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ในปฏิกิริยาออกซิเดชันของสารประกอบออแกโนซัลเฟอร์ เช่น ไทออลและไทโออีเทอร์เป็นไดซัลไฟด์และซัลฟอกไซด์
ตามล าดับ เปรียบเทียบกับโรสเบงกอลซึ่งเป็นตัวเร่งปฏิกิริยามาตรฐาน โบดิพีทั้งหมดถูกสังเคราะห์ได้ส าเร็จในร้อย
ละผลผลิตที่ดี (36-80%) ผ่านปฏิกิริยาควบแน่นระหว่าง 4-ไอโอโดเบนซัลดีไฮด์และไพโรล ตามด้วยปฏิกิริยา
ออกซิเดชันกับ DDQ และปฏิกิริยาสร้างสารประกอบเชิงซ้อนกับ BF3

.OEt2 จากโบดิพีทั้งหมดที่ถูกสังเคราะห์ 3I-GB 
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# # 5871990023 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE 
KEYWORDS: BODIPY, PHOTOCATALYST 

PIYAMAPORN TANGKASEMSAMRAN: PHOTOOXIDATION OF ORGANOSULFUR COMPOUNDS 
CATALYZED BY IODO-BODIPY DERIVATIVES UNDER VISIBLE LIGHT IRRADIATION. ADVISOR: 
ASSOC. PROF. SUMRIT WACHARASINDHU, Ph.D., CO-ADVISOR: PROF. MONGKOL 
SUKWATTANASINITT, Ph.D.{, 97 pp. 

In this work, iodo-BODIPY derivatives, I-GB, 3I-GB, I-RB, were synthesized and used as 
photocatalysts for oxidation of organosulfurs such as thiols and thioethers into the corresponding 
disulfides and sulfoxides, respectively, as well as compared with benchmark photocatalyst, rose 
bengal. All BODIPY derivatives were successfully synthesized in good yields (36-80%) via 
condensation reaction between 4-iodobenzaldehyde and corresponding pyrroles, followed by 
oxidation with DDQ and complexation with BF3

.OEt2. Among all synthesized BODIPYs, 3I-GB and 3I-
RB showed relatively low quantum yield (0.053-0.054) with high singlet oxygen generation efficiency 
under green LED suggesting that both of them could serve as good photocatalysts for sulfur 
oxidation in visible light. In case of 4-chlorothiophenol (7) oxidation, 3I-GB and 3I-RB catalysts drove 
the reaction completely within 6 hours (92-100%), while other catalysts provided only 4-56% under 
the same condition irradiating by green LED. Moreover, 3I-GB and 3I-RB can be used as excellent 
photocatalysts in oxidation of others thiol substrates such as heterocyclic (11, 13), aromatic (7, 9), 
and benzylic (13) thiols giving the desired disulfides in 79%-quantitative yields. For the oxidation of 
thioanisole (19), 3I-GB and 3I-RB demonstrated higher catalytic activity comparing to I-GB, I-RB, and 
rose bengal providing sulfoxide (20) around 80% under green LED irradiation for 24 hours. 
Unfortunately, other unreactive thioethers such as heterocyclic and aliphatic substrates, were 
unable to oxidize using our catalysts. For mechanism of sulfur oxidation catalyzed by 
photocatalysts, we proposed that when BODIPYs is used as catalysts, the reaction proceeds through 
energy transfer and singlet oxygen is produced during the catalytic circle while the electron transfer 
process involves in the photooxidation catalyzed by rose bengal. 
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CHAPTER 1 
INTRODUCTION 

1.1 Overview 

The oxidation of organosulfur compound is an important reaction in many 

industries such as vulcanization process for modify rubber or associated polymer to 

be more enduring material [1], increasing stability of some proteins [2], synthesis of 

drugs and intermediates [3-5], and removal of thiols from petroleum product by 

changing thiols to disulfides. [6] To perform the reaction, many researchers use metal 

catalysts or strong oxidizing agent to facilitate the oxidation reaction. However, the use 

of organometallic complexes as catalysts has many drawbacks such as high toxicity, 

requiring stoichiometric amount of catalyst, complicated workup step and high cost. 

[7-9] In addition, use of strong oxidizing agents have generated toxic waste as 

byproducts and difficult to handle the reaction. [10, 11] Recently, organic dyes had 

been in spotlight as photocatalysts because of theirs good stability, high reaction rate 

and high efficiency for sulfur compound oxidation. [8, 12] Then, our research group is 

interested in developing the greener chemistry by using boron dipyrromethene as 

photocatalyst dyes which is less toxic to environment and less expensive for oxidation 

of organosulfur compound. 

1.2 Introduction to photocatalyst  

Photocatalyst is acceleration of chemical reaction by a catalyst with suitable 
light source. When the oxygen is involved in the reaction, it is called as aerobic 
photooxidation. It has been used in various applications such as small organic 
molecule oxidation, [13, 14] preparing precursor in pharmaceutical industry [15] and 
continuous flow oxidation processes. [16] This wide adoption of aerobic 
photooxidation is driven by lower waste, less toxicity oxidant, inexpensive, high 
selectivity and high efficiency. [17] Mechanistically, photocatalyst can be performed 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 

through electron or energy transfer processes to substrate when irradiated by light. 
There are two possible pathways for aerobic photooxidation. First, when photocatalyst 
is irradiated by visible light, either the electron transfer or energy transfer process are 
possibly occurred. For the electron-transfer process, substrate radical cation will be 
generated from the reduction of excited state photocatalyst (PC*). After that, excited 
state photocatalyst become a radical anion (PC•-) and subsequently react with oxygen 
molecule to form an oxygen radical anion (O2

•-). This oxygen species will react with 
substrate or active compound (I) providing the product and hydrogen peroxide and 
water as byproduct as seen in figure 1.1a. [18] In case of energy transfer process, 
photocatalyst is excited by light source then converted into singlet excited state 
photocatalyst (1PC*). After intersystem crossing happens, the singlet excited state 
photocatalyst will become triplet excited state (3PC*) then react with oxygen molecule 
to generate singlet oxygen (1O2). Such singlet oxygen oxidizes substrate to give a 
product as seen in figure 1.1b. 

 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3 

 
 

 

 
Figure 1.1 Outline of mechanism of visible-light-driven aerobic oxidation a) electron-
transfer process b) energy-transfer process 
  
 For example, in 2014, Hari and co-workers [19] proposed mechanism through 
electron-transfer process for oxidative coupling of tetrahydroisoquinolines catalyzed 
by Eosin Y as shown in scheme 1.1. Eosin Y (EY) was excited by the suitable wavelength 
of light source generating excited state of Eosin Y. A singlet electron is transferred from 
tetrahydroisoquinoline (1) to EY*. Then, the electron is transferred to oxygen to give 
oxygen radical anion which can react with aminyl radical cation (2) to get the iminium 
ion (3) and hydrogen peroxide as by-product. Finally, the iminium ion (3) was reacted 
with nucleophile to give product (4). 

a) 

b) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4 

 
Scheme 1.1 The proposed mechanism for oxidative coupling of 
tetrahydroisoquinolines catalyzed by Eosin Y 
 
1.3 Introduction to BODIPY 

BODIPY was first discovered by Treibs and Kreuzer in 1968. [20] The structure 

of boron dipyrromethene (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) or BODIPY was 

shown in figure 1.2. It consists of disubstituted boron atom (BF3) and complex of 

dipyrromethene. Recently, many researchers reported the BODIPY as photocatalysts 

because of their following properties such as small stroke shift, high fluorescence 

quantum yields (Φf), large molar absorption coefficient (ɛ). [21] These effects come 

from the low of degree of freedom caused by high rigidity of the BODIPY core structure. 

Moreover, it can be dissolved in many organic solvents [22] and tunable photophysical 

properties by introducing substituent groups at the peripheral position of BODIPY core. 

[23] According to the above-mentioned properties, BODIPY has been widely used in 

many applications such as photocatalysts, [24] optical sensor, [25] fluorescence 

markers [26] and photodynamic therapy. [27] 

 

Figure 1.2 The structure of BODIPY 
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1.4 Literature review as catalyst for thiol oxidation 

1.4.1 Oxidative coupling of thiol catalyzed by metal catalysts 

In 2010, Kasem and co-worker [28] used tributylammonium fluorochromate 
(TBAFC) and tributylammonium chlorochromate (TBACC) absorbed on silica gel as 
catalysts for oxidation of different thiols into disulfides (68-93%yields) as seen in 
scheme 1.2. The advantages of their works are shorter reaction time, lower oxidant 
molar ratio, higher yields, and ease of separation of products. 

 
Scheme 1.2 Oxidation of thiols catalyzed by TBAFC or TBACC 
 
  In 2011, Oba and co-workers [29] reported the oxidative coupling of thiol 
catalyzed by diaryl tellurides such as bis(4-methoxyphenyl)telluride catalyst. The 
reaction provided the disulfide products in excellent yield as shown in scheme 1.3. 
The reaction need to perform in the presence of air atmospheric in dichloromethane 
at 0oC. 

 

 
Scheme 1.3 Oxidation of thiol catalyzed by bis(4-methoxyphenyl)telluride 
 

In 2014, Dharmarathna and co-workers [30] synthesized disulfide product using 
inexpensive manganese octahedral molecular sieve (OMS-2 )  as catalyst in oxidation 
of thiol as shown in scheme 1.4. The reaction was performed in acetonitrile at 100oC 
and provided products around 18-100% yields.  

 
Scheme 1.4 Oxidation of thiol catalyzed by manganese octahedral molecular sieve 
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1.4.2 Oxidative coupling of thiol catalyzed by enzyme 

In 2013, Abdel-Mohsen and co-workers [31] reported the oxidative coupling 
of heterocyclic thiols catalyzed by laccase. The reaction performed in aqueous media 
and provided coupling product in moderate yield (40-59%) at room temperature as 
shown in scheme 1.5.  

 
Scheme 1.5 Oxidation of thiol catalyzed by laccase 
 
1.4.3 Photooxidation of thiol catalyzed by metal catalyst 

In 2016, Liu and co-workers [18] reported the photooxidation of thiol catalyzed 
by TiO2/MoS2 nanocomposite and disulfide product was obtain in 85-99% yield at 8 
hours as shown in scheme 1.6. Even though this protocol provided excellent yields of 
disulfide and the catalyst can be reused, TiO2 nanoparticle causes oxidative damage 
in mesothelial cell of human. [32]  
 

 
Scheme 1.6 Photooxidation of thiol catalyzed by TiO2/MoS2 nanocomposite 

 
1.4.4 Photooxidation of thiol catalyzed by dye 

In 2015, Talla and co-workers [33] reported the synthesis of disulfides in both 

batch and continuous-flow methods using Eosin Y as photocatalyst and 

tetramethylethylenediamine (TMEDA) as acid scavenger as shown in scheme 1.7. The 

reaction proceeded with white LED as a light source in the presence of air and provided 

the disulfide product in good to excellent yields within 20 minutes. 
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Scheme 1.7 Photooxidation of thiol into disulfide catalyzed by Eosin Y 
 

For mechanism of this reaction (scheme 1.8), they proposed that thiols were 

oxidized by excited state Eosin Y and converted to thiol radical. In the same time, 

thiols were deprotonated by TMEDA to generate thiol anion. Then, it couples with 

another thiol radical to generate disulfide product.   

 

Scheme 1.8 The plausible mechanism for photooxidation of thiols using Eosin Y as 
catalyst 
 

Similarly, in 2016, our research group [34] successfully synthesized disulfide 
product by oxidative coupling of thiol using rose bengal as photocatalyst. The reaction 
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proceeded in isopropanol at room temperature irradiated by white LED and provided 
the product in good to excellent yields within 3-15 hours as shown in scheme 1.9.  
 
 
 
Scheme 1.9 Photooxidation of thiol catalyzed by rose bengal 
 
The proposed mechanism was different from the above-mentioned research. We 
proposed that the product is generated through the energy transfer mechanism. The 
singlet excited state rose bengal (1RB*) is generated when ground state rose bengal (RB) 
is excited by light source. After that, intersystem crossing occurred and changed the 
spin multiplicity of electron to triplet (3RB*). Then, such triplet excited state rose bengal 
transfer energy to triplet oxygen molecule producing singlet oxygen species. The thiol 
substrate will be oxidized by singlet oxygen to give thiol radical and hydroperoxyl 
radical. Then, homocoupling reaction is occurred to provide disulfides as product and 
hydrogen peroxide as byproduct. 

 
 

Scheme 1.10 Mechanism for photooxidation of thiols into disulfides 
 
 According to the previously reported literatures, the metal catalysts or oxidizing 
agent used in thiols oxidation still have some drawbacks, such as high toxicity, low 
selectivity, low yield and harsh condition. Even though there are some good literatures 
using photocatalyst in oxidation reaction of thiol, such catalyst still cannot provide 
appectable product yield and the mechanism for this type of reaction is still unclear.  
Therefore, in this work, we aim to develop the non-toxic and higher efficiency of 
photocatalysts based on BODIPY which allow us to modify its structure systematically 

hν 
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for oxidation of thiols. This will not only provide more efficient photocatalyst but also 
mechanistic information for photooxidation on BODIPY-based catalyst. 
1.5 Literature review to catalyst in oxidation of thioanisole 

1.5.1 Oxidation of thioanisole catalyzed by metal catalyst 

In 2006, Mba and co-workers [11] reported the oxidation of sulfide substrate 
catalyzed by titanium compound in the presence of stoichiometric hydrogen peroxide 
as oxidizing agent. The reaction underwent smoothly at room temperature and 
provided sulfoxide product in 61-93% yield at 2-4 hours as shown in scheme 1.11. Due 
to the strong oxidizing power of the catalyst, the overoxidation product, sulfone, was 
observed in the reaction condition. 
 
 
 
 
Scheme 1.11 a) oxidation of sulfide substrate catalyzed by titanium compound 
            b) Structure of titanium compound using as catalyst 
 
 In 2009, Yang and co-workers [35] synthesized tetra-(tetraalkylammonium) 
octamolybdate as catalysts and also used hydrogen peroxide as co-oxidizing agent for 
oxidation of sulfides to sulfoxides. The reaction proceeded in methanol as solvent at 
room temperature giving product in 92-100% yield as seen in scheme 1.12. According 
to the results, this catalyst shows high catalytic activity and is recyclable. However, this 
reaction provided sulfone as overoxidized byproduct. 

 
 
 

Scheme 1.12 oxidation of sulfides into sulfoxides catalyzed by molybdenum catalyst 
 
 In 2010, Das and co-workers [36] synthesized sulfoxides through oxidation of 
sulfides using CuBr2 as catalyst and t-BuOOH as co-oxidizing agent at 0.75-24 h giving 

a) b) 
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sulfoxide products in 80-94% yield as shown in scheme 1.13. According to the reaction 
catalyzed by this catalyst, it showed high selectivity and gave good yields. However, 
the high temperature condition from refluxing was required to proceed the reaction 
completely. 
 

 
Scheme 1.13 oxidation of sulfides into sulfoxide catalyzed by Cu(II) 
 
1.5.2 Photooxidation of thioanisole catalyzed by organic dyes 

In 2013, Gu and co-workers [37] reported the photooxidation of thioanisole 
catalyzed by rose bengal under fluorescent lamp and sulfoxide product was isolated 
in 67-99% yield at 6-48 hours as shown in scheme 1.14. This reaction provided high 
selectivity, excellent yield, and unwanted waste is not produced. However, the acid 
catalyst was required to perform the reaction and might be reacted with other 
functional group in some compound. 
    
 
 
 
Scheme 1.14 Photooxidation of thioanisole catalyzed by rose bengal 
 
 In 2013 Li and co-workers [38] reported the synthesis of sulfoxide compound 
by oxidation of thioanisole using BODIPY derivatives as photocatalysts as shown in 
scheme 1.15. The BODIPY that has iodine atoms at 2 and 6 positions called I-BDP and 
the BODIPY without iodine atom called BDP. The results showed that  
I-BDP gave sulfoxide product to quantitative conversion in 3-33 hours which is faster 
than non-iodo BODIPY (BDP). They reported that the iodinated BODIPYs gave higher 
singlet oxygen generation efficiency compared to non-iodinated BODIPYs owing by 
heavy atom effect.  
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Scheme 1.15  a) Photooxidation of thioanisole catalyzed by I-BDP and BDP 
    b) Structures of I-BDP and BDP using as photocatalysts 
 
They proposed the mechanism for the oxidation of thioanisole as shown in scheme 
1.16. When BODIPY is excited by the appropriate wavelength, it undergoes to singlet 
excited state 1BODIPY* and goes down from lowest excited state energy level (S1). If 
it falls to ground state and gives fluorescent emission, this is a competitive pathway 
which is not consider as photocatalyst. On the other hand, if 1BODIPY* changes 
electronic spin multiplicity called intersystem crossing process (ISC) to generate 
3BODIPY* and goes back to ground state resulting in phosphorescent emission, 
consequently, the energy will be transferred from 3BODIPY* to triplet state oxygen 
molecule (3O2) to form singlet state oxygen molecule (1O2). Then, 1O2 which is reactive 
oxygen species can react with thioanisole in the reaction to obtain desired product. 

 
 

Scheme 1.16 The proposed mechanism for photooxidation of thioanisole 
 

a) 
 

b) 
 I-BDP, X= H, methyl, phenyl 

BDP, Y= H, methyl, phenyl, p-iodo-phenyl  
I-BDP 

 
BDP 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

 In 2014, Quan and co-workers [24] reported the oxidation of thioanisole 
catalyzed by BODIPY derivatives to get sulfoxide product in 7-100% conversion as 
shown in scheme 1.17. This type of catalysts can provide metal-free reaction which 
is environmental friendly.  
 
 
 
 

 
 
 
 

Scheme 1.17 a) Photooxidation of thioanisole catalyzed by BODIPY derivatives 
            b) Structures of BODIPY derivatives using as photocatalysts 
 
1.6 Objective of this research 

From the literature reviews, there are many ways to oxidize thiols and 

thioethers but most of them involve the use of toxic metal catalysts and strong 

oxidizing agent. On the other hand, the use of photocatalysts as an oxidant shows the 

promising properties due to the milder condition in the reaction. Herein, we aim to 

develop the novel iodo-BODIPY derivatives as photocatalysts in oxidation of 4-

chlorothiophenol and oxidation of thioanisole as shown in scheme 1.18. The 

systematic modification of BODIPYs in this work include 1) the increase of phenyl 

groups at 3 and 5 positions (I-GB vs. I-RB and 3I-GB vs. 3I-RB) to extend conjugation 

system which increase intersystem crossing rate 2) the addition of iodine atoms at 2 

and 6 positions (I-GB vs. 3I-GB and I-RB vs. 3I-RB) to increase heavy atom effect leading 

to higher singlet oxygen generation caused by higher spin orbit coupling process. 

Furthermore, we will study the photocatalytic activity of BODIPY compared to  

rose bengal as a benchmark catalyst in photooxidation of the sulfur substrates. The 
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singlet oxygen generation efficiency of all photocatalysts will be investigated. The 

optimum conditions will be studied in effect of light source, amount of catalyst, and 

reaction time. Moreover, we will extend our optimization into photooxidation of other 

thiol and thioether substrates and provide the mechanism for photooxidation. 

 
 

 
 
 
 
 
 

 
 
Scheme 1.18 Scope of our work 
 
 
 
 
 
 
 
 

I-GB 3I-GB 
I-RB 3I-RB 
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CHAPTER 2 
EXPERIMENTAL 

All chemicals were purchased from Sigma-Aldrich, Merck® (Germany) or Fluka® 
(Switzerland) and were applied without cumulative purification. All solvents were 
flowed with nitrogen before handling in the reaction. Analytical thin-layer 
chromatography (TLC) was operated on Kieselgel F-254 pre-coated plastic TLC plates 
from EM Science. Column chromatography was performed silica gel (60 Å, 230-400 
mesh) from ICN Silitech. Visualization was carried out with a 254 nm ultraviolet lamp. 
The 1H and 13C NMR spectra were recorded on a Varian or bruker NMR spectrometer, 
operating at 400 MHz for 1H and 100 MHz for 13C nuclei (Varian Company, CA, USA). 

The chemical shifts (δ) of 1H and 13C NMR spectra were shown in parts per million 

(ppm) using remaining solvent, chloroform (δ 7.26 for 1H, δ 77.00 for 13C) and 

methanol (δ 4.87 for 1H, δ 49.15 for 13C), as standards. Coupling constants (J) were 
recount in Hertz (Hz). Splitting pattern of signal was establish as s (singlet), d (doublet), 
t (triplet), q (quartet), and m (multiplet). High resolution mass spectra were acquired 
from electrospray ionization mass spectrometer (ESI-MS). LED reactors were operated 
from a 1000 mL beaker lined with a commercial belt LED (1.5 W228). Fluorescent lamp 
was carried on whiting bulb (32W). Varian Cary 50 UV-Vis spectrophotometer (Varian, 
USA) was used to record the UV-Visible spectra from 300 to 700 nm at ambient 
temperature using isopropanol and tetrahydrofuran as solvents. Fluorescence emission 
spectra and fluorescence quantum efficiency were obtained by using Perkin Elmer 
precisely LS45. Fluorescein and rhodamine b were used as standards.  
2.1 Part of synthesis  

2.1.1 Preparation of acetophenone oxime 

 
Scheme 2.1 Synthesis of acetophenone oxime  
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 Acetophenone (2.0 g, 0.017 mol) and hydroxylamine hydrochloride (2.3 g, 0.033 
mol) in ethanol:pyridine (20:2 mL) in 100 mL round bottom flask with magnetic bar. 
The mixture was refluxed at 100°C for 4 hours. The solution was precipitated and 
washed with cool water. After that, the product was purified by crystallized in hexane 
to give acetophenone oxime in 1.846 g as white needle (82%). 

1H-NMR (400 MHz, CDCl3) δ 2.32 (s, 3H), 7.37-7.42 (m, 3H), 7.61-7.66 (m, 2H) 
2.1.2 Preparation of 2-phenyl pyrrole 

 
Scheme 2.2 Synthesis of 2-phenyl pyrrole 
 
 In a seal tube, acetophenone oxime (200 mg, 1.48 mmol), calcium carbide (569 
mg, 8.88 mmol), potassium hydroxide (125 mg, 2.22 mmol) and 18-crown-6 (3 mol%) 
as a catalyst were added in DMSO:H2O (18:2 mL) and stirred at 100°C for 18 hours as 
shown in scheme 2.2. The solution was cooled at room temperature and added 
deionized water to remove acetylene gas. Then, the mixture was extracted with diethyl 
ether (3x20 mL), brine (3x20 mL) and dried over anhydrous sodium sulfate. After 
evaporation, the mixture was purified by column chromatography on aluminum oxide 
to get 2-phenyl pyrrole 134 mg (0.944 mmol, 67%) as purple solid, mp 127-128 oC. 

1H-NMR (400 MHz, CDCl3) δ 6.47 (s, 1H), 6.72 (s, 1H), 6.84 (s, 1H), 7.35 (s, 1H), 
7.46 (s, 2H), 7.53 (s, 2H), 8.35 (s, 1H) 
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2.1.3 Preparation of 4,4-difluoro-8-(4'-iodophenyl)-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indancene (I-GB) 

 
Scheme 2.3 Synthesis of I-GB 
 
 In a round bottom flask, 4-iodobenzaldehyde (300 mg, 1.30 mmol) and  
2,4-dimethylpyrrole (0.264 mL, 2.61 mmol) were stirred in dichloromethane  
(40 mL) at 0°C under nitrogen atmosphere for 5 minutes. Trifluoroacetic acid (0.1 mL, 
1.03 mmol) was added in the solution and stirred under nitrogen atmosphere for 3 
hours. Then, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (295 mg, 1.3 mmol) was put 
in the reaction mixture and stirred at room temperature under nitrogen atmosphere 
for 30 minutes. The solution was charged with N,N-diisopropylethylamine (1.6 mL, 9.1 
mmol) and boron trifluoride diethyl etherate (1.6 mL, 13.0 mmol). The mixture solution 
was stirred at 0°C under nitrogen atmosphere for 16 hours. The resulting solution was 
washed with sodium bicarbonate (2x50 mL), brine (2x50 mL) and dried over anhydrous 
sodium sulfate. After evaporation, the mixture was purified by column chromatography 
on silica gel to provide I-GB (231.0 mg, 39%) as orange solid (scheme 2.3), Rf 0.50 (40% 
CH2Cl2/hexane). 

1H-NMR (400 MHz, CDCl3) δ 1.41 (s, 6H), 2.55 (s, 6H), 5.99 (s, 2H), 7.04 (d, J = 8.4 

Hz, 2H), 7.84 (d, J = 8.4 Hz, 2H); 13C-NMR (100 MHz, CDCl3) δ 15.1, 95.2, 121.9, 130.4, 
131.6, 135.0, 138.8, 140.5, 143.4, 156.4; HR-ESI-MS m/z obsd 451.0654 [(M+H)+], calcd 
451.0649 [(M+H)+, M = C19H18BF2IN2]. 
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2.1.4 Preparation of 4,4-difluoro-8-(4'-iodophenyl)-3,5-diphenyl-4-bora-3a,4a-
diaza-s-indancene (I-RB)  

 
Scheme 2.4 Synthesis of I-RB 
 
 In a round bottom flask, 4-iodobenzaldehyde (300 mg, 1.30 mmol) and  
2-phenylpyrrole (373 mg, 2.61 mmol) were stirred in dichloromethane  
(40 mL) at 0°C under nitrogen atmosphere for 5 minutes. Trifluoroacetic acid (0.1 mL, 
1.03 mmol) was added in the solution and stirred under nitrogen atmosphere for 3 
hours. Then, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (295 mg, 1.3 mmol) was put 
in the reaction mixture and stirred at room temperature under nitrogen atmosphere 
for 30 minutes. The solution was charged with N,N-diisopropylethylamine (1.6 mL, 9.1 
mmol) and boron trifluoride diethyl etherate (1.6 mL, 13.0 mmol). The mixture solution 
was stirred at 0°C under nitrogen atmosphere for 16 hours. The resulting solution was 
washed with sodium bicarbonate (2x50 mL), brine (2x50 mL) and dried over anhydrous 
sodium sulfate. After evaporation, the mixture was purified by column chromatography 
on silica gel to provide I-RB (256 mg, 36%) as a deep red solid (scheme 2.4). Rf 0.35 
(10% EtOAc/hexane).  

1H-NMR (400 MHz, CDCl3) δ 6.64 (d, J = 4.4 Hz, 2H), 6.87 (d, J = 3.6 Hz, 2H), 7.33 
(d, J = 8.4 Hz, 2H), 7.37 – 7.49 (m, 6H), 7.81 – 7.95 (m, 6H); 13C-NMR (100 MHz, CDCl3) 

δ 96.4, 121.0, 128.1, 129.3, 129.4, 130.4, 131.9, 132.3, 133.7, 135.9, 137.4, 142.4, 159.2; 
HR-ESI-MS m/z obsd 569.0466 [(M+Na)+], calcd 569.0468 [(M+Na)+, M = C27H18BF2IN2]. 
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2.1.5 Preparation of 4,4-difluoro-2,6-diiodo-8-(4'-iodophenyl)-1,3,5,7-tetramethyl-
4-bora-3a,4a-diaza-s-indancene (3I-GB). 

 
Scheme 2.5 Synthesis of 3I-GB 
 
 In a round bottom flask, I-GB (200 mg, 0.445 mmol) and iodine monochloride 
(47 µL, 0.890 mmol) were dissolved in dichloromethane (30 mL) and stirred at room 
temperature under nitrogen atmosphere for 60 minutes as shown in scheme 2.5. The 
resulting solution was extracted with sodium thiosulfate (3x30 mL) and dried over 
anhydrous sodium sulfate. After evaporation, the mixture was purified by column 
chromatography on silica gel to provide 3I-GB (54 mg, 58%) as red solid. Rf 0.50 (30% 
CH2Cl2/hexane).  

1H-NMR (400 MHz, CDCl3) δ 1.43 (s, 6H), 2.64 (s, 6H), 7.01 (d,  J = 8.4 Hz, 1H), 

7.88 (d, J = 8.0 Hz, 1H); 13C-NMR (100 MHz, CDCl3) δ 16.1, 17.3, 95.3, 129.7, 131.0, 134.0, 
134.3, 138.7, 139.7, 145.1, 157.2; HR-ESI-MS m/z obsd 724.8409 [(M+Na)+], calcd 
724.8401 [(M+Na)+, M = C19H16BF2I3N2]. 
2.1.6 Preparation of 4,4-difluoro-2,6-diiodo-8-(4'-iodophenyl)-3,5-diphenyl-4-
bora-3a,4a-diaza-s-indancene (3I-RB). 

 
Scheme 2.6 Synthesis of 3I-RB 
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 In round bottom flask, I-RB (500 mg, 0.916 mmol) and iodine monochloride 
(216 µL, 4.12 mmol) were dissolved in chloroform:methanol (120:60 mL) and refluxed 
at 70°C for 16 hours as shown in scheme 2.6. The resulting solution was extracted with 
sodium thiosulfate (3x30 mL) and dried over anhydrous sodium sulfate. After 
evaporation, the mixture was purified by column chromatography on silica gel to 
provide 3I-RB (585 mg, 80%) as purple solid. Rf 0.40 (30% CH2Cl2/hexane).  

1H-NMR (400 MHz, CDCl3) δ 7.14 (s, 2H), 7.34 (d, J = 8.1 Hz, 2H), 7.41-7.43 (m, 6 

H), 7.52-7.55 (m, 4 H), 7.94 (d, J = 8.1 Hz, 2H); 13C-NMR (100 MHz, CDCl3) δ 96.3, 123.2, 
127.6, 129.9, 130.0, 130.8, 131.7, 132.7, 135.5, 137.6, 137.8, 138.2, 161.5; HR-ESI-MS m/z 
obsd 820.8415 [(M+Na)+], calcd 820.8401 [(M+Na)+, M = C27H16BF2I3N2]. 
2.2 Determination of singlet oxygen generation efficiency of photocatalyst 

 
Scheme 2.7 Trapping mechanism by ADPA 
 
 Singlet oxygen generation efficiency could be measured using ADPA trapping 
mechanism (scheme 2.7) by observing the change of absorption of ADPA’s at 381 nm 
over time when the mixture containing ADPA and photocatalyst was irradiated by light 
as shown in Figure 2.1.  ADPA in water:THF solution (1:9) was used as a control 
experiment.  
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Figure 2.1 The absorption spectra of ADPA and photocatalyst under light source over 
time 
 
2.3 Determination of percent NMR yield of the resulting solution in self-
oxidation of 4-chlorothiophenol by 1H-NMR spectroscopy 

 After the solvent of resulting reaction was evaporated, the mixture was 
dissolved in methanol-d and investigated percent yield by 1H-NMR spectroscopy. The 
calculating percent NMR yield of product from photooxidation could be analyzed from 
Equation 2.1. 
 

%NMR yield =
integration of product

integration of product + integration of substrate
 x 100 

 
Equation 2.1 equation for determination of percent NMR yield 
  
 For investigated percent NMR yield, we chose the peak of 4-chlorothiphenol in 
the blue edge as substrate and the peak of disulfide product in the red edge as shown 
in Figure 2.2. Similarly, we indicated the peak of thioanisole in the blue edge as 
substrate and the peak of sulfoxide product in the red edge as shown in Figure 2.3. 
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Figure 2.2  1H-NMR spectra of a) 4-chlorothiophenol b) disulfide product   
        c) mixture of thiol and disulfide (MeOD, 400 MHz) 

 
 
 

  
 

 
 
 
 
 
 
 
 
 

Figure 2.3  1H-NMR spectra of a) sulfoxide product [39] b) thioanisole 
       c) mixture of thioanisole and sulfoxide  (MeOD, 400 MHz) 

a
)

b 

c 

chemical shift (ppm) 

a
)

b 

c 

chemical shift (ppm) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

22 

2.4 Determination of photocatalytic activity by using iodo-BODIPY catalysts with 
other substrates 

 After we used iodo-BODIPYs as catalyst in photooxidation of 4-
chlorothiophenol, we studied the photocatalytic activity in oxidation reaction by using 
iodo-BODIPY catalysts with other substrates. We chose the other substrates by 
evaluated from aliphatic, aromatic and heterocyclic structure as shown in Figure 2.4. 
 

 
 
Figure 2.4 substrates scope  
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CHAPTER 3 
RESULTS AND DISCUSSION 

3.1 Synthesis of iodo-BODIPY derivatives 

 In this work, we planned to prepare four BODIPY based photocatalysts I-GB,  
3I-GB, I-RB and 3I-RB as shown in figure 3.1. Structurally, all four BODIPY catalysts have 
iodo-benzene substituted on C8-position on BODIPY core but the number of iodine at 
C2 and C6 positions as well as number of phenyl group at C3 and C5 positions are 
different. I-GB has no extra conjugated phenyl group, while 3I-GB and 3I-RB contain 2 
extra iodo-substituted groups at C2 and C6 positions. Based on previous literatures [38, 
40], increasing iodine atoms at C2 and C6 positions of BODIPY core leads to the better 
photocatalytic activity. This result is probably due to the heavy atom effect (HAE) that 
can increase spin-orbit coupling providing high intersystem crossing (ISC). This will cause 
a high singlet oxygen generation on BODIPY derivatives. [21] Moreover, the 
incorporation of phenyl group at C3 and C5 positions will increase the conjugation 
system that allowed the absorption of light at longer wavelength in catalysts as we 
designed for I-RB and 3I-RB.  
 
 
 
 
 
 
Figure 3.1 Photocatalyst molecules I-GB, 3I-GB, I-RB and 3I-RB 
 
 We planned to synthesize four photocatalysts as displayed in retro-synthetic 
scheme 3.1. For 3I-GB, it will be synthesized via beta iodination of I-GB catalyst. The 
I-GB catalyst is received from 2,4-dimethylpyrrole (1) via the BODIPY formation. 
Similarly, the 3I-RB catalyst is prepared from beta-iodination of I-RB which is 
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synthesized by BODIPY formation of phenyl pyrrole (3) received from Trofimov reaction 
between acetophenone oxime (2) and calcium carbide. [41]  

 
Scheme 3.1 Retro synthetic plan for 3I-GB, I-GB, 3I-RB, I-RB catalysts 
 
3.1.1 Synthesis and characterization of acetophenone oxime (9) 

 Acetophenone oxime (9) was synthesized by the imination between 1 
equivalent of acetophenone and 2 equivalents of hydroxylamine hydrochloride in 82% 
yield as shown in scheme 3.2. Structure of compound 9 was confirmed by 1H-NMR 
spectrum which was consistenced to a reported literature [41] as displayed in figure 
3.2. The proton signals at 7.63 ppm (b), 7.39 ppm (c and d) belonged to aromatic 
protons and peak at 2.32 ppm (a) corresponded to methyl group.  

 
Scheme 3.2 Synthesis of acetophenone oxime (9)  
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Figure 3.2 1H-NMR spectrum of acetophenone oxime (9) (CDCl3, 400 MHz) 
 

3.1.2 Synthesis and characterization of 2-phenyl pyrrole (10) 

 For synthesis of 2-phenyl pyrrole (10), acetophenone oxime (9) was used as a 
starting material for [3+2] cycloaddition reacting with calcium carbide to give 2-phenyl 
pyrrole (10) in 67% yield as shown in scheme 3.3. [41] 1H-NMR spectrum of product 
(10) was corresponded to the reported literature [41] as seen in figure 3.3. The absence 
of a methyl peak at 2.32 ppm of oxime (9) was observed along with the formation of 
new broad peak of secondary amine (-NH) in 2-phenyl pyrrole at 8.35 ppm (g). 
Moreover, the characteristic aromatic peaks of pyrrole were shown at 6.47 (c) and 6.72 
ppm (b) confirming the formation of pyrrole ring. 
 

 
Scheme 3.3 Synthesis of 2-phenylpyrrole (10)  
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Figure 3.3 1H-NMR spectrum of 2-phenylpyrrole (10) (CDCl3, 400 MHz) 
 
3.1.3 Synthesis and characterization of 4,4-difluoro-8-(4'-iodophenyl)-1,3,5,7-
tetramethyl-4-bora-3a,4a-diaza-s-indancene (I-GB) 

 The synthesis of I-GB started with a condensation reaction between 2,4-
dimethylpyrrole (11) and 4-iodobenzaldehyde to give the dipyrrole intermediated (12) 
as shown in scheme 3.4. Then, the crude product (12) was further used without 
purification and subsequently oxidized with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) to give compound 13. Finally, treatment of compound 13 with 
boron trifluoride diethyl etherate provided I-GB in 39% yield for three steps. 

 
Scheme 3.4 Synthetic procedure of I-GB 
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 1H-NMR spectrum of I-GB was shown in figure 3.4. All proton signals were 
corresponded to the previously reported literature [42]. The peaks of 2,4-
dimethylpyrrole of the BODIPY core at 5.99 ppm (d) and iodo-benzene peak at 7.04 
ppm (a) and 7.84 ppm (b) were observed. Moreover, 13C-NMR spectrum was assigned 
and matched with I-GB as shown in figure 3.5. Also molecular ion peak of I-GB at m/z 
451.0654 [(M+H)+] was detected by HR-ESI-MS confirming the successful synthesis of I-
GB (figure A.5).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 1H-NMR spectrum of I-GB (CDCl3, 400 MHz) 
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Figure 3.5 13C-NMR spectrum of I-GB (CDCl3, 100 MHz) 
 
3.1.4 Synthesis and characterization of 4,4-difluoro-2,6-diiodo-8-(4'-iodophenyl)-
1,3,5,7-tetramethyl-4-bora-3a,4a-diaza-s-indancene (3I-GB)   

 For 3I-GB, the beta-iodination reaction of I-GB with 2 equivalent of iodine 
monochloride was accomplished at room temperature and the crude product was 
purified by column chromatography to give 3I-GB in 58% yield as shown in scheme 
3.5.  

  
Scheme 3.5 Synthetic procedure of 3I-GB  
 

The 1H-NMR spectrum of the product was assigned as seen in figure 3.6. [43] 
The proton signals of 2,4-dimethylpyrrole at BODIPY peripheral position at 5.99 ppm 
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(d, figure 3.4) disappeared suggesting the completion of iodination reaction. Comparing 
between C8 of I-GB (figure 3.5) and 3I-GB (figure 3.7), we observed the downfield 
shifting from 121.3 to 129.3 ppm which was due to the substitution by iodine having 
higher electronegativity compared to hydrogen. In addition, we detected a molecular 
ion peak of 3I-GB at m/z 724.8409 [(M+Na)+] by HR-ESI-MS as shown in appendix (figure 
A.8). 

 
 

 
 
 
 
 
 
 
 
Figure 3.6 1H-NMR spectrum of 3I-GB (CDCl3, 400 MHz) 

 
 
  
 
 
 
 
 
 
 
  
 
Figure 3.7 13C-NMR spectrum of 3I-GB (CDCl3, 100 MHz) 
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3.1.5 Synthesis and characterization of 4,4-difluoro-8-(4'-iodophenyl)-3,5-
diphenyl-4-bora-3a,4a-diaza-s-indancene (I-RB) 

 Similar to I-GB, the synthesis of I-RB was initiated with condensation reaction 
between 2 equivalents of 2-phenylpyrrole (10) and 1 equivalent of 4-
iodobenzaldehyde, followed by oxidation with 1 equivalent of 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and complexation with 10 equivalent of boron 
trifluoride diethyl etherate to give I-RB in 36% yield for three steps as shown in scheme 
3.6.  

 
Scheme 3.6 Synthetic procedure of I-RB 
 

1H-NMR and 13C-NMR spectra of the I-RB were assigned as shown in figure 3.8 
and figure 3.9, respectively, which were corresponded to the reported literature [44]. 
For 1H-NMR spectrum, the peak of pyrrole in the BODIPY core appeared at 6.64 ppm 
(d) and 6.87 ppm (c), while the proton signals of phenyl substituents were observed 
at around 7.42 ppm (h and i). Additionally, a molecular ion peak of I-RB at m/z 569.0466 
[(M+Na)+] was detected by HR-ESI-MS as shown in appendix (figure A.11). 
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Figure 3.8 1H-NMR spectrum of I-RB (CDCl3, 400 MHz) 
 

 
 
Figure 3.9 13C-NMR spectrum of I-RB (CDCl3, 100 MHz)  
 
3.1.6 Synthesis and characterization of 4,4-difluoro-2,6-diiodo-8-(4'-iodophenyl)-
3,5-diphenyl-4-bora-3a,4a-diaza-s-indancene (3I-RB) 

 Finally, treatment of an excess iodine monochloride with I-RB at reflux to 
ensure the completion of beta-iodination reaction gave 3I-RB in 80% yield as major 
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product shown in scheme 3.7. We would like to note that when the reaction was 
performed at room temperature under identical condition as 3I-GB’s condition, it gave 
no reaction and mostly starting material was recovered. These is probably due to the 
steric hindrance from extra phenyl groups at C3 and C5 of I-RB. The product was then 
fully characterized by spectroscopic techniques.  

 
Scheme 3.7 Synthetic procedure of 3I-RB 
 

The 1H-NMR spectrum and 13C-NMR spectrum of 3I-RB were obtained as shown 
in figure 3.10 and figure 3.11. From 1H-NMR spectrum, the disappearance of the peak 
belonging to pyrrole unit in 3I-RB at around 6.64 ppm (d) in figure 3.8 suggested that 
the double iodinations were successful. Moreover, chemical shift of proton at C7 of 
3I-RB (peak c) was slightly downfield when compared with original I-RB (6.86 ppm to 
7.14 ppm) owing to the high electronegativity of iodine atom. [21] In comparison 
between 13C-NMR of I-RB and 3I-RB (figure 3.9 and figure 3.11), the downfield shifting 
of C8 from 121.0 to 123.2 ppm was also observed. The molecular weight of 3I-RB was 
also confirmed by the detection of molecular ion peak at 820.8415 m/z [(M+Na)+] by 
HR-ESI-MS as seen in appendix (figure A.14).  

 
 
 
 
 
 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

33 

 
 

 
 
 
 
 
 
 
Figure 3.10 1H-NMR spectrum of 3I-RB (CDCl3, 400 MHz) 

 

 
 
Figure 3.11 13C-NMR spectrum of 3I-RB (CDCl3, 100 MHz)  
 
3.2 Solubility of photocatalysts 

 After the all BODIPY catalysts were prepared, we tested the solubility of all 
BODIPY derivatives in common organic solvents which are isopropanol (IPA) and 
tetrahydrofuran (THF, table 3.1). According to the results, I-GB, I-RB, and rose bengal 
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were completely dissolved in isopropanol and color of catalyst solutions showed as 
orange, purple, and deep pink, respectively, as seen in table 3.1. While 3I-RB and 3I-
GB were partially dissolved in isopropanol and provided light pink and light violet 
solutions. Then, switching solvent from polar protic solvent IPA to polar aprotic solvent 
THF, it showed better solubility comparing with IPA. All BODIPY catalysts, I-GB, I-RB, 3I-
GB, 3I-RB, and rose bengal completely dissolved in THF and showed more intense 
color than IPA. Based on the above survey, we selected THF as the solvent for studying 
photophysical properties and catalytic activity of our catalysts. 
 
Table 3.1 The solubility of photocatalysts 

 I-GB 3I-GB I-RB 3I-RB Rose  
Bengal 

IPA      

THF      

*substrates concentration: 2.5 mg/mL 

 
3.3 Photophysical properties of photocatalysts 

 With all four catalysts in hand, we began to study the photophysical properties 
of synthesized catalysts. The absorptions of synthesized BODIPYs were evaluated in 
THF as shown in figure 3.12. All iodo-BODIPY catalysts showed broad absorption band 
in visible region. For example, I-GB absorbed at the wavelength between 400-520 nm 
and center at 502 nm which appeared as orange color. In case of I-RB, the absorption 
maximum shifted to 592 nm and displayed purple color. This is probably due to the 
increase of conjugation system [45] from the extra phenyl group at C3 and C5 positions 
of BODIPY. Similarly, the maximum absorption wavelength of 3I-GB increased to 535 
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nm displaying pink color. This result attributes to the high conjugation of iodine at C2 
and C6 positions of I-GB. [23] For 3I-RB, the additional of phenyl groups at C3 and C5 
and iodine atoms at C2 and C6 positions caused the red shift showing the maximum 
absorption at 573 nm along with violet color. This compound not only showed the 
longest maximum absorption among all prepared catalysts but its absorption spectrum 
was broadest which covered most of visible region between 450-650 nm. This property 
should make 3I-RB suitable as a photocatalyst under visible light. 

 
 
Figure 3.12 Normalized absorption spectra of iodo-BODIPY derivatives in THF.  
Insets show colors of catalyst solutions under visible light.  
 

In a similar manner, the emissions of BODIPYs were measured in THF and results 
were shown in figure 3.13. I-GB and I-RB displayed maximum emissions at 513 and 592 
nm and appeared as green and yellowish orange under black light, respectively. Again, 
the long maximum emission in I-RB responded from extra phenyl group at C3 and C5 
positions. In case of 3I-GB and 3I-RB, emission maxima shifted to longer wavelength at 
554 and 604 nm when compared to parent compounds, I-GB and I-RB. Similarly, this 
is probably due to the heavy atom effect from increase of iodine atom at C2 and C6 
positions. Under the black light, 3I-GB and 3I-RB displayed as yellow and red color.  
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Figure 3.13 Normalized emission spectra of iodo-BODIPY derivatives in THF.  
Insets show colors of catalyst solutions under black light. 
 

The summarized photophysical properties of all BODIPYs were shown in table 
3.2. The order of molar absorptivities of BODIPY dyes from high to low was I-GB, 3I-GB, 
I-RB and 3I-RB, respectively. The decrease of molar absorptivity could be explained by 
the higher conjugation of the additional phenyl group when compared between GB 
and RB series resulting from energy losing in vibrational relaxation process. It should 
be noted that when the number of iodine atoms increase, the molar absorptivity will 
be lower due to the more complicated molecular orbital energy level in the presence 
of f-block atom. These results were also observed in a fluorescence quantum yield in 
a similar pattern. For all prepared BODIPYs, relatively lower fluorescent quantum yields 
were obtained between 0.053-0.377. Especially, 3I-GB and 3I-RB showed the lowest 
fluorescent quantum yields among others around 0.053. In the presence of additional 
iodine atoms at position 2 and 6, the intersystem crossing will more likely occurred 
due to the interaction between f-block atom and excited electron. This effect will 
enhancing the energy transfer processes between chromophore and the ground state 
oxygen to generate more singlet oxygen molecules. In case of iodine atom at position 
8, the heavy atom effect seems not occurred because the out-of-plane resonance 
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system between BODIPY core and para-phenyl substituent. Such species would act as 
the oxidizing agent in photooxidation which make our BODIPYs as photocatalysts under 
visible light.  
Table 3.2 Photophysical properties of iodo-BODIPY derivatives 

BODIPYs I-GBb 3I-GBb I-RBb 3I-RBb 

 
Color of 
solutions 

Ambient 
light 

 

   

Fluorescent 
black light 

    

max
abs (nm) 502 535 557 573 

max
em (nm) 513 554 592 604 

 (M-1cm-1) 91127 84461 69300 65490 

a 0.377 0.054 0.104 0.053 

     ain isopropanol, b in THF,  rose bengal 102616 M-1cm-1 

 
3.4 Determination of singlet oxygen on photooxidation 

 From mechanism of photooxidation reaction using BODIPY as photocatalyst 
(scheme 1.16), [38] the singlet oxygen was produced during the irradiation of BODIPY. 
Therefore, it is important to us to determine the amount of singlet oxygen in each 
BODIPY catalyst. This information would allow us to grade the catalytic performance 
of BODIPYs and can compare with the well-known dye, rose bengal. To do so, the 
generated singlet oxygen quantity could be detected by trapping process using 
anthracene-9,10-dipropionic acid disodium salt (ADPA) in 10% water in THF as shown 
in scheme 3.8. [46] When a singlet oxygen is generated, ADPA will undergo 
cycloaddition with the singlet oxygen and form endoperoxide derivative (14). We can 
quantify the production of singlet oxygen by monitoring the loss of ADPA using UV-vis 
spectroscopy. The absorption maximum of ADPA at around 381 nm will decrease upon 
reacting with generated singlet oxygens. In our experiment, the UV-Vis spectrum of a 
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mixture containing ADPA and BODIPY catalysts as well as rose bengal will be recorded 
every 10 seconds under irradiation with various light sources. The collected absorbance 
values will be plotted as normalized absorption intensity versus reaction time for all 
catalysts. These will allow us to compare the ability to generate singlet oxygens among 
all catalysts.  

 
Scheme 3.8 Trapping mechanism of singlet oxygen by ADPA 
 

The solution mixtures were irradiated under four light sources, white LED, red 
LED, blue LED, and green LED. When the five catalysts including rose bengal were 
irradiated under white LED or red LED or blue LED in the presence of ADPA as a trapping 
agent, the results showed that the absorbance of ADPA at 381 nm were not significantly 
decreased over time as seen in figure 3.14a-c. In case of I-GB and I-RB, there were also 
no change in absorbance during the irradiation under all light sources at the same 
condition (figure 3.14a-d). It indicates that no singlet oxygen was generated under those 
conditions. Therefore, we conclude that the introduction of iodine atom at phenyl 
group substituted at C8 on BODIPY do not enhance the release of singlet oxygen which 
is in agreement with relatively high quantum yield of I-GB and I-RB catalysts. On the 
contrary, when we used rose Bengal, 3I-GB, and 3I-RB as catalysts, the absorbance of 
ADPA decreased slightly over the light irradiation indicating the low generation of 
singlet oxygen as seen in figure 3.14a-c. These results might be caused by the 
mismatching between absorption maxima of catalysts and emissions of the light 
sources (white LED, blue LED, and red LED) as seen in figure 3.14e-g. [47] For white 
LED, the emission bands were between 440-550 and 610-660 nm which was partially 
match absorption wavelength of 3I-GB, 3I-RB, and rose bengal as seen in figure 3.14e. 
While emission spectrum of red LED was around 610-660 nm which was not overlap 
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with the absorption of all catalysts. Similarly, the mismatch between blue LED emission 
and absorption of 3I-GB, 3I-RB, and rose bengal were responded for low singlet oxygen 
generation as seen in figure 3.14g. When 3I-GB, rose bengal, and 3I-RB irradiated under 
green LED, the normalized absorption of ADPA significantly reduced to 0.3, 0.4, and 
0.6, respectively, over 200 seconds (figure 3.14d). These results indicated that those 
catalysts give highest amount of singlet oxygens compared to I-GB and I-RB catalysts. 
The order of ability to generate singlet oxygens among three catalysts were 3I-GB > 
rose bengal > 3I-RB. These again can be explained by the strong overlap of emission 
of green LED and absorption of 3I-GB and rose bengal, while only partial overlap was 
observed in case of 3I-RB (figure 3.14h). Moreover, the introduction of iodine atoms 
that directly attached to the core structure in 3I-GB, 3I-RB and rose bengal can affect 
the singlet oxygen generation efficiency of the molecules comparing with the I-GB and 
I-RB that has out-of-plane iodine atom in C8 position.  
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Figure 3.14 The change of absorbance of ADPA at 381 nm in the presence of 
photocatalyst in H2O:THF (1:9) under a) white LED b) red LED c) blue LED d) green 
LED overtime and the overlap between absorption of photocatalysts and emission of 
e) white LED (white band) f) red LED (red band) g) blue LED (blue band) h) green LED 
(green band) 
 

 

 

 

 

 

 

  

a) 

b) 

c) 

d) 

e) 

f) 

g) 

h) 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

41 

3.5 Optimization condition for photooxidation of organosulfur compounds 

 After we completed the synthesis of four iodo-BODIPY derivatives, the catalytic 
activity of all catalysts was tested in two different photooxidations as seen in scheme 
3.9. The first reaction is the photooxidation of thiols into disulfides, while the second 
reaction is photooxidation of sulfide substrates into sulfoxide products. The optimized 
parameters are light source, amount of catalysts and reaction times. We will try various 
light sources such as white LED, red LED, blue LED and green LED and set the reaction 
in 1000 mL beaker wrapped with LED belts (SMD 5050 LED, 12 V) equipped with fan in 
order to maintain the reaction temperature at 36 oC as seen in figure 3.15. Then, the 
reaction will be evaluated using NMR spectroscopy and reported as %NMR yield as 
described in chapter 2 (figure 2.2 and figure 2.3). 

 
Scheme 3.9 photooxidation of a) thiol into disulfide and b) sulfide substrate into 
sulfoxide product 

 

 
Figure 3.15 the four light sources in the reaction 
 
3.5.1 The photooxidation of thiol into disulfide 

 Based on previous work from our group [34], we selected 4-chlorothiophenol 
as a model substrate for study catalytic activities of all prepared BODIPY dyes. This is 
due to the convenient to differentiate the pattern of proton NMR in aromatic ring 
between 4-chlorothiophenol (15) starting material and the corresponding disulfide 
product (16) as shown in figure 2.2.  
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3.5.1.1 Light source screening for the photooxidation of 4-chlorothiophenol (15) 

To evaluate the effect of light sources for photooxidation, 4-chlorothiophenol 
(15) were dissolved in THF in the presence of 1 mol% of photocatalysts including rose 
bengal, I-GB, I-RB, 3I-RB, and 3I-GB and irradiated with four types of the light sources 
which are white LED, blue LED, red LED, and green LED. The percent NMR yields were 
summarized in figure 3.16. In the absence of catalysts, we detected the slight formation 
of disulfide 16 around 5-7% yield under irradiation with various light sources for 24 
hours. When I-GB and I-RB were used as photocatalysts, poor yields of compound 16 
(4-21%) were observed in every LED sources indicating that the photocatalysts are not 
involve in reactions as the yields are similar to the reaction without the use of catalysts. 
These results are consistent to the singlet oxygen generation efficiency described in 
topic 3.4 where I-GB and I-RB show relatively low efficiency in singlet oxygen 
generation. In case of rose bengal as photocatalyst, the reaction gave disulfides (16) 
more than 80% yield under white LED, while irradiation under blue LED, red LED, and 
green LED, 50% yield of compound 16 was obtained within 24 hours. For 3I-RB and  
3I-GB, the results showed that green LED was the best light source giving product (16) 
in 100% NMR yield at 24 hours. In case of rose bengal catalyst, we would like to note 
that the reaction proceeded fastest in white LED even though the singlet oxygen 
generation was more efficiency in green LED (figure 3.14d). We therefore suspected 
that the singlet oxygen may not act as main oxidizing agent in this reaction. On the 
other hand, 3I-GB and 3I-RB performed well in green LED which corresponded to the 
singlet oxygen generation results (figure 3.14). So, the reaction might proceed through 
singlet oxygen, in case of 3I-GB and 3I-RB. The plausible mechanism of this reaction 
will be explained in the next section. From above results, we chose green LED as the 
light source for further optimization study.  
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Figure 3.16 Effect of light source on the photooxidation of 4-chlorothiophenol (15). 
Reaction condition: 4-chlorothiophenol (0.3 mmol), THF (3.5 mL), photocatalyst (1 
mol%), rt, 24 h. 
 
3.5.1.2 Effect of photocatalyst loading on the oxidation of 4-chlorothiophenol 
(15) 

We increased the amount of photocatalyst from 1 to 5 mol% in order to drive 
the reaction completely and the result was displayed in figure 3.17. According to NMR 
analysis, the result showed that 3I-GB and 3I-RB gave %NMR yield to nearly 
quantitative while for other catalysts, I-GB, I-RB, and rose bengal, yields were increased 
up to only 50%. Therefore, 5 mol% photocatalyst will be used in the reaction under 
green LED for further study to ensure the complete conversion. 
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Figure 3.17 Effect of photocatalyst loading on the photooxidation of  
4-chlorothiophenol (15). Reaction condition: 4-chlorothiophenol (0.3 mmol), THF (3.5 
mL), green LED, rt, 24 h. 
 
3.5.1.3 Kinetic study of photooxidation of 4-chlorothiophenol (15) 

 Then, we examined the reaction rate of photooxidation of 4-chlorothiophenol 
(15) using prepared BODIPY catalysts and rose bengal as a comparison (figure 3.18). In 
the absence of catalyst, only small amount of disulfide product 16 (4-5% yield) were 
observed. In case of BODIPY catalysts, when we perform the reaction for 6 hours under 
green LED, 3I-RB and 3I-GB gave quantitative yields of product 16 while I-GB, I-RB, and 
rose bengal provide only 30-50% yields of disulfide 16. Even though the reactions were 
irradiated for 24 hours, the yield of product 16 slightly increased in case of I-GB, I-RB, 
and rose bengal. These results confirmed that under green LED, 3I-GB and 3I-RB are 
proven to be the best catalysts among the others for oxidation of 4-chlorothiophenol 
(15). 
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Figure 3.18 Time effect on NMR yield for photooxidation of 4-chlorothiophenol (15) 
under green LED. Reaction condition: 4-chlorothiophenol (0.3 mmol), THF (3.5 mL), 
photocatalyst (5 mol%), green LED, rt. 
 
3.5.1.4 Substrate scope of photooxidation of thiol 

 Next, we investigated the scope of substrates by testing the reaction with 
aromatic thiol, heterocyclic thiol, and aliphatic thiol as starting materials as shown in 
Table 3.3. 2-Mercaptopyridine (19) and 4-bromo-2-mercaptopyridine (21) were 
examined as representative heterocyclic thiols. The reactions were carried in the 
presence of 3I-GB and 3I-RB as catalysts. We monitored reactions using TLC and found 
that starting material were completely consumed within 3.5 hours providing disulfide 
products (20, 22) in 79-83% (table 3.3, entry 1) and 83-85% (table 3.3, entry 2) yields, 
respectively. For aromatic thiols, 4-chlorothiophenol (15) and 4-methylthiophenol (17), 
they required at least 6 hours to complete the reactions. In 3I-GB, products 16 and 18 
were isolated in 90% (table 3.3, entry 3) and 71% (table 3.3, entry 4) yields, 
respectively. 3I-RB also provided disulfide 16 and 18 in excellent yields (table 3.3, 
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entry 3-4). In case of benzylic thiol, benzyl mercaptan (23), both catalysts gave disulfide 
(24) in quantitative yields (table 3.3, entry 5) when the reaction were irradiated for 12 
hours. On the other hand, for aliphatic thiol oxidation, octane thiol (25), it gave no 
reaction (table 3.3, entry 6) even though the reaction were conducted for 24 hours 
and most of remaining starting material was observed in NMR of crude products. We 
would like to note that, the reactivities of thiol substrates follow the sequence: 
heterocyclic > aromatic > benzylic > aliphatic thiols. We hypothesize that the reaction 
may involve the formation of thiol radical followed by homocoupling reaction. 
According to above hypothesis, these trend are caused by higher stability of thiol 
radical in heterocyclic and aromatic thiols comparing to benzylic and aliphatic 
substrate due to their resonance effect and N heteroatom substituent. [34]   
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Table 3.3 Photooxidation of thiols under green LED 
Entry Substrate Product Reaction 

time 
(hours) 

%isolated yields 
3I-GB 3I-RB 

1 
 

19 

 
 

20 

3.5 79 83 

2 

 
21 

 
 

22 

3.5 83a 85a 

3 
 

15 

 
 

16 

6 90 68 

4 
 

17 

 
 

18 

6 71 100 

5  
23 

 
 

24 

12 100 100 

6  
25 

 
26 

24 N.R. N.R. 

a
%NMR yield, N.R. = no reaction 

 
3.5.1.5 Proposed mechanisms for photooxidation of thiols 

 According to the results from singlet oxygen generation efficiency (topic 3.4) 
and optimization study (topic 3.5), the trend of catalytic activities of BODIPY was 
corresponded with the singlet oxygen generation which we hypothesized that singlet 
oxygen is the key oxidizing agent in this reaction. Therefore, we proposed the main 
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mechanism for photooxidation of thiols into disulfide product using BODIPY derivatives 
as catalysts (scheme 3.10). [34] The ground state BODIPY is first excited by appropriate 
light source to be singlet excited state BODIPY (1BODIPY*) and converts to triplet excited 
state (3BODIPY*) through intersystem crossing (ISC) process. The energy can be 
transferred from triplet excited state BODIPY to triplet state oxygen molecule (3O2) and 
create singlet excited state oxygen molecules (1O2) in return. Subsequently, thiol 
compounds (RSH) are oxidized by such singlet excited state oxygen molecules to 
generate thiol radical (RS•) along with hydroperoxyl radical (HO2

•). The hydroperoxyl 
radical reacts with thiol substrate into thiol radical and provides hydrogen peroxide 
(H2O2) as byproduct. Then, homocoupling reaction between thiols give desired 
disulfide product (RSSR). 
 

 
Scheme 3.10 The plausible mechanism for photocatalytic oxidation of thiols 
catalyzed by BODIPY 
 
 Unlike BODIPY catalysts, rose bengal might proceed via different mechanism. 
Based on investigation in singlet oxygen generation (topic 3.3) and optimization study 
(topic 3.4), the rose bengal favor a green LED for singlet oxygen generation as seen in 
figure 3.14d while a white LED proven to be the suitable light source for the oxidation 
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of 4-chlorothiophenol (15) as shown in figure 3.16. Therefore, the singlet oxygen 
generation might not be the main mechanism and another competitive mechanism 
involving electron transfer process might occur as proposed in scheme 3.11. [33, 48] 
Initially, excited state rose bengal (Rose Bengal*) is generated by irradiation of rose 
bengal with proper light source, and then react with thiol compounds to give thiol 
radical species and rose bengal radical anion (Rose Bengal•–) in return. Then, thiol 
radicals undergo homocoupling reaction to give disulfide product. Then, rose bengal 
radical anion transfers the electron to oxygen molecule to generate oxygen radical 
anion (O2

•–) and return to ground state rose bengal. Such process also provide thiol 
radical leading to the formation of disulfide product.  
 

 
Scheme 3.11 The plausible mechanism for photocatalytic oxidation of thiols 
catalyzed by rose bengal 
  
3.5.2 The photooxidation of sulfide substrate into sulfoxide product 

 Next, we would like to extend the scope of photooxidation into other 
organosulfur. In this section, we will use our prepared catalysts to oxidize methyl 
thioether into the corresponding sulfoxide which is considered as significant 
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intermediates for various pharmaceutical compound. [49] In this study, thioanisole (27) 
was chosen as a model substrate to study catalytic activity of our prepared BODIPYs 
in photooxidation (scheme 3.12). This is due to the differentiation of methyl thioether 
between starting (27) and product (28) in 1H-NMR. The chemical shift of methyl 
thioether in 27 appear around 2.4 ppm as a singlet peak while, in case of 28, methyl 
peak show at 2.8 ppm (for more detail please see figure 2.3). These will allow us to 
determine the yield of our reactions. 

 
Scheme 3.12 Photooxidation of thioanisole into sulfoxide product  
 
3.5.2.1 Screening light source on the photooxidation of thioanisole (27) 

To find the appropriate light source for photooxidation of thioanisole (27) in 
THF, reactions were irradiated by four different light sources which are white LED, blue 
LED, red LED, and green LED in the presence of 1 mol% photocatalysts and the 
reactions were monitored using NMR as seen in figure 3.19. From the results, when I-
GB and I-RB were used as photocatalysts, the reactions displayed low yields (0-2%) 
under various light sources. These results indicated that those catalysts are not 
involved in the reactions as the reaction yields are similar to that of the control 
reaction. For 3I-RB, moderate yield (32%yield) of sulfoxide (28) was observed under 
green LED, while the other light sources showed lower efficiency (3-14%yield). 
Similarly, for 3I-GB, the reaction that irradiated under green LED gave the highest yield 
(71%yield), while the reaction irradiated under white LED, blue LED, and red LED 
obtained significant lower yields (2-27%yield). These results might be caused by the 
matching of the absorption wavelength of photocatalysts and range of emission 
wavelength of light source as seen in figure 3.14e-h. In case of rose bengal, the 
reactions provided 50% and 59% NMR yields of sulfoxide (28) when irradiated under 
blue and white LED, respectively, while under red and green LED, reaction provided 
lower yields of desired product. As expected, the high efficiency of rose bengal in white 
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LED is not corresponded with the results from singlet oxygen generation study (figure 
3.14). These results might be caused by the difference in reaction mechanism which 
will be discussed in the next part. Therefore, green LED was chosen to use as a light 
source for further study. 
 

 

 
Figure 3.19 Effect of light source on the photooxidation of thioanisole. Reaction 
condition: thioanisole (0.3 mmol), THF (3.5 mL), photocatalyst (1 mol%), rt, 24 h. 
 
3.5.2.2 Screening amount of photocatalyst on the photooxidation of thioanisole 

Based on above results, using the green LED with 3I-GB and 3I-RB catalysts gave 
the promising results for the oxidation of thioanisole. In order to enhance the reaction 
efficiency, the amount of catalysts was increased from 1 to 5 mol% and the 
comparison among each dye was investigated as seen in figure 3.20. In case of I-GB 
and I-RB, less than 5% yields of 28 were observed. On the other hand, increasing 
amount of 3I-GB, 3I-RB, and rose bengal lead to a significant improve photooxidation 
efficiency. The reaction using 5 mol% 3I-RB and 3I-GB under green LED gave 77 and 
90% NMR yields, respectively, while rose bengal provided only 48% NMR yield of 
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sulfoxide (28). Therefore, 5 mol% photocatalyst was chosen as a condition for the 
photooxidation of the other thioethers under green LED. 

 

 

 
Figure 3.20 Effect of photocatalyst loading on the photooxidation of thioanisole. 
Reaction condition: thioanisole (0.3 mmol), THF (3.5 mL), green LED, rt, 24 h. 
 
3.5.2.3 Preparation of other sulfur substrates for photooxidation 

 We planned to test the photooxidation using BODIPY catalysts to oxidize 
various thioether substrates such as aromatic, heterocyclic, and aliphatic substrates. 
To do so, we first prepared thioether substrates from the corresponding thiols as seen 
in scheme 3.13. [50] The metalation of thioethers (15 and 19) with methyl iodide in 
the presence of sodium hydroxide at room temperature gave the desired products, 4-
chlorothioanisole (29) and 2-(methylthio)pyridine (30) in excellent yields. In case of 
aliphatic thioether (23), stronger base is required due to the higher pKa (9.43) of the 
corresponding acidic proton. The use of sodium-t-butoxide as base to perform 
methylation of thioether (23) was successful and provided product (31) in 80% yield. 
All prepared thioethers were characterized using 1H-NMR (figure A.28-A.30) which are 
corresponded with the known literatures. [51] 
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29 

86 %yield 
30 

95 %yield 
31 

  80 %yield 
 
Scheme 3.13 Synthesis of 4-chlorothioanisole (29), 2-(methylthio)pyridine (30), and 
benzyl methyl sulfide (31) 
 
3.5.2.4 Substrate scope of photooxidation for sulfoxide product 

 With the aromatic (29), heterocyclic (30), and aliphatic (31) thioethers in hand, 
we began the photooxidation of those substrates using 3I-GB or 3I-RB as photocatalysts 
as seen in table 3.4. Unfortunately, oxidation of 4-chlorothioanisole (29) in the 
presence of 3I-GB or 3I-RB using green LED as a light source gave the product (32) only 
18-19% yield. Moreover, oxidation of 30 and 31 under the same condition lead to 
almost no reaction and only trace amount of sulfoxide products (33, 34) were 
detected in NMR of crude products (figure A.33-A.36). We hypothesized that low yields 
from those substrates caused by the poor nucleophile of sulfur atom from those 
substrates. The strong electron withdrawing group from chlorine in 29 and nitrogen 
atom in 30, lower the nucleophilicity of sulfur atom during the reaction between 
substrates and electrophilic singlet oxygen. The mechanism of this formation will be 
further explained in the next section. 
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Table 3.4 Photooxidation of thioethers under green LED 

Entry Substrate Product %NMR yield 
3I-GB 3I-RB 

1 
 

  

90 77 

 27 28   
2 

 
  

19 18 

 29 32   
3 

 
 

3 3 

 30 33   
4 

  
Complex 
mixtures 

Complex 
mixtures 

 31 34   
 
3.5.2.5 Proposed mechanism for photooxidation of thioanisole 

 From the investigation in section 3.5.2.1, the use of BODIPY, 3I-GB and 3I-RB, in 
green LED gave the best yield of sulfoxide product (28). These results corresponded 
to the singlet oxygen generation experiment in section 3.4 (figure 3.14e) where 3I-GB 
and 3I-RB gave the best singlet oxygen production when green LED were used as a 
light source. Therefore, when BODIPYs are used as catalysts, the main mechanism for 
photooxidation of thioanisole to sulfoxide product may involve singlet oxygen as 
proposed in scheme 3.14. [38, 45] The singlet excited state BODIPY (1BODIPY*) is 
generated by excite the ground state BODIPY via light source and change to triplet 
excited state (3BODIPY*) through intersystem crossing (ISC) process.  The triplet excited 
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state BODIPY transfers energy to triplet state oxygen molecules (3O2) and generates 
singlet excited state oxygen molecules (1O2). Then, the nucleophilic addition from 
thioanisole to singlet excited state oxygen give the reactive intermediate (35).  The 
abstraction of oxygen in intermediate (35) by water occurs, producing cation 
intermediate (36) along with peroxide anion as a byproduct. Finally, the proton 
abstraction of intermediate 36 provides the sulfoxide product.   
 

 
Scheme 3.14 The plausible mechanism for photocatalytic oxidation of thioanisole 
catalyzed by BODIPY 
 
 Unlike BODIPY catalysts, when rose bengal were used as catalyst, white LED 
irradiation provided better yield of sulfoxide (28) comparing to other light sources in 
figure 3.19. This observation differs from the singlet oxygen generation results in figure 
3.14.  Therefore, we hypothesized that the mechanism of thioanisole oxidation 
catalyzed by rose bengal may proceed through another mechanism involving the 
electron transfer process which is different from the BODIPYs. The plausible 
mechanism for oxidation of thioanisole catalyzed by rose bengal were demonstrated 
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in scheme 3.15. [33, 48] The mechanism starts with the excitation process of ground 
state rose bengal to give excited state rose bengal (Rose Bengal*) under visible light 
irradiation. The reactive rose bengal species (Rose Bengal*) accept electron from 
thioanisole and convert to radical anion (Rose Bengal•–) which consequently react with 
oxygen molecule generating oxygen radical anion (O2

•–). Then, radical anion (Rose 
Bengal•–) goes back to its original ground state. Meanwhile, the thioanisole is converted 
into radical cation (37) and react with oxygen radical anion to generate intermediate 
(35). Therefore, the reaction is driven as same as scheme 3.15 to give desired product, 
sulfoxide with hydrogen peroxide as byproduct.  
 

 
Scheme 3.15 The plausible mechanism for photocatalytic oxidation of sulfur 
substrate catalyzed by rose bengal 
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CHAPTER 4 
CONCLUSIONS 

In summary, iodo-BODIPY derivatives, I-GB, 3I-GB, I-RB, and 3I-RB were 
successfully synthesized and compared their photocatalytic activity in oxidation of 
organosulfurs with benchmark rose bengal catalyst. Among all BODIPY catalysts, the 
results from singlet oxygen generation revealed that 3I-GB, 3I-RB are the best catalyst 
under green LED irradiation caused by the incorporation of heavy atom effect from 
iodine atoms at C2 and C6 positions of BODIPY core. Under green LED, 3I-GB and  
3I-RB showed better catalytic activity than other prepared catalysts and benchmark 
rose bengal in both oxidation of thiols and thioethers. For oxidation of thiols under 
green LED, 3I-GB and 3I-RB is proven to be a good photocatalysts for oxidation of 
heterocyclic, aromatic, and benzylic thiol substrates into the corresponding disulfides. 
Moreover, these iodo-BODIPYs were able to catalyze aromatic thioethers into 
sulfoxides in moderate to good yields. Based on our investigation, we proposed that 
the photocatalyst using BODIPY may proceed via energy transfer process involving the 
formation of singlet oxygen while the photoreaction using benchmark rose bengal 
catalyst may undergo via electron transfer process. These findings provide the new 
knowledges for photo catalyst design and alternative green process for organosulfur 
oxidation.    
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Figure A.1 1H-NMR spectrum of oxime (CDCl3, 400 MHz) 
 

 
 

Figure A.2 1H-NMR spectrum of 2-phenyl pyrrole (CDCl3, 400 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.3 1H-NMR spectrum of I-GB (CDCl3, 400 MHz) 
 

 
 
Figure A.4 13C-NMR spectrum of I-GB (CDCl3, 100 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.5 High resolution mass spectrum of I-GB 
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Figure A.6 1H-NMR spectrum of 3I-GB (CDCl3, 400 MHz) 
 

 
 
Figure A.7 13C-NMR spectrum sof 3I-GB (CDCl3, 100 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.8 High resolution mass spectrum of 3I-GB 
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Figure A.9 1H-NMR spectrum of I-RB (CDCl3, 400 MHz) 
 

 
 
Figure A.10 13C-NMR spectrum of I-RB (CDCl3, 100 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.11 High resolution mass spectrum of I-RB 
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Figure A.12 1H-NMR spectrum of 3I-RB (CDCl3, 400 MHz) 
 

 
 
Figure A.13 13C-NMR spectrum of 3I-RB (CDCl3, 100 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.14 High resolution mass spectrum of 3I-RB 
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Molar absorptivity of photocatalyst: 

 
Figure A.15 Calibration curve for quantitative determination of I-GB in THF (max

abs = 
502 nm) 

 
Figure A.16 Calibration curve for quantitative determination of 3I-GB in THF (max

abs 
= 535 nm) 
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Figure A.17 Calibration curve for quantitative determination of I-RB in THF (max

abs = 
557 nm) 
 

 
Figure A.18 Calibration curve for quantitative determination of 3I-RB in THF (max

abs 
= 573 nm) 
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Figure A.19 Calibration curve for quantitative determination of rose bengal in THF 

(max
abs = 561 nm) 
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Quantum yield of photocatalysts: 

 
Figure A.20 Quantum yield of I-GB (exc 480) = 0.377, Std = fluorescene  
 

 
Figure A.21 Quantum yield of Fluorescene (exc 480) = 0.95  
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Figure A.22 Quantum yield of 3I-GB (exc 500) = 0.0540, Std = florescene   
 

 
Figure A.23 Quantum yield of Fluorescene (exc 500) = 0.95  
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Figure A.24 Quantum yield of I-RB (exc 540) = 0.104, Std = Rhodamine B 

 

 
Figure A.25 Quantum yield of Rhodamine B=0.31   
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Figure A.26 Quantum yield of 3I-RB (exc 560) = 0.0532, Std = cresyl violet  
 

 
Figure A.27 Quantum yield of Cresyl violet=0.54   
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Figure A.28 1H-NMR spectrum of 4-chlorothioanisole (CDCl3, 400 MHz) 
 

 
 
Figure A.29 1H-NMR spectrum of 2-(methylthio)pyridine (CDCl3, 400 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.30 1H-NMR spectrum of benzyl methyl sulfide (CDCl3, 400 MHz) 
 

 
 
Figure A.31 1H-NMR spectrum of crude of 4-chlorothioanisole using 3I-GB as 
photocatalyst (CDCl3, 400 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.32 1H-NMR spectrum of crude of 4-chlorothioanisole using 3I-RB as 
photocatalyst (CDCl3, 400 MHz) 
  

 
 
Figure A.33 1H-NMR spectrum of crude of 2-(methylthio)pyridine using 3I-GB as 
photocatalyst (CDCl3, 400 MHz) 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.34 1H-NMR spectrum of crude of 2-(methylthio)pyridine using 3I-RB as 
photocatalyst (CDCl3, 400 MHz) 

 
 
Figure A.35 1H-NMR spectrum of crude of benzyl methyl sulfide using 3I-GB as 
photocatalyst (CDCl3, 400 MHz) 
 

chemical shift (ppm) 

chemical shift (ppm) 
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Figure A.36 1H-NMR spectrum of crude of benzyl methyl sulfide using 3I-RB as 
photocatalyst (CDCl3, 400 MHz) 
 

 
Figure A.37 The change of absorbance of ADPA at 381 nm in H2O:THF (1:9) under 
white LED overtime 
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Figure A.38 The change of absorbance of ADPA at 381 nm in the presence of rose 
bengal in H2O:THF (1:9) under white LED overtime 
 

 
Figure A.39 The change of absorbance of ADPA at 381 nm in the presence of I-GB in 
H2O:THF (1:9) under white LED overtime 
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Figure A.40 The change of absorbance of ADPA at 381 nm in the presence of 3I-GB 
in H2O:THF (1:9) under white LED overtime 
 

 
Figure A.41 The change of absorbance of ADPA at 381 nm in the presence of I-RB in 
H2O:THF (1:9) under white LED overtime 
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Figure A.42 The change of absorbance of ADPA at 381 nm in the presence of 3I-RB 
in H2O:THF (1:9) under white LED overtime 
 

 
Figure A.43 The change of absorbance of ADPA at 381 nm in H2O:THF (1:9) under red 
LED overtime 
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Figure A.44 The change of absorbance of ADPA at 381 nm in the presence of rose 
bengal in H2O:THF (1:9) under red LED overtime 
 

 
 
Figure A.45 The change of absorbance of ADPA at 381 nm in the presence of I-GB in 
H2O:THF (1:9) under red LED overtime 
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Figure A.46 The change of absorbance of ADPA at 381 nm in the presence of 3I-GB 
in H2O:THF (1:9) under red LED overtime 
 

 
 

Figure A.47 The change of absorbance of ADPA at 381 nm in the presence of I-RB in 
H2O:THF (1:9) under red LED overtime 
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Figure A.48 The change of absorbance of ADPA at 381 nm in the presence of 3I-RB 
in H2O:THF (1:9) under red LED overtime 
 

 
Figure A.49 The change of absorbance of ADPA at 381 nm in H2O:THF (1:9) under 
blue LED overtime 
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Figure A.50 The change of absorbance of ADPA at 381 nm in the presence of rose 
bengal in H2O:THF (1:9) under blue LED overtime 
 

 
Figure A.51 The change of absorbance of ADPA at 381 nm in the presence of I-GB in 
H2O:THF (1:9) under blue LED overtime 
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Figure A.52 The change of absorbance of ADPA at 381 nm in the presence of 3I-GB 
in H2O:THF (1:9) under blue LED overtime 
 

 
Figure A.53 The change of absorbance of ADPA at 381 nm in the presence of I-RB in 
H2O:THF (1:9) under blue LED overtime 
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Figure A.54 The change of absorbance of ADPA at 381 nm in the presence of 3I-RB 
in H2O:THF (1:9) under blue LED overtime 
 

 
Figure A.55 The change of absorbance of ADPA at 381 nm in H2O:THF (1:9) under 
green LED overtime 
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Figure A.56 The change of absorbance of ADPA at 381 nm in the presence of rose 
bengal in H2O:THF (1:9) under green LED overtime 
 

 
Figure A.57 The change of absorbance of ADPA at 381 nm in the presence of I-GB in 
H2O:THF (1:9) under green LED overtime 
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Figure A.58 The change of absorbance of ADPA at 381 nm in the presence of 3I-GB 
in H2O:THF (1:9) under green LED overtime 
 

 
Figure A.59 The change of absorbance of ADPA at 381 nm in the presence of I-RB in 
H2O:THF (1:9) under green LED overtime 
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Figure A.60 The change of absorbance of ADPA at 381 nm in the presence of 3I-RB 
in H2O:THF (1:9) under green LED overtime 
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