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General Introduction 

Synthetic chemistry is indispensable to modern human society. It has a history of more than 100 years 

and has contributed to the development of human society by producing a variety of chemicals and 

materials from fossil resources and other sources. Until the mid-20th century, synthetic chemists 

focused on how to make products easily, in large quantities, and inexpensively. Environmental impact 

and safety were not recognized as important issues. However, problems have emerged such as 

environmental destruction, pollution, depletion of resources and energy, and accidents caused by 

explosives and toxic substances. In 1997, Paul T. Anastas and his colleagues compiled the 12 principles 

of green chemistry, which were published by the United States Environmental Protection Agency [1]. 

 

Green chemistry's 12 principles 

1. Prevent waste: Design chemical syntheses to prevent waste. Leave no waste to treat or clean up. 

2. Maximize atom economy: Design syntheses so that the final product contains the maximum 

proportion of the starting materials. Waste few or no atoms. 

3. Design less hazardous chemical syntheses: Design syntheses to use and generate substances with 

little or no toxicity to either humans or the environment. 

4. Design safer chemicals and products: Design chemical products that are fully effective yet have 

little or no toxicity. 

5. Use safer solvents and reaction conditions: Avoid using solvents, separation agents, or other 

auxiliary chemicals. If you must use these chemicals, use safer ones. 

6. Increase energy efficiency: Run chemical reactions at room temperature and pressure whenever 

possible. 

7. Use renewable feedstocks: Use starting materials (also known as feedstocks) that are renewable 

rather than depletable. The source of renewable feedstocks is often agricultural products or the wastes 

of other processes; the source of depletable feedstocks is often fossil fuels (petroleum, natural gas, or 

coal) or mining operations. 

8. Avoid chemical derivatives: Avoid using blocking or protecting groups or any temporary 

modifications if possible. Derivatives use additional reagents and generate waste. 

9. Use catalysts, not stoichiometric reagents: Minimize waste by using catalytic reactions. Catalysts 

are effective in small amounts and can carry out a single reaction many times. They are preferable to 

stoichiometric reagents, which are used in excess and carry out a reaction only once. 

10. Design chemicals and products to degrade after use: Design chemical products to break down to 

innocuous substances after use so that they do not accumulate in the environment. 

11. Analyze in real time to prevent pollution: Include in-process, real-time monitoring and control 

during syntheses to minimize or eliminate the formation of byproducts. 

12. Minimize the potential for accidents: Design chemicals and their physical forms (solid, liquid, or 
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gas) to minimize the potential for chemical accidents including explosions, fires, and releases to the 

environment. 

 

In 2015, the 17 Sustainable Development Goals (SDGs) were adopted unanimously by the member 

states at the United Nations Summit [2]. These SDGs are an evolution and broadening of the scope of 

green chemistry. Nowadays, the concepts of green chemistry and SDGs have become principles that 

can no longer be ignored in the development of organic reactions. 

In my doctoral research, the author has investigated four reactions that are useful for promoting green 

chemistry. All of them are catalytic reactions, and in that respect, they are consistent with Principle 9. 

In Chapter 1, enantioselective aminolysis of azlactone with organic catalysts is described. Organic 

catalysts are consistent with Principles 1, 4, 7, and 9 of Green chemistry as catalysts that do not use 

potentially toxic and rare metals. Although aminolysis of azlactones is a highly atom efficient reaction 

for the synthesis of amino acid derivatives, very poor examples of asymmetric aminolysis of 

azlactones were reported. In this research, using tert-butyl carbazate as a nucleophile, the product was 

obtained in 42% yield with 69% ee. Notably, this product readily undergoes enantiomeric preferential 

enrichment. The product of about 70% ee can easily exceed 90% ee by crystallization of the racemic 

compound. Since this phenomenon led to inaccurate HPLC measurement results, scopes of alcohol, 

solvent, and catalyst need to be reconsidered for the future. 

 

Scheme 1. Asymmetric aminolysis of azlactones with thiourea catalysts 

 

Chapter 2 and later chapters dealt with syntheses using heterogeneous catalysts, which are considered 

more environmentally friendly. In chapter 2, an aerobic oxidation of isoprene glycol with platinum-

bismuth nanoparticles supported on metal oxides to afford 3-hydroxy-3-methylbutanoic acid (HMB), 

which is a promising therapeutic agent preventing muscle breakdown or as a supplement for muscle 

building. Some of the reported synthetic methods for HMB use stoichiometric amounts of pyridine 

and iodine with low atomic efficiency. Aerobic oxidation with heterogeneous catalysts is consistent 

with Principles 1, 2, and 9 of green chemistry. The author was able to develop a catalyst with less 

leaching and sintering problems and better reusability than the previously reported activated carbon 

supported Pt-Bi catalysts. 
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Scheme 2. Aerobic oxidation of isoprene glycol with supported Pt-Bi catalysts 

 

In Chapter 3, a novel method for the synthesis of unsymmetrical disulfanes. The structures of 

unsymmetrical disulfane are often found in biologically active compounds, but there is no efficient 

synthetic method up to now. A simple method for synthesizing disulfanes, oxidative dimerization of 

thiols, is not practical because it produces three different compounds in statistical proportions. The 

method of thiol substitution on symmetrical disulfanes, which the author achieved in this study, is the 

simplest reaction, but a suitable method had not been reported because thiols themselves easily 

undergo oxidative dimerization. Therefore, most of the methods reported by other researchers so far 

are based on introducing a leaving group to one of the sulfanyl groups, which resulted in a very low 

atom efficiency. The reaction reported by the author is excellent in high atom efficiency as well as 

commercial available and inexpensiveness of the catalyst basic zeolites (MS-13X), which are not only 

easy to separate but also can be reused almost endlessly. This method is superior in terms of principles 

1, 2, 5, 8, and 9 of green chemistry. 

 

 

Scheme 3. Synthesis of unsymmetrical disulfanes by basic zeolite-catalyzed thiol-

disulfane Exchange Reaction 

 

In Chapter 4, the author described the novel synthesis of dialkylpolysulfanes from alkenes, elemental 

sulfur (S8), and hydrogen. Dialkylpolysulfanes have been used as extreme-pressure additives and 

lubricating fluid compositions. These compounds are often used in the field of tribology, which is at 

the interface between mechanical and chemical engineering. The current production method for 

dialkylpolysulfanes employs hydrogen sulfide, alkenes, and elemental sulfur (S8). Hydrogen sulfide 

is a highly toxic and dangerous compound, and it has been desired to develop a synthetic method that 

can avoid using it. The method reported by the author has a great advantage in that hydrogen can be 

used instead of hydrogen sulfide by developing new heterogeneous cobalt catalysts. The resulting 

polysulfane is to be a mixture of similar compositions to conventional products. It is excellent in terms 

of principles 3, 4, 9, and 12 of green chemistry. 
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Scheme 4. Synthesis of dialkylpolysulfanes from alkenes, elemental sulfur (S8), and 

hydrogen catalyzed by heterogeneous cobalt catalysts. 

 

In each chapter, the author describes the details of these studies and discusses the reaction mechanisms 

and future issues to be resolved. 
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Chapter 1. Enantioselective Aminolysis of Azlactone with Acid-Base Catalyst 

Abstract 

Asymmetric aminolysis of azlactone was developed by using thiourea acid-base catalysts. In this 

research, using tert-butyl carbazate as a nucleophile, the product was obtained in 42% yield with 69% 

ee. Notably, this product readily undergoes enantiomeric preferential enrichment. The product of about 

70% ee can easily exceed 90% ee by crystallization of the racemic compound. Since this phenomenon 

led to inaccurate HPLC measurement results, scopes of alcohol, solvent, and catalyst need to be 

reconsidered for the future. 

 

Introduction 

Some useful small-molecule compounds, such as pharmaceuticals, have asymmetric centers derived 

from α-amino acids. One of the enantioselective synthesis methods for such skeletons is the 

asymmetric ring-opening reaction of azlactones synthesized from the corresponding α-amino acids. 

Asymmetric hydrolysis and alcoholysis of azlactones have already been reported [1.1-11]. On the 

other hand, very poor examples of asymmetric aminolysis were reported. Although Pascal and his co-

workers reported asymmetric ring-opening reaction of azlactones using chiral amino acids, peptide 

compounds, or these derivatives as nucleophiles as one of the reactions using nitrogen atoms as 

nucleophiles, the maximum diastereomeric ratio was 80:20 [1.12]. Shi and co-workers reported 

catalytic asymmetric ring-opening aminolysis of azlactones with chiral phosphate catalysts (Scheme 

1.1a) [1.13]. This reaction showed high yield and stereoselectivity, however, the diarylhydroxymethyl 

group was required for directing group. In addition, Shao and co-workers reported stereoselective ring-

opening aminolysis of azlactone by indoline with chiral phosphate catalysts (Scheme 1.1b) [1.14]. 

Herein, this author investigated asymmetric azlactone ring-opening aminolysis with chiral acid-base 

catalysts. Asymmetric azlactone ring-opening reaction with acid-base catalysts had been reported in 

alcoholysis [1.3, 1.4]. That method was adapted to aminolysis in this report. Additionally, the products 

of this reaction were found to be prone to preferential enrichment. Therefore, the enantiomeric excess 

of products in Table 1.1-3 was not accurate. 

 

 

Figure 1. 1. Amino acid derivative compounds 
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Scheme 1. 1. Previous report of azlactone aminolysis 

 

Scope of Reaction Conditions 

Initially, the author investigated the reaction conditions of aminolysis of azlactone. The author used 

tert-butyl carbazate as a nucleophile, acid-base catalyst 3a, and tBuOH as an additive (Table 1.1 entry 

1). The result was 40% conversion, 35% yield, and 93%ee. Using iPrOH as an additive showed a 

similar result of tBuOH (Table 1.1 entry 2). However, tAmylOH and 1-adamantanol gave increasing 

in yield and decreasing in ee (Table 1.1 entries 3 and 4). The heating reaction mixture also lead to 

decreasing in ee (Table 1.1 entry 5). From these results, the author determined tBuOH as an appropriate 

additive.  
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Table 1. 1. Scope of additive 

 

 

Using the selected additive, the author explored the solvent (Table 1.2). THF showed a slightly lower 

yield (29%) and ee (75%) (entry 2). Other ether solvents resulted in very low ee (entries 3 and 4). 

MeCN lead to much lower ee (entry 5) and CHCl3 gave the racemic product (entry 6). 

 

Table 1. 2. Scope of solvent. 

 

 

Under the determined conditions, the author investigated the effect of the structure of acid-base 

catalysts (Table 1.3). Initially, the chirality of the 9th carbon in quinine structure was presumed to 

determine the stereochemistry of the product. However, enantiomeric excess of the product of the 

entry additive temperature conv. (%) yield (%) ee (%) 

1 tBuOH rt 40 35 93 

2 iPrOH rt 47 32 94 

3 tAmylOH rt 60 57 57 

4 1-adamantanol rt 66 71 26 

5 tBuOH 50 ºC 59 63 47 

entry solvent conv. (%) yield (%) ee (%) 

1 toluene 40 35 93 

2 THF 38 29 75 

3 1,4-dioxane 53 29 15 

4 CPME 53 48 13 

5 MeCN 34 33 9 

6 CHCl3 78 77 0 
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reaction with catalyst 3b, which is a diastereomer with different stereochemistry of the 9th carbon of 

3a, was very poor and the enantioselectivity was the same as that of the reaction with 3a (entry 2). 

Therefore, the stereochemistry of the 8th carbon in quinine structure was also investigated. Then, 

another enantiomer was obtained with middle ee when catalyst 3d, which has different stereochemistry 

at both the 8th and 9th carbon, was used (entry 4). The results showed stereochemistry of the two 

asymmetric carbons in the catalyst is important for the enantioselectivity of the product. In addition, 

the structure of the base site was investigated and these catalysts gave low enantiomeric products 

(entries 5-7). Interestingly, the stereochemistry of the major enantiomer of the product of the reaction 

with 3f or 3g was inverted even though they have the same conformation. 

 

Table 1. 3. Scope of catalyst 
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Next, the author tried to find out why the results were shown in Table 1.1–3 sometimes gave products 

over 90% ee and sometimes gave much lower ee. As a result, the author found that this product readily 

undergoes enantiomeric preferential enrichment [1.15]. The product of about 70% ee can easily exceed 

90% ee by crystallization of the racemic compound. The author was even able to clarify that the very 

easy formation of racemate crystals was the cause. Measurement of the ee of the crystals readily 

obtained from the product shows that it is racemic (0% ee), which is thought to cause preferential 

enrichment. 

Since the product was crystallized selectively as racemic material and preferential enrichment was 

occurring, the reaction conditions were explored again (Table 1.4). The reaction in the first condition 

was performed in procedure B to give product 2a in 37% yield and 69%ee (entry 1). Then, the amount 

of the alcohol was increased to 100 mol%, or alcohol dehydrated by molecular sieves was used. 

However, the yield was only slightly reduced and the ee was kept at 69% in each case. In addition, 

increasing the catalyst 3a to 20 mol% showed slightly increasing the yield of 2a and keeping the ee 

69%. 

 

Table 1. 4. Scope of reaction conditions 

 

entry catalyst conv. (%) yield (%) ee (%) 

1 3a 40 35 93 

2 3b 67 49 6 

3 3c 66 66 -9 

4 3d 17 16 -63 

5 3e 75 65 28 

6 3f 46 42 -28 

7 3g 63 48 44 

entry catalyst (mol%) additive conv. (%) yield (%) ee (%) 

1 10 tBuOH 50 mol% 34 37 69 

2 10 tBuOH 100 mol% 28 25 69 

3 10 dried tBuOH 50 mol% 28 26 69 

4 20 tBuOH 50 mol% 37 42 69 
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Conclusions 

In conclusion, we established aminolysis of azlactone in middle enantiomeric excess. The 

enantioselectivity was controlled by the stereochemistry of the catalyst. Preferential enrichment of 

enantiomer was observed in this product. In the future, it is expected to improve the yield and 

enantioselectivity, and to expand the range of substrate applications. 

 

General Procedures 

Procedure A 

Air in 10 mL screw vial containing azlactone, screw vial containing carbazate ester, and screw vial 

containing catalyst were replaced with N2. 0.3 mL solvent was added into azlactone vial, 0.5 mL 

solvent was added into carbazate ester vial, and 0.2 mL solvent was added into catalyst vial. Catalyst 

solution and tBuOH were added into azlactone vial. Carbazate ester solution was added to the mixture 

at last. The reaction solvent was stirred predetermined time then removed catalyst with a short column. 

The mixture was concentrated and dried under reduced pressure. The residue was purified by flash 

column chromatography (45 mL SiO2, 1:1 hexane-Et2O 150 mL―Et2O 100 mL). 

 

Procedure B 

Azlactone and catalyst were put into a 10 mL screw vial. Carbazate ester was put into another screw 

vial. Air in these vials was replaced with N2. 0.5 mL solvent was added to each vial. tBuOH was added 

a mixture of azlactone and catalyst. The mixture was stirred for 15 min then carbazate ester solution 

was added to the mixture at last. The reaction solvent was stirred predetermined time then was purified 

by flash column chromatography (45 mL SiO2, 1:1 hexane-Et2O 150 mL―Et2O 100 mL). 
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Chapter 2. Aerobic Oxidation of Isoprene glycol with Platinum-Bismuth Alloy 

Supported on Metal Oxide 

Abstract 

A metabolite of leucine, 3-hydroxy-3-methylbutanoic acid (HMB) is expected as a promising 

therapeutic agent preventing muscle breakdown or as a supplement for muscle building. For industrial 

production of HMB, Pt-catalyzed base-free aerobic oxidation of isoprene glycol, which is one of the 

inexpensive feedstocks, is a potent synthetic method for providing HMB. However, the previous report 

on the aerobic oxidation of isoprene glycol with Pt-Bi supported on activated carbon catalyst suffered 

from low tolerance to high substrate concentration conditions, which leads to low volumetric 

productivity. Herein, the author reported base-free aerobic oxidation of isoprene glycol using Pt-Bi 

bimetallic nanoparticles (NPs) supported on ZrO2 or TiO2 as a catalyst, showing high tolerance to the 

reaction conditions with a high concentration of alcohol substrate. In addition, these catalysts also 

exhibited high recyclability. Scanning transmission electron microscopy analyses suggested that the 

Pt-Bi NPs supported on ZrO2 or TiO2 are less likely to aggregate Pt and Bi species than that NPs 

supported on activated carbon. Additionally, these catalysts showed lower leaching after catalyst 

recycling.  

 

Introduction 

A metabolite of leucine, 3-hydroxy-3-methylbutanoic acid (HMB) has received considerable attention 

because of the effect of suppressing muscle loss [2.1] and is expected as a promising therapeutic agent 

preventing muscle breakdown [2.2, 2.3] or as a supplement for muscle building [2.4]. Various 

industrial synthetic methods of HMB have been developed such as oxidation of diacetone alcohol with 

iodine followed by base hydrolysis [2.5], oxidation of diacetone alcohol with sodium hypochlorite 

[2.6], base hydrolysis of 4,4-dimethyloxetane-2-one [2.7], or 1,2-addition of activated acetyl 

compounds to acetone using biocatalysts (Scheme 2.1a–d) [2.8]. The oxidation of acetone dimer has 

been reported using iodine and sodium hypochlorite as oxidants. However, the former produces an 

equivalent amount of iodine and pyridine, while the latter produces a waste product derived from 

sodium hypochlorite, and the sodium ion must be removed with hydrochloric acid at the end. The ring-

opening reaction of oxetanone does not produce oxidant-derived byproducts, but again requires 

removal of sodium ions with hydrochloric acid at the end. The enzymatic reaction requires an acetyl 

compound with a leaving group and is therefore less atomically efficient. In this way, these methods 

have problems such as the need to remove sodium ions, the need for an equivalent amount of oxidant, 

and the formation of by-products. Therefore, they are not suitable for industrialization. Among them, 

the aerobic oxidation of isoprene glycol (IPG), which is one of the chemical feedstocks, using a 

supported Pt-Bi catalyst was devised as an industrial production method for HMB (Scheme 2.1e). 

Since air is used as the oxidizing agent in this reaction, the only byproduct derived from the oxidizing 
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agent is water, which is used as a solvent, and virtually no byproducts are produced. Another advantage 

is that the catalyst is solid, so it is easy to reuse. Furthermore, since HMB is obtained as is, there is no 

need to treat it with hydrochloric acid after the reaction. 

 

 

Scheme 2. 1. Method of HMB synthesis 

 

Supported metal nanoparticle catalysts such as Pt, Pd, and Au have been generally employed for the 

oxidation of alcohols by O2 gas or air [2.9-2.12]. In particular, Pt or Pt-Bi catalysts are superior in that 

the reaction proceeds without bases. Effects of Bi are activating platinum by donating electrons, 

preventing platinum poisoning, and providing sacrificial oxidation. An activated carbon-supported Pt-

Bi catalyst was also employed for the aerobic oxidation of IPG in a patent [2.13]. However, there exist 

several issues that remain to be solved. For example, activated carbon-supported Pt catalysts generally 

have low reusability when used in the aerobic oxidation of alcohols [2.14]. In addition, various side 

reactions such as acetalization of the aldehyde intermediate with IPG and dehydration of aldehyde 

intermediate or HMB would potentially proceed under the reaction conditions for aerobic oxidation 

of IPG. Nevertheless, the details of the reaction path have remained unexplored. Furthermore, 

performing the reaction at a higher substrate concentration is desirable since the volumetric 

productivity is important in terms of the efficiency of the industrial processes while high substrate 

concentration increases byproducts and decreases selectivity for carboxylic acids in aerobic oxidation 
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of alcohols with a metal catalyst [2.15]. However, the effect of substrate concentration in aerobic 

oxidation of alcohols with heterogeneous catalysts has not been investigated enough. Moreover, HMB 

has high water solubility and requires a lot of energy to purify the product from water. Taking these 

issues into consideration, the mechanistic investigation of aerobic oxidation of IPG and the 

development of new heterogeneous Pt catalysts having high activity and recyclability at high substrate 

concentrations are important goals from the viewpoint of green chemistry. Our group has been 

dedicated to the development of reactions with transition-metal nanoparticles (NPs) catalysts 

supported on metal oxides [2.16]. The metal-support interactions in the heterogeneous catalysts often 

affect the catalytic activity, selectivity, and reusability. Hence, metal oxide supports have recently 

gathered much attention as a handle for improving catalytic performances [2.17]. We envisioned that 

the use of appropriate metal oxide supports influences on the catalysis, which leads to improving the 

catalyst recyclability and the tolerance to the high substrate concentration conditions. Herein, we 

report that Pt-Bi nanoparticles catalysts supported on monoclinic ZrO2 or rutile TiO2 show high 

activity and recyclability in the aerobic oxidation of IPG in conjunction with the effect of the substrate 

concentrations. In addition, the results of several control experiments revealed the reaction pathways 

for side reactions of intermediates and byproducts. 

 

General Procedures 

General Procedure for the Preparation of Supported Pt-Bi Catalyst 

The metal oxide support (MOx, 969.3 mg) was impregnated with the aqueous solution of H2PtCl6 (1 

mL, 20 g/L of Pt), and was heated at 40 °C with stirring until it become a powder. After that, the 

mixture was dried at 120 °C overnight, then calcined in air at 400 °C for 4 h to give the powder of 

calcined Pt/MOx. The temperature in the calcination process was raised at a speed of 6.25 °C/min. 

Bi(NO3)3‧5H2O (24.9 mg, Bi 0.5 eq/Pt) was dissolved in HNO3 aq (1 mol/L, 1 mL), and added to the 

calcined Pt/MOx. The resulting mixture was heated at 40 °C with stirring until it became a powder and 

then dried at 120 °C overnight. The resultant powder was reduced with H2 gas (20 mL/min) at 350 °C 

for 4 h to provide 2 wt% Pt-Bi/MOx. The temperature in the reduction process was raised at a speed 

of 7.8 °C /min. After the reduction, the catalyst was cooled to room temperature. H2 gas was replaced 

with N2 gas before opening the oven.  

In the case of the activated carbon-supported catalyst, the activated carbon (Maxsorb MSC-30) (969.3 

mg) was impregnated with the solution of Bi(NO3)3‧5H2O (24.9 mg, Bi 0.5 equiv./Pt) in HNO3 aq. (5 

mL) and heated at 40 °C with stirring until it became a powder. After that, the mixture was dried at 

120 °C overnight then impregnated with the aqueous solution of Pt(NH3)4(NO3)2 (5 mL of 7.94 g/L 

aqueous solutions). The resulting mixture was heated at 40 °C with stirring until it became a powder 

and then dried at 120 °C overnight. The resultant powder was reduced with H2 gas (20 mL/min) at 

350 °C for 4 h to provide 2 wt% Pt-Bi/C. The temperature in the reduction process was raised at a 



18 

 

speed of 7.8 °C /min. After the reduction, the catalyst was cooled to room temperature. H2 gas was 

exchanged for N2 gas before opening the oven. Note that the Pt loading was fixed at 2 wt% unless 

otherwise stated. 

Catalyst Characterization 

Particle sizes of Pt-Bi were determined by the combination of bright-field scanning transmission 

electron microscope images and CO adsorption measurements. Scanning Transmission Electron 

Microscope (STEM) and energy dispersive X-ray spectroscopy (EDS) were performed using a JEOL 

JEM-ARM200F microscope operated at 200 kV. CO-pulse adsorption was performed using BEL 

JAPAN INC. BELCAT-MS. The overall catalyst structure was investigated by powder X-ray 

diffraction (XRD) conducted on a Rigaku MiniFlex600 equipped with a Cu Kα radiation source. The 

supported metal amounts in the prepared or used catalysts were determined by microwave plasma 

atomic emission spectroscopy (MP-AES) using an Agilent 4100 system. The properties of the surface 

species of Pt and Bi were analyzed by X-ray photoelectron spectroscopy (XPS) using PHI Quantera 

SXM equipped with an Al Kα radiation source at a pressure below 10−6 Pa order. The obtained binding 

energies were calibrated to the C1s peak at 284.8 eV [18]. XPS profiles were further analyzed using 

XPSPEAK41 software. 

Optimization of Reaction Conditions 

The Pt-Bi catalyst (0.5 mol% as Pt) and an aqueous solution of IPG (1.0 mmol, 10 wt%) were put into 

a 40 mL autoclave equipped with a magnetic stirrer bar. The autoclave was filled with 0.9 MPa of air 

and heated to 80 °C. The reaction mixture was stirred at 800 rpm for 5 hours. After that, the autoclave 

was cooled to 0 °C in an ice bath. Then, the reaction mixture was diluted with methanol and transferred 

to a screw vial. The screw vial was centrifuged, and the supernatant was collected. Methanol was 

added to the screw vial with the remaining catalyst, centrifuged, and the supernatant was collected. 

These processes were repeated three times, and all the supernatants were combined. To the resultant 

mixture was added diglyme (32.8 mg) as an internal standard for GC analysis. The mixture was 

analyzed by GC. After being concentrated under reduced pressure, the concentrated mixture was then 

analyzed by 1H NMR using 2-methoxynaphtalene as an internal standard. 

IPG Concentration Experiment 

The Pt-Bi catalyst (0.5 mol% Pt), an aqueous solution of IPG (1.0 mmol of 10 wt% aq, 2.0 mmol of 

20 wt% aq, 3.0 mmol of 30 wt% aq, or 5.0 mmol of 50 wt% aq) were put into a 40 mL autoclave 

equipped with a magnetic stirrer bar. The autoclave was connected to a 200 mL autoclave, and the 

volume of the system was adjusted by adding the water to keep the same O2 equivalent. The autoclaves 

were filled with 0.9 MPa of air and heated to 80 °C. The reaction mixture was stirred at 900 rpm for 

12 hours. After that, the autoclave was cooled to 0 °C in an ice bath. Then, the reaction mixture was 

diluted with methanol and transferred to a screw vial. The screw vial was centrifuged, and the 

supernatant was collected. Methanol was added to the screw vial with the remaining catalyst, 
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centrifuged, and the supernatant was collected. These processes were repeated three times, and all the 

supernatants were combined. To the resultant mixture was added diglyme (32.8 mg) as an internal 

standard for GC analysis. The mixture was analyzed by GC. After being concentrated under reduced 

pressure, the concentrated mixture was then analyzed by 1H NMR using 2-methoxynaphtalene as an 

internal standard. 

Catalyst Recycle Experiment 

The Pt-Bi catalyst (0.5 mol% as Pt) and an aqueous solution of IPG (2.0 mmol, 20 wt%) were put into 

a 40 mL autoclave equipped with a magnetic stirrer bar. The autoclave was filled with 0.9 MPa of air 

and heated to 80 °C. The reaction mixture was stirred at 900 rpm for 12 h. After that, the autoclave 

was cooled to 0 °C in an ice bath. Then, the reaction mixture was diluted with methanol and transferred 

to a screw vial. The screw vial was centrifuged, and the supernatant was collected. Methanol was 

added to the screw vial with the remaining catalyst, centrifuged, and the supernatant was collected. 

These processes were repeated three times, and all the supernatants were combined. To the resultant 

mixture was added diglyme (32.8 mg) as an internal standard for GC analysis. The mixture was 

analyzed by GC. After being concentrated under reduced pressure, the concentrated mixture was then 

analyzed by 1H NMR using 2-methoxynaphtalene as an internal standard. The removed catalyst was 

dried under reduced pressure then reused for the same reaction another five times. After the last 

reaction, the used catalyst was characterized by TEM, MP-AES, and XPS (only Pt-Bi/ZrO2). 

 

Results and Discussions 

We initially screened Pt-Bi NPs catalysts supported on various metal oxides in the aerobic oxidation 

of IPG (Table 2.1). The catalyst supported on activated carbon gave HMB in 53% yield (entry 1). The 

catalysts supported on SiO2 and γ-Al2O3 gave HMB in low yields (entries 2 and 3). The catalyst 

supported on rutile TiO2 (Pt-Bi/TiO2) gave HMB in high yield (77%) (entry 4). The catalyst supported 

on monoclinic ZrO2 (Pt-Bi/ZrO2) also gave HMB in high yield (entry 5). Next, we investigated the 

effect of the Pt: Bi ratio. The HMB yield of Pt-Bi/ZrO2 (Pt: Bi = 1:1 molar ratio) catalyst, Pt-Bi/ZrO2 

(Pt: Bi = 4:1 molar ratio) catalyst and Pt/ZrO2 (no Bi) catalyst were slightly lower than that of the Pt-

Bi/ZrO2 (Pt: Bi = 2:1 molar ratio) catalyst (entries 6–8). Based on these results, the 2 wt%Pt-1.07 

wt%Bi (Pt: Bi = 2:1 molar ratio) catalysts supported on ZrO2, or TiO2 were selected as the suitable 

catalyst. 
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Table 2. 1. Optimization of reaction conditions for the oxidation of IPG  

 

entries support 
Pt:Bi 

(molar ratio) 

conv. 

(%) 

yield (%) 

2a 3a 4a 5a 6a 

1 activated carbon1) 2:1 92 53 10 8 8 <1 

2 SiO2 2:1 61 21 24 10 3 <1 

3 γ-Al2O3 2:1 83 25 19 5 13 <1 

4 TiO2
2) 2:1 95 77 14 1 6 <1 

5 ZrO2
3) 2:1 94 67 16 3 5 <1 

6 ZrO2
3) 1:1 89 51 13 1 3 <1 

7 ZrO2
3) 4:1 88 58 14 4 2 <1 

8 ZrO2
3) Pt only 96 55 22 2 4 1 

1) Maxsorb MSC-30, 2) rutile type, 3) monoclinic form 

 

The two Pt-Bismuth catalysts, which gave higher yields of HMB than the activated carbon support, 

were characterized in several ways. First, the crystalline state of the metal particles was confirmed by 

XRD (Figures 2.1-3). However, only the peaks of the support were observed and no information on 

the crystalline state of the supported metal particles could be obtained. Based on this observation, the 

metal particles were expected to be supported as nanoparticles, which were difficult to observe by 

XRD. 
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Figure 2. 1. XRD pattern of Pt-Bi/ZrO2 catalyst 

 

 

Figure 2. 2. XRD pattern of Pt-Bi/TiO2 catalyst 
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Figure 2. 3. XRD pattern of Pt-Bi/C catalyst 

 

To confirm this prediction, the particle size of platinum-bismuth particles was measured (Figure 2.4). 

BF-STEM images of the catalysts show that nanoparticles on these catalysts are distributed. The 

average particle size of these catalysts was 2.2±1.0 nm (Pt-Bi/ZrO2), 2.1±0.9 nm (Pt-Bi/TiO2), and 

1.4±0.4 nm (Pt-Bi/C). From these results, the supported metals were confirmed to be nanoparticles. 

 

 

Figure 2. 4. BF-STEM images and average particle size of Pt-Bi catalysts 

 

On the other hand, the average particle size measured by CO-pulse adsorption was 2.2 nm (Pt-Bi/ZrO2), 

5.6 nm (Pt-Bi/TiO2), and 2.9 nm (Pt-Bi/C) (Table 2.2). In the case of the Pt-Bi/ZrO2 catalyst, the 

particle sizes based on the CO-pulse adsorption analyses are in good agreement with those based on 

the TEM images, while slightly larger NPs sizes were suggested by the results of CO-pulse adsorption 
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analyses for the Pt-Bi/TiO2 and Pt-Bi/C catalysts. The slight discrepancy in the particle sizes evaluated 

based on the TEM and CO-pulse adsorption was attributed to the difference in the surface state of the 

metal nanoparticles. Pt and Bi differ in their ability to adsorb CO molecules. Pt adsorbs CO molecules, 

while Bi has almost no ability to adsorb CO molecules [2.19]. Therefore, the more Bi there is on the 

surface of the metal nanoparticles, the larger particle size was measured by the CO pulse adsorption 

method compared with the particle size measured by STEM images. Hence, more Bi atom exists on 

the surface of the metal nanoparticles supported on TiO2 and activated carbon compared with 

nanoparticles supported on ZrO2. 

 

Table 2. 2. Average particle size of Pt-Bi/ZrO2, Pt-Bi/TiO2, and Pt-Bi/C fresh catalysts   

measured by TEM observation and CO-pulse adsorption 

catalyst 

particle size (nm) 

TEM 
CO-pulse 

adsorption 

Pt-Bi/ZrO2 2.2±1.0 2.2 

Pt-Bi/TiO2 2.1±0.9 5.6 

Pt-Bi/C 1.4±0.4 2.9 

 

Both Pt and Bi on the catalyst were confirmed to be dispersed in the EDS analysis of Pt Lα and Bi Lα 

(Figures 2.5 and 2.6). When the larger particles in these catalysts were analyzed, Pt and Bi were 

observed at the location of the same particles. These results indicated a mixed nanoparticle of Pt and 

Bi was formed on these supports. 

 



24 

 

  

Figure 2. 5. BF-STEM and EDS images of Pt-Bi/ZrO2 a) BF-STEM image b) EDS line 

analysis c) Pt EDS analysis d) Bi EDS analysis 
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Figure 2. 6. BF-STEM and EDS images of Pt-Bi/TiO2 a) BF-STEM image b) EDS line 

analysis c) Pt EDS analysis d) Bi EDS analysis 

 

With the optimum catalyst in hand, the effect of the concentration of IPG aqueous solution in the 

oxidation was investigated. To compare the yield and selectivity of carboxylic acids for each support, 

oxidation of IPG was performed at several substrate concentrations with Pt-Bi/ZrO2, Pt-Bi/TiO2, or 

Pt-Bi/C catalyst (Figure 2.7). In the oxidation using Pt-Bi/C catalyst, the yield of HMB decreased as 

the concentration of IPG solution increased from 10 wt% to 20, 30, and 50 wt%, and the amount of 

acetal 4a increased instead. In contrast, the highest HMB yields in the oxidation using Pt-Bi/ZrO2 or 

Pt-Bi/TiO2 catalysts (Pt-Bi/ZrO2:77%, Pt-Bi/TiO2:76%) were observed when the concentration of the 

IPG aqueous solution was 20 wt%. Additionally, the reactions with these catalysts in 30 wt% and 50 

wt% concentration showed a higher yield of HMB and lower yields of acetal 4a than the reactions 
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with the Pt-Bi/C catalyst in the same concentration. The higher the concentration of the reaction 

solution, the more acetal 4a was produced. These results show that Pt-Bi/ZrO2 and Pt-Bi/TiO2 oxidize 

aldehyde 3a to HMB faster than Pt-Bi/C, while the formation of acetal 4a by Pt-Bi/ZrO2 and Pt-

Bi/TiO2 is slower than that by Pt-Bi/C. This is assumed to be owing to the difference in polarity of the 

support surface, with the metal oxide support having a higher affinity for water and substrate than the 

activated carbon support. In contrast, the activated carbon support has a large volume due to its low 

bulk density and adsorbs the solution, causing the stirring efficiency is likely to decrease. 

 

 

Figure 2. 7. Effect of IPG concentration for IPG oxidation in Pt-Bi/ZrO2, Pt-Bi/TiO2, and 

Pt-Bi/C catalysts. Pt-Bi catalyst: Pt-Bi/MOx or C (Pt:Bi = 2:1) 

 

To assess the recyclability of the Pt-Bi catalysts, we conducted recycle experiments (Figure 2.8). In 

the reactions with the Pt-Bi/C catalyst, the yield of HMB and the conversion of IPG had decreased as 

the number of catalyst reuses increased while the yield of acetal 4a had increased. In contrast, in the 

reaction with Pt-Bi/ZrO2 or Pt-Bi/TiO2 catalyst, the yield of HMB had kept 60–80%, the conversion 

of IPG had kept over 90%, and the yield of acetal 4a had not increased.  
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Figure 2. 8. Recycle experiments of Pt-Bi/ZrO2, Pt-Bi/TiO2 and Pt-Bi/C catalysts. Pt-Bi 

catalyst: Pt-Bi/MOx or C (Pt:Bi = 2:1) 1a : 2.0 mmol (20 wt% aq) 

 

To probe the origin of high recyclability of the Pt-Bi/ZrO2 and TiO2, we then investigated the particle 

sizes of the supported metal nanoparticles after the recycling experiments using BF-STEM images. In 

the fresh Pt-Bi/ZrO2 and Pt-Bi/TiO2 catalysts, the supported metal NPs were uniformly distributed 

with an average particle size of 2.2 and 2.1 nm, respectively while the average particle size of the fresh 

Pt-Bi/C catalyst was 1.4 nm, the value of which is smaller than that of the Pt-Bi/ZrO2 and the Pt-

Bi/TiO2. Regarding the investigation of the used catalysts, analyses were performed after six-time 

reused samples, and cohesive metal particles were observed. The average particle sizes of the used Pt-

Bi/MOx catalysts in BF-STEM images were 6.8 ± 3.9 nm (Pt-Bi/ZrO2), and 4.0 ± 2.0 nm (Pt-Bi/TiO2). 

In contrast, the metal NPs of Pt-Bi/C showed a bimodal distribution with the average particle size of 

3.2 ± 3.0 nm and 48.2 ± 14.1 nm for the small and large NPs, respectively. These results suggest that 

the high recyclability of the Pt-Bi/ZrO2 and TiO2 catalysts be attributable to the strong interactions 

between the metal NPs and metal oxide supports. 
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Figure 2. 9. BF-STEM images and average particle size of six times recycled Pt-Bi 

catalysts 

 

To reveal the origin of the difference in the catalyst recyclability, we investigated the leaching of the 

Pt and Bi species on the Pt-Bi/ZrO2, Pt-Bi/TiO2, and Pt-Bi/C catalysts (Table 2.3). Both Pt and Bi 

species of Pt-Bi/ZrO2 were not considerably decreased after the reaction. Concerning the Pt-Bi/TiO2, 

little leaching of Pt species was observed while Bi species were lost by half after the reaction. In 

contrast to Pt-Bi catalysts supported on the metal oxides, Pt-Bi/C lost more than half of the Pt species 

as well as Bi species after the reaction. These results suggested that serious leaching of Pt and Bi 

species from Pt-Bi/C resulted in the decrease in catalytic activity observed in the recycling 

experiments (Figure 2.8). Because of the results, Pt-Bi/ZrO2 was selected as the best catalyst. 

 

Table 2. 3. Pt and Bi amount of fresh/used Pt-Bi/ZrO2, Pt-Bi/TiO2, and Pt-Bi/C catalysts 

catalyst 
Pt (wt%) Bi (wt%) 

fresh used fresh used 

Pt-Bi/ZrO2 2.00 1.89 0.97 0.88 

Pt-Bi/TiO2 1.84 1.87 1.02 0.49 

Pt-Bi/C 1.41 0.61 1.11 0.43 

 

We then investigated the oxidation state of the Pt and Bi species of the fresh and six-time reused Pt-

Bi/ZrO2 catalysts with X-ray photoelectron spectroscopy (XPS) (Figure 2.9). Pt 4f spectra of the fresh 

Pt-Bi/ZrO2 catalyst showed peaks at binding energies of 70.80 eV (Pt 4f7/2) and 74.10 eV (Pt 4f5/2), 

suggesting that Pt species of the catalyst were primarily in the Pt(0) state (Figure 6a). Additionally,  

peaks attributed to Pt(2+) (72.2 eV, Pt 4f7/2, 75.5 eV, Pt 4f5/2) and Pt(4+) (74.1 eV, Pt 4f7/2, 77.4 eV, Pt 
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4f5/2) are also observed.[2.20] From the area ratio of these peaks, the molar ratio of Pt(0), Pt(+2), and 

Pt(+4) species on the fresh Pt-Bi/ZrO2 catalyst was found to be 76:18:6. As for the XPS spectra of the 

recovered Pt-Bi/ZrO2 catalyst after used six times, pairs of peaks assigned to the Pt(0), Pt(2+), and 

Pt(4+) species were observed at 70.6 eV (Pt 4f7/2) and 73.8 eV (Pt 4f5/2), 72.1 eV (4f7/2) and 75.3 eV 

(4f5/2), and 73.9 eV (4f7/2) and 77.1 eV (4f5/2), respectively. In comparison with the XPS spectra for 

the fresh Pt-Bi/ZrO2 catalyst, Pt(0) area ratio was decreased by 6% and the area ratio of Pt(+2) and 

Pt(+4) was increased (Figure 6c). On the other hand, Bi 4f spectra of the fresh catalyst showed pairs 

of peaks at binding energies of 156.9 eV (Bi 4f7/2) and 162.2 eV (Bi 4f5/2), 159.1 eV (Bi 4f7/2) and 

167.4 eV (Bi 4f5/2), which were attributable to Bi(0) and Bi(3+), respectively in a molar ratio of 39:61 

(Figure 6b)[2.21]. Peaks of the Bi(0) and Bi(3+) species were also observed at the binding energies of 

156.87 eV (Bi 4f7/2), 162.17 eV (Bi 4f5/2), 159.02 eV (Bi2 4f7/2), and 167.32 eV (Bi 4f5/2) for the Bi 4f 

spectra of the used Pt-Bi/ZrO2. The molar ratio of Bi(0): Bi(3+) was changed from 39:61 to 17:83 

(Figure 6d). Considering that Pt(2+) and Pt(4+) are unlikely to be active species in aerobic oxidation 

of alcohols[2.22], one of the roles of Bi species is presumably to suppress the deactivation of Pt(0) by 

having Bi(0) oxidized instead of Pt(0) [2.19][2.23] 

 

 

Figure 2. 10. XPS (X-ray Photoelectron Spectroscopy) spectra of fresh/used Pt-Bi/ZrO2 

catalyst. a) Pt4f XPS image of fresh catalyst, b) Bi4f XPS image of fresh catalyst, c) 

Pt4f XPS image of used catalyst, d) Bi4f XPS image of used catalyst 

 

Conclusions 

In summary, we reported that by using the Pt-Bi alloy catalysts using ZrO2 or TiO2 as support, HMB 

 Pt(0):Pt(+2):Pt(+4) [area%] Bi(0):Bi(+3) [area%] 

fresh 76:18:6 39:61 

used 70:22:8 17:83 
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(2a) can be obtained with a higher yield up to 77% and higher catalyst reusability than the catalyst of 

activated carbon support. The Pt-Bi/ZrO2 and the Pt-Bi/TiO2 catalysts exhibited less aggregation and 

leaching of Pt than the Pt-Bi/C catalyst in the oxidation. This difference may have brought higher 

yields of HMB and better catalyst recycling. The optimum concentration of the IPG aqueous solution 

is 20 wt%, and further raising this is a future task. 
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Chapter 3. Unsymmetric Disulfane Synthesis by Thiol-Disulfane Exchange Reaction 

with Basic Zeolite 

Abstract 

The author reported the exchange reaction of thiol and one of the alkyl or arylsulfonyl groups of 

disulfane with Na-exchanged X type zeolite (Na-X), commercially available as MS-13X. This reaction 

proceeds at room temperature under air. Various functionalized thiols and disulfanes are tolerant in 

this reaction condition. Sterically-hindered disulfanes or electron-deficient thiol substrates also can be 

used; however, they require high temperatures under inert atmospheres to maintain good product 

yields. This reaction emitted only another thiol as a side product, which can be recycled as a substrate. 

 

Introduction 

The S-S bond is found in many natural products, and some of them are bioactive substances such as 

flavor in foods and pharmaceuticals [3.1].  

 

Figure 3. 1. Unsymmetrical disulfanes found in natural products and biologically 

active compounds 

 

Many practical reactions to synthesize symmetrical disulfanes have been reported. However, few 

reactions to synthesize unsymmetrical disulfane were reported and these reports are not atom-

economic or proceed on the limited substrate. SN2 reductive reaction of thiol and sulfide compound 

which has to leave group on S atom used as a conventional method for synthesis of unsymmetrical 

disulfanes (Scheme 3.1A)[3.2]. The reaction needs a stoichiometric base and is required to prepare a 

sulfenylated derivative in a multi-step reaction. Oxidative S-S bond formation of different thiols, 

which is able to synthesize disulfane from two thiols directly, was also conventional. However, 

stoichiometric oxidant was needed and two types of thiols with different electronic states are required 

to avoid the generation of symmetrical disulfanes as a byproduct (Scheme 3.1B)[3.3]. Previous thiol-
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disulfane exchange reaction is restricted to the structure of the leaving group and twice reactions are 

needed to synthesize desired unsymmetrical disulfanes (Scheme 3.1C)[3.4]. One step thiol-disulfane 

exchange reaction with KOH catalyst was reported. However, this reaction needs reflux condition and 

succeeded only 3 examples (Scheme 3.1D)[3.5]. 

 

 

Scheme 3. 1. Synthetic methods of unsymmetrical disulfanes 

 

To overcome these shortcomings, the author's group reported thiol-disulfane exchange reaction with 

Na-exchanged X type zeolite (Na-X)(Scheme 3.1E). This reaction produced the desired disulfane only 

one step at room temperature under air. Catalyst Na-X was reusable 10 times without decreasing the 

yield. The emitted thiol as a side product can be converted to symmetric disulfane by oxidative 

dimerization. Furthermore, this reaction has been confirmed to have a very wide substrate application 

range for both thiols and disulfanes. Herein, the author investigated additional optimization of reaction 

conditions and synthetic application. 
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Figure 3. 2. Recyclability of the Na-X zeolite catalyst 

 

 

Scheme 3. 2. Substrate scope of thiols 
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Scheme 3. 3. Substrate scope of disulfanes and thiolsa 

 

Results and Discussions 

Initially, the author explored the conditions of the thiol-disulfane exchange reaction of 1-dodecanethiol 

(1a) and (methyldisulfanyl)methane (DMDS, 2a) (Table 3.1). In the PrOH solvent condition, 

conversion of 1a was 98% and the yield of target compound 3aa was 85% (entry 1). Without zeolite, 

Na-X condition showed a very low conversion of 1a and yield of 3aa (entry 2). Decreasing the reaction 

temperature to 10 ˚C slightly reduced the amount of byproduct 4a (entry 3). The previous reaction 

using EtOH as solvent showed an 87% yield of 3aa (entry 4). Therefore, EtOH is the most suitable 

solvent for this reaction. Using Amberlyst A26 (OH), which is a resin containing ammonium, as 

catalyst showed low selectivity of 3aa compared with the reaction using zeolite Na-X (entry 5). 
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Table 3. 1. Optimization of reaction conditions [a] 

 

Entries 1-5: This work, Entries 6-17: Previous report, [a] Reaction conditions: A mixture of 

catalyst (100 mg), disulfane 2a (2.5 mmol), thiol 1a (1.0 mmol) in a solvent (2.0 mmol) were 

stirred under air for 20 h. The yields were determined by GC. Na-X: MS-13X, K-A: MS3A, 

Na-A: MS4A, Ca/Na-X: MS5A, [b] 5 mol.% of catalyst was used, [c] DMDS (10 eq.) was used. 

 

To the extent the thiol-disulfide exchange to a practical reaction, the author performed gram scale 

reaction and chiral substrate reaction (Scheme 3.4). In the former reaction, 10.1 g of 1a and 5 

equivalent of 2a were mixed under reaction conditions then 3aa was obtained in 81% isolated yield 

(Scheme 3-4a). In the latter part, N-Boc-(R)-cysteine ((R)-1p) (>99%ee) was reacted two species of 

symmetric disulfane 2a and 2c. These reactions produced 86% (3pa) and 85% (3pc) yield of 

unsymmetrical disulfane without decreasing of enantiomeric excess (Scheme 3-4b). 

entry catalyst solvent temp. [ºC] 1a conv. [%] 
yield [%] 

3aa 4a 

1 Na-X PrOH rt 98 85 14 

2 none PrOH rt 7 6 trace 

3 Na-X PrOH 10 98 85 12 

4 Na-X EtOH 10 90 87 3 

5 Amberlyst A26 (OH) EtOH 10 99 45 50 

6 Na-X MeOH 10 85 69 24 

7 Na-X CH2Cl2 10 5 <1 <1 

8 Na-X THF 10 6 <1 <1 

9 Na-X Toluene 10 4 <1 2 

10 Na-X DMF 10 94 10 84 

11 NH4-X EtOH 10 35 30 6 

12 K-A EtOH 10 90 71 14 

13 Na-A EtOH 10 89 70 14 

14 Ca/Na-A EtOH 10 30 28 2 

15[b] Et3N EtOH 10 90 75 7 

16[b] K(O-t-Bu) EtOH 10 96 5 92 

17[c] Na-X EtOH 10 97 94 4 
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Scheme 3. 4. Synthetic application 

 

Conclusions 

In conclusion, the author reconfirmed that the reaction conditions were appropriate. The method turned 

out to be useful for gram-scale reactions and reactions with a chiral substrate. Further extension of the 

scope and synthetic application is currently underway in our laboratory. 

 

General Procedures 

Catalyst preparation 

MS-13X was pulverized by a bowl mill. Pulverized zeolite (10 g) was stirred in 100 mL of 1.0 M 

aqueous solutions of NaCl at 80 ºC for 4 h. The resulting suspension was filtered, and the same cation 

exchange process was repeated three times. After that, the resultant solid was rinsed with deionized 

H2O. Next, the zeolite was dried overnight at 100 ºC in drying and passed through a sifter (< 125 μm). 

The water content of Na-X was 24% of the total weight. 

 

Reaction procedures 

General procedures for thiol–disulfane exchange reaction: Na-X [100 mg including moisture (24 wt% 

of H2O)], DMDS (235.5 mg, 2.5 mmol), EtOH (2.0 mL), and a stirring bar were placed in a 10 mL 

screw vial. 1-Dodecanethiol (202.4 mg, 1.0 mmol) was added to the vial, and the solution was stirred 

at 10 ºC for 20 h. Diglyme (32.8 mg, 0.24 mmol) was added to the mixture as internal standard. The 

resulting mixture was centrifuged and filtered to remove the Na-X catalyst and analyzed the yield and 

conversion by GC. 

Procedures for using PrOH as solvent at room temperature: Na-X [100 mg including moisture (24 

wt% of H2O)], DMDS (235.5 mg, 2.5 mmol), PrOH (2.0 mL), and a stirring bar were placed in a 10 

mL screw vial. 1-Dodecanethiol (202.4 mg, 1.0 mmol) was added to the vial, and the solution was 

stirred at room temperature for 20 h. Diglyme (32.8 mg, 0.24 mmol) was added to the mixture as 

internal standard. The resulting mixture was centrifuged and filtered to remove the Na-X catalyst and 

analyzed the yield and conversion by GC. 



38 

 

Procedures for using PrOH as solvent: Na-X [100 mg including moisture (24 wt% of H2O)], DMDS 

(235.5 mg, 2.5 mmol), PrOH (2.0 mL), and a stirring bar were placed in a 10 mL screw vial. 1-

Dodecanethiol (202.4 mg, 1.0 mmol) was added to the vial, and the solution was stirred at 10 ºC for 

20 h. Diglyme (32.8 mg, 0.24 mmol) was added to the mixture as internal standard. The resulting 

mixture was centrifuged and filtered to remove the Na-X catalyst and analyzed the yield and 

conversion by GC. 

Procedures for using Amberlyst A26 (OH) as a catalyst: Amberlyst A26 (OH) (100 mg), DMDS (235.5 

mg, 2.5 mmol), EtOH (2.0 mL), and a stirring bar were placed in a 10 mL screw vial. 1-Dodecanethiol 

(202.4 mg, 1.0 mmol) was added to the vial, and the solution was stirred at 10 ºC for 20 h. Diglyme 

(65.6 mg, 0.49 mmol) was added to the mixture as internal standard. The resulting mixture was 

centrifuged and filtered to remove the resin catalyst and analyzed the yield and conversion by GC. 

Procedures for gram scale reaction: Na-X (5.0 g), DMDS (117.7 mg, 1.25 mol), EtOH (100 mL), and 

a stirring bar were placed in a 500 mL flask. 1-Dodecanethiol (50.6 g, 250 mmol) was added to the 

vial, and the solution was stirred at 10 ºC for 20 h. Diglyme (8.2 g, 61.1 mmol) was added to the 

mixture as internal standard. The resulting mixture was filtered to remove the Na-X catalyst and 

analyzed the yield and conversion by GC. The filtrate was concentrated to remove EtOH and MeSH 

then diluted to isolate 3aa. 

Procedures for synthesis 3pa: Na-X [100 mg including moisture (24 wt% of H2O)], DMDS (0.471 g, 

5.0 mmol), EtOH (2.0 mL), and a stirring bar were placed in a 10 mL screw vial. N-Boc-(R)-cysteine 

(>99%ee) (235.3 mg, 1.0 mmol) was added to the vial, and the solution was stirred at 50 ºC for 20 h. 

The resulting mixture was centrifuged and filtered to remove the Na-X catalyst. The filtrate was 

concentrated and purified by column chromatography. 

Procedures for synthesis 3pc: Na-X [100 mg including moisture (24 wt% of H2O)], Diallyldisulfide 

(0.731 g, 5.0 mmol), EtOH (2.0 mL), and a stirring bar were placed in a 10 mL screw vial. N-Boc-(R)-

cysteine (>99%ee) (235.3 mg, 1.0 mmol) was added to the vial, and the solution was stirred at 80 ºC 

for 20 h. The resulting mixture was centrifuged and filtered to remove the Na-X catalyst. The filtrate 

was concentrated and purified by column chromatography. 
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Chapter 4. H2S Free Synthesis of Polysulfane with Heterogenous Cobalt Catalyst 

Abstract 

The author explored a new synthesis method of polysulfane without H2S gas. The author investigated 

conditions of catalyst, H2 gas pressure, S8 equivalent, and reaction temperature. As a result, the author 

expects to analyze the yield of polysulfane in detail. 

 

Introduction 

Polysulfanes reduce friction during the processing of metal products by being added to lubricants. 

Therefore, the demand is increasing in the field of tribology [4.1]. Polysulfanes are synthesized from 

alkenes, sulfur, and H2S using amines as catalysts (Scheme 4.1a) [4.2]. However, since H2S is toxic 

and difficult to handle, a synthesis method of polysulfanes without H2S has been required. Emmanuel 

and Yoneda reported polysulfane synthesis method from thiol and sulfur (Scheme 4.1b) [4.3]. In this 

method, polysulfanes are synthesized without H2S, although H2S is eventually required for the 

synthesis of thiols. 

On the other hand, the author’s group has reported that polysulfanes were obtained in 88% conversion 

when alkenes were mixed with sulfur in butanol under a hydrogen atmosphere (Scheme 4.2a) [4.4a]. 

In addition, the reaction was proceeded without solvent by Co3O4 and zeolite Na-X (Scheme 4.2b) 

[4.4b]. However, this method also obtained thiols. The author developed the H2S free polysulfane 

synthesis in this study. 

 

 

Scheme 4. 1. Previous Method of Polysulfane Synthesis. 
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entry additive 
conv. 

(1, mmol) 

yielda 

(2, mmol) 

yielda 

(3, mmol) 

yielda 

(4, mmol) 

1 none 11.0 8.43 0 0 

2 Na-X (100 mg) 14.6 6.10 0.61 3.85 

Reaction was carried out in a stainless steel autoclave. 

a) Yields and conversion were determined by GC. 

Scheme 4. 2. Studies of polysulfane synthesis of our group [4.4] 

 

General Procedures 

General procedures for the synthesis of cobalt sulfide [4.5]: Cobalt acetate tetrahydride 

[Co(OAc)2‧4H2O (2.2 g, 8.8 mmol)], sulfur [S8 (0.57 g, 2.2 mmol)], H2O (114 mL) and hydrazine 

monohydride [H2NNH2‧H2O (11 mL)] were put into 200 mL autoclave. Air in the autoclave was 

replaced with N2 gas. The autoclave was stirred at 600 rpm and heated in 2 ºC/min then stirred at 180 

ºC for 22 h. The resultant mixture was cooled to room temperature followed by removing the water 

layer by filtration and washing collected black powder with H2O, EtOH, and Et2O. 

General procedures for polysulfane synthesis: Cobalt sulfide, Na-X zeolite, and S8 were put into 40 

mL autoclave. Isobutenedimer (20 mmol) was added to the mixture. Air in the autoclave was replaced 

with H2 gas. The autoclave was heated and stirred at 800 rpm. After the reaction, the autoclave was 

cooled at 0 ºC, then tridecane (2.0 mmol) was added as internal standard. The resulted mixture was 

centrifuged and filtrated to remove the catalyst. A little amount of the supernatant was picked and 

diluted with hexane. The sample was analyzed by GC. 

 

Results and Discussions 

Initially, metal oxide catalyst was explored. Oxide of cobalt, molybdenum, nickel, and copper were 

used as catalysts for the synthesis of polysulfane (Table 4.1). As the result, cobalt oxides was the best 

in these metal oxide (entries 1-4). Additionally, since the cobalt oxide was converted to cobalt sulfide 

after the reaction, cobalt sulfide was used as a catalyst. The reaction produced a 77% yield of thiol and 
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a 0% yield of polysulfanes (entry 5). 

 

Table 4. 1. Scope of catalyst species 

 

 

Over cleavage of S–S bond was presumed to result in generating of thiol, then the effect of catalyst 

equivalent was investigated (Table 4.2). Decreasing cobalt sulfide to 2.5 mol% gave 85% yield of thiol 

2 and 7% yield of disulfane 3 (entry 2). More decreasing to 0.5 mol% showed a very little yield of 

thiol 2 (<1%); however, the yield of polysulfanes was only 1% (disulfane 3) and 10% (trisulfane 4) 

(entry 3). Zeolite Na-X, which proceeds S-S bond exchange, was added to improve the yield of 

polysulfane (entries 4-5). The yields were up to 2% (3) and 21% (4) (entry 5). 

 

Table 4. 2. Scope of catalyst and additive 

 

entry 
Co3S4 

(mol%) 

Na-X 

(mg) 

conv. 

(%) 

yield [% (mmol)] (%) 

2 3 4 5 2+3+4 

1 5.0 0 85 77 (15.2) 0 (0.0) 0 (0.0) 5 (1.1) 77 

2 2.5 0 85 80 (15.9) 7 (0.7)  0 (0.0) 5 (1.1) 87 

3 0.5 0 76 <1 (0.2) 1 (0.1) 10 (1.0) 7 (1.3) 11 

4 0.5 10 78 4 (0.7) 2 (0.2) 14 (1.4) 7 (1.4) 19 

5 0.5 100 87 5 (1.0) 2 (0.2) 21 (2.1) 4 (0.8) 28 

 

To improve the yield of polysulfanes, H2 gas pressure and the equivalent of S8 were explored (Table 

4.3). Raising H2 pressure to 5 MPa to generate more HSnH species and improve the yield of 

entry catalyst 
conv. 

(%) 

yield [% (mmol)] (%) 

2 3 4 5 2+3+4 

1 Co3O4 70 2 (0.5) 1 (0.5) 9 (0.9) 6 (1.2) 12 

2 MoO3 53 0 (0.0) 0 (0.0) 1 (0.1) 16 (3.2) 2 

3 NiO 51 0 (0.0) <1 (<0.1) 3 (0.3) 3 (0.7) 3 

4 CuO 41 0 (0.0) 0 (0.0) 1 (0.1) 4 (0.7) 1 

5 Co3S4 85 77 (15.2) 0 (0.0) 0 (0.0) 5 (1.1) 77 
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polysulfans resulted in only increasing the yield of thiol 2 (entry 2). This is because only S-S bond 

cleavage proceeded and the reaction of alkene 1 and HSnH species was not activated. In exploring the 

equivalent of sulfur, 3.0 equivalent of S8 resulted in inhibiting the generation of thiol. However, the 

yield of disulfane 3 and trisulfane 4 also decreased (3: 1%, 4: 12%) (entry 3). More cobalt sulfide was 

added then the yields of 3 and 4 were recovered (entry 4). 

 

Table 4. 3. Equivalent of substrate 

 

entry 
S8 

(equiv.)1) 

H2 

(MPa) 

conv. 

(%) 

yield [% (mmol)] (%) 

2 3 4 5 2+3+4 

1 1.5 3 87 5 (1.0) 2 (0.2) 21 (2.1) 4 (0.8) 28 

2 1.5 5 84 19 (3.7) 2 (0.2) 22 (2.2) 5 (1.1) 43 

3 3.0 3 94 <1 (0.2) 1 (0.1) 12 (1.2) 2 (0.5) 15 

43) 3.0 3 98 8 (1.7) 2 (0.2) 23 (2.2) <1 (0.2) 33 

 

The author investigated the reaction temperature (Table 4.5). The yields at 120 ºC were 49% (2), 6% 

(3) and 44% (4) (entry 2). However, the yields at 115 ºC decreased to 16% (2), 2% (3), and 25% (4) 

(entry 3). In contrast, increasing to 150 ºC showed an increasing rate of 2,3, and 4 (entries 4 and 5). 

 

Table 4. 4. Scope of reaction temperature 

 

entry 
H2 

(MPa) 

temp 

(ºC) 

conv. 

(%) 

yield [% (mmol)] (%) 

2 3 4 5 2+3+4 

1 3 130 91 56 (11.1) 6 (0.6) 30 (3.0) 3 (0.6) 92 

2 3 120 94 49 (9.7) 6 (0.6) 44 (4.4) 2 (0.4) 99 

3 3 115 91 16 (3.2) 2 (0.2) 25 (2.5) 3 (0.7) 43 

4 2 130 89 3 (0.7) 2 (0.2) 21 (2.1) 4 (0.9) 27 

5 2 150 88 13 (2.5) 12 (0.2) 26 (2.6) 4 (0.9) 51 

6 2 120 95 14 (2.7) 3 (0.3) 38 (3.8) 2 (0.4) 55 
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Conclusions 

In conclusion, H2S free polysulfane synthesis has several improvements. This reaction is proceeded 

by using cobalt sulfide instead of cobalt oxide and adding zeolite Na-X. However, excess cobalt sulfide, 

H2 pressure, and S8 result in decreasing polysulfanes yield. The most appropriate reaction temperature 

depends on other conditions. Since the conversion rates of the substrates and the yields of the products 

are very different in all the results in this study, the author needs to analyze n>4 polysulfanes generated 

in this reaction. 
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