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1.1 Introduction 

About seventy millions people are wearring glasses in Japan, and more than 

one billion people are wearing them worldwide. We can not lead our lives without 

a pair of glasses. Optical materials including ophthalmic lenses have been 

originally made of glass. Crown glass used in standard ophthalmic lenses has a 

refractive index of 1.523, Abbe number of 53, and specific gravity of 2.54. Glass 

lenses having a high refractive index have been developed in order to make the 

lenses thinner. However, the lenses are easy to crack, and not light enough due to 

the high density of the glass. Therefore, there have been strong needs to make the 

lens tougher and lighter. Studies on developing plastic lenses for the ophthalmic 

application began in the United States in the mid-1960s, and now the plastic 

lenses occupy the mainstream not only in the developed countries like the United 

States, Europe, and Japan, but in the developing countries like China. 

ADC resin (polydiethyleneglycol bisallylcarbonate, Product name: CR-39®) 

has been first applied for the plastic lenses in the United States. ADC resin was 

developed for military applications by PPG industries in 1942 for the use of 

materials for windshields of fighter jets and fuel pipes of weapons. After the 

World War II, the applications were expanded to a base material for ophthalmic 

lenses in the mid-1960s. Particularly, the strength of the ADC resin is highly 

appreciated, and the plastic ophthalmic lenses have spread in the United States. 

ADS resin was produced by the cast polymerization of ADC monomer with a 

polymerization catalyst, isopropyl percarbonate (IPP), in the combined mold of 

glass and resin gasket.2 

 

 

ADC monomer 

 

IPP (Catalyst) 
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ADC resin has a refractive index 1.50, Abbe number 58, and a specific 

gravity of 1.32. Due to its excellent physical properties, it is widely used as a 

material for ophthalmic lenses today. 

The characteristics of ADC resin are as follows: 

- Hard surface and scratch resistance 

- Light weight 

- Easy to tint 

- Not break easily 

- Easy coating property 

However, since the refractive index of ADC is low (1.50), the thickness of the 

lens increases in the center for nearsighted lenses and in the outer for farsighted 

lenses. This does not make a good appearance of glasses. 

In the 1980s, there was some requirement to make plastic ophthalmic lenses 

thinner and lighter. Especially in Japan the needs was high and the development of 

high-refractive lenses base material has been active. 

From the viewpoint of molecular design for plastic lenses material, having a 

high refractive index, introducing atoms of high refractive indexes have been 

effective, such as heavy metals, halogens except for fluorine, aromatic rings, and 

sulfur. 

Even if the design of the molecular structure meets its high refractive index 

feature, there remain many other necessary items that should be considered in 

practical application to ophthalmic lenses materials. The major items can be listed 

as follows. 

- Refractive index, 

- Abbe number 

- Clarity 

- Specific gravity 

Others, 

- Scratch resistance 
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- Impact resistance 

- Heat resistance 

- Moisture resistance 

- Weatherbility 

- Tintability 

- Hard coat adhesion 

- Processability 

- Chemical resistance 

From strong needs for the high refractive index materials yet with keeping 

many other necessary physical properties at the same time, the study has been 

actively promoted to find a variety of high refractive index materials. The initial 

study for high refractive index of the ophthalmic lenses base material, began by 

searching materials having halogen atoms or aromatic rings. For example, 

copolymer based on halogen-substituted derivatives of bisphenol-A,3 and 

aromatic (meth) acrylic copolymer1a have been developed. 

Mitsui Chemicals Inc. has developed a high-refractive-index lenses materials 

MRTM series which are formed withthiourethane-based materials. Due to high 

mechanical and excellent optical properties, MRTM series are popular in the 

market. These thiourethane-based materials are obtained by polymerization of 

isocyanate compounds and thiol compounds. 

 

 

 

Thiourethane-based material for ophthalmic lenses MRTM series has the 

following features. 

- High refractive index: Realized thinner and lighter lenses. 
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- Excellent optical performance: Achieved a high Abbe number and high 

refractive index at the same time. By cast polymerization, high-quality lenses 

with less distortion can be accessible. 

- High strength: have good impact resistance, good static load resistance. 

Realize a safe lens which is difficult to break. Suitable to rimless frames and 

high curved lens. 

- Durability and weather resistance: Less yellowing property by long-term use. 

Have good compatibility with a variety of lens coating material.  

- Excellent to tint: Enable the color variation including a gradient. Apply to a 

variety of ophthalmic lenses and sunglasses. 

 

Table 1-1. Properties of the Based Material for Ophthalmic Lenses 

Based Material 
Refractive 

index 
(ne) 

Abbe 
number 

(νe) 
Specific 
gravity Tintability 

Crown glasses 1.52 59 2.54 None 

High refractive index glass 1.60 42 2.58 None 

ADC resin 1.50 58 1.32 Good 

Polycarbonate 1.59 28-30 1.20 None 

MR-8TM 1.60 41 1.30 Good 

MR-7TM 1.67 31 1.35 Excellent 

MR-10TM 1.67 31 1.35 Good 

 

The thiourethane-based materials were mainly comprised of isocyanate 

compounds, thiol compounds, and additives such as the polymerization initiator 

(polymerization catalyst), mold release agents, etc. 

High impact resistance and high refractive index are major features of 

thiourethane-based materials. The high refractive index can be achieved using a 

monomer having a sulfur atom, or, in some cases, an aromatic ring. On the other 

hand, main reason of high impact resistance attributes to a thiourethane bond 

structure. 

By selecting isocyanate compounds, thiol compounds and resin modifier of 
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additive, the thiourethane-base material could be shown by the various features. 

Isocyanate compounds were classified as aromatic compounds, aliphatic 

compounds, and alicyclic compounds, and they were shown in Table 1-2, 1-3 and 

1-4, as an example of the isocyanate compounds. 

 

Table 1-2. Examples of Aromatic Isocyanate Compounds 

CH3

NCO

NCO  

2,4-Toluylendiisocyanat 

NCO

NCO  

1,5-Naphthalenediisocyanate 

 
4,4'-Diphenylmethanediisocyanate 

 
4,4'-Diphenylsulfonediisocyanate 

 

Table 1-3. Examples of Aliphatic Isocyanate Compounds 

 Hexamethylene diisocyanate 

 Octamethylene diisocyanate 

 Bis(isocyanatoethyl)sulfide 

 Bis(isocyanatoethyl)disulfide 

 

m-Xylylenediisocyanate 
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Table 1-4. Examples of Alicyclic Isocyanate Compounds 

 

Isophoronediisocyanate 

 
4,4'-Diisocyanatodicyclohexylmethane 

 

1,3-Bis(isocyanatomethyl)cyclohexane 

 

2,5(6)-Bis(isocyanatemethyl)bicyclo-[2.2.1]

-heptane 

 

Thiol compounds were classified as aromatic thiol compounds, aliphatic and 

alicyclic thiol compounds, and they are shown in Table 1-5, 1-6, as an example of 

the isocyanate compounds. 

 

Table 1-5. Examples of Aromatic Thiol Compounds 

SH

SH  

1,3-Dimercaptobenzene 

 

1,3,5-Trimercaptobenzene 

 
Bis(mercaptophenyl)sulfide 
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Table 2-6. Aliphatic and Alicyclic Thiol Compounds 

 
Pentaerythritol Tetra（3-mercaptopropionate) 

 
Pentaerythritol Tetra(2-mercaptoacetate) 

 

4-Mercaptomethy-1,8-dimercapt-3,6- 

dithiaoctane 

 

5,7-Dimercaptomethyl-1,11-dimercapto-3,6- 

trithiaundecane 

 Bis(mercaptoethyl)sulfide 

 
2,5-Bis(mercaptomethyl)-1,4-dithiane 

 

As a polymerization catalyst of the thiourethane-based materials, an organic 

amine and an organic metal compound are used. Furthermore, internal mold 

release agents, UV absorbers, light stabilizers, antioxidants, chain extenders, 

crosslinking agents, anti-coloring agents, dyeing agents, and fillers are used as 

additive agents. MRTM series is constituted by a combination thereof. 

Thiourethane-based material for ophthalmic lenses, were produced by cast 

polymerization process in general. Method for producing thiourethane-based 

material for ophthalmic lenses was as follows: 

(1) Prepared with a polymerizable composition by mixing monomers 

(isocyanate compounds, thiol compounds) and additives (catalyst, mold 

release agent, and ultraviolet light absorbers, etc.) 

(2) After filtration, the filtrate was poured into the mold 

(3) Polymerized by heating 

(4) Released from mold and taken out the polymer from the mold 

The process for ophthalmic lenses is completed by additional aftertreatment 

such as tinting, surface coating, and polishing process. 
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Following the process of the scheme show bellow, thiourethane-based 

ophthalmic lenses are manufactured. 

 

 
 

Thus, polymerizable compositions were molded by cast polymerization in the 

glass mold, and the polymerized thiourethane-based materials were retrieved by 

demolding. 

Since adhesive strength of the thiourethane-based materials to a glass mold is 

generally strong, the use of release agents is inevitable. 

It is important that the release agent is excellent in releasing effect, and that it 

does not inhibit the features (mechanical properties, optical properties, etc.) of the 

resin. 

The important point of the thiourethane-based ophthalmic lenses is an 

appropriate choice of (1) isocyanate compounds, (2) thiol compounds, and (3) 

additives containing mold release agents. 

In search of highly-efficient ophthalmic lenses, further improvement is still 

now under active performance. 
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1.2 Generel Summary 

In inorder to improve the performance of thiourethane-based material for 

ophthalmic lenses, we studied following matters and obtained the results. 

（1） Search for the stabilizer of the isocyanate compounds. 

（2） Search for the internal mold release agent of the thiourethane-based 

material in the polymerization process. 

（3） Synthesis of selenium-containing thiol compound, and evaluation for 

thiourethane-based material for ophthalmic lenses of made from it. 

In the second Chapter, we searched the stabilizer of the isocyanate 

compounds. Isocyanate compounds, the raw materials for thiourethanes, are 

unstable due to their inherent high reactivity, they are colored yellow or 

self-polymerize during their storage. In order to improve the shortcomings 

associated with the high reactivity of isocyanate compounds, effective stabilizers 

have been studied. So far, a variety of stabilizers have been proposed, but they did 

not meet the ophthalmic lenses applications that require a high degree of colorless 

transparency. We studied the effect of adding of various compounds as a stabilizer 

for isocyanate compounds, and finally found that some substituted or 

unsubstituted phenols were effective to suppress the turbidity and yellowing, 

although the cause of the color was not clearly understood. In addition, we found 

at the same time that a trace amount of oxygen contained in the isocyanate 

compounds inhibited their stability. As a result, by adding the stabilizers and 

keeping the oxygen contents lower than certain level, we established a practical 

handling technology of the isocyanate compounds in production, storage, 

transportation, and industrial application. We found that thiourethans produced 

from isocyanate compounds, if contained with certain phenol stabilizers, and 

thiols had better optical properties (less colour, better transparency, and higher 

total light transmittance) than conventional isocyanate compounds, while they 

kept the same other properties such as Abbe number, heat resistance, and 

mechanical properties. As a result, we realized to create practical and high 

performance opthalmic lenses from thiourethanes. 



 - 14 -

In the third Chapter, we had searched the internal mold release agent used in 

thiourethane-based material for ophthalmic lenses. 

In the molding of the resin, in order to improve the releasing property of the 

mold and molding, a so-called mold release agent has been used. As 

thiourethane-based material has strong adhesive property with glasses, the use of 

the release agent is inevitable.  

It is important that the release agent is excellent in releasing effect, and that it 

does not inhibit the features having the resin itself (mechanical properties, optical 

properties, etc.). 

In addition to improvement of the releasing property of the mold and molding of 

the thiourethane-based material for ophthalmic lenses, we have searched in this 

study for internal mold release agents used in the thiourethane-based material for 

ophthalmic lenses with low turbidity. As a result, we found that thiophosphate 

ester compounds were useful as internal mold release agents; the resin derived 

from them was excellent in transparency in particular.  

 

 

In the fourth Chapter, we have investigated the synthesis of 

selenium-containing thiol compounds, in relation to their application 

tothiourethane-based materials for ophthalmic lenses. 

In order to improve thiourethane-based material for ophthalmic lenses, 

obtained from a thiol compounds and an isocyanate compounds of the prior art, 

the improvement of refractive index was particular examined.  

We synthesized new thiol compounds containing selenium and evaluated the 

in property of thiourethane-based material made of them. 

Above mentioned thiourethane-based material showed higher heat resistance 

and transparency compared to those of thiourethane-based material that was 

obtained from the sulfur-containing thiol compounds. The method of replacing of 
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the sulfur atoms of the compounds with a selenium atom as a congener of sulfur, 

was found to provide thiourethane-based material with the high refractive index. 

 

 

4-Mercaptomethyl-1,8-dimercapt- 
3,6-diselenaoctane 
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Search for the Stabilizer of the Isocyanate Compounds 
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2.1 Abstract 

In the search of the stabilizer of isocyanate compounds, which was a raw 

material of thiourethane-based material for ophthalmic lenses, phenol was found 

to be highly effective. Turbidity and yellowing of isocyanate compounds was 

suppressed by addition of phenol. Furthermore, the stability of isocyanate 

compounds was more improved by keeping the oxygen contents less than certain 

level. 

Thiourethane-based material, obtained by polymerization of an isocyanate 

ompounds containing phenol, and a thiol compounds, showed the same refractive 

index, Abbe number, heat resistance and mechanical properties as those of 

thiourethane-based material obtained by the method using conventional 

stabilizers. 

Moreover, it turned out clear that the obtained thiourethane-based material 

exceeds in transparency, total light transmittance, and optical homogeneity 

compared to that of the conventional products. 

The results of this research made it possible to provide isocyanate compounds 

having stable quality and thiourethane-based materials for ophthalmic lenses 

having excellent optical properties. 
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2.2 Introduction 

Polymer produced by the polymerization of a thiol compounds and an 

isocyanate compounds that is a thiourethane-based material was used for the 

material for ophthalmic lenses. So far, there are a number of reports concerning 

withophthalmic lenses made by thiourethane-based materials.1 

 

 

 

Isocyanate compounds, a raw material of thiourethane-based material for 

ophthalmic lenses, were unstable due to their high reactivity of the isocyanate 

functional group, so they easily deteriorated during storage and transportation. 

For example, they were colored yellowish, and self-polymerized, such as 

dimerization trimerization, and 1-nylon type polymerization,2 during storage, and 

finally become turbidity. In order to improve the shortcomings associated with the 

high reactivity of isocyanate compounds, the use of effective stabilizers has been 

actively investigated. 

 

 

 

For example, phosphoric ester, phosphite esters such as triphenyl phosphite,3 

ureas, carbamates, acid amides,4 acid compounds such as perchloric acid and 

trifluoromethanesulfonic acid,5 carbon dioxide, sulfur dioxide,6 organic amines,7 
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acid chlorides,8 organotin compounds,9 and acyl isocyanate compounds,10 various 

stabilizers have been investigated. 

Meanwhile, until now phenol derivatives as a weak acid, have been used as 

stabilizers. Example of these compounds are as follows; 

2,6-di-tert-butyl-p-cresol,11 pyrogallol, catechol, guaiacol, eugenol, 

pentachlorophenol,12 alkyl-substituted phenol,13 bisphenol and its derivatives14. 

However, even using these stabilizers, the isocyanate compounds 

occasionally became turbidity and yellowing during storage and transportation. 

Until today, the complete suppression of this alteration had not been achieved. 

Therefore, more improved method for storage and transportation of them has been 

strongly desired. 

On the other hand, concerning isocyanate compounds, to be used for a raw 

material for the ophthalmic lenses base material, it is imperative that the 

stabilizers do not affect physical properties and safety of the base material for 

ophthalmic lenses. 

In case of polymerizing a thiol compound and an isocyanate compound 

containing conventional stabilizers, various properties, such as yellowness, total 

light transmittance and optical homogeneity of thiourethane resin had not been 

reported so far. That is, the conventional stabilizers have not been investigated 

their suitability for an optical material use. 

The purpose of this study is to find out excellent optical thiourethane-based 

materials, which were made of thiol compounds and isocyanate compounds, 

having good properties such as low yellow degree, high total light transmittance, 

and high optical homogeneity. 

In this field, it is the first time to investigate the effect of addition of phenol 

and its derivatives to thiourethane-based materials. 

In this study, we had tried to develop thiourethane-based materials that are of 

high quality and practically usable for ophthalmic lenses. Thiourethane-based 

materials were made of isocyanate compounds, and we investigate and optimize 

various physical properties of them by applying the various additives. 
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2.3 Results and Discussion 

2.3.1 Search of the Stabilizer of the Isocyanate Compounds 

At first, we selected m-xylylenediisocyanate as an isocyanate compound, and 

investigated the time course of yellowing and turbidity in the presence of various 

stabilizers. Among various stabilizers, we searched the best one that suppresses 

yellowing and turbidity. 

Up to now following compounds had been used as stabilizers of isocyanate 

compounds: phenol derivatives, phosphate esters, phosphite esters, ureas, 

carbamates, acid amides, acidic substances such as prechloric acid and 

trifluoromethanesulfonic acid, carbon dioxide, sulfur dioxide, organic amines, 

acid chlorides, organotin compounds, and acyl isocyanate compounds. 

We selected above-mentioned compounds as a candidate of the stabilizer. 

In the event, simply distilled m-xylylenediisocyanate (99.8% purity, 0.010% 

hydrolyzable chloride, Hazen unit color number15: 10) were mixed with various 

stabilizers and stored at 20 °C in a sealed glass container purged with nitrogen gas. 

We observed visually the turbidity of them, and Hazen unit color number of 

yellow every week. In addition, the test was stopped, if the Hazen unit color 

number exceeds 20 or turbidity is detected visually. This test was continued for 24 

weeks in the longest. The results are shown in Table 2-1 and 2-2. 

As shown in Table 2-1, with the exception of phenol, all compounds showe 

turbidity or yellowing within 10 weeks. However, in case of 

m-xylylenediisocyanate mixture containing phenol, Hazen unit color number is 10 

in 24 weeks up and turbidity and yellowing are suppressed. (Run 1). 
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Table 2-1. Stabilizing  Effect on m-Xylylenediisocyanate Using Various 
Stabilizers  

Run Additive (amount, ppm) Weeks until turbidity 
were visually observed 

Weeks until Hazen 
unit color number 
exceed 20 

1 
 (500) 

 >24 >24 

2 (PhO)3P (500)  1 － 

3 H2N N
H

CH3

O O

 (500) 
 2 － 

4 
 (500) 

 2 － 

5 NH2CHO (500)   4 

6 
 (500)

 1 － 

7 CO2 (500)  1 － 

8 H2S (500)  － 1 

9 
 (500) 

 － 3 

10 
 (500) 

 － 4 

11 CH3(CH2)11SH (500)  3 － 

12 CF3SO2OH (500)  － 1 

13 Et3N (500)  1 － 

14 nBu3SnOSnnBu3 (500)  1 － 

15 HCl (100)  － 10 

Isocyanate Compound: m-xylylenediisocyanate, Storage temperature: 20 °C 
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Table 2-2. Stabilizing Effect on m-Xylylenediisocyanate with Phenol 
Derivatives  

Run Additive (amount, ppm) Weeks until turbidity 
were visually observed. 

Weeks until Hazen 
unit color number 
exceed 20 

1 
 (500) 

 >24 >24 

2 None (0)  1 － 

3 

 (500) 

 4 － 

4 

 (500) 

 5 － 

5 
 (500) 

 3 － 

6 OH

tBu

tBu

Me

 (500) 

 8 － 

7 

 (500) 

  1 － 

8 

 (500) 

 1 － 

9 

 (500) 

 1 － 

10 
(500) 

 4 － 

Isocyanate Compound: m-xylylenediisocyanate, Storage temperature: 20 °C 
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Then, the effect of the added amount of phenol was investigated. The results 

are shown in Table 2-3. In case of 10 ppm or higher amount, the stabilizing effect 

is observed, and turbidity and yellowing are suppressed. On the other hand, in 

case of 10,000 ppm amount, Hazen unit color number is 20 at a point of 13 weeks. 

So, the suppressing effect of yellowing was reduced when the addition amount is 

too much. 

 

Table 2-3. Effect of the Amount of Phenol 

Run Additive Amount 
(ppm) 

Weeks until turbidity 
were visually observed

Weeks until Hazen unit color 
number exceed 20 

1  

Phenol 

 10  >24  >24 

2 Phenol  500  >24  >24 

3 Phenol  5000  >24  >24 

4 Phenol  10,000  －  13 

5 None  0  1 － 

Isocyanate Compound: m-xylylenediisocyanate, Storage temperature: 20 °C 

 

Phenol was shown to possess the excellent stabilizing effect for 

m-xylylenediisocyanate. Next, we investigated the inhibitory effect of turbidity 

and yellowing for other isocyanate compounds. 

In the concrete, various isocyanate compounds (more than 99.8% purity, 

Hazen unit color number: 10), contained with phenol (500 ppm), was stored in a 

glass container under nitrogen at 80 °C. As reference, isocyanate compounds 

without phenol were also prepared. Every day, we sampled one gram of mixture 

from above-mentioned container and separately dissolved it in 20 mL of toluene. 

We counted the number of days until turbidity was observed. If turbidity was not 

observed until 6 days, Hazen unit color number and purity on 6th day were 

measured and test term was 10 days at the longest. The result is shown in Table 

2-4. 
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These results show that phenol is effective as a stabilizer and they suppress 

the decrease of purity, turbidity and yellowing for various isocyanate compounds. 

In addition to the previous case, generality of the stabilizing effect of phenols 

was confirmed. 

 

Table 2-4. Stabilizing Effect on Isocyanate Compounds with Phenol 
Purity (%) 

Run Isocyanate Compound Phenol
(ppm) Turbidity Color 

number Before 
test 

On 
6 day

1  0  1 - - 

2 

NCO

NCO  
 500  7 10 

99.8 

99.3

3  0  >10 20 98.3

4   500  >10 10 
99.9 

98.8

5  0  2 - - 

6   500  >10 10 
99.8 

98.2

7  0  >10 40 98.6

8 

NCO

NCO
 

 500  >10 10 
99.9 

99.7

9  0  >10 30 98.4

10   500  >10 10 
99.9 

99.7

11  0  3 - - 

12   500  >10 10 
99.9 

99.7

13  0  4 - - 

14 
OCN-(CH2)6-NCO 

 500  >10 10 
99.9 

99.8

Storage Temperature:80 °C 
Turbidity: Day until appearance of turbidity, 
Color number: Hazen unit color number on 6 day 

 

During the course of investigation about the p stabilization of isocyanate 

compounds under storage and transportation conditions, we found that a trace 

amount of oxygen had induced the occurrence of turbidity of common isocyanate 

compounds. 
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In order to suppress generation of a polymer with turbidity, by keeping the 

oxygen contents of the isocyanate compounds lower than allowable level, i.e. less 

than 20 ppm, we established a practical handling technology of the isocyanate 

compounds. 

Therefore, in order to keep the oxygen content of the isocyanate compounds 

less than 20 ppm, the inside of container was sufficiently replaced with an inert 

gas such as nitrogen, and careful use of transfer pump during filling of the 

isocyanate compounds was undertaken. 

As a result, by adding the stabilizers and keeping the oxygen contents lower 

than certain level, we established a practical handling technology of the 

isocyanate compounds in production, storage and transportation. 
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2.3.2 Thiourethane-based materials for ophthalmic lenses of isocyanate 

compounds by addition of stabilizer 

We investigated the use of thiourethane-based material for opthalmic lenses, 

produced from isocyanates containing certain stabilizers, and thiols, and we have 

achieved the stabilization of the isocyanate compound by the addition of 

stabilizers and removal of dissolved oxygen. 

However, if thiourethane-based materials, obtained from the thiol compound 

and the isocyanate compound, were not of enough quality for the ophthalmic 

lenses, it cannot be used as a raw material for the ophthalmic lenses base material. 

In case of polymerizing a thiol compound and an isocyanate compound 

containing conventional stabilizers, various properties, such as yellowness, total 

light transmittance and optical homogeneity of thiourethane resin, had not been 

reported so far. That is, the conventional stabilizers have not been investigated to 

attain their suitability to be used as an optical material. 

The total light transmittance and yellowness of the thiourethane-based 

material by polymerized of the isocyanate compound and the thiol compound, 

were found dependent on the stabilizers. Furthermore, the stabilizers of the 

isocyanate compound are also affected by the homogeneity of optically 

thiourethane-based material. Accordingly, in the manufacture of optical materials 

such as ophthalmic lenses that require homogeneity, colorless and transparence, 

the selection of stabilizers of the isocyanate compound was extremely critical. 

At first, m-xylylenediisocyanate was selected as the isocyanate compound, 

and mixed with various stabilizers, then, polymerized with pentaerythritoltetrakis 

(3-mercaptopropionated) as the thiol compound. 

The yellowness (Yellow Index (YI)), total light transmittance (%), and the 

optical homogeneity of obtained thiourethane-based materials were measured. 

The result is shown in Table 2-5. 

The yellowness (YI) of thiourethane-based materials was measured by                 

yellow colorimeter (Minolta CR-200), the total light transmittance was measured 

by 5.5 of JIS-K-7105. 
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The optical homogeneity was visually observed according to the direct Nicole 

method by Toshiba distortion tester (SVP-100).  

As a result, thiourethane-based materials obtained from 

m-xylylenediisocyanate containing phenol, and pentaerythritoltetrakis 

(3-mercaptopropionate), show less yellowness, high transparence, and better in 

optical homogeneity as compared with those using other stabilizers. 

 

Table 2-5. Thiourethane-baed Material Containing Various Stabilizers 

Run Additive (amount, ppm) Yellowness (YI) Total light 
transmittance (%) 

1 
 (500) 

1.2 90 

2 (PhO)3P (500) 1.4 90 

3 
 (500) 

1.5 89 

4 
 (500) 

1.6 89 

5 NH2CHO (500) 1.6 90 

6 
 (500) 

1.5 90 

7 CO2 (500) 1.4 89 

8 H2S (500) 1.6 88 

9 
 (500) 

1.7 89 

10 CH3(CH2)11SH (500) 1.4 88 

11 CF3SO2OH (500) 3.0 88 

12 Et3N (500) 2.5 88 

13 nBu3SnOSnnBu3 (500) 1.5 87 

14 HCl (100) 2.4 88 

15 none 1.4 88 
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Next, other phenol derivatives were examined, and the effects of them are 

shown in Table 2-6. 

As a result, they have proven to be effective, and thiourethane substrate 

obtained from a thiol compound and the isocyanate compound containing a 

phenol derivative was excellent in yellowness, total light transmittance, and the 

optical homogeneity.  

In addition, above mentioned thiourethane-based materials were confirmed to 

be equivalent to the conventional materials in other physical properties, such as 

heat resistance and tintability. 

The results of this study enable to supply the stable quality of isocyanate 

compounds and the thiourethane-based materials of ophthalmic lenses having 

excellent optical properties.
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Table 2-6. Thiourethane-based Materials Containing Various Stabilizers  

Run Isocyanate compound Additive (amount, ppm) Tiol compound Yellowness 
(YI) 

Total light 
transmittance 

(%) 

1 OCN-(CH2)6－NCO 

(500)  

1.3 90 

2 

NCO

NCO
  (500)  

1.2 90 

3 

NCO

NCO  
 (500)  

1.2 90 

4 

CH3

NCO

NCO  

OH

tBu

tBu

Me

 (100) 
 

1.4 89 
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2.4 Experimental Section 

(1) Search for Stabilizer of Isocyanate Compounds. 

- Storage test at 20 °C 

Various stabilizers were added to m-xylylenediisocyanate simply 

distillated under reduced pressure (purity: 99.8%; hydrolyzable 

chlorine: 0.010%; Hazen unit color number: 10), respectively. Each 

mixture was purged with nitrogen gas in a sealed glass container at 

20 °C. 

Visual observation of turbidity and the measurement of its Hazen unit 

color number value were performed every week. 

The test period was confiremed to 24 weeks at the maximum, although 

the test was discontinued when turbidity was observed or when Hazen 

unit color number value exceeded 20. 

- Storage test at 80 °C  

Samples, which were absence of phenol and containing 500 ppm of 

phenol, respectively, were prepared from various isocyanate 

compounds. 

They were placed in a glass container, purged with nitrogen gas, then 

sealed and stored at 80 °C respectively. A one-gram portion was 

collected from each container every day and dissolved in 20 mL of 

toluene. The number of days until it became turbid was recorded. With 

respect to the samples in which turbidity was not observed more than 6 

days, their Hazen unit color number value and purity were measured on 

the 6th day and the test was conducted for 10 days at the maximum. 

(2) Polymerization Method of Thiourethane-based Material. 

The thiol compound and the isocyanate compound containing the 

stabilizer were mixed, and degassed under reduced pressure. The resulting 

mixture was poured into a mold formed of a glass mold and a gasket and 

having a thickness of 9 mm and a diameter of 70 mm. The mixture was 

gradually heated from room temperature to 120 °C, at which it was allowed 
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to harden for 48 hours. After the polymerization, the resulting resin was 

taken out of the mold. 

The yellowness, the total light transmittance, and optical homogeneity 

of thiourethane-base materials obtained by polymerization were measured 

as follows: 

- Yellow-degree: was measured (YI) degree in yellow (Minolta CR-200) 

colorimeter. 

- Total light transmittance: measured in accordance with the methods set 

out under 5.5 JIS-K-7105. 

- Optical homogeneity: Judged by visual observation using the 

crossed Nicols method, using a "Toshiba Strain Detector" (SVP-100).
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Chapter 3 

 
 

Search for the Internal Mold Release Agent Added in 
the Polymerization Process of 
 Thiourethane-based Material 
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3.1 Abstract 

We studied internal mold release agents of thiourethane-based material 

for ophthalmic lenses. The release agents are required to improve 

releasability of the mold without causing turbidity; the lenses materials 

should be highly transparent and accurate on the surface. We found that 

sulfur-contaning phosphoric acid ester compound had superior releasability 

and optical property, especially in terms of turbidity, as compared to 

conventional release agents. 
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3.2 Introduction 

Various methods are known for molding resins such as casting molding, 

injection molding, etc. In each method, so-called release agents are used for 

improving releasability between a molded article and a mold. Especially, 

such compounds as urethane resins and epoxy resins have strong adhesion 

properties to the mold, and hence addition of the mold release agent is 

inevitable. 

Method for producing thiourethane-based material for ophthalmic 

lenses were as follows 

(1)  Mix monomers (isocyanate compound and thiol compound) and 

additives (catalyst, ultraviolet absorbers, mold release agents, etc.). 

(2)  Filter the mixture and inject it into the mold. 

(3)  Polymerization by heating. 

(4)  Release and take out the polymer from the mold. 

The ophthalmic lenses are completed by additional aftertreatment such 

as tinting, surface coating and polishing process. Mold is made of glass with 

resin gasket or tape. The mold for plastic ophthalmic lenses is required not 

to be deformed by heat during the polymerization, and the mold made of 

glass is commonly used from the viewpoint of surface accuracy. The mold 

made of resin cannot be used due to thermal deformation on the surface. 

Because of a strong adhesion property of thiourethane-based material 

has to glass, the addition of mold release agent is essential to get a smooth 

mold release with maintaining practical surface accuracy. 
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The polymerizable composition were poured into a glass mold with tape

 

Required performance of the mold release agent is not only to have an 

excellent releasing property but also not to deteriorate original resin 

characteristics such as mechanical properties and optical properties. 

Release agents are generally classified into two groups, that is, external 

release agents and internal mold release agents. External release agents are 

coated every time on an inner surface of the mold and have several issues as 

follows; (1) The productivity of the molded articles is poor, (2) an external 

release agent is transferred onto the surface of the resulting molded articles 

resulting in irregular portions on the surface of the molded article and 

causing defective coating and dyeing, and (3) a transparency of the molded 

resin may be harmed by turbid. 

On the other hand, an internal mold release agent is added into resin 

monomers in advance. It was not necessary to apply it to a mold each time. 

An internal mold release agent is favorable to improve productivity. 

However, the molded article requiring high transparency such as an 

ophthalmic lens, an internal mold release agent is not preferable. 

As internal mold release agents for urethane resin molding, fluorine 

type nonionic surface active agents, silicone type nonionic surface active 

agents, alkyl quaternary ammonium salts, liquid paraffin, waxes, higher 

fatty acids and metal salts thereof, higher fatty acid esters, higher aliphatic 

alcohols, bisamides, polysiloxanes, aliphatic amine ethylene oxide adducts1, 

etc. were known. Furthermore, phosphoric ester compounds2 have also been 
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used as an internal mold release agent. 

However, there remain several problems such as white turbidity and 

mold sticking. Therefore, various improvements have been studied so far. 

As a reaction injection molding of urethane resins, zinc stearate is 

generally used, but zinc stearate is not soluble enough in the starting 

materials and various compatibilizers have been proposed.3 

For the molding of epoxy resins, on the other hand, the addition of zinc 

stearate,4 fluorine type nonionic surface active agents, silicon type nonionic 

surface active agent, alkyl quaternary ammonium salts, acid phosphoric 

acid5 esters are known as internal mold release agents. The combination 

method of using both an external and internal mold release agents is also 

proposed.6 

Furthermore, in the molding of polyolefin resins, aliphatic alcohols, 

aliphatic esters, phthalic acid esters, triglycerides, fluorine type surface 

active agents,7 and higher fatty acid metal salts are known as internal mold 

release agents. 

In the molding of polycarbonate resins, higher fatty acid esters, waxes, 

liquid paraffin, silicone oil, alkyl glyceryl ethers are known as internal mold 

release agents.8 

For molding acrylic resins, higher alcohols, higher fatty acid esters, and 

higher fatty acids are often used as internal mold release agents.9 

The known internal mold release agents as described above are 

effective and improve productivity of the molded articles compared with 

external release agents. However, the releasing property is not sufficient 

enough and thereby, the resins sometimes remain on the surface of the mold, 

and the surface of the glass mold sometimes peeled off. In addition, excess 

stress may be applied during the release and thereby the molded article is 

liable to warp or distortion. When internal mold release agents are added 

sufficient enough to be easily released, the molded articles are liable to 

become turbid. These issues are fatal for molding optical products such as 
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plastic lenses that requires severe transparency and exact surface accuracy. 

They devaluate the product value to a great extent.10 Therefore, it is 

strongly desired to develop new internal mold release agents having 

sufficient releasing properties, yet keeping high transparency during the 

molding. 

We have studied the application of phosphoric acid ester and the related 

compounds as an internal mold release agent. There are many previous 

studies of pentavalent phosphorus compounds. In this study, 

sulfur-contaning phosphoric acid ester compound such as thiophosphoric 

acid diester, dithiophosphoric acid diester, and thiophosphoric acid 

monoester, were studied as an internal mold release agent. Finally, we have 

succeeded in fiding excellent release agent, being capable of keeping 

practical transparency of the resin. Furthermore, sulfur-containing 

phosphate ester was found to have a good compatibility with starting 

monomers and product resin. 

 

Example of sulfur-containing phosphoric acid ester 

 
Thiophosphoric acid diester 

 
Dithiophosphoric acid diester 

 
Thiophosphoric acid monoester 
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3.3 Results and Discussion 

Thiophosphoric acid diester and thiophosphoric acid monoester have 

the following equilibrium (Scheme 1), and is known to be present in the 

form of the mixture.11 

 

 

 
Scheme 1 

 

In the present study, thiophosphoric acid diester and thiophosphoric 

monoester are described by the following structural formula.  

 

Thiophosphoric acid diester 
 

Thiophosphoric acid monoester 
 

 

The evaluation was carried out by the following method. 

Isocyanate compound, thiol compound, a catalyst, a 

ultraviolet-absorbent, and release agent as necessary, were mixed, poured 

into a glass mold, and then, polymerized by gradually heating. 

Evaluation of releasability was made by inserting a Teflon® wedge 

between the molded product and the mold, and when released easily, it was 

designated as [○], when released through there was some resistance, it was 

designated as [△], and when not released, it was designated as [×]. 

The turbidity was determined by measuring the haze value of a flat 

plate of thiourethane resin of 9 mm thick. The result is shown in Table 3-1. 

Thiophosphoric acid ester and dithiophosphoric acid esters also showed 



 - 45 -

good releasing property, and released off easily from the mold. On the other 

hand, conventionally known compounds, fluorine compounds, silicon-based 

compounds, phosphoric acid esters, ammonium salts, zinc salts, for 

releasing agents, showed some resistance when released. In the absence of 

release agent, it could not release from the mold. 

By virtue of dithiophosphoric acid ester and thiophosphoric acid ester 

for a mold release agent, turbidity (haze value) showed very low values 

with the obtained material, compared with the case where the 

conventionally known mold release agent was used. 

Thiophosphoric acid esters and dithiophosphoric acid esters, which 

were found in this study, are expected to adapt to release agent for other 

polymer not only as thiourethane resin. 

 

 

.
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Table 3-1. Evaluation of Release Agents  
Run Internal mold release agent (amount, ppm) Isocyanate Compound Thiol Compound, 

Alcohol Compound Releasability Haze Value (%) 

1 P

O

SH
MeO

MeO  (0.05 wt%) 
〇 0.1 

2 Q2 120A ® (silicon type) (0.05 wt%) △ 3.2 
3 None 

NCO

NCO  
 

× - 

4 
 (1 wt%) 

〇 0.2 

5 Zinc stearate (1 wt%) △ 28.1 
6 None   × - 

7 P

S

SH
MeO

MeO  (0.2 wt%) 
〇 0.1 

8 Dioctylphosphoric acid (0.2 wt%) △ 1.5 
9 None 

(SCH2CH2NCO)2 
 

× - 

10 
 (0.2 wt%) 

〇 0.1 

11 Me3NCl (0.8 wt%) △ 10.1 
12 None 

(SCH2CH2NCO)2 HO-(CH2)2-S-(CH2)2-OH

× - 

13 P

O

SH

OH

EtO

 (0.05 wt%) 
〇 0.1 

14 Unidain DS-401® (fluorine type) (0.01 wt%) △ 2.5 
15 None 

NCO

NCO  
 

× - 
Q2-120A® (silicon Type, manufured by DowChemical) 
Unidain DS-401® (fluorine type, manufured by Daikin Kogyo) 
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3.4 Experimental Section 

Production Method of Thiourethane-based Material. 

Isocyanate compound, thiol compound (in some case alcohol 

compound) (molecular ratio of isocyanate groups/molecular ratio of 

(hydroxy group + mercapto group = 1/1)), Dimethyltindichloride as a 

catalyst, Viosorb 583 as a ultraviolet absorbent, and release agent as 

necessary were mixed, followed by degasification under reduced pressure. 

The polymerizable composition was poured into a glass mold, then, 

gradually heated from room temperature to 120 °C, at which it was allowed 

to harden for 24 hours.  

 

Evaluation method of Thiourethane-based Material. 

- Evaluation of releasability: Inserting a Teflon® wedge between the 

molded product and the mold, and when released easily, it was 

designated as [○], when released through there was some resistance, it 

was designated as [△], and when not released, it was designated as [×]. 

- The turbidity of resin：Measured by the haze value of a flat plate of 

thiourethane resin of 9 mm thick using Digital Haze Computer 

HGM-2DP manufactured by Suga Shikenki K.K. according to JIS K 

7105, 6.4. In the case of the resin was not released from mold, 

measurement of haze value was not carried out. 
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Chapter 4 
 

 
Synthesis of Selenium-containing Thiol Compounds 
and Evaluation of Thiourethane-Based Material for 

Ophthalmic Lenses 
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4.1 Abstract 

In order to improve refractive index property of thiourethane-based 

materials for ophthalmic lenses new selenium-containing thiol compounds 

were designated and synthesized as acounterpart of isocyanate compound. 

The resin produced from the selenium compounds showed the higher 

refractive index than that from thiol compounds of similar structures, 

keeping high transparency.
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4.2 Introduction 

ADC (diethyleneglycol bisallylcarbonate) resin which is obtained by 

radical polymerization of ADC monomers has been widely used for plastic 

ophthalmic lenses. However, the refractive index (Nd) of this resin is as low 

as 1.50, and the plastic lenses made from the resin become thick in edges 

which spoil fashionability for glasses.  

In order to make the lenses thinner and to solve this fashion style issue, 

various studies have been done for improving refractive index of the resin. 

For example, a variety of polymer resins have been proposed such as a resin 

produced from tetrabromobisphenol-A and isocyanate compounds,1 a 

polymer resin of xylylenedithioldimethacrylates,2 a resin from 

2,5-dimercaptomethyl-1,4-dithianes,3 a resin from thiol compounds having 

a sulfur atom other than mercapto group in the molecule,4 etc.  

These polymer resins were developed by introduction of an aromatic 

ring, a halogen atom such as bromine, or a sulfur atom into the molecules. 

However, these approaches were not effective enough to improve the index. 

Therefore we started to study new approach for further improvement of the 

index of the resin which would enable designated the molecular the plastic 

lenses thinner. 

In this study, we made plans to introduce selenium atom, which was 

heavier than sulfur, into thiourethane-based materials. The selenium 

containing thiourethanes were synthesized by polymerization of 

selenium-containing thiol compounds and isocyanate compounds. 

The selenium containing thiol compounds, the target molecules, were 

designed to carbon-selenium bonds and more than three mercapto groups 

which posess increase a cross-linking degree of the polymer resin in a 

practically enough extend. 

Various methods have been reported so far to synthesize molecules 

containing selenium atoms.5,6 The selenium containing compounds, for 

example, were produced using the reactions of halide selenium, alkali metal 
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selenides, alkali metal selenol, alkyl(di)selenide, alkylselenol,7 hydrogen 

selenide, etc. The compounds having aliphatic chain structure were 

produced, and then mercapto groups were introduced into them.8 

In this study, 4-mercaptomethyl-1,8-dimercapto-3,6-dithiaoctane (2) 

was chosen as a comparison. 4-Mercaptomethyl-1,8-dimercapto- 

3,6-diserenaoctane (1) was a target molecule in which two sulfurs of (2) 

were replaced by selenium atoms. The selenium containing 

thiourethane-based material was synthesized by polymerization of the thiol 

compound (1) and isocyanate compound. A series of physical properties 

were evaluated. 

 

S

SH

S

SH

SH

2

8
7

5

4
3

2

1

6

 

4-Mercaptomethyl-1,8-dimercapto-3,6-dithiaoctane (2) 

 

 

4-Mercaptomethyl-1,8-dimercapto-3,6-diserenaoctane (1)  
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4.3 Results and Discussion 

Thiol compounds containing selenide bond (1) was synthesized based 

on the method described in Scheme 1.9 

 

 

Scheme 1 

 

(1) The first step 

Selenium powder was suspended in methanol, then addition of followed 

by sodium borohydride-methanol solution. Bromoethanol was added 

dropwise to this solution, which induced SN2 reactions. Then, a sodium 

hydroxide solution was dropwise, to obtain a reaction mixture. 

(2) The second step 

Epichlorohydrin was added dropwis to the reaction mixture produced in 

the first step. After confirming the completion of the reaction, removed 

the solvent was removed, to obtain a mixture containing 

1,5,9-trihidroxy- 3,7-diserenanonane 

(3) The third step 

The mixture obtained in the second step was treated with thiourea and 

36% hydrochloric acid under reflux, to obtain a reaction solution 

containing a thiuroniumu salt. 

(4) The fourth step 

After cooling to room temperature, the reaction solution obtained in the 

third step, was reacted with aqueous ammonia and toluene. After 
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separation of the aqueous layer, organic layer was washed with acid and 

water, and then concentrated by removal of the solvent. The organic 

remaining was purified by silica gel column chromatography, to furnish 

4-mercaptomethyl-1,8-dimercapto-3,6-diserenaoctane (1). 

On the other hand, the compound containing a sulfide bond compound 

(2) (4-mercaptomethyl-1,8-dimercapto-3,6-dithiaoctane) was synthesized 

according to the known methods as described below.10 

 

 

 

m-Xylylenediisocyanate was selected as diisocyanate compound, 

polymerized with thiol compounds containing sulfide-bond (1) and thiol 

compound containing selenium atom (2), respectively.  

The polymerization reaction was preceded smoothly as in the case of a 

thiol compound, produsing a transparent resin. 

Properties of the obtained resin are shown in Table 4-1. 

Thiol compound containing a selenide bond (1) shows better properties 

in refractive index, and heat resistance than that containing a sulfide bond 

(2). 

Thiol compound containing selenium (1) would be a superior candidate 

for a development of new materials having high refractive index. 
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Table 4-1. Properties of Thiouretan-based Materials 

Run Composition 
Refractive 

index 
(Nd) 

Abbe 
number 

(νd) 

Heated 
resistance 

(°C) 

１  

,  

1.674 30 92 

2 S

S

SH

SH

SH

,  

1.660 32 85 
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4.4 Experimental Section 

The obtained resin was evaluated by the following test method. 

- Refractive index, Abbe number: measured at 20 °C by use of a 

Pulfrich refractometer. 

- Heat resistance: measured by TMA. 

 

Synthesis of 4-mercaptomethyl-1,8-dimercapto-3,6-diserenaoctane (1). 

Selenium powder (60 g, 0.76 mol) was suspended in 1000 mL of 

anhydrous methanol, and a solution obtained by dissolving of sodium 

borohydride (35 g, 0.925 mol) in 500 mL of anhydrous methanol was slowly 

added dropwise to the suspension under cooling, followed by aging for 1 

hour at room temperature. The resulting reaction solution was desolvated 

until a solution volume had been about 500 mL, and to the thus concentrated 

solution, bromoethanol (95 g, 0.76 mol) was added dropwise while an 

internal temperature was maintained at 20－30 °C, followed by aging at 

room temperature for 20 hours. 

49% aqueous sodium hydroxide solution (31.0 g, 0.38 mol) was added 

dropwise to this reaction solution while an internal temperature was 

maintained at 20 to 30 °C, followed by aging at room temperature for 1 hour. 

Such subsequenntly, of epichlorohydrin (35.2 g, 0.38 mole) was added 

dropwise thereto at an internal temperature of 30－40 °C, followed by aging 

at the same temperature for 2 hours. Lastly, the solution was desolvated to 

obtain a residue containing 1,5,9-trihidroxy-3,7-diserenanonane. 

Thiourea (100 g, 1.31 mol) and 36% hydrochloric acid (200 g, 1.98 

mol) were added to the above residue, and reaction was carried out for 2 

hours under heating at reflux (108－110 °C). After the solution had been 

cooled to room temperature, 400 mL of toluene and 25% aqueous ammonia 

(160 g, 2.35 mol) were added thereto, followed by reaction at 60 °C for 2 

hours. After still standing, the lower aqueous layer was discarded. The 

resultant organic layer was washed with 36% hydrochloric acid at room 
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temperature and pure water in turn, and the solvent was then distilled off. 

The remaining residue was purified through silica gel column 

chromatography to obtain 4-mercaptomethyl-1,8-dimercapto-3,6-diserena 

octane 90 g (67% yield) 

The results of identification analysis are as follows: 

Anal. Calcd. for C7H16S3Se2: C, 23.7; H, 4.6; S, 27.1; Se, 44.6 

Found: C, 23.5; H, 4.5; S, 27.2; Se, 44.4 

(MS): m/z = 356 (M') 

(IR): SH = 2540-2550 cm-1 

 

Synthesis of 4-mercaptomethyl-1,8-dimercapto-3,6-dithiaoctane (2). 

Into reaction flask, 2-mercaptoethanol (169 g, 2.16 mol) and water (76 

g) were charged. At 30 °C, 47 wt% aqueous sodium hydroxide solution 

(91.9 g, 1.08 mol) was added dropwise thereinto over 30 minutes, and then 

epichlorohydrin (99.9 g, 1.08 mol) was charged thereinto at the same 

temperature over 3 hours, and the mixture was aged for 1 hour. Then, 

thiourea (246.9 g, 3.24 mol) and 35 wt% HC1 solution (450.0 g, 4.32 mol) 

were charged thereinto, and the mixture was reacted under reflux at 110 °C 

for over 3 hours, thereby producing a thiouronium salt. Then, the mixture 

was cooled to 60 °C., then 25 wt% aqueous ammonia solution (331.1 g 4.86 

mol) and toluene (450 g), and were charged into the mixture, followed by 

reaction, thereby obtaining a solution of a thiol compound in toluene, 

having 4-mercaptomethyl-1,8-dimercapto-3,6-dithiaoctane (2) as a main 

component. 

The toluene solution was washed with an acid and then water, heated 

under reduced pressure to remove toluene and a trace amount of moisture. 

Then, the residue was filtered to obtain 4-mercaptomethyl- 

1,8-dimercapto-3,6-dithiaoctane (2) (268.7 g). 
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Production of Selenium-containing Thiourethane-based Material. 

4-Mercaptomethyl-1,8-dimercapto-3,6-diserenaoctane (1) (30 g), 

m-xylylenediisocyanate (24 g), dibutyl dichloride (0.008 g, 150 ppm), 

dioctylphosphoric acid (0.06 g, 1100 ppm), were mixed, degassed under 

reduced pressure. After 1 hour, charged into a mold comprising of a glass 

mold and a gasket made of resin, and cured by raising the temperature 

slowly over 20 hours to 120 °C from room temperature. The mold was taken 

out of resin inside by cooling. In addition, re-heated the resin at 120 °C for 

2 hours. 

 

Production Method of Thiourethane-based Material. 

4-Mercaptomethyl-1,8-dimercapto-3,6-disthiaoctane (2) (26 g), 

m-xylylenediisocyanate (28 g), dibutyldichloride (0.008 g, 150 ppm), 

dioctylphosphoric acid (0.06 g, 1100 ppm), were mixed, then, degassed 

under reduced pressure for 1 hour. Charged into a mold comprising of a 

glass mold and a gasket made of resin, and cured by raising the temperature 

slowly over 20 hours to 120 °C from room temperature. The mold was taken 

out of resin inside by cooling. In addition, re-heated the resin at 120 °C for 

2 hours. 
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1.1 Introduction 

During the last two decades, the indirect electrochemical syntheses 

have become a keen subject of intensive study and their potentialities as a 

synthetic tool are now getting familiar in laboratories and in industries.1 

The particular advantages of this technique are its low burden on the 

environment, the favorable shortage of energy because of the acceleration 

of electrode processes, and the high product-selectivity in synthesis. Among 

electron carrier reagents, transition metal complexes are increasingly used 

in the indirect electrolyses.2 On the other hand, non-metallic reagents such 

as organo selenium and tellurium compounds as redox catalysts, are 

expected as a novel tool in the indirect electrolysis since these compounds 

are accessible in large variety and easily modified, and mostly undergo 

specific reactions. The in situ generation of these hetero atom compounds in 

low or high valent states can offer new entries for the use of reactive and 

highly sensitive reagents. In particular, organo selenium and tellurium 

compounds are stable enough, in the course of the reduction, even if in a 

large scale operation. Furthermore, environmental problems might be 

reduced by employing the catalytic process by· virtue of minimization of 

reagents. 

This thesis deals with new roles of selenium and tellurium reagents in 

indirect electrosyntheses. In order to place the present study into its proper 

perspective, it should be appropriate to review briefly some of the history of 

these reagents in the electroorganic synthesis.  

Organo selenium and tellurium compounds show diverse redox 

properties at relatively low positive and negative potential values. Thus, 

radical or anionic species of organo selenium and tellurium compounds can 

be easily provided by electroreduction. Among then, phenylselenide and 

phenyltelluride anions, divalent and stable species, are of particular interest, 

since these anionic species are considered to be good nucleophiles toward a 

variety of organic molecules.  
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For example, as shown in Table 1-1, Entry 1, alkyl halides undergo 

direct replacement with phenylseleno groups, giving alkyl phenyl selenides, 

smoothly.3 This procedure is convenient rather than conventional methods 

which need metallic reducing reagents. Furthermore, these selenide anions 

add to the enone systems to produce β-seleno carbonyl compounds in good 

yields (Entry 2).4 The substitution of halobenzophenone derivatives with a 

phenylselenide or a phenyltelluride anions prepared by the electroreduction 

of the corresponding diphenyl dichalcolides is enhanced by azobenzene (0.1 

equiv.) utilized as a redox catalyst (Entry 3).5 Similar conversions of 2-, 3-, 

and 4-bromobenzonitriles to the respective phenylseleno derivatives are 

achievable, through the SRN1 mechanism, with sonication in the presence of 

an equivalent of benzeneselenolate ion (Entry 4).6 Of interesting to note is 

that ultrasound-induced electrochemical reduction of gray selenium powder 

in dimethylformamide or tetrahydrofuran is an effective and a convenient 

method to generate Se2
2-, Se2-, Te2

2-, and Te2- anions (Entry 5).7 

Trimethyltellurium iodide, a bio-active compound for plant growth, is 

prepared by electroreduction of tellurium metal from a telluro cathode in the 

presence of iodomethane (Entry 6).8 

The author was encouraged by the versality of electroorganic 

transformations with organoselenium and tellurium reagents. However, 

these precedents were stoichiometric with respect to selenium and tellurium 

reagents and no catalytic· reaction by use of these hetero atom compounds 

has appeared yet. Consequently, we propose a new catalytic transformation 

by using phenylselenide and phenyltelluride anions arising by 

electroreduction of diaphenyl diselenides and ditellurides. Our idea for a 

recycle use of organo selenium and tellurium reagents is depicted in Scheme 

1-1. 
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Scheme I-I 

 

The electroreductive ring-opening of epoxy ketenes is considered to 

proceed via an initial attack of electrogenerated phenylselenide or telluride 

anions at the position α to the electron-withdrawing group. Subsequent 

nucleophilic attack of second phenylselenide or phenyltelluride anion to the 

α-phenylseleno or α-phenyltelluro moiety of the adduct results in the 

formation of β-hydroxy carbonyl compounds together with diphenyl 

diselenide or ditelluride, which may be recycled in the next reaction. Scope 

and application of this concept are compiled in following Chapters. 

In the second Chapter, the author develop a new catalytic procedure for 

the reductive .ring opening of α,β-epoxy carbonyl compounds 1 and their 

homologues to the corresponding β-hydroxy carbonyl compounds 2 by the 

aid of diphenyl diselenide or ditelluride as a mediator. The electrolyses 

were carried out in a MeOH-NaClO4-(Pt) system in the presence of malonic 

esters as a proton donor. The electrogenerated phenylselenide and telluride 
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anions attack specifically the position a of a oxirane ring of the substrates. 

α,β-Epoxy esters 3 and nitriles 5 could also be converted into the 

corresponding β-hydroxy compounds 4 and 6 by a similar manner in the 

presence of acetic acid as a proton source. This procedure is applicable to a 

variety of β-alkyl and β, β-dialkyl epoxy compounds bearing functional 

groups such as enones, ketones, and esters. 

In the third Chapter, the author describes selective dehalogenations of 

α, α-dihalolactones 7 and α, α-dihalolactams 10 by the indirect 

electroreduction with diphenyl diselenide or ditelluride as a recyclable 

mediator. These dehalogenations have been achieved in a 

MeOH-NaClO4-(Pt) system. Of interest to note is that α,α-dichlorolactones 

7 are reduced to the corresponding α-chlorolactones 8 when diphenyl 

diselenide is used as a mediator, while complete removal of chlorine atoms 

from α, α-dichlorolactones 7, leading to the corresponding lactones 9, is 

feasible when the reaction is performed with diphenyl ditelluride as a 

mediator. α,α-Dibromolactams 10 also gave the corresponding 

debrominated compounds 11 by the electrolysis with diphenyl diselenide as 

a mediator. 

 

 

 

The author realized the reduction of α,β-epoxy carbonyl compounds 

and their homologues 1 to the corresponding α-hydroxy carbonyl 
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compounds 2 by using a sacrificial anode such as magnesium in a 

MeOH-NaClO4 system. The merit of this technique is that the reduction is 

performed in an undivided cell. Details of this procedure will be described 

in the fourth Chapter.  

Table 1-1. 
Entry Reaction Scheme Ref. 

1 

 

3 

2 
 

4 

3 

 

5 

4 

 

6 

5 

 

7 

6 
 

8 
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1.2 Instrumentation 

IR spectra were obtained with either a JASCO IRA-1 grating 

spectrometer or a JASCO FT-IR-5000 spectrometer in cm-1. NMR spectra 

were determined with either a Hitachi R-24 (60 MHz for proton), a JEOL 

JNM-PMX 60 (60 MHz for proton), a Varian VXR-500 (500 MHz for 

proton and 126 MHz for carbon-13), or a VXR-200 (200 MHz for proton 

and 50 MHz for carbon-13), using Me4Si (0 ppm) or chloroform (7.26 ppm) 

as an internal standard, and the signals are expressed in 'parts per million 

downfield from the standard. Melting points were taken on a 

Thomas-Hoover unmelt capillary apparatus. Gas-liquid phase 

chromatography was performed on Yanagimoto Model G6800 with a 

"Quadrex" Bond-Fused Silica capillary column (Methyl Silicone: 0.25 mm 

film thickness, 25 m × 0.25 mm.D.). Peak areas were integrated by using 

a SIC chromatocorder-12 recorder. High performance liquid 

chromatography was carried out by a Waters 6000A solvent delivery system 

and a Waters differential refractometer, Model R-401 detector. Product 

percentages were calculated from peak area ratio without correction. 

Medium-pressure liquid chromatography was performed with a 

Kyowa-seimitsu KHD-90 solvent pomp, fittings and tubings using Merck 

silica gel PF-254 as the sationary phase. Microanalyses were performed in 

this laboratory using a Yanaco Microdetermining Apparatus for elements, 

Model MT-3. 

 

1.3 General Reaction Procedure and Analytical Procedure 

All reactions, unless otherwise specified, were conducted under a argon 

atmosphere. Liquid reagents were transferred via dry hypodermic syringe 

and added through a rubber septum wired onto the reaction flask from 

which a steady stream of argon gas was flowing. Organic extracts of the 

reaction mixture were dried over anhydrous sodium sulfate. The dried 

extracts were concentrated by evaporation with a rotary evaporator 
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evacuated at 20–40 Torr by a water aspirator. Flash column chromatography, 

unless otherwise noted, was carried out using a Wako 9 C-200 silica gel 

under a pressure of a small air-bubbling pump. Analytical thin layer 

chromatography was performed on Merck, precoated, silica gel 60 F-254 or 

glass plates covered with a Merck PF-254 of 0.2-0.3 mm thick. Melting 

points and boiling points are given without correction. 

 

1.4 Electrolysis Apparatus 

A cylindrical beaker-like cell (3 cm diameter, 8 cm height, 50 mL 

volume), separated by a Nafion 324 film was used. A platinum foil (1.5 × 

2 cm2) was fitted as an anode and a platinum foil (3 cm2) (for the indirect 

method) or a carbon plate (3 × 1 cm2) (for the direct electrolysis) was 

used as a cathode. A side-armed glass tube (2.5 cm diameter, 10 cm height, 

40 mL volume) was used for the experiments in an undivided cell (a 

sacrificial electrode system). A magnesium foil (3 × 1 cm2) as an anode 

and a platinum foil (2 × 1.5 cm2) as a cathode were used. During the 

electrolysis, the catholyte was bubbled with argon moderately through the 

catholyte from a fritted glass ball. 
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1.5 Abbreviations 

The following abbreviations will be used in the Experimental Sections: 

brine = saturated aqueous sodium chloride, DMF = N,N-dimethylformamide, 

ether = diethyl ether, mCPBA = m-chloroperbenzoic acid, t-BuOH = 

tert-butyl alcohol, THF = etrahydrofuran, TEBA = triethylbenzylammonium 

chloride, NMR = nuclea magnetic resonance (br s = broad singlet, s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, etc), IR = infrared, 

mp = melting point, bp = boiling point, TLC = thin layer chromatography, 

Calcd = elemental analysis. 
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2.1 Abstract 

A novel access to β-hydroxy carbonyl compounds from the 

corresponding α,β-epoxy carbonyl compounds has been attained by use of 

diphenyl diselenide or ditelluride as a recyclable mediator in a 

MeOH-NaClO4-(Pt) system. α,β-Epoxy ketones led to the corresponding 

aldols in the presence of malonic esters. α,β-Epoxy esters and nitriles could 

also be converted to the corresponding β-hydroxy compounds by the 

electrolysis in the presence of acetic acid as a proton source. 
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2.2 Introduction 

The formation of alkenes and allylic alcohols via syn-elimination of 

organoselenides has previously been achieved through the consumption of 

at least one equivalent of a selenating reagent.1 Recent upsurge of interests 

in the use of selenium and tellurium reagents, however, has led to the 

development of their catalytic processes, as exemplified in the conversion 

of amines to amides2 and in the reductive decarbonylation of aromatic 

ketones.3 A recycle use of diphenyl diselenide in the electrooxidative 

conversion of alkenes to 3-alkoxyalkenes has also been reported from our 

laboratory.4 

Although the electrogenerated phenylselenide and telluride anions5a,b 

have been discussed in terms of either a direct ionic replacement6 or a 

radical induced substitution,5 the recyclability of these electrogenerated 

anionic species has not yet been clarified. The author describes herein the 

mediator-assisted electrocatalytic ring-opening of epoxy compounds as 

follows: (1) the conversion of α,β-epoxy ketones to the β-hydroxy ketones 

(aldol formation) and (2) the conversion of α,β-epoxy esters and nitriles to 

the β-hydroxy esters and nitriles (Scheme 2-1). 

 

 
[H+] = dimethyl malonate or acetic acid 

Scheme 2-1 

 



- 83 - 

2.3 Results and Discussion 

Electroreductive Cleavage of α,β-Epoxy Ketones. 

A variety of reagents have been used for the reductive cleavage of a 

carbon-oxygen bond in α,β-epoxy ketones at the α position to generate 

β-hydroxy ketones (aldols).7 The direct electroreduction of steroidal epoxy 

ketones has also been examined, but the reaction provides the desired aldols 

in ca. 30% yield along with by-products derived from simultaneous 

dehydration and pinacolization.8,9 The development of a catalytic procedure 

for obtaining β-hydroxy carbonyl compounds has thus become a priority 

among synthetic chemists.10 

 

 

 

The electroreductive ring-opening of isophorone oxide (1a) was first 

attempted in a solvent-(PhSe)2-CH2(CO2Me)2 system in a divided cell using 

a Nafion 324 divider. Dimethyl malonate was employed as a proton 

source.11 In order to elucidate the optimum condition, the effect of various 

solvent-electrolyte-electrode systems was investigated. The results shown 

in Table 2-1 reveal that the desired β-hydroxy ketone 2a is preferentially 

obtained in alcoholic solvents (entries 1, 4, and 6). In such solvents, either 

sodium perchlorate (NaClO4) or lithium perchlorate (LiClO4) was proved to 

be a good choice as an electrolyte. In contrast, a considerable amount of the 

starting material 1a was recovered intact, when 3.5 F/mol of electricity were 

passed by using a carbon electrode. Unidentified decomposition products 

were provided by the use of a lead cathode. . 
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Table 2-1. Effect of a Solvent-Electrolyte-(Electrode) System on the 
Indirect Electroreduction of Isophorone Oxide (1a)a 

 

Entry Solvent Electrolyte Cathode Yield of 

2a, %b 

1 MeOH NaClO4 Pt 86 

2 MeOH NaClO4 C 35 

3 MeOH NaClO4 Pb 21 

4 MeOH LiClO4 Pt 75 

5 MeOH Bu4NClO4 Pt 41 

6 EtOH NaClO4 Pt 76 

7 THF/H2O (9/1) NaClO4 Pt 43 

8 DMF NaClO4 Pt 32 
aCarried out with 1a (1 mmol), (PhSe)2 (l mmol), and dimethyl malonate (5 mmol) under 
an applied voltage of 3V in a 0.1 M solution of the electrolyte (10 mL) by passing 3.5 
F/mol of electricity through a divided cell. 

bBased on isolated products. 

 

The broad scope and efficiency of 2a toward amount of added diphenyl 

diselenide is illustrated in Figure 2-1. Apparently, the C-O bond cleavage 

proceeds in the presence of diphenyl diselenide as a mediator in a wide 

range of molar ratios (with respect to the substrate 1a) under a constant 

applied voltage of 3 V (corresponds to -1.30－-1.35 V vs. AgCl/Ag(0)). 

Although an increase in the molar ratio of diphenyl diselenide to 1a tends to 

improve the current efficiencies, high turnovers of recycled mediators have 

been attained even with reduced amounts of diphenyl diselenide. Similarly, 

di(4-methoxyphenyl) and di(4-chlorophenyl) diselenides could be used as 

mediators for the conversion of 1a to 2a in 65 and 80% yields, respectively. 
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Figure 2-1. Yields and current efficiencies of 2a vs. (PhSe)2 or (PhTe)2. 
Symbols of yield and current efficiency of 2a with (PhSe)2; (○  ●); 

yield and current efficiency of 2a with (PhTe)2 : (△  ▲) 

 

It is noteworthy that the use of diphenyl ditelluride provides better 

results for both yields and current efficiencies at each molar ratio of the 

catalyst to 1a. In spite of this fact, we routinely employed diphenyl 

diselenide as a mediator (electron carrier), after due consideration of 

commercial availability. 

For comparison, the direct electroreduction of isophorone oxide (1a) 

was examined under various solvent-electrolyte systems. The results in 

Table 2-2 indicate that both THF/H2O (9:1) and dry DMF solvent systems 

are suitable for the direct electroreduction. The electrolysis of 1a in a 

THF/H20 (9:1 v/v)-Bu4NBF4 (0.1 M)-CH2(CO2Et)2-(C) system at a constant 

current density of 12 mA/cm2 (applied voltage: 13–16 V) gave the desired 

2a in 65% yield (Entry 2). Lack of diethyl malonate, however, resulted in 

Yield (%) and
Current Efficiency (%) 

Molar Ratio (%) of (PhSe)2 or (PhTe)2 
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the formation of isophorone (4a) and its pinacol dimer 5a as major products 

(Entry 1) (Scheme 2-2). 

 

 

Scheme 2-2 

 

Kariv-Miller et al. proposed a THF/H2O-Bu4NBF4 (0.5 M)-(Hg) system 

as a recommendable one for the Birch-type reduction of ketones and 

aromatic nuclei.12 However, we have experienced some difficulties in 

obtaining 1,3-diol 3a by the reduction of 2a under the conditions as in a 

THF/H2O-Bu4NBF4 (0.1 M)-(C). 

The direct electroreduction also proceeded in a DMF-Et4NOTs (0.5 

M)-CH2(CO2Et)2-(C) system (Entry 3) under a constant current density of 

12 mA/cm2 (applied voltage: ca. 9–11 V). The yield was significantly lower 

with phenol as a proton source in the same electrolysis system (Entry 4). 

The use of lead as a cathode afforded the over-reduction product 3a in 24% 

yield (Entry 5). The typical experimental procedure in Entry 2 was extended 

to other substrates and their results along with those obtained by the 

selenium-mediated indirect method are shown in Table 2-3. 
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Table 2-2. Effect of Solvent-Electrolyte-Electrode System and Proton 
Source in the Direct Electroreduction of 1aa 

 

Products, Yield, %c
Entry Systemb Cathode Proton 

source 
Electricity

(F/mol) 2a 3a 4a+5a
1 A (C) - 2.5 trace - 37 

2 A (C) CH2(CO2Et)2 6.3 65 trace - 

3 B (C) CH2(CO2Et)2 7.0 63 trace - 

4 B (C) PhOH 5.0 11 13 - 

5 B (Pb) CH2(CO2Et)2 4.0  6 24 - 
a Carried out using 1a (1 mmol) at 12 mA/cm2 in a divided cell under Ar.  
b Solvent-Electrolyte System;  

System A: THF–H2O (9/1)– Bu4NBF4 (0.1 M) ,  
System B: DMF–Et4NOTs (0.5 M). 

c Based on isolated products. 
 
Table 2-3. Comparison of Indirect and Direct Electroreductive 

Procedures for α,β-Epoxy Ketones 1  
β-Hydroxy ketone 2, Yield, %a Entry Substrate Directb Indirectc 

1 

O

O

 1a 

65 79 

2 

1b 

52 85 

3 

1c 

71 85 

4 

1d 

35d 70 

5 
 1e 

41e 72 
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a Based on isolated products. 
b Direct electroreduction; substrate (1 mmol)-diethyl malonate (5 mmol) in a THF/H2O 

(9/1 v/v)-Bu4NBF4 (0.1 M)-(Pt)-(C) system under an applied voltage of 13–16 V (12 
mA/cm2) for 10.0 F/mol of electricity. 

c Indirect electroreduction; substrate (1 mmol)-(PhSe)2 (0.02 mmol)-dimethyl malonate (5 
mmol) in a MeOH-NaClO4 (0.2 M)-(Pt)-(Pt) system under an applied voltage of 3 V 
(30–5 mA/cm2) for 4.5 F/mol of electricity.  

d Diol (30%) was obtained. 
e Diol (39%) was obtained. 

 

The indirect procedure appears to be superior to the direct method in 

terms of both product-selectivity as well as conversion yield. The indirect 

reduction typically completes after passage of approximately 4.5 F/mol of 

electricities; in contrast, the direct method requires 10 F/mol. It is 

interesting to note that the direct electroreduction of pulegone oxide (1f) 

underwent a four-electron reduction to give the corresponding diol 3f in 

62% yield, while the indirect electroreduction of 1f resulted in complete 

recovery of the starting material, presumably due to a steric constraint of 

substituents on the oxirane ring. The indirect electroreductive cleavage of 

the oxirane ring of poly-functionalized compounds 1g and 1h proceeded 

specifically to give the corresponding β-hydroxy ketones 2g and 2h in 82 

and 72% yields, respectively. 

4e-,(direct)

1f 3f

O
O

O
O

THF/H2O(9/1)
Bu4NBF4-(C)

62% OH

OH

O

O
OH

O

O

COOMe

O

O

COOMe

OH

2e-,(indirect)
(PhSe)2 , 82%

2e-,(indirect)
(PhSe)2 ,72%

1g 2g

1h 2h  
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Electroreductive Ring-Opening of α,β-Epoxy Esters and Nitriles. 

The reductive conversion of glycidic esters 6 to the corresponding 

β-hydroxy compounds 8 has been accomplished through the use of a 

stoichiometric amount of sodium hydrogen telluride (NaTeH)7a and alkali 

metal.13 Recently, samarium(ΙΙ) iodide14 and Na(PhSeB(OEt)3)15 were 

proposed for this conversion. We have applied the above indirect 

electroreductive procedure to α,β-epoxy esters and nitriles. 

The electroreduction of 6 in a MeOH-NaClO4-(Pt) system was carried 

out in the presence of acetic acid as a proton source. Thus, the electrolysis 

of phenylglycidic ester 6a with diphenyl diselenide ((PhSe)2) (60 mol% 

based on 6a) at room temperature resulted only in the formation of 

α-phenylseleno-β-hydroxy ester 7a (Entry 1, Table 2-4). However, increase 

of the temperature up to 50 °C led to the desired β-hydroxy ester 8a in 75% 

yield, even with a catalytic amount of diphenyl diselenide (Entry 2). The 

electrolysis of the α-phenylseleno ester 7a at 50 °C afforded 8a in 93% 

yield. The straightforward conversion of 6a to 8a could be accomplished at 

room temperature through the use of 2 mol% of diphenyl ditelluride 

(PhTe)2. 

The comparative data are shown in Table 2-4. β-Alkyl- and 

β,β-dialkyl-α,β-epoxy esters 6b and 6c were smoothly converted to the 

corresponding β-hydroxy esters 8b and 8c (entries 4–6). However, 

α,α,β-trialkylepoxy ester 6d could not be reduced to the β-hydroxy ester, 

and the starting epoxide 6d was recovered unchanged. 
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a : R1 = Ph, R2 = R3 = H 
b : R1 = Ph, R 2= -(CH2)4-, R3 = H 
c : R1 = Ph, R2 = Me, R3 = H 
d : R1 = R2 = -(CH2)4-, R3 = Me 

 
Table 2-4. Indirect Electroreduction of α,β-Epoxy Esters 6 with 

(PhSe)2 or (PhTe)2
a 

 

Product, Yield, %c 
Entry Substrate Mediator

(mol%)b
Temp.
(oC) 

Electricityc 
(F/mol) 7 8 

1 6a A (60) r.t. 8.0 68 - 

2 6a A (2) 50 6.5 - 75 

3 6a B (2) r.t. 5.2 - 81 

4 6b A (2) 50 6.5 - 78 

5 6b B (2) r.t. 6.0 - 80 

6 6c A (2) 50 6.0 - 78 

7 6c B (2) r.t. 5.5 - 78 

8 6d A (2) 50 15.0 (recovd 6d, 91) 

9 6d B (2) r.t. 15.0 (recovd 6d, 90) 
a Carried out with 6 (l mmol) in a MeOH-NaClO4 (0.2 M)-(Pt)-(Pt) system in a divided 

cell.  
b A: (PhSe)2, B: (PhTe)2. Mol % of the mediator to the substrates. 
c Faraday/mol based on the substrate. 
d Yield based on isolated products. 

 

The selenide or telluride anion-assisted electroreduction of α,β-epoxy 

nitrile 9a at room temperature (60 mol% diphenyl diselenide or diphenyl 

ditelluride) produced α-phenylseleno- or α-phenyltelluro- β-hydroxy 

nitriles 10a (Y = SePh or TePh) (entries 1 and 3, Table 2-5). In contrast, the 

electrolysis of 10a at 50 °C with a catalytic amount of diphenyl diselenide 

(2 mol%) gave exclusively β-hydroxy nitrile 11a (Entry 13). The direct 

conversion of 9a to 11a could be achieved through electrolysis at 50 °C 
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with a trace amount of diphenyl diselenide or ditelluride (2 mol%). These 

results reveal that the conversion of 9a to 11a apparently proceeds through 

α-phenylseleno- or α-phenyltelluro-β-hydroxy nitriles 10a as a intermediate. 

As shown in entries 5–10 in Table 2-5, the epoxy ring-opening procedures 

of entries 2 and 4 were applied successfully to β-alkyl, β,β-dialkyl, and 

α,β,β-trialkyl derivatives 9b–d. 

 

 
a : R1 = R2 = -(CH2)4-, R3 = H 
b : R1 = Et, R2 = Ph, R3 = H 
c : R1 = Ph, R2 = R3 = H 
d : R1 = R2 = Ph, R3 = H 
 
Table 2-5. Indirect Electroreduction of α,β-Epoxy Nitriles 9 with 

(PhSe)2 or (PhTe)2
a 

 

Product, Yield, %c
Entry Substrate Mediator 

(mol%)b 
Temp.
(oC) 

Electricityc

(F/mol) 10 11 

1 9a A (60) r.t. 8.0 69 
(Y = SePh)  

2 9a A (2) 50 6.1  82 

3 9a B (60) r.t. 7.5 69 
(Y = TePh) - 

4 9a B (2) 50 5.5 - 85 
5 9b B (2) 50 6.0 - 88 
6 9b B (2) 50 5.8 - 90 
7 9c A (2) 50 5.7 - 87 
8 9c B(2) 50 5.1 - 91 
9 9d A (2) 50 10.6 - 93 

10 9d B(2) 50 9.8 - 95 

11 10a 
(Y = SePh) none 50 15.0 (recovd 10a, 82) 

12 10a 
(Y = SePh) A (2) r.t. 15.0 (recovd 10a, 81) 

13 10a 
(Y = SePh) A (2) 50 3.2  92 
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a Carried out with 9 (l mmol) in a MeOH-NaClO4 (0.2 M)-(Pt)-(Pt) system in a divided 
cell. 

b A: (PhSe)2, B: (PhTe)2. Mol % of the mediator to the substrates. 
c Faraday/mol based on the substrate. 
d Yield based on isolated products. 

 

The electroreductive ring-opening of epoxy ketones, esters, and nitriles 

is believed to proceed via an ionic mechanism involving an initial attack of 

an electrogenerated phenylselenide or telluride anion at the position α to the 

electron-withdrawing groups, as mentioned by Yoshikoshi et al.15 

Subsequent nucleophilic attack of a second phenylselenide or a telluride 

anion on the α-phenylseleno or -telluro moiety of the adducts results in the 

formation of β-hydroxy carbonyls or nitriles, together with diphenyl 

diselenide or ditelluride, which may be recycled in the next reaction. This 

two-step selenation-deselenation (telluroration-detelluroration) sequence 

occurs smoothly at the position α to β-alkyl- and β,β-dialkylepoxy ketones, 

esters, and nitriles, regardless of the nature of the electron-withdrawing 

groups. However, when the α-alkyl substituent is a glycidic ester, 

nucleophilic attack by a selenide or telluride anion is retarded, while no 

such steric effect due to α-substituents was observed in the α,β-epoxy 

nitrile as shown in entries 9 and 10 in Table 2-5. 
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In conclusion, electrogenerated phenylselenide and telluride anions 

behave as highly chemo- and regioselective nucleophiles at the α position 

on α,β-epoxy ketones. Divalent selenide and telluride anions are stable 

enough to be recycled, and turnovers of these reagents reach about 40–70 in 

1–20 mmol scale operations, even when the potential is not controlled.16 
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Especially noteworthy is the finding that selenium and tellurium reagents 

are recycled in their divalent states, a fact that permits the recovery of these 

reagents in the form of diphenyl diselenide or ditelluride. 
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2.4 Experimental Section 

Indirect Electroreduction of Isophorone Oxide (1a) with Diphenyl 

Diselenide: A General Procedure. 

A mixture of 1a (154 mg, 1 mmol), dimethyl malonate (660 mg, 5 

mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 

of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 15–20 °C under a constant applied voltage of 3 

V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 4.5 

F/mol of electricity was passed (it took for 4.0 h). The catholye was bubbled 

with air for 10 min, and then the mixture was concentrated on a rotary 

evaporator to a half of the original volume and then poured into water. The 

mixture was taken up in ethyl acetate. The extracts were washed with brine 

(30 mL × 2), dried (Na2SO4), and concentrated on a rotary evaporator. 

Column chromatography (SiO2, hexane:AcOEt = 5:1) of the residue gave 5 

mg of (PhSe)2 (83%) and 123 mg (79%) of 2a. 

2a: mp 79–80 °C (from hexane) (1it.7a 79–79.5 °C); IR (KBr) 3400 (OH), 

1705 (C=O); 1H NMR (500 MHz) δ 1.04 (s, 3H, CH3), 1.11 (s, 3H, CH3), 

1.33 (s, 3H, CH3), 1.60 (br s, 1H, OH), 1.71–1.79 (m, 2H, CH2), 2.20 (brs, 

2H, CH2), 2.34–2.44 (m, 2H, CH2); 13C NMR (126 MHz) δ 28.4, 32.5, 33.1, 

35.5, 50.0 (2C), 54.0, 74.9, 210.8. 

The electrolysis of 1a (20 mmol) with (PhSe)2 (0.1 mmol) was carried out 

with 15 mL of the same catholyte system as above, 10.5 F/mol of electricity 

being passed, to give 2a in 72% yield. 

3-Hydroxy-2-methyl-(1-methylvinyl)cyclohexanone (2b)7g (92:8 

stereoisomers): bp 77 °C (0.21 mm); IR (neat) 3410 (OH), 1710 (C=O) 
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cm-1; 1H NMR (500 MHz) δ 1.09 (d, J = 7 Hz, 3H, CH3), 1.74 (s, 3H, CH3), 

1.79–1.84 (m, 1H, C=C-CH), 2.12 (ddd, J = 3.5, 7, 14 Hz, 1H, CH), 

2.23–2.28 (m, 1H, CH2), 2.48 (ddd, J = 2.2, 3.5, 14 Hz, 1H, CH), 2.53–2.56 

(m, 1H, CH2), 2.83–2.89 (m, 1H, CH2), 3.56 (br s, 1H, OH), 4.30 (m, 1H, 

CH-O), 4.74–4.77 (br s, 2H, C=CH2); 13C NMR (126 MHz) (major isomer) 

δ 10.6, 20.5, 37.6, 39.9, 46.5, 49.2, 73.5, 109.9, 147.2, 211.1. 

8a-Hydroxy-4a-methyl-2-decalone (2c): mp 118–119 °C (lit.20 

120–121 °C); IR (CHCl3) 3380 (OH), 1700 (C=O) cm-1; 1H NMR (500 

MHz) δ 1.20 (s, 3H, CH3), 1.53–1.82 (m, 11 H, CH2), 2.30–2.36 (m, 3H, 

CH2), 2.61 (br s, 1H, OH); 13C NMR (126 MHz) δ 20.4, 20.5, 20.7, 34.2, 

34.3, 35.1, 36.5, 38.0, 51.7, 76.4, 211.3. 

3-Hydroxy-4-phenyl-2-butanone (2d): bp 112–115 °C (0.3 mm) (lit.21 

100 °C (0.45 mm)); IR (CHCl3) 3390 (OH), 1690 (C=O) cm-1; 1H NMR 

(500 MHz) δ 2.19 (s, 3H, COCH3), 2.81 (dd, J = 3.2, 17 Hz, 1H, COCH2), 

2.89 (dd, J = 9.0, 17 Hz, 1H, COCH2), 3.35 (br s, 1H, OH), 5.15 (m, 1H, 

CH-O), 7.26–7.40 (m, 5H, PhH); 13C NMR (126 MHz) δ 30.7, 51.9, 69.8, 

125.6, 127.6, 128.5, 142.7, 209.1. 

3-Hydroxy-2-decanone (2e): bp 67 °C (0.48 mm) (1it.21 85 °C (0.3 mm)); 

IR (neat) 3390 (OH), 1705 (C=O) cm-1; 1H NMR (500 MHz) δ 0.84 (t, J = 7 

Hz, 3H, CH3), 1.20–1.50 (m, 10H, CH2), 2.14 (s, 3H, COCH3), 2.49 (dd, J = 

9.2, 17.6 Hz, 1H, COCH2), 2.59 (dd, J = 2.8, 17.6 Hz, 1H, COCH2), 2.98 (br 

s, 1H, OH), 3.99 (m, 1H, O-CH); 13C NMR (126 MHz) δ 14.0, 22.6, 25.4, 

29.2, 30.7, 31.7, 36.4,49.9, 67.5, 210.0. 

3-Hydroxy-4a-methyldecaline-2,5-dione (2g): bp 87 °C (0.25 mm) (lit.7b 

mp 180–187 °C); IR (neat) 3380 (OH), 1720 (C=O) cm-1; 1H NMR (500 

MHz) δ 1.42 (s, 3H, CH3), 1.54–1.58 (m, 1H, CH2), 1.77–1.81 (m, 1H, CH2), 

1.89–1.94 (m, 1H, CH2), 2.10–2.26 (m, 2H, CH2), 2.28–2.34 (m, 1H, CH2), 

2.36–2.49 (m, 4H,CH2), 2.64–2.71 (m, 1H, CH2), 2.75 (d, J = 15.5 Hz, 1H, 

CH2); 13C NMR (126 MHz) δ 20.4, 27.9, 33.1, 36.3, 37.4, 50.6, 51.0, 77.4, 

80.4, 210.5, 213.4. 
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Compound 2h: mp 120 °C; IR (KBr) 3736 (OH), 1736 (C=O), 1700 (C=O) 

cm-1; 1H NMR (500 MHz) δ 0.72 (s, 3H, CH3), 0.90 (d, J = 7 Hz, 3H, CH3), 

1.08 (s, 3H, CH3), 1.10–1.16 (m, 1H, CH2), 1.21–1.35 (m, 4H, CH2), 

1.38–1.46 (m, 2H, CH2), 1.58–1.62 (m, 1H, CH2), 1.71–1.81 (m, 3H, CH2), 

1.87–1.94 (m, 1H, CH2), 1.98–2.20 (m, 2H, CH2), 2.13–2.22 (m, 2H, CH2), 

2.29–2.35 (m, 1H, CH2), 2.56 (dd, J = 2.6, 18 Hz, 1H, COCH2), 2.83 (dd, J 

= 3, 18 Hz, 1H, COCH2), 3.63 (s, 3H, COOCH3), 4.16 (br s, 1H, CH-O), 

5.72 (br s, 1H, HC=C), 6.13 (br s, 2H, HC=C); 13C NMR (126 MHz) δ 11.8, 

17.7, 18.2, 20.1, 23.7, 27.9, 30.9, 31.0, 35.3, 37.6, 39.3, 40.9, 42.8, 43.5, 

43.6, 51.5, 53.3, 55.6, 71.5, 122.9, 128.4, 141.8, 160.2, 174.6, 197.1. Anal. 

Calcd for C25H36O4: C, 74.96; H, 9.06. Found: C, 75.11; H, 9.06. 

 

Indirect Electroreduction of Isophorone Oxide (1a) with Diphenyl 

Ditelluride. 

A mixture of 1a (154 mg, 1 mmol), dimethyl malonate) (660 mg, 5 

mmol), and diphenyl ditelluride (8 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 

of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 15–20 °C under a constant applied voltage of 3 

V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was continued until 3.2 

F/mol of electricity was passed (it took for 2.8 h), and the catholye was 

bubbled with air for 10 min, and then the mixture was worked up as 

described above, and the products were purified by column chromatography 

(SiO2, hexane:AcOEt = 5:1) to give 8 mg of (PhTe)2 (100%) and 133 mg 

(85%) of 2a. 
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Direct Elctroreduction in a THF-H2O (9/1)-Bu4NBF4 (0.1 M)-(Carbon) 

System, A Typical Procedure. 

α,β-Epoxy ketone (1a, 154 mg, 1 mmol) and diethyl malonate) (800 mg, 

5 mmol) dissolved in a 0.1M Bu4NBF4-THF / H2O (9 /1) solution (10 mL) 

were charged into the cathodic compartment. The anodic compartment was 

filled with a 0.1 M Bu4NBF4 in THF/H2O (9/1) solution (10 mL). A 

platinum foil (2 × 1.5 cm2) and a carbon plate (3 × 1 cm2) were used as an 

anode and a cathode. The mixture was electrolyzed under a constant current 

density (12 mA/cm2; applied voltage: 13–16 V) at room temperature until 

10 F/mol of electricity was passed. The catholyte was poured into water (10 

mL) and extracted with hexane-ether (1:1, 10 mL×4). Combined organic 

layers were washed with brine (30 mL), dried (Na2SO4), and concentrated 

on a rotary evaporator. Column chromatography (SiO2, hexane:AcOEt = 

5:1) of the residue gave 102 mg (65%) of the β-hydroxy ketone 2a. 

 

1,3-Diols from epoxy ketones are as follows. 

1-Phenylbutane-1,3-diol (3d): mp 95 °C (from hexane); IR (CHCl3) 3370 

(OH) cm-1; 1H NMR (500 MHz) δ 1.12 (d, J = 6.5 Hz, 3H, CH3), 1.66 (dt, J 

= 2.9, 14.6 Hz, 1H, CH2), 1.76 (dt, J = 10.0, 14.6 Hz, 1H, CH2), 3.06 (br s, 

1H, OH), 3.24 (br s, 1H, OH), 4.04 (m, 1H, CH-O), 4.83 (dd, J = 2.9, 10.0 

Hz, 1H, CH-O), 7.17 (m, 2H, PhH), 7.25 (m, 3H, PhH); 13C NMR (126 

MHz) δ 24.1, 47.0, 68.8, 75.3, 125.6, 127.6, 128.5, 144.4. 

Decane-2,4-diol (3e) (70:30 stereoisomers): (major isomer) bp 136 °C (0.33 

mm); IR (neat) 3370 (OH) cm-1; 1H NMR (500 MHz) δ 0.85 (t, J = 7 Hz, 3H, 

CH3), 1.17 (d, J = 3.3 Hz, 3H, O-C-CH3), 1.20–1.31 (m, 7H, CH2), 

1.33–1.48 (m, 4H, CH2), 1.55 (dt, J = 2.5, 14.5 Hz, 1H, CH2), 3.02 (br s, 1H, 

OH), 3.32 (br s, 1H, OH), 3.82 (m, 1H, CH-O), 4.02 (m, 1H, CH-O); 13C 

NMR (126 MHz) δ 14.0, 22.6, 24.2, 25.3, 29.3, 31.8, 38.2, 44.6, 69.2, 73.2. 

Minor isomer: bp 136 °C (0.38 mm); IR (neat) 3280 (OH); 1H NMR (500 

MHz) δ 0.85 (t, J = 7 Hz, 3H, CH3), 1.21 (d, J = 6.5 Hz, 3H, O-C-CH3), 
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1.23–1.59 (m, 12H, CH2), 3.12 (br s, 1H, OH), 3.44 (br s, 1H, OH), 3.91 (m, 

1H, CH-O), 4.14 (m, 1H, CH-O), 13C NMR (126 MHz) δ 14.1, 22.6, 23.5, 

25.7, 29.3, 31.8, 37.4, 43.9, 65.5, 69.4. 

2-(1-Hydroxy-1-methylethyl)-5-methylcyclohexanone (3f) (89:11 

stereoisomers): mp 81 °C (from hexane-AcOEt); IR (KBr) 3300 (OH) cm-1; 
1H NMR (500 MHz) δ 0.90 (d, J = 6.5 Hz, 3H, CH3), 0.93–1.09 (m, 2H, 

CH2), 1.21 (s, 3H, CH3), 1.32–1.54 (m, 2H, CH2), 1.61–1.71 (m, 2H, CH2), 

1.90–1.96 (m, 1H, CH2), 3.55 (br s, 1H, OH), 3.56 (br s, 1H, OH), 3.69 (dt, 

J = 4.2, 11 Hz, 1H, CH-O); 13C NMR (126 MHz) (major isomer) δ 22.0, 

23.7, 27.1, 29.9, 31.2, 34.5, 44.6, 53.4, 72.9, 75.0. Anal. Calcd for 

C10H20O2: C, 69.72; H, 11.70. Found: C, 69.74; H, 11.72. 

 

Direct Electroreduction of α,β-Epoxy Ketone in a DMF-Et4NOTs 

(0.5M)-(C) System.  

α,β-Epoxy ketone 1a (154 mg, 1 mmol) and diethyl malonate) (800 mg, 

5 mmol) dissolved in a 0.5 M Et4NOTs-DMF solution (10 mL) were 

charged into the cathodic compartment. The anodic compartment was filled 

with a 0.5 M Et4NOTs-DMF solution (10 mL). A platinum foil (2 × 1.5 cm2) 

and a carbon plate (3 × 1 cm2) were used as an anode and a cathode. The 

mixture were electrolyzed under a constant current density (12 mA/cm2; 

applied voltage: 8–13 V) at room temperature until 7–8 F/mol of electricity 

was passed. The catholyte was dilluted with hexane:ether (1:1), and the 

mixture was poured into 1 N HCl (10 mL) in a separatory funnel. The 

organic layer was separated and extracted with hexane-ether (1:1, 10 mL×4). 

Combined organic layers were washed with brine (30 mL), dried (Na2SO4), 

and concentrated on a rotary evaporator. Column chromatography (SiO2, 

hexane:AcOEt = 5:1) of the residue gave 98 mg (63%) of 2a.
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Indirect Electroreduction of  α,β-Epoxy Ester 6a with Diphenyl 

Diselenide at Room Temperature (15–20 °C). 

A mixture of 6a (178 mg, 1 mmol), acetic acid (300 mg, 0.3 mL, 5 

mmol), and diphenyl diselenide (187 mg, 0.6 mmol) was dissolved in a 0.2 

M NaClO4-MeOH solution (10 mL) and charged in the cathodic 

compartment of a divided cell. To the anodic compartment was added a 0.2 

M NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 15–20 °C under a constant applied voltage of 3 

V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current. 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 4.9 

F/mol of electricity was passed (it took 4.4 h). The catholye was bubbled 

with air for 10 min, and then the mixture was concentrated on a rotary 

evaporator to a half of the original volume and then poured into water. The 

mixture was taken up in ethyl acetate. The extracts were washed with brine 

(30 mL×2), dried (Na2SO4), and concentrated on a rotary evaporator. 

Column chromatography (SiO2, hexane:AcOEt = 5:1) of the residue gave 62 

mg of (PhSe)2 (36%) and 228 mg (68%) of 7a. 

7a: bp 132 °C (0.14 mm); IR (neat) 3440 (OH), 1750 (C=O) cm-1; 1H NMR 

(500 MHz) δ 3.12 (d, J = 4 Hz, 1H, CH), 3.63 (s, 3H, COOCH3), 4.63 (d, J 

= 4Hz, 1H, CH and br s, 1H, OH), 7.24–7.54 (m, 10H, PhH); 13C NMR (126 

MHz) δ 51.2, 52.5, 73.1, 127.9, 128.1, 128.3, 128.8, 128.9, 129.1, 134.9, 

137.4, 172.3. 

 

Indirect Electroreduction of α,β-Epoxy Ester 6a with Dlphenyl 

Diselenide at 50 °C. 

A mixture of 6a (178 mg, 1 mmol), acetic acid (300 mg, 0.3 mL, 5 

mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 
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of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 cm) 

were immersed into the both electrolytic solution. Prior to the electrolysis, 

the catholyte was bubbled with argon for 30 min and the entire mixture was 

electrolyzed at 50 °C under a constant applied voltage of 3 V (ca. -1.30 to 

-1.35 V vs. AgCl/Ag(0)), during which an electric current decreased from 

30 to 5 mA/cm2. The electrolysis was continued for 6.5 F/mol. of electricity 

(it took 5.7 h), and the catholye was bubbled with air for 10 min, and then 

the mixture was concentrated on a rotary evaporator to a half of the original 

volume and then poured into water. The mixture was taken up in ethyl 

acetate. The extracts were washed with brine (30 mL × 2), dried (Na2SO4), 

and concentrated on a rotary evaporator. Column chromatography (SiO2, 

hexane:AcOEt = 5:1) of the residue gave 6 mg of (PhSe)2 (100%) and 135 

mg (75%) of 8a. 

8a: bp 126 °C (0.28 mm) (1it.22 140–143 (12 mm)); IR (neat) 3426 (OH), 

1734 (C=O) cm-1; 1H NMR (500 MHz) δ 2.60 (dd, J = 3.75,16.3 Hz, 1H, 

CH2), 2.66 (dd, J = 9.23, 16.3 Hz, 1H, CH2), 3.22 (br s, 1H, OH), 3.61 (s, 

3H, COOCH3), 5.02 (dd, J = 3.75, 9.23 Hz, 1H, CH-O), 7.16–7.20 (m, 2H, 

PhH), 7.21–7.28 (m, 3H, PhH); 13C NMR (126 MHz) δ 51.2, 52.5, 73.2, 

128.3, 128.9, 129.1, 134.9, 172.3. 

Compound 8b: bp 111 °C (0.36 mm); IR (neat) 3475 (OH), 1725 (C=O) 

cm-1; 1H NMR (500 MHz) δ 1.23–1.29 (m, 1H,. CH2), 1.37–1.47 (m, 4H, 

CH2), 1.48–1.57 (m, 1H, CH2), 1.60–1.72 (m, 4H, CH2), 2.47 (s, 2H, 

COCH2), 3.33 (br s, 1H, OH), 3.61 (s, 3H, COOCH3); 13C NMR (126 MHz) 

δ 22.0, 25.6, 37.4, 45.1, 51.6, 69.9, 173.3. 

Compound 8c:23 bp 136 °C (0.22 mm); IR (neat) 3494 (OH), 1717 (C=O) 

cm-1; 1H NMR (500 MHz) δ 1.55 (s, 3H, CH3), 2.81 (d, J = 16 Hz, 1H, CH2), 

2.99 (d, J = 16 Hz, 1H, CH2), 3.60 (s, 3H, COOCH3), 4.30 (br s, 1H, OH), 

7.22–7.26 (m, 1H, PhH), 7.32–7.35 (m, 2H, PhH), 7.45–7.46 (m, 2H, PhH); 
13C NMR (126 MHz) δ 30.6, 46.2, 51.7, 72.7, 124.4, 126.9, 128.3, 146.8, 
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173.1. 

 

Indirect Electroreduction of α,β-Epoxy Ester 6a with Diphenyl 

Ditelluride at Room Temperature (15–20 °C). 

A mixture of 6a (178 mg, 1 mmol), acetic acid) (300 mg, 0.3 mL, 5 

mmol), and diphenyl ditelluride (8 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 

of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 cm) 

were immersed into the both electrolytic solution. Prior to the electrolysis, 

the catholyte was bubbled with argon for 30 min and the entire mixture was 

electrolyzed at 15–20 °C under a constant applied voltage of 3 V (ca. -1.30 

to -1.35 V vs. AgCl/Ag(0)), during which an electric current· decreased 

from 30 to 5 mA/cm2. The electrolysis was interrupted when 5.2 F/mol of 

electricity was passed (it took 4.6 h). The mixture was worked up as 

described above followed by column chromatography (SiO2, hexane:AcOEt 

= 5:1) to give 8 mg of (PhTe)2 (100%) and 146 mg (81%) of 8a. 

 

Removal of α-Phenylseleno group with Diphenyl Diselenide at 50 °C. 

A mixture of 7a (335 mg, 1 mmol), acetic acid) (300 mg, 0.3 mL, 5 

mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic 

compartmentof a divided cell. To the anodic compartment was added a 0.2 

M NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 50 °C under a constant applied voltage of 3 V 

(ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 3.9 

F/mol of electricity was passed (it took 3.5 h). The mixture was worked up 
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as above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gave 145 mg of (PhSe)2 and 160 mg (81%) of 8a. 

 

Indirect Electroreduction of α,β-Epoxy Nitrile 9a with Diphenyl 

Diselenide at Room Temperature (15–20 °C). 

A mixture of 9a (137 mg, 1 mmol), acetic acid (300 mg, 0.3 mL, 5 

mmol), and diphenyl diselenide (187 mg, 0.6 mmol) was dissolved in a 0.2 

M NaClO4-MeOH solution (10 mL) and charged in the cathodic 

compartment of a divided cell. To the anodic compartment was added a 0.2 

M NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 15–20 °C under a constant applied voltage of 3 

V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 8.0 

F/mol of electricity was passed (it took 7.0 h). The mixture was worked up 

as above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gave 62 mg of (PhSe)2 (33%) and 202 mg (69%) of 10a (Y = 

SePh). 

10a (Y=SePh): bp 112 °C (0.25 mm); IR (neat) 3442 (OH), 2254 (CN) cm-1; 
1H NMR (500 MHz) δ 1.17–1.28 (m, 1H, CH2), 1.55–1.81 (m, 8H, CH2), 

1.83–1.88 (m, 1H, CH2), 2.15 (br s, 1H, OH), 3.69 (s, 1H, CHCN), 

7.33–7.41 (m, 3H, PhH), 7.71–7.73 (m, 2H, PhH); 13C NMR (126 MHz) δ 

21.6, 25.0, 35.3, 42.9, 72.6, 118.7, 127.3, 129.4, 129.6, 135.7. 

 

Indirect Electroreduction of α,β-Epoxy Nitrile 9a with Diphenyl 

Ditelluride at Room Temperature (15–20 °C). 

A mixture of 9a (27 mg, 0.2 mmol), acetic acid (60 mg, 0.06 mL, 1 

mmol), and diphenyl ditelluride (49 mg, 0.12 mmol) was dissolved in a 0.2 

M NaClO4-MeOH solution (10 mL) and charged in the cathodic 
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compartment of a divided cell. To the anodic compartment was added a 0.2 

M NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 15–20 °C under a constant applied voltage of 3 

V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 7.5 

F/mol of electricity was passed (it took 1.3 h). The mixture was worked up 

as above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gve 16 mg of (PhTe)2 (33%) and 55 mg (81%) of 10a (Y = 

TePh). 

10a (Y = TePh): bp 131 °C (0.34 mm); IR (neat) 3445 (OH), 2250 (CN) 

cm-1; 1H NMR (500 MHz) δ 1.15–1.28 (m, 1H, CH2), 1.50–1.89 (m, 8H, 

CH2), 1.90–1.95 (m, 1H, CH2), 2.18 (br s, 1H, OH), 3.68 (s, 1H, CHCN), 

7.33–7.45 (m, 3H, PhH), 7.70–7.79 (m, 2H, PhH); 13C NMR (126 MHz) δ 

21.5, 25.0, 35.2, 42.9, 72.5, 118.6, 127.3, 129.3, 129.6, 135.7. 

 

Indirect Electroreduction of α,β-Epoxy Nitrile 9a with Diphenyl 

Diselenide at 50 °C. 

A mixture of 9a (137 mg, 1 mmol), acetic acid (300 mg, 0.3 mL, 5 

mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 

of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 50 °C under a constant applied voltage of 3 V 

(ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 6.1 

F/mol of electricity was passed (it took 5.5 h). The mixture was worked up 
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as above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gave 5 mg of (PhSe)2 (83%) and 113 mg (82%) of 11a. 

11a: bp 91 °C (0.21 mm); IR (neat) 3426 (OH), 2238 (CN) cm-1; 1H NMR 

(500 MHz) δ 1.25 (m, 1H, CH2), 1.49–1.71 (m, 9H, CH2), 2.12 (br s, 1H, 

OH), 2.50 (s, 2H, CH2CN); 13C NMR (126 MHz) δ 21.8, 25.0, 31.9, 36.8, 

67.0, 117.5. 

11b: mp 92 °C; IR (KBr) 3440 (OH), 2262 (CN) cm-1; 1H NMR (500 MHz) 

δ 0.81 (t, J = 7.5 Hz, 3H, CH3), 2.04 (q, J = 7.5 Hz, 2H, CH2), 2.3 (br s, 1H, 

OH), 2.04 (s, 2H, CH2CN), 7.29–7.32 (m, 2H, PhH), 7.37–7.43 (m, 3H, 

PhH); 13C NMR (126 MHz) δ 7.7, 32.4, 34.1, 75.1, 117.3, 124.9, 127.8, 

128.6, 142.7. 

11c: mp 110 °C (lit.24 154–155 (1 mm)); IR (KBr) 3376 (OH), 2270 (CN) 

cm-1; 1H NMR (500 MHz) δ 2.81 (brs, 1H, OH), 3.12 (d, J = 6.5 Hz, 2H, 

CH2CN), 4.65 (dd, J = 6.5, 12.8 Hz, 1H, CH-O), 7.28–7.39 (m, 5H, PhH); 
13C NMR (126 MHz) δ 41.3, 62.1, 119.3, 127.8, 128.9, 129.7, 133.7. 

11d (80:20 stereoisomers): mp 130 °C (lit.25 139.5–140.5 °C); IR (KBr) 

3442 (OH), 2252 (CN) cm-1; 1H NMR (500 MHz) δ 2.47, 2.61 (br s, 1H, 

OH), 4.05, 4.14 (d, J = 5.5 and 11 Hz, 1H, CHCN), 4.97, 4.98 (m, 1H, 

CH-O), 7.20–7.23 (m, 2H, PhH), 7.24–7.29 (m, 2H, PhH), 7.30–7.40 (m, 6H, 

PhH); 13C NMR (126 MHz) (major iosomer) δ 47.3,76.1, 118.7, 126.2, 

128.4, 128.5, 128.6, 128.8, 128.9, 132.4, 139.3. 

 

Indirect Electroreduction of α,β-Epoxy Nitrile 9a with Diphenyl 

Diselenide at 50 °C. 

A mixture of 9a (137 mg, 1 mmol), acetic acid (300 mg, 0.3 mL, 5 

mmol), and diphenyl ditelluride (8 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in the cathodic compartment 

of a divided cell. To the anodic compartment was added a 0.2 M 

NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 cm) 

were immersed into the both electrolytic solution. Prior to the electrolysis, 
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the catholyte was bubbled with argon for 30 min and the entire mixture was 

electrolyzed at 50 °C under a constant applied voltage of 3 V (ca. -1.30 to 

-1.35 V vs. AgCl/Ag(0)), during which an electric current decreased from 

30 to 5 mA/cm2. The electrolysis was interrupted when 5.5 F/mol of 

electricity was passed (it took for 5.0 h). The mixture was worked up as 

above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of the 

residue gave 8 mg of (PhTe)2 (100%) and 118 mg (85%) of 11a. 

 

Removal of Phenylseleno Group with Diphenyl Diselenide at 50 °C. 

A mixture of 10a (Y = SePh) (294 mg, 1 mmol), acetic acid) (300 mg, 

0.3 mL, 5 mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved 

in a 0.2 M NaClO4-MeOH solution (10 mL) and charged in the cathodic 

compartment of a divided cell. To the anodic compartment was added a 0.2 

M NaClO4-MeOH solution (10 mL). Two platinum foil electrodes (2 × 1.5 

cm2) were immersed into the both electrolytic solution. Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the entire 

mixture was electrolyzed at 50 °C under a constant applied voltage of 3 V 

(ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which an electric current 

decreased from 30 to 5 mA/cm2. The electrolysis was interrupted when 3.2 

F/mol of electricity was passed (it took for 2.8 h). The mixture was worked 

up as above and the column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gave 140 mg of (PhSe)2 and 128 mg (92%) of 11a. 

 

Removal of α-Phenyltelluro Group with Diphenyl Diselenide at 50 °C. 

A mixture of 10a (Y = TePh) (68 mg, 0.2 mmol), acetic acid) (60 mg, 

0.06 mL, 1 mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was 

dissolved in a 0.2 M NaClO4-MeOH solution (10 mL) and charged in the 

cathodic compartment of a divided cell. To the anodic compartment was 

added a 0.2 M NaClO4-MeOH solution (10 mL). Two platinum foil 

electrodes (2 × 1.5 cm) were immersed into the both electrolytic solution. 
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Prior to the electrolysis, the catholyte was bubbled with argon for 30 min 

and the entire mixture was electrolyzed at 15－20 °C under a constant 

applied voltage of 3 V (ca. -1.30 to -1.35 V vs. AgCl/Ag(0)), during which 

an electric current decreased from 30 to 5 mA/cm2. The electrolysis was 

interrupted when 3.0 F/mol of electricity was passed (it took for 2.6 h). The 

mixture was worked up as above and the column chromatography (SiO2, 

hexane:AcOEt = 5:1) of the residue gave 38 mg of (PhTe)2 and 26 mg 

(93%) of 11a. 

 

Epoxydation of α,β-Unsaturated Ketones: Preparation of 

2,3-Epoxy-3,5,5-trimethylcyclohexanone (Isophorone Oxide, 1a).26 

To a round-bottomed flask (100 mL) were placed isophorone (4a, 5.52 

g, 40 mmol), 30% H2O2 aq. (11.5 mL, 120 mmol), and MeOH (40 mL) 

under argon. The mixture was cooled to 5 °C in an ice-bath, and to this 

mixture, 6N NaOH aq. (3.3 mL, 20 mmol) was added over a period of 5 min. 

The mixture was stirred for 3 h at room temperature. After being cooled to 

room temperature, a half volume of the solvent was removed on a rotary 

evaporator. The resulting mixture was poured into cooled water (100 mL) in 

a separatory funnel, and then the mixture was partitioned between ethyl 

acetate (100 mL) and water. The organic layer was separated, and the 

aqueous layer was extracted with ethyl acetate (50 mL × 2). The combined 

extracts were washed with brine (100 mL), and the extracts were dried over 

sodium sulfate and concentrated on a rotary evaporator. Column 

chromatography (activated Al2O3
 a), hexane:AcOEt = 10:1) of the residue 

gave 5.82 g (94%) of isophrone oxide (1a). 

1a: bp 70–73 °C (5 mm); IR (neat) 2960, 2920, 2860, 1710 (C=O), 1460, 

1390, 1360, 1340, 1300, 1270, 1240, 9806, 806, 786 cm-1; 1H NMR (60 

MHz) δ 0.90 (s, 3H, CH3), 1.00 (s, 3H, CH3), 1.40 (s, 3H, CH3), 1.65－2.72 

(m, 4H, CH2 ), 3.02 (s, 1H, CH-O). 

2,3-Epoxy-2-methyl-5-(1-methylethenyl)cyclohexanone (1b): 87% yield; 
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IR (neat) 2970, 2920, 1710 (C=O), 1650 (C=C), 1440, 1380, 1120, 890, 820 

cm-1; 1H NMR (60 MHz) δ 1.40 (s, 3H, CH3), 1.70 (d, J = 2 Hz, 3H, CH2), 

1.70–2.85 (m, 5H, CH2), 3.35–3.48 (m, 1H, CH-O), 4.60–4.75 (m, 2H, 

CH2=C). 

1,2-Epoxy-6-methylbicyclo[4.4.0]-3-decanone (1c): 85% yield; IR (neat) 

2920, 2840, 1705 (C=O), 1450, 1410, 1250, 920, 910 cm-1; 1H NMR (60 

MHz) δ 1.24 (s, 3H, CH3), 1.30–2.15 (m, 10H, CH2), 2.15–2.55 (m, 2H, 

CH2), 3.03 (s, 1H, CH-O). 

2,3-Epoxy-3-phenyl-2-propanone (1d): 80% yield; IR (neat) 3070, 3040, 

3010, 1720 (C=O), 1510, 1470, 1420, 1370, 1260, 1150, 760, 700 cm-1; 1H 

NMR (60 MHz) δ 2.15 (s, 3H, CH3CO), 3.45 (d, J = 2 Hz, 1H, CH-O), 3.97 

(d, J = 2 Hz, 1H, CH-O), 7.25 (m, 5H, PhH). 

3,4-Epoxy-2-decanone (1e): 85% yield; IR (neat) 1710 (C=O) cm-1; 1H 

NMR (60 MHz) δ 0.88 (t, J = 5 Hz, 3H, CH3), 1.05–1.80 (m, 10H, CH2), 

2.05 (s, 3H, CH3), 2.15 (m, 1H, CH-O), 3.14 (m, 1H, CH-O). 

Pulegone Oxide (1f): 85% yield; IR (neat) 1715 (C=O) cm-1; 1H NMR (60 

MHz) δ 1.06 (d, J =7 Hz, 3H, CH2), 1.20 (s, 3H, CH3), 1.41 (s, 3H, CH3), 

1.60–2.26 (m, 5H, CH2), 2.40 (d, J = 2 Hz, 2H, CH2-CO). 

1,2-Epoxy-6-methylbicyclo[4.4.0]-decan-3,7-dionone (1g): 85% yield; IR 

(neat) 1705 (C=O) cm-1; 1H NMR (60 MHz) δ 1.35 (s, 3H, CH3), 1.65–1.87 

(m, 2H, CH2), 1.95–2.35 (m, 4H, CH2), 2.40–2.88 (m, 4H, CH2), 3.20 (s, 1H, 

CH-O). 

Note: a) Chromatography on SiO2 caused decomposition to many 

products. 

 

Preparation of 5-Methyl-4,5,6,7,8,9-hexahydro-naphthalene-2-one 

(3c).27 

To a two-necked flask (100 mL) were placed 2-methylcyclohexanone 

(11.2 g, 12.3 mL, 100 mmol) and 3-buten-2-one (8.76 g, 10.5 mL, 125 

mmol), and benzene (30 mL) under argon. The mixture was cooled to 0 °C 
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in an ice-bath, and cone. H2SO4 (0.06 mL) was added at once. The 

dark-brown mixture was heated at reflux in an oil-bath under efficient 

stirring for 15 h. After being cooled to room temperature, the mixture was 

diluted with hexane (50 mL), and then poured into aqueous 5% potassium 

hydroxide (50 mL) in a separatory funnel. Useal work up and the distillation 

under reduced pressure (20–25 Torr) at 120 °C, followed by column 

chromatography (SiO2, hexane:AcOEt = 10:1) of the distillate gave 5.74 g 

(35%) of 5-methyl-4,5,6,7,8,9-hexahydronaphthalene-2-one (3c). 

3c: IR (neat) 3010 (C=C), 2930, 2800, 1720 (C=O),1430, 1350, 1250, 1180, 

1000 cm-1; 1H NMR (60 MHz) δ 1.25 (s, 3H, CH3), 1.35–2.00 (m, 8H, CH2), 

2.25–2.50 (m, 4H, CH2), 5.68 (br s, 1H, C=CH). 

 

Preparation of (E)-3-Decen-2-one (3e). 

To a vacuum-dried, two-necked flask (100 mL) back flushed with argon, 

were placed heptanal (3.43 g, 4.1 mL, 30 mmol) and dichloromethane (40 

mL). The mixture was cooled to -78 °C in a liquid nitrogen-ethanol bath, 

and to this solution, TiCl4 (6.84 g, 4.0 mL, 36 mmol) was added at once, 

which was followed by the addition of isopropenyl acetate (3.60 g, 4.0 mL, 

36 mmol) over a period of 5 min. The mixture was stirred for an additional 

4 h at -78 °C. After being warmed to room temperature, the mixture was 

worked up as above and column chromatography (SiO2, hexane:AcOEt = 

10:1) of the residue gave 3.33 g (72%) of (E)-3-decen-2-one (3e). 

3e: IR (neat) 2920, 2820, 1720 (C=O), 1460, 1420, 1360, 1250, 1160, 980 

cm-1; 1H NMR (60 MHz) δ 1.92 (t, J = 5 Hz, 3H, CH3), 1.35 (m, 4H, CH2), 

2.23 (s, 3H, CH3), 2.85 (m, 2H, C=C-CH2), 6.45 (m, 2H, O-CH=C). 

 

Preparation of 5-Methyl-4,5,8,9-tetrahydro-naphthalene-2,6-dione 

(3g).28 

To a two-necked flask (50 mL) were placed 

2-methyl-cyclohexane-1,3-dione (631 mg, 5 mmol), KOH (1 pellet), and 
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MeOH (10 mL) under argon, and stirred for several minutes until it became 

homogeneous. 3-Buten-2-one (526 mg, 0.7 mL, 7.5 mmol) was added to this 

alcoholic solution at once at room temperature. The mixture was heated at 

reflux under stirring for 10 h. After being to room temperature, a half 

volume of the solvent was removed on a rotary evaporator. The resulting 

mixture was usual worked up gave the crude products was used for the next 

reaction without purification. To a two-necked flask (25 mL) were placed 

the above products and benzene (10 mL) under argon. To this mixture, 

pyroridine1) (0.1 mL) was added at once at room temperature. The resulting 

mixture was heated at reflux with stirring for 3 h. While being cooled to 

room temperature, the mixture was usual worked up and column 

chromatography (SiO2, hexane:AcOEt = 5:1) of the residue gave 533 mg 

(60%) of 3g as an oil. 

3g: IR (neat) 2960,1705 (C=O) cm-1; 1H NMR (60 MHz) δ 1.01–1.28 (m, 

2H, CH2), 1.45 (s, 3H, CH3), 1.65–2.16 (m, 3H, CH2), 2.20–2.70 (m, 5H, 

CH2), 5.78 (br s, 1H, CH=C). 

 

Preparation of α,β-Epoxy Esters by Darzens Reaction.29 

To a one-necked flask were placed under argon benzaldehyde (10.6 g, 

10.2 mL, 100 mol) and methyl chloroacetate (10.9 g, 8.8 mL, 100 mol) and 

toluene (50 mL). On cooling to 0 °C in an ice-bath, NaNH2 (4.68 g, 120 

mol) was added to this solution over a period of 15 min. The mixture was 

stirred for 5 h at room temperature. The mixture was poured into cold water 

(50 mL) in a separatory funnel. The mixture was usual worked up and 

column chromatography (activated Al2O3, hexane:AcOEt = 10:1) of the 

residue gave 5.82 g 994%) of α,β-epoxy ester 6a. 

6a: IR (neat) 1740 (C=O) cm-1; 1H NMR (60 MHz) δ 3.42 (d, J = 2 Hz, 1H, 

Ph-CH), 3.68 (s, 3H, O-CH3), 4.02 (d, J = 2 Hz, 1H, O-CH), 7.01-7.50 (m, 

5H, PhH). 

6c: IR (neat) 1742 (C=O) cm-1; 1H NMR (60 MHz) δ 1.70 (s, 3H, CH3), 3.39 
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(s, 3H, O-CH3), 3.76 (s, 1H, O-CH), 7.12–7.32 (m, 5H, PhH). 

 

Preparation of α,β-Epoxy Esters by Darzens Reaction.30 

To a one-necked flask (100 mL) were placed under argon 

cyclohexanone (3.1 mL, 30 mmol) and methyl chloroacetate (3.1 mL, 35 

mmol). On cooling to 0 °C in an ice-bath, a solution of t-BuOK in t-butyl 

alcohol (25 mL) was added to this mixture at once. The mixture was stirred 

for 30 min at room temperature. The reaction mixture was poured into cold 

water (50 mL) in a separatory funnel, and then the mixture was usual 

worked up and column chromatography (activated Al2O3, hexane:AcOEt = 

10:1) of the residue gave 4.34 g (85% yield) of α,β-epoxy ester 6b. 

6b: IR (neat) 1720 (C=O) cm-1; 1H NMR (60 MHz) δ 1.40–1.80 (m, 10H, 

CH2), 1.28 (s, 1H, O-CH), 3.70 (s, 3H, OCH3). 

6d: IR (neat) 1715 (C=O) cm-1; 1H NMR (60 MHz) δ 1.10–1.30 (m, 2H, 

CH2), 1.52 (s, 3H, CH3), 1.40–1.70 (m, 8H, CH2), 3.73 (s, 3H, OCH3). 

 

Preapation of 2-Cyano-1-oxaspiro[2.5]octane.31 

To a two-necked flask (25 mL) were placed cyclohexanone (5.39 g, 5.7 

mL, 55 mmol), triethylbenzylammonium chloride (TEBA) (40 mg, 0.18 

mmol), and aqueous 50% NaOH (10 mL) under argon. The mixture was 

cooled to 0 °C in an ice-bath, and to this mixture, chloroacetonitrileb) 

(3.775 g, 3.2 mL, 50 mmol) was added over a period of 10 min under 

efficient stirring. The mixture was stirred for 1 h at room temperature, and 

then diluted with ethyl acetate (30 mL). This solution was poured into water 

(30 mL) in a separatory funnel. The organic layer was usual worked up and 

column chromatography (activated Al2O3, hexane:AcOEt = 10:1) of the 

residue gave 3.18 g (60%) of α,β-epoxy nitrile 9a. 

9a: IR (neat) 2225 (CN) cm-1; 1H NMR (60 MHz) δ 1.52–1.68 (m, 2H, CH2), 

1.70-1.90 (m, 8H, CH2), 3.12 (s, 1H, CH-CN). 

9b: IR (neat) 2250 (CN) cm-1; 1H NMR (60 MHz) δ 3.29 (d, J = 2 Hz, 1H, 
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Ph-CH), 4.14 (d, J = 2 Hz, 1H, O-CH), 7.10–7.43 (m, 5H, PhH). 

9c: IR (neat) 2251 (CN) cm-1; 1H NMR (60 MHz) δ 0.80 (t, J = 7 Hz, 3H, 

CH3), 2.12 (q, J = 7 Hz, 2H, CH2), 3.48 (s, 1H, CH-CN), 7.27 (m, 5H, PhH). 

 

Preparation of 2,3-Diphenyl-2,3-Epoxypropanenitrile.32 

To a cooled (0 °C) solution of benzaldehyde (2.33 g, 2.2 mL, 20 mmol), 

phenylacetonitrile (2.34 g, 2.3 mL, 20 mmol), and triethylbenzylammonium 

chloride (TEBA) (100 mg, 0.43 mmol) in CCl4 (15 mL) was added aqueous 

50% NaOH aq. (15 mL) under efficient stirring. After being stirred for 1 h 

at room temperature, the mixture was usual worked up, the solid products 

were dissolved in methanol for recrystallization. The brown crystalline 

solids of α,β-epoxy nitrile 9d were collected by filtration (3.59 g, 85%). 

7d: IR (KBr) 2250 (CN) cm-1; 1H NMR (60 MHz) δ 4.10 (s, 1H, CH-O), 

7.20-7.70 (m, 10H, PhH). 

Note: The mechanistic aspect of this reaction is considered as followed. 
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Chapter 3 
 
 

Selective Dehalogenation of 
α,α-Dihalolactones and α,α-Dihalolactams by 

Indirect Electroreduction 
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3.1 Abstracts 

Selective removal of chlorine atoms from α,α-dichlorolactones 1 is 

achieved by virtue of  the choice and use of diphenyl diselenide or 

ditelluride as a recyclable mediator in an indirect electrolysis process. 

Diphenyl diselenide favors the mono-dehalogenation to form the 

corresponding α-chlorolactones 2 from 1, while diphenyl ditelluride 

enhances the complete dehalogenations, giving the corresponding lactones 3. 

The procedure is applicable for debromination of dibromopenicilline 

derivatives 4 to give the corresponding β-lactams 5, which are useful 

intermediate in the synthesis of β-lactamase inhibitors. 



- 118 - 

3.2 Introduction 

Addition and removal of halogen atoms on organic molecules are key 

operations in synthetic transformations due to potential utilities of 

halogenated compounds.1 Especially, for the removal of halogen atoms, 

various procedures are now available, i.e., reducing reagents, strong 

nucleophile, stoichiometric amounts of zero-valent transition metal 

carbonyls, heterogeneous hydrogenation catalyst, and composite reducing 

reagents.2 The cathodic reduction has been employed for this purpose.3 

However, few is known about the selective mono- or bis-dehalogenation of 

α,α-dihaloesters and their derivatives, accessible from the corresponding 

tri- and dihaloacetic acid as a two carbon-homologation reagents. In this 

Chapter, the author describes an indirect electrochemical dehalogenation of 

α,α-dichlorolactones 1 and α,α-dibromolactams 4 using diphenyl 

diselenide ((PhSe)2) or ditelluride ((PhTe)2) as a recyclable mediator. 
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3.3 Results and Discussion 

In this section, the author examined removal of chlorine atoms from 

α,α-dichlorolactones 1 by the indirect electroreduction with diphenyl 

diselenide or ditelluride as a recyclable mediator. The direct 

electroreductive dechlorination of α,α-dichlorolactam derivatives has been 

examined in a divided cell,3a and the electrolysis required high reduction 

potential conditions, which cause lack of selectivity for the formation of 

mono-chlorinated lactams. 

 

 
 

The author attempted the electro-reductive dechlorination of 

α,α-dichloro-γ-lactones 1 in a MeOH-0.2M NaClO4-(Pt)-(Pt) system. The 

results are shown in Table 3-1. The electrolysis of the α,α-dichlorolactone 

1a in the presence of 2 mol% of diphenyl diselenide under an applied 

voltage of 3 V for 5.2 F/mol of electricity gave the corresponding 

α-chlorolactone 2a in 74% yield (Entry 2). While, the electrolysis in the 

absence of diphenyl diselenide led to α-chlorolactone 2a in 23% yield 

accompanied with concomitant decomposition of 1a (Entry 1). On the other 

hand, the electrolysis of 1a with 2 mol% of diphenyl ditelluride resulted in 

complete dechlorination, giving the lactone 3a (Entry 3). The compound 2a 

showed a doublet at δ 4.52 (J = 6.5 Hz) in the 1H NMR spectrum (500 MHz) 

due to the chloromethine proton, suggesting the structure of 2a as a 

cis-isomer. 
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Table 3-1. Dechlorination of α,α-Dichlorolactone 

Products, %b 
Entry Mediator 

(mol%) 
Electricity 

(F/mol) 2a 3a 

1 none 17.0 23 0 

2 (PhSe)2 (2) 5.2 74 0 

3 (PhTe)2 (2) 6.0 trace 76 
a Carried out with la (l mmol) under an applied voltage of 3 V in a MeOH-0.2 M NaClO4 
-(Pt) system in a divided cell. 

b Based on isolated products. 

 

In order to gain the insight into the mechanistic aspects of 

bis-dechlorination of 1a with diphenyl ditelluride, we plotted the product 

distributions on going the electrolysis under conditions of a constant 

applied voltage of 3 V in Figure 3-1. In the initial stage of the electrolysis, 

the mono-chloride 2a is formed and the dechlorinated 3a is produced before 

the starting 1a is consumed; the formation of 3a occurs at the stage of the 

passage of 2 F/mol of electricity. In this case, an assumption on 

dechlorination through the mono-chlorolactone 2a to 3a appears appropriate. 

Indeed, the electroreduction of 2a with 2 mol% of (PhTe)2 gave 3a in 76% 

yield. 
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Figure 3-1. Correlation of the product distribution with the passed 

electricity.a 
a Carried out with la (1 mmol) and (PhTe)2 (0.02 mmol) under an applied voltage of 3 V in 
a MeOH-0.2 M NaClO4-(Pt) system in a divided cell.  

b Based on isolated products. 
 

This procedure was applied to a variety of α,α-dichlorolactones and 

their results are given in Table 3-2. As shown in entries 1–6, bis- and 

tricyclic lactones 1a–1c were reduced to the corresponding lactones 2 or 3, 

selectively by changing the usage of either (PhSe)2 or (PhTe)2 as a mediator. 

However, the compounds 1d, 1e, and 1f were reduced to 3 completely in the 

presence of the mediator. 

Yield (%) (1a: ○ , 2a: △ , 3a: □) 

Electricity (F/mol) 
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Table 3-2. Dechlorination of α,α-Dichlorolactones with (PhSe)2 or 

(PhTe)2  
Entry Substrate Mediator Electricity 

(F/mol) 
Product 

(%) 

1 (PhSe)2 5.2 2a (74) 

2  1a (PhTe)2 6.0 3a (76) 

3 (PhSe)2 5.3 2b (75) 

4 O O

Cl
Cl

 1b (PhTe)2 5.9 3b (75) 

5 (PhSe)2 5.1 2c (81) 

6  1c (PhTe)2 5.0 3c (89) 

7 (PhSe)2 5.1 3d (90) 

8  1d (PhTe)2 5.0 3d (90) 

9 (PhSe)2 6.1 3e (85) 

10  1e (PhTe)2 5.5 3e (88) 

11 (PhSe)2 5.1 3f (71) 

12  1f (PhTe)2 4.9 3f (75) 
a Carried out with la (1 mmol) and mediator (0.02 mmol) under an applied voltage of 3 V 
in a MeOH-0.2 M NaClO4-(Pt) system in a divided cell. 

b Based on isolated products. 
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As an extension of the indirect electrochemical dehalogenation 

procedure, we next attempted debromination of 6,6-dibromopenicillanate 4, 

leading to the corresponding β-lactam 5. For this purpose, the following 

reduction methods are recorded: (1) the use of metals such as zinc,4 

magnesium,5 and cadmium6 as a stoichiometric reducing reagent, (2) 

tributyltin hydride7 or tributylphosphine8 as a reducing reagent, and (3) 

electroreduction by employing a direct mode.9 Recently, a new Pb/Al 

bimetal system,10 which involves a catalytic amount of lead salts in a 

combination with aluminum metal, has been developed in our laboratory. 

The electrolysis of α,α-dibromopenicillanate 4a was carried in a 

MeOH-0.2M NaClO4-AcOH-(Pt) system in the presence of 2 mol% of 

diphenyl diselenide in a Nafion-separated divided cell. The reduction gave 

the penicillanate 5a in 92% yield after passage of 5.5 F/mol of electricity 

under an applied voltage of 3 V (Entry 4). The electrolysis without adding 

diphenyl diselenide led to the recovery of the starting 1a (entries 1 and 2). 

Acetic acid was added to ensure a reasonable current under an applied 

voltage of 3 V. The electrolysis of 1a with 2 mol% of diphenyl telluride 

gave the similar result (91% yield of 5a) as that obtained with diphenyl 

diselenide (entries 5 and 6). 
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Table 3-3. Debromination of α,α-Dibromopenicillanatea 

Entry Mediator 
(mol%) 

Additive 
(mmol) 

Electricity
(F/mol) 

Productsb 
(yield, %) 

1 none none 10.0 recov. (85) 

2 none AcOH (2) 10.0 recov. (23) 

3 (PhSe)2 none 5.5 5a (91) 

4 (PhSe)2 AcOH (2) 5.5 5a (92) 

5 (PhTe)2 none 5.5 5a (90) 

6 (PhTe)2 AcOH (2) 5.5 5a (91) 
a Carried out with 4a (1 mmol) under an applied voltage of 3 V in a MeOH-O.2 M 
NaCI04-(Pt) system in a divided cell. 

b Based on isolated products. 

 

In order to gain insight into the mechanistic aspects of debromination 

of 4a with (PhSe)2, we plotted the correlation between product distributions 

and the passed electricity as in Figure 3-2. Debromination appears to occur 

stepwise through mono-debromination of the dibromide 4a to 6a and the 

subsequent reduction of 6a to the desired 5a. 
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Figure 3-2. Correlation of the product distribution with the passed 

electricitya 
a Carried outwith 4a (l mmol), (PhSe)2 (0.02 mmol), and acetic acid (2 mmol) under an 
applied voltage of 3 V in a MeOH-0.2 M NaClO4-(Pt) system in a divided cell. 

b Based on isolated products. 

 

Other α,α-dibromolactams are debrominated by a similar indirect 

electroreduction with diphenyl diselenide or diphenyl ditelluride as a 

mediator, the results of which are shown in Table 3-4. 

Electricity (F/mol) 

Yield (%) (4a: ○ , 5a: □ , 6a: △) 
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4a : Z = S, X1 = X2 = Br 5a : Z = S 
6a : Z = S, X1 = Br, X2 = H 5b : Z =S-O 
4b : Z = S-O, X1 = X2 = Br 

 

Table 3-4. Debromination of Bromo-β-lactam with (PhSe)2a 

Entry Substrate Electricity 
(F/mol) 

Productsb 
(yield, %) 

1 4a ( Z = S, R = PMB, 
 X1 = X2 = Br) 5.5 5a (92) 

2 6a ( Z = S, R = PMB, 
 X1 = Br, X2 = H 3.0 5a (95) 

3 4b ( Z = S-O, R = PMB, 
 X1 = X2 = Br) 6.0 5b (93) 

a Carried out with substrate (l mmol), (PhSe)2 (0.02 mmol), and acetic acid (2 mmol) 
under an applied voltage of 3 V in a MeOH-0.2 M NaClO4-(Pt) system in a divided cell. 

b Based on isolated products. 
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3.4 Experimental Section 

Indirect Electroreduction of α,α-Dicholorolactone 1a with Diphenyl 

Diselenide, A General Procedure. 

A solution of 1a (209 mg, 1 mmol) and diphenyl diselenide (6 mg, 0.02 

mmol) dissolved in a 0.2 M NaClO4-MeOH solution (10 mL) was placed in 

a cathodic compartment. To the anodic compartment was added a solution 

of 0.2 M NaClO4-MeOH solution (10 mL). Prior to the electrolysis, the 

catholyte was bubbled with argon for 30 min and the resulted mixture was 

electrolyzed at 15–20 °C under a constant applied voltage of 3 V, during 

which an electric current decreased from 30 to 5 mA/cm2. The electrolysis 

was continued until 5.2 F/mol of electricity has been passed (4.4 h). The 

catholyte was bubbled with air for 10 min, concentrated to a half of the 

original volume, and then poured into water. The mixture was extracted 

with AcOEt. The extracts were washed with brine, dried (Na2SO4), and 

concentrated. Column chromatography (SiO2, hexane:AcOEt = 5:1) of the 

residue gave 129 mg (74%) of 2a along with (PhSe)2 (5 mg, 83%). 

2a: bp 88 °C (0.33 Torr); IR (neat) 1785 (C=O), 1444, 1252, 1168, 1132, 

975, 952, 930, 818, 717; 1H NMR (500 MHz) δ 1.08–1.26 (m, 2H, CH2), 

1.32–1.42 (m, 1H, CH2), 1.55–1.62 (m, 2H, CH2), 1.78, 1.80 (m, 2H, CH2), 

2.24 (m, 1H, CH2), 2.59 (m, 1H, CH), 4.52 (m, 1H, CH), 4.72 (d, J = 6.5 Hz, 

1H, CHCl); 13C NMR (126 MHz) δ 19.2, 22.7, 23.0, 27.4, 40.5, 59.3, 76.4, 

172.5. 

2b: bp 90 °C (0.30 Torr); IR (neat) 1780 (C=O), 1465, 1448, 1188, 1143, 

990, 955; 1H NMR (500 MHz) δ 1.21–1.30 (m, 1H, CH2), 1.35–1.49 (m, 2H, 

CH2), 1.56–1.66 (m, 1H, CH2), 1.68–1.83 (m, 5H, CH2), 1.90 (m, 1H, CH2), 

2.01 (m, 1H, CH2), 2.10–2.18 (m, 1H, CH2), 2.73 (m, 1H, CH), 4.51 (d, J = 

7.0 Hz, 1H, CHCl) 4.70 (ddd, J = 9.0, 7.0, 2.0 Hz, 1H, CH-O); 13C NMR 

(126 MHz) δ 22.0, 24.9, 25.3, 26.9, 27.9, 29.4, 43.6, 57.0, 84.6, 171.6. 

2c: bp 90 °C (0.30 Torr); IR (neat) 1780 (C=O); 1H NMR (500 MHz) δ 3.34 

(m, 2H, CH2), 4.14 (m, 1H, CH), 4.53 (m, 1H, CH), 5.53 (m, 1H, OCH), 
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7.31 (m, 4H, PhH); 13C NMR (126 MHz) δ 38.1, 45.3, 56.1, 83.7, 125.2, 

125.9, 128.0, 129.4, 137.4, 140.2, 171.6 

 

Indirect Electroreduction of α,α-Dicholorolactone 1a with Diphenyl 

Ditelluride, A General Procedure. 

A mixture of 1a (209 mg, 1 mmol) and diphenyl ditelluride (8 mg, 0.02 

mmol) dissolved in a 0.2 M NaClO4-MeOH solution (10 mL) was placed in 

a cathodic compartment. To the anodic compartment was added a solution 

of 0.2M NaClO4-MeOH solution (10 mL). Prior to the electrolysis, the 

catholyte was bubbled with argon for 30 min and the resulted mixture was 

electrolyzed at 15–20 °C under a constant applied voltage of 3 V, during 

which an electric current decreased from 30 to 10 mA/cm2. The electrolysis 

was continued for the passage of 6.0 F/mol of electricity (5.4 h), and the 

mixture was worked up as described before, to give 106 mg (76% yield) of 

3a along with (PhTe)2 (7 mg, 87%). 

3a: bp 62 °C (0.30 Torr); IR (neat) 1782 (C=O); 1H NMR (500 MHz) δ 

1.22–1.30 (m, 1H, CH2), 1.42–1.51 (m, 2H, CH2), 1.50–1.75 (m, 4H, CH2), 

2.07 (m, lH, CH2), 2.24 (dd, J = 3, 14 Hz, 1H, CH2), 2.37 (m, 1H, CH2), 

2.60 (dd, J = 7, 14 Hz, 1H, CH2), 4.50 (m, 1H, CH); 13C NMR (126 MHz) δ 

19.8, 22.7, 27.1, 27.7, 34.8, 37.4, 79.1, 177.5. 

3b: bp 66 °C (0.35 Torr); IR (neat) 1780 (C=O); 1H NMR (500 MHz) δ 

1.18–1.27 (m, 1H, CH2), 1.30–1.46 (m, 2H, CH2), 1.56–1.72 (m, 2H, CH2), 

1.73–1.81 (m, 2H, CH2), 1.84–1.93 (m, 2H, CH2), 2.20–2.25 (m, 1H, CH), 

2.52–2.65 (m, 2H, CH2), 4.65–4.67 (m, 1H, CH); 13C NMR (126 MHz) δ 

25.0, 25.3, 27.1, 27.2, 28.5, 28.6, 36.5, 39.1, 85.2, 176.3. 

3c: bp 77 °C (0.30 mm); IR (neat) 1780 (C=O); 1H NMR (500 MHz) δ 3.34 

(m, 2H, CH2), 4.14 (m, 1H, CH), 4.53 (m, 1H, CH), 5.53 (m, 1H, OCH), 

7.31 (m, 4H, PhH); 13C NMR (126 MHz) δ 38.3, 44.9, 53.6, 66.5, 125.3, 

125.9, 128.0, 129.4, 137.4, 140.2, 171.6. 

3d: IR (neat)1782 (C=O); 1H NMR (500 MHz) δ 2.39 (dd, J = 16, 1.5 Hz, 
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1H, CH2), 2.64–2.72(m, 2H, CH2), 2.73 (dd, J = 16, 9.7 Hz, 1H, CH2 ), 3.47 

(m, 1H, CH), 5.08 (m, 1H, CH-O), 5.54 (m, 1H, CH=CH), 5.74 (m, 1H, 

CH=CH); 13C NMR (126 MHz) δ 33.1, 39.4, 45.4, 82.9, 129.5, 131.1, 

176.6. 

3e: bp 55 °C (0.28 Torr); IR (neat) 1790 (C=O); 1H NMR (500 MHz) δ 0.86 

(t, J = 15 Hz, 3H, CH3), 1.19–1.51 (m, 8H, CH2), 1.52–1.93 (m, 3H, CH2), 

2.21–2.37 (m, 2H, CH1), 2.50 (m, 2H, COCH2), 4.46 (m, 1H, OCH) ; 13C 

NMR (126 MHz) δ 13.9, 22.4, 25.1, 27.9, 28.8, 28.9, 31.5, 35.5, 81.0, 

177.2. 

3f: bp 50 °C (0.28 Torr); IR (neat) 1790 (C=O); 1H NMR (500 MHz) δ 

2.11–2.25 (m, 1H, CH2), 2.58–2.73 (m, 3H, CH2), 5.50 (dd, J = 7, 20 Hz, 

1H, OCH), 7.35 (m, 5H, PhH) ; 13C NMR (126 MHz) δ 28.9, 30.9, 81.2, 

125.2, 128.4, 128.7, 139.3, 176.9. 

 

Indirect Electroreduction of α,α-Dibromopenicilanate 4a with Diphenyl 

Diselenide, A General Procedure. 

A solution of 4a (487 mg, 1 mmol), acetic acid (120 mg, 2 mmol), and 

(PhSe)2 (6 mg, 0.02 mmol) dissolved in a 0.2 M NaClO4-MeOH solution 

(10 mL) was placed in a cathodic compartment. To the anodic compartment 

was added a solution of 0.2M NaClO4-MeOH (10 mL). Prior to the 

electrolysis, the catholyte was bubbled with argon for 30 min and the 

resulted mixture was electrolyzed at 15–20 °C under a constant applied 

voltage of 3 V, during which an electric current decreased from 30 to 5 

mA/cm2. The electrolysis was continued until 5.5 F/mol of electricity has 

been passed (3.5 h). The catholyte was bubbled with air for 10 min, 

concentrated to a half of the original volume, and then poured into water. 

The mixture was extracted with AcOEt. The extracts were washed with 

brine, dried (Na2SO4), and concentrated. Column chromatography (SiO2, 

benzene:AcOEt = 10:1) of the residue gave 306 mg (92%) of 5a along with 

(PhSe)2 (5 mg, 83%). 
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5a:IR (KBr) 1765 (C=O), 1740 (C=O); 1H NMR (500 MHz) δ 1.36 (s, 3H, 

CH3), 1.61 (s, 3H, GH3), 3.04 (dd, J = 2, 14 Hz, 1H, CH2), 3.54 (dd, J = 4.0, 

14 Hz, 1H, CH2), 3.80 (s, 3H, OCH3), 4.46 (s, 1H, CH2), 5.12 (s, 2H, OCH2), 

5.27 (dd, J = 2, 4 Hz, 1H, CH2), 6.94 (d, J = 8 Hz, Ar), 7.30 (d, J = 8 Hz, 2H, 

Ar). 

5b: mp 102 °C ; IR (KBr) 1780 (C=O), 1745 (C=O); 1H NMR (500 MHz) δ 

1.23 (s, 3H, CH3), 1.53 (s, 3H, CH3), 3.32–3.36 (m, 1H, CH2), 3.56–3.60 (m, 

1H, CH2), 3.81 (s, 3H, OCH3), 4.37 (s, 1H, CH2), 4.58 (m, 1H, CH2), 5.17 

(m, CH2), 6.89 (d, J = 9 Hz, Ar), 7.31 (d, J = 8 Hz, 2H, Ar); 13C NMR (126 

MHz) δ 15.4, 24.3, 40.7, 55.2, 63.9, 67.8, 70.7, 72.4, 111.0, 126.6, 130.7, 

160.0, 167.1, 169.0. 

 

Preparation of α,α-Dichlorocyclobutanone Derivatives.11 

To a two-necked flask (100 mL) were placed freshly distilled 

cyclopenta-1,3-diene (5.28 g, 6.5 mL, 80 mmol), triethylamine (2.53 g, 3.5 

mL, 25 mmol), and hexane (20 mL) under argon. The mixture was cooled to 

0 °C in an ice-bath, dichloroacetyl chloride (2.95 g, 1.9 mL, 20 mmol) was 

added over a period of 5 min to the above mixture. After being stirred for 3 

h at room temperature, the reaction mixture was diluted with hexane (20 

mL) to precipitate ammonium salts. The precipitates were separated by 

filtration, and the filtrate and the washings were concentrated under vacuum 

to remove the low-boiling materials using a rotary evaporator. The residual 

oil was subjected to fractional distillation and the desired 

α,α-dichlorocyclobutanone 9d (2.83 g, 80%) was collected at 100 °C/20–25 

Torr. 

9d: IR (neat) 1805 (C=O) cm-1; 1H NMR (60 MHz) δ 2.75 (m, 2H, CH2), 

4.20 (m, 2H, CH), 5.80–6.18 (m, 2H, CH=CH). 

 

Preparation of 8,8-Dichloro-6-oxabicyclo[4.3.0]nonan-7-one. 

To a round-bottomed flask (100 mL) was placed a solution of 
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α,α-dichlorocyclobutanone (9a) (965 mg, 5 mmol) in dichloromethane (50 

mL). The solution was cooled to 0 °C in an ice-bath, m-chloroperbenzoic 

acid (mCPBA, 80%) (2.15 g, 10 mol) was added to the solution over a 

period of 5 min. The mixture was stirred for 24 h at room temperature. A 

half volume of the solvent was removed on a rotary evaporator, and the 

resulting mixture was diluted with ethyl acetate (20 mL), and then poured 

into cold aqueous 10% sodium thiosulfate pentahydrate (50 mL) in a 

separatory funnel. The organic layer was washed with aqueous 10% sodium 

thiosulfate pentahydrate (50 mL × 3), and with brine (50 mL). The organic 

layer was dried over sodium sulfate and concentrated on a rotary evaporator. 

Column chromatography (SiO2, hexane:AcOEt = 10:1) of the residue gave 

of α,α-dichlorolactone (1a) (993 mg, 95%) . 

1a: mp 55 °C; IR (KBr) 1805 (C=O); 1H NMR (60 MHz) δ 1.12–1.31 (m, 

4H, CH2), 1.32–1.64 (m, 2H, CH2), 1.65–2.08 (m, 2H, CH2), 2.56–2.96 (m, 

1H, CH), 4.85 (m, 1H, OCH). 

1b: mp 60 °C; IR (KBr) 1805 (C=O); 1H NMR (60 MHz) δ 1.20–1.90(m, 8H, 

CH2), 1.92–2.20 (m, 4H, CH2), 2.76–3.12 (m, 1H, CH), 4.82 (m, 1H, OCH). 

1c: mp 95 °C; IR (KBr) 1810 (C=O);1H NMR (60 MHz) δ 3.42(m, 2H, CH2), 

4.60 (m, 1H,CH), 5.54 (m, 1H, OCH), 7.35 (m, 4H, PhH). 

 

Preparation of 4,4-Dichloro-2-oxabicyclo[3.3.0]oct- 6-en-3-one. 

To a two-necked flask (50 mL) was placed a solution of 

α,α-dichlorocyclobutanone (9d) ( 1.77 g, 10 mmol) in AcOH (20 mL). 

Aqueous 30% hydrogen peroxide (1.70 g, 1.6 mL, 10 mol) was added to this 

solution at once at room temperature, and the stirring was continued for 10 

h at room temperature. The mixture was diluted with ethyl acetate (50 mL), 

and then poured into cold water in a separatory funnel. The organic layer 

was separated and neutralized with aqueous saturated sodium hydrogen 

carbonate (50 mL × 4), and then with brine (50 mL). The extracts were 

dried over sodium sulfate and concentrated using a rotary evaporator. 
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Column chromatography (SiO2, hexane:AcOEt = 10:1) of the residue gave 

1.83 g (95%) of α,α-dichlorolactone (1d). 

1d: bp °C (0.30 mm); IR (neat) 1798 (C=O), 1465, 1448, 1188, 1143, 990, 

955; 1H NMR (60 MHz) δ 2.85 (m, 2H, CH2), 4.08 (m, 1H, CH), 5.22 (m, 

1H, CH), 5.80 (m, 1H, CH=C), 5.98 (m, 1H, CH=C). 
 

Preparation of 2,2-Diehlorodeean-4- olide (1e)13 

To a vacuum-dried two-necked flask (50 mL) back flashed with argon, 

were placed 1-octene (7e) (5.60 g, 50 mmol), trichloroacetic acid (8.97 g, 

55 mmol), and toluene (10 mL). RuCl2(PPh3)3
14 (120 mg, 0.05 mmol) was 

added to this solution at once. The mixture was heated at reflux with stirring 

for 6 h. While being cooled to room temperature, the reaction mixture was 

diluted with hexane (50 mL) and precipitates were filtered off. The 

low-boiling materials were removed by using a rotary evaporator. The oils 

were distilled under reduced pressure (20–25 Torr) at 110 °C to give 9.12 g 

(78%) of 2,2-dichlorodecan-4-olide (1e). 

1e: bp 110 °C (20 mm); IR (neat) 1800 (C=O) cm-1; 1H NMR (60 MHz) δ 

0.89 (t, J = 5 Hz, 3H, CH3), 1.28–1.35 (m, 10H, CH2), 2.91 (dd, J = 9.6, 14 

Hz, 2H, CCl2CH2), 3.54 (dd, J = 5, 14 Hz, CCl2CH2 ), 4.57 (m, 1H, OCH). 

 

Preparation of 2,2-Dichloro-4-phenylbutan-4-olide (1f) 15 

To a vacuum-dried two-necked flask (50 mL) back flashed with argon, 

were placed styrene (1.04 g, 10 mmol), trimethylsiliyl trichloroacetate a) 

(2.37 g, 20 mmol), and toluene (10 mL). RuCl2(PPh3)3 (50 mg, 0.02 mmol) 

was added to this mixture at once at room temperature. The mixture was 

heated under reflux with stirring for 6 h. The reaction mixture was diluted 

with hexane (50 mL) and the precipitates were filtered off. The low-boiling 

materials were removed by using a rotary evaporator. The oils were distilled 

under reduced pressure (20–25 Torr) at 125 °C to give 1.61 g (70%) of 

2,2-dichloro-4-phenylbutan-4-olide (1f). 
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1f: bp 125 °C (20 Torr); IR (neat) 1805 (C=O) cm-1; 1H NMR (60 MHz) δ 

2.89 (dd, J = 10.4, 14 Hz, 1H, CCl2CH2), 3.46 (dd, J = 5, 14 Hz, 1H, 

CCl2CH2), 5.60 (dd, J = 5.0, 10.4 Hz, 1H, OCH) 7.34 (m, 5H, PhH). 

Note: 

a) Trimethylsilyl trichloroacetate was prepared as follows. To a solution 

of trimethylsilyl chloride in THF was added sodium trichloroacetate 

at room temperature. The mixture was stirred at room temperature. 

Upon evaporation of volatile materials, the crude products were 

distilled to afford trimethylsilyl trichloroacetate. 



- 134 - 

3.5 References 

1. W. T. Brady, Synthesis 1971, 415. 

2. D. Perez, N. Greenspoon, E. Keinan, J. Org. Chem. 1987, 52, 5570 

and references cited theirin. 

3. (a) T. Shono, N. Kise, T. Suzumoto, J. Am. Chem. Soc. 1984, 106, 

259. (b) D. Knittle, Monatsh. Chem. 1986, 117, 359; Chem. Abstr. 

1987, 106, 118885c. (c)S. G. Mairanovskii, N. P. Rodionov, 

Electrokhimiya 1978, 14, 746; Chem. Abstr. 1978, 89, 82049x. (d) A. 

Inesi, L. Rampazzo, J. Electroanal. Chem. Interfacial ElectroChem. 

1973, 44, 245; Chem. Abstr. 1973, 79, 43632r. 

4. (a) R. G. Micetich, S. N. Maiti, M. Tanaka, T. Yamazaki, K. Ogawa, 

J. Org. Chem. 1986, 51, 853. (b) J. Brennan, F. H. S. Hussain, 

Synthesis 1985, 749. (c) S. Ikeda, F. Sakamoto, R. Hirayama, Y. 

Takebe, M. Sotomura, G. Tsukamoto, Chem. Pharm. Bull. 1988, 36, 

218. 

5. J. C. Kapur, H. P. Fasel, Tetrahedron Lett. 1985, 26, 3875. 

6. G. A. Carrera, Span. Patent E. S. 548296, 1986; Chem. Abstr. 1988, 

108, 21604. 

7. (a) J. A. Aimetti, E. S. Hamanaka, D. A. Johnson, M. S. Kellogg, 

Tetrahedron Lett. 1979, 20, 4631. (b) D. I. John, N. D. Tyrrell, E. J. 

Thomas, Tetrahedron 1983, 39, 2477. 

8. J. W. Chem, M. Huang, J. H. Tien, S. H. Pai, Heterocycles 1988, 27, 

1349. 

9. S. Ikeda, G. Tsukamoto, I. Nashiguchi, T. Hirashima, Chem. Pharm. 

Bull. 1988, 36, 1976. 

10. H. Tanaka, M. Tanaka. A. Nakai, Y. Katayama, S. Torii, Bull. Chem. 

Soc. Jpn. 1989, 62, 627. 

11. G. Mehta, H. S. P. Pao, H. S. P. Synth. Com. 1985, 15, 991. 

12. W. T. Brady, Synthesis 1971, 415. 

13. H. Matsumoto, T. Nakano, K. Ohkawa, Y. Magai, Chem. Lett. 1978, 



- 135 - 

363. 

14. H. Matsumoto, J. Synth. Org. Chm. Jpn. 1979, 37, 1059. 

15. H. Mastumoto, K. Ohkawara, S. Ikemori, T. Nakano, Y. Nagai, Chem. 

Lett. 1979, 1011. 



- 136 - 



- 137 - 

 

Chapter 4 
 
 

A New Relay Reaction by 
 (PhSe)2/Sacrificial Anode System for  

Indirect Electroreduction of 
α,β-Epoxy Carbonyl Compounds to  

β-Hydroxy Derivatives in an Undivided Cell 
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4.1 Abstract 

Indirect electroreductive transformations of α,β-epoxy carbonyl 

compounds 1 mediated by diphenyl diselenide ((PhSe)2) as a recyclable 

reagent to their β-hydroxy derivatives 2 in 80–90% yields were achieved in 

an undivided cell by use of a sacrificial anode. Magnesium as an anode 

material was found to be favorable than zinc and aluminum in terms of the 

required electricity to complete the reaction. The merit of this new 

composite system lies in the easy operation in a large-scale experiment. The 

precedure can also be applicable to the selenation of the haloalkane 4, the 

epoxdie 6, and the α,β-enone 8 with an equimolar amount of (PhSe)2 in an 

undivided cell. 
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4.2 Introduction 

Utility of diaryl diselenides as a recyclable mediator in the indirect 

electroorganic synthesis stems from their easy ionization both on a cathode 

and an anode to the corresponding anionic and cationic species, 

respectively.1,2 However, reductive transformations, in contrast to oxidative 

ones, with arylselenide anions have only been, realized by choice of a 

divided cell with a diaphragm.3,4 The author describes a new procedure for 

generation of phenylselenide anion from diphenyl diselenide ((PhSe)2) in an 

undivided cell in combination with a sacrificial anode.5 The composite 

system6 by (PhSe)2/sacrificial anode developed here provides a new method 

for the indirect electroreductive transformations of α,β-epoxy carbonyl 

compounds 1 to their β-hydroxy derivatives 24 as depicted in Figure 4-1.7 

 

2e-

(PhSe)2

2 PhSe-1

2
2e-

M
[Anode] [Cathode]

2/n Mn+
 

 
Figure 4-1. A composite mediatory system using (PhSe)2 as a recyclable 

reagent and a sacrificial anode. 
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4.3 Results and Discusiton 

Prior to the electroreduction of α,β-epoxy carbonyl compounds 1, a 

simple phenylselenation of haloalkane 4 by SN2 process8 was attempted 

using an equimolar amount of (PhSe)2. Thus, the electrolysis of 4 and 

(PhSe)2 under an applied voltage of 1 V for 2.7 F/mol of electricity in a 

MeOH-NaClO4 (0.2 M) with a magnesium anode and a platinum cathode 

afforded the phenylselenide 5 in 97% yield. The electrochemical selenation 

in an undivided cell was successful in the conversions of the epoxide 6 to 

corresponding β-phenylseleno alcohol 7 and the enone 8 to the 

β-phenylseleno ketone 9, respectively. 

 

 

 

Subsequently, the procedure was extended to the transformation of 

α,β-epoxy ketones 1 to the corresponding β-hydroxy ketones 2 with a 

catalytic amount of diphenyl diselenide as a recyclable mediator.4 As a 

result of survey on optimization of the solvent/electrode/additive effect in 

the conversion of 1a to 2a (Table 4-1), the best result was obtained in the 

run with magnesium anode in a MeOH-NaClO4 (0.2 M) system and 15 

equimolar of dimethyl malonate as a proton donor (Entry 2). 
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Table 4-1. Indirect Electroreduction of la in a Relay Reaction System of 

(PhSe)2/Sacrificial Anode.  
Product, %b 

Entry Anode Electricity 
(F/mol) 2a 3ac 

1d Mg 3.0 52 36 

2 Mg 3.0 86 0 

3e Mg 3.0 22 5 

4f Mg 0 0 0 

5g Mg 20.0 0 0 

6 Al 15.0 76 0 

7 Zn 25.0 65 10 

8h Pt 6.0 0 0 
a Unless otherwise noted, the electrolysis was carried out with la (1 mmol) and (PhSe)2 
(0.02 mmol) in a MeOH-0.2 M NaClO4 (10 mL) system in the presence of dimethyl 
malonate (15 mmol) under an applied voltage of 1 V. 

b Yield of isolated products based on la. 
c Isophorone as aresult of the dehydration of 2a.  
d Dimethyl malonate was not added.  
e DMF-0.2 M NaClO4 (10 mL) in the presence of dimethyl malonate (15 mmol) was used. 
The starting material 1a was recovered (60%). 

f The starting material 1a was recovered (98%). 
g (PhSe)2 was not added. The starting material 1a was recovered (90%). 
h The starting material 1a was recovered (35%). 
 

Aprotic solvent such as DMF was not useful in this case (Entry 3). In 

the last stage of the reaction, the consumption of magnesium anode 

amounted to 3.6 mmol for the conversion of 1 mmol of 1a. Aluminum and 

zinc anode were also effective as a sacrificial anode, but the electrolyses 

required more electricity than the run with magnesium anode (entries 6 and 

7). No selenation could be realized by using a platinum foil as an anode in 
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the same system (Entry 8). The electrolysis under the above conditions 

without adding (PhSe)2 resulted in the recovery 1a (90%). The reaction also 

necessities the charging of electricity to the reaction medium, no reaction 

otherwise occurred. In these experiments, addition of dimethyl malonate 

was essential for survival of the aldol structure of 2a, dehydration of 2a to 

isophorone (3a) dominated without this. 

As shown in Table 4-2, a variety of epoxy carbonyl compounds 1a–e 

including α,β-epoxy ester 11 and nitrile 1g are converted to the 

corresponding β-hydroxy carbonyl compounds 2.9 The yields of the 2 are 

generally higher than that obtained by the indirect procedure with platinum 

electrode in a divided cell.7 The merit of this procedure is the easy 

operation in a large scale experiment. For example, the electrolyses of 1a 

(20－50 mmol) were achieved in a simple beaker type flask (200 mL) using 

0.2－ 0.5 mmol of (PhSe)2, producing 2a in 70–80% yields. In these 

conversion, the mediator ((PhSe)2) and the additive (dimethyl malonate) 

were recovered, quantitatively. 
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Table 4-2. Indirect Electroreduction of α,β-Epoxy Carbonyl 
Compounds.a 

 
Entry Substrate, 1 Product 2, yield, %b,c 

1 

O

O

 1a  2a, 86 (79) 

2 

 1b  2b, 85 (85) 

3 

 1c  2c, 88 (85) 

4 

 1d 

OOH

 2d, 80 (75) 

5 

 

 1e 

 
 2e, 85 (72) 

6 
 1f  2f, 82 (75) 

7 
 1g  2g, 90 (82) 

a Carried out in an undivided cell with 1 (l mmol), (PhSe)2 (0.02 mmol), and dimethyl 
malonate (DMM, 15 mmol) in a MeOH-0.2 M NaClO4-(Mg)-(Pt) system under an 
applied voltage of 1 V (100–25 mA/cm2) for 3.0 F/mol of electricity. 

b Based on isolated product.  
c Numbers in parentheses are yields of 2 in a divided cell with 1 (1 mmol), (PhSe)2 (0.02 
mmol), and DMM (5 mmol) in a MeOH-0.2 M NaClO4-(Pt)-(Pt) system under an applied 
voltage of 3 V (30–5 mA/cm2) for 4.5 F/mol of electricity. References: Chapter 2. 
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4.4 Experimental Section 
Indirect Electroreduction of Isophorone Oxide (1a) with Diphenyl 

Diselenide in an Undivided System: A General Procedure. 

A mixture of 1a (154 mg, 1 mmol), dimethyl malonate (1.98 g, 15 

mmol), and diphenyl diselenide (6 mg, 0.02 mmol) was dissolved in a 0.2 M 

NaClO4-MeOH solution (10 mL) and charged in an undivided cell. A 

magnesium foil (1×3 cm2) as an anode and a platinum foil as a cathode 

(1×1.5 cm2) were immersed into the electrolyte solution. Prior to the 

electrolysis, the electrolyte cell was bubbled with argon for 30 min and the 

resulting mixture was electrolyzed at 15–20 °C under a constant applied 

voltage of 1 V, during which an electric current decreased from 50 to 25 

mA/cm2. The electrolysis was interrupted when 3.0 F/mol of electricity had 

been passed (it took for 2.0 h). The electrolysis solution was bubbled with 

air for 10 min, and then the mixture was concentrated on a rotary evaporator 

to a half of the original volume and then poured into water. The mixture was 

extracted with ethyl acetate. The extracts were washed with brine (30 

mL×2), dried (Na2SO4), and concentrated on a rotary evaporator. Column 

chromatography (SiO2, hexane:AcOEt = 5:1) of the residue gave 6 mg of 

(PhSe)2 (100%) and 134 mg (86%) of 2a. 

2a: mp 79–80 °C (from hexane) (lit.10 79–79.5 °C); IR (KBr) 3400 (OH), 

1705 (C=O); 1H NMR (500 MHz) δ 1.04 (s, 3H, CH3), 1.11 (s, 3H, CH3), 

1.33 (s, 3H, CH3), 1.60 (br s, 1H, OH), 1.71–1.79 (m, 2H, CH2), 2.20 (br s, 

2H, CH2), 2.34–2.44 (m, 2H, CH2); 13C NMR (126 MHz) δ 28.4, 32.5, 33.1, 

35.5, 50.0, (2C), 54.0, 74.9, 210.8. 

3-Hydroxy-2-methyl-(1-methylvinyl)-cyclohexanone (2b)11 (92:8 

stereoisomers): bp 77 °C (0.21 Torr); IR (neat) 3410 (OH), 1710 (C=O) 

cm-1; 1H NMR (500 MHz) δ 1.09 (d, J = 7 Hz, 3H, CH3), 1.74 (s, 3H, CH3), 

1.79–1.84 (m, 1H, C=C-CH), 2.12 (ddd, J = 3.5, 6, 14 Hz, 1H, CH), 

2.23–2.28 (m, 1H, CH2), 2.48 (ddd, J =2.2, 3.5, 14 Hz, 1H, CH), 2.53–2.56 

(m, 1H, CH2), 2.83–2.89 (m, 1H, CH2), 3.56 (brs, 1H, OH), 4.30 (m, 1H, 
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CH-O), 4.74–4.77 (brs, 2H, C=CH2); 13C NMR (126 MHz) (major isomer) δ 

10.6, 20.5, 37.6, 39.9, 46.5, 49.2, 73.5, 109.9, 147.2, 211.1. 

8a-Hydroxy-4a-methyl-2-decalone (2c): mp 118–119 °C (lit.12 

120–121 °C); IR (CHCl3) 3380 (OH), 1700 (C=O) cm-1; 1H NMR (500 

MHz) δ 1.20 (s, 3H, CH3), 1.53–1.82 (m, 11H, CH2), 2.30–2.36 (m, 3H, 

CH2), 2.61 (brs, 1H, OH); 13C NMR (126 MHz) δ 20.4, 20.5, 20.7, 34.2, 

34.3, 35.1, 36.5, 38.0, 51.7, 76.4, 211.3. 

3-Hydroxy-4-phenyl-2-butanone (2d): bp 112–115 °C (0.3 Torr) (lit.13 

100°C (0.45 Torr)); IR (CHCl3) 3390 (OH), 1690 (C=O) cm-1; 1H NMR 

(500 MHz) δ 2.19 (s, 3H, COCH3), 2.81 (dd, J = 3.2, 17 Hz, 1H, COCH2), 

2.89 (dd, J = 9.0 17 Hz, 1H, COCH2), 3.35 (br s, 1H, OH), 5.15 (m, 1H, 

CH-O), 7.26–7.40 (m, 5H, PhH); 13C NMR (126 MHz) δ 30.7, 51.9, 69.8, 

125.6, 127.6, 128.5, 142.7, 209.1. 

Compound 2e: mp 120 °C; IR (KBr) 3736 (OH), 1736 (C=O), 1700 (C=O) 

cm-1: 1H NMR (500 MHz) δ 0.72 (s, 3H, CH3), 0.90 (d, J = 7 Hz, 3Hm CH3), 

1.08 (s, 3H, CH3), 1.10–1.16 (m, 1H, CH2), 1.21–1.35 (m, 4H, CH2), 

1.38–1.46 (m, 2H, CH2), 1.58–1.62 (m, 1H, CH2), 1.71–1.81 (m, 3H, CH2), 

1.87–1.94 (m, 1H, CH2), 1.98–2.20 (m, 2H, CH2), 2.13–2.22 (m, 2H, CH2), 

2.29–2.35 (m, 1H, CH2), 2.56 (dd, J = 2.6, 18 Hz, 1H, COCH2), 2.83 (dd, J 

= 3, 18 Hz, 1H, COCH2), 3.63 (s, 3H, COOCH3), 4.16 (br s, 1H, CH-O), 

5.72 (br s, 1H, HC=C), 6.13 (b rs, 2H, HC=C); 13C NMR (126 MHz) δ 11.8, 

17.7, 18.2, 20.1, 23.7, 27.9, 30.9, 31.0, 35.3, 37.6, 39.3, 40.9, 42.8, 43.5, 

43.6, 51.5, 53.3, 55.6, 71.5, 122.9, 128.4, 141.8, 160.2, 174.6, 197.1. Anal. 

Calcd for C25H36O4: C, 74.96; H, 9.06. Found: C, 75.11; H, 9.06. 

2f: bp 126 °C (0.28 mm) (lit.14 140–143 (12 mm)); IR (neat) 3426 (OH), 

1734 (C=O) cm-1; 1H NMR (500 MHz) δ 2.60 (dd, J = 3.75, 16.3 Hz, 1H, 

CH2), 2.66 (dd, J = 9.23, 16.3 Hz, 1H, CH2), 3.22 (brs, 1H, OH), 3.61 (s, 3H, 

COOCH3), 5.02 (dd, J = 3.75, 9.23 Hz, 1H, CH-O), 7.16–7.20 (m, 2H, PhH), 

7.21–7.28 (m, 3H, PhH); 13C NMR (126 MHz) δ 51.2, 52.5, 73.2, 128.3, 

128.9, 129.1, 134.9, 172.3. 
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2g: bp 91 °C (0.21 mm); IR (neat) 3426 (OH), 2238 (CN) cm-1; 1H NMR 

(500 MHz) δ 1.25 (m, 1H, CH2), 1.49–1.71 (m, 9H, CH2), 2.12 (br s, 1H, 

OH), 2.50 (s, 2H, CH2CN); 13C NMR (126 MHz) δ 21.8, 25.0, 31.9, 36.8, 

67.0, 117.5. 

 

Phenylselenation of 1-Bromohexane (4) by a (PhSe)2/Mg Anode System: 

A General Procedure. 

A mixture of 3 (165 mg, 1 mmol) and diphenyl diselenide (156 mg, 0.5 

mmol) was dissolved in a 0.2 M NaClO4-MeOH solution (10 mL) and 

charged in an undivided cell. A magnesium foil (1×3 cm2) as an anode and a 

platinum foil as a cathode (1×1.5 cm2) were immersed into the electrolyte 

solution. Prior to the electrolysis, the electrolyte cell was bubbled with 

argon for 30 min and the resulting mixture was electrolyzed at 15－20 °C 

under a constant applied voltage of 1 V, during which an electric current 

decreased from 50 to 25 mA/cm2. The electrolysis was interrupted when 2.8 

F/mol of electricity had been passed (it took for 1.6 h). The electrolysis 

solution was bubbled with air for 10 min, and then the mixture was 

concentrated on a rotary evaporator to a half of the original volume and 

poured into water. The mixture was taken up in ethyl acetate. The extracts 

were washed with brine (30 mL × 2), dried (Na2SO4), and concentrated on a 

rotary evaporator. Column chromatography (SiO2, hexane:AcOEt = 5:1) of 

the residue gave 233 mg (97%) of 4. 

1-Phenylselenohexane (5): bp 66 °C (0.35 mm); IR (neat) 1580, 1479, 1437, 

1375, 1375, 1243, 1048, 911, 735, 690 cm-1; 1H NMR (200 MHz) δ 0.79 (t, 

J = 6.7 Hz, 3H, CH3), 1.22–1.39 (m, 8H, CH2), 1.54–1.71 (m, 2H, CH3), 

2.82 (t, J = 7.6 Hz, 2H, SeCH2), 7.12–7.22 (m, 3H, PhH), 7.36–7.43 (m, 2H, 

PhH); 13C NMR (50 MHz) δ 14.0, 22.5, 27.9, 29.5, 30.1, 31.3, 126.5, 128.9 

130.7, 132.3. 

2-Phenylselenocyclohexan-1-ol (7): yield 95%; bp 102 °C (0.35 mm); IR 

(neat) 3396 (OH), 1578, 1479, 1448, 1357 cm-1; 1H NMR (200 MHz) δ 
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1.34–1.52 (m, 4H, CH2), 1.58–1.77 (m, 2H, CH2), 2.16 (m, 2H, CH2), 2.75 

(br s, 1H, OH), 2.83–2.96 (m, 1H, CH), 3.27–3.39 (m, 1H, CH), 7.24–7.39 

(m, 3H, PhH), 7.56–7.66 (m, 2H, PhH); 13C NMR (50 MHz) δ 25.1, 32.0, 

40.1, 40.8, 48.6, 127.4, 128.1, 129.1, 135.6, 208.8. 

3-Phenylselenocyclohexanone (9): yield 95%; bp 45 °C (0.35 mm); IR 

(neat) 1715 (C=O), 11578, 1479, 1437, 1313, 1278, 1220, 1162, 1023, 969, 

741, 692 cm-1; 1H NMR (200 MHz) δ 1.58–1.90 (m, 2H, CH2), 2.03–2.42 

(m, 4H, CH2), 2.46 (ddd, J = 14, 11, 1 Hz, 1H, CH2), 2.78 (ddt, J = 14, 4.5, 

1 Hz, 1H, CH2), 3.41–3.57 (m, 1H, CH), 7.25–7.35 (m, 3H, PhH), 7.55–7.65 

(m, 2H, PhH); 13C NMR (50 MHz) δ 25.1, 32.0, 40.1, 40.8, 48.6, 127.4, 

128.1, 129.1, 135.6, 208.8. 
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