this reaction was 

disclosed. 

In chapter 6, a practical method for regulating and optimizing the activities of 

metal-oxide supported Au NP catalysts was well investigated. The catalysts with 

smaller specific surface area showed better catalytic activity, and this tread was 

obtained in the soft Lewis acid reactions, including isomerization, cyclization, and 

hydroamination reactions 

In chapter 7, one-pot synthesis of THF was also developed to further enhance the 

sustainability of the C4 synthesis process. 

These works highlighted that supported noble metal catalysts could be used as 

active and stable soft Lewis acid catalyst in multiple valuable reaction, and their 

activities could be controlled and optimized, and even be reactivated. 
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