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1-1. Organic Photochemistry 

Natural systems are supported by “light energy” such as sunlight, as exemplified by 

photosynthesis. Substances around us absorb light energy and reach an electronically 

excited state with high energy that can express various functions. Since the 

electronically excited state has higher energy and a different electron configuration 

compared to the ground state, organic photochemical reactions can induce the formation 

of compounds that are not formed in thermal reactions through the unique reactions in 

the electronically excited state (Figure 1).1 

 

Figure 1. Difference types of photoreactions. 

 

Elucidating the mechanism by which photochemical reactions occur will help us to 

understand the providence of nature and lead to creating a new science that enables us to 

coexist in harmony with nature. If we can clarify the reactivity of electronically excited 

states and reactive intermediates, which have short-lived and less understood reactivity, 

produced by photoirradiation of substances, it will be possible to create new chemistry 

that contributes to the development of a sustainable society. 
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Several organic photochemical reactions have been reported to generate reactive 

radical species. Historically, the first report was the photonitrosation of nitrosyl chloride 

(O=N-Cl) discovered by Lynn in 1919.2 

 

However, many radical species are kinetically unstable and short-lived, which makes 

it difficult to observe experimentally them under the reaction conditions. Therefore, 

most of the reaction mechanisms reported so far have been proposed inductively from 

product analysis results after photoreaction or from theoretical calculations. 

In this study, experimental detection and identification of radical species have been 

attempted to elucidate in detail the reaction mechanism of photoreaction that generate 

radical species. Understanding the reaction mechanism will not only improve chemical 

yields and selectivity, but also lead to the development of new reactions that will open 

the way to the future. 

 

1-2. Detection of Radical Species   

The detection and structural analysis of radical species are usually performed by 

electron paramagnetic resonance (EPR) spectroscopy,3 a phenomenon in which unpaired 

electrons absorb the energy of electromagnetic waves in a magnetic field and resonate 

with them. 

Electrons in a magnetic field split into two energy levels E1 = +1/2gBH and E2 = 

−1/2 gBH (Zeeman splitting). The electrons are distributed into the two energy levels 

due to the Maxwell-Boltzmann distribution and are in thermal equilibrium. When an 

electron in such a state is irradiated with an electromagnetic wave of a specific 

wavelength with an energy that satisfies the equation E = gBH0 = h, the electron in 

energy level E2 absorbs the energy of the electromagnetic wave and transitions to 

energy E1 by absorbing the energy of the electromagnetic wave (Figure 2). This 

phenomenon is called electron paramagnetic resonance absorption. 

The electron spins of the radical species interact with the nuclear spins of the 

surrounding elements, resulting in a splitting pattern in the absorption spectrum 

(hyperfine structure) based on this interaction. This can be analyzed to derive structural 

information. However, in the case of short-lived radicals such as a phenyl radical, it is 

difficult to observe them by the conventional EPR method. In this case, the “Spin 

Trapping” method allows the detection of such short-lived radical species. 
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Figure 2. Zeeman Splitting of the electron levels of an unpaired electron in a magnetic 

field. 

 

1-3. Spin Trapping 

In the spin trapping method, when the spin trap agent ST traps the radical species 

•X, it gives a relatively stable and long-lived spin adduct [ST–X]•, which can be 

observed by the EPR method. When observing EPR spectra with this method, different 

values of hyperfine coupling constants are obtained depending on the spin trap agent 

used and the trapped radical species. These values are important clues to the chemical 

structure of the radical species and spin adducts. 

    

In the molecules of spin trap agents, there exist 1H (I = 1/2) and 14N (I = 1) with 

nuclear spins. The produced spin adduct interacts with the magnetic moment (S) of the 

unpaired electron and the magnetic moment (I) of the nucleus in the vicinity of the 

unpaired electron. As a result, when 14N is present near the unpaired electron, the N 

nuclear spin is split into three levels −1, 0, +1 (for I = 1, 2I + 1 = 3), so that each level of 

the electron spins is also split into three more levels, yielding three hyperfine lines with 

equal intensity (Figure 3). The magnitude of these hyperfine structures is the hyperfine 

coupling constant (HFCC), which is generally expressed as a value and depends on the 

magnitude of the hyperfine interaction. The effects of the nuclear spin of the trap agent 

on the magnetic moment of the unpaired electron in the spin adduct usually appear 

when the nuclear spin is in the third atom counting from the atom with the unpaired 

electron. The further away from the unpaired electron the nucleus with nuclear spin is, 



16 

 

 

Figure 3. Hyperfine structure with 14N nuclei (I = 1). 

 

 

Figure 4. Formation of nitroxides from the reaction of a) nitrone and b) nitroso 

compounds with free radicals. 

 

the smaller the effect becomes. 

The spin trapping method was developed by Janzen et al. in Canada in the late 

1960s,4 inspired by the work of Japanese researchers Iwamura and Inamoto, who 

reported that nitrone compounds react with radical species •X to form stable nitroxide 

radicals (Figure 4). 5,6 This allows radical species that could not be measured by 

conventional EPR spectrometry because of their instability to be covalently bonded to 

nitrone or nitroso compounds and measured as stable nitroxide radicals at room 

temperature. 

Among these spin trap agents, the most frequently used is 5,5-dimethylpyrroline-N-

oxide (DMPO), one of the nitrone compounds (Figure 5). The reason for this is that 

DMPO reacts with many radical species •X with different chemical structures and the 

spin adduct exhibits significantly different EPR spectra of hyperfine structures. The 

greatest advantage of the spin trapping method using DMPO is that it is possible to 

discriminate and identify multiple radicals existing in the same reaction solution by  
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Figure 5. Radical addition to DMPO for the formation of the spin adduct. 

 

analyzing the hyperfine coupling constants of the EPR spectra of DMPO spin adducts. In 

addition to these advantages, the spin trapping method with DMPO has become 

widespread in the medical and biological fields as a detection method for free radicals 

generated in reactions in biological systems because of the high water-solubility of 

DMPO. 

Therefore, in this study, we employed the spin trapping method using DMPO to 

experimentally prove that radical species are generated as intermediates under actual 

photoreaction conditions, and to identify the radical species generated. 

 

1-4. Identification of DMPO Spin Adducts  

The HFCC values of various DMPO spin adducts have been reported,7 but in most 

cases, spin adducts with HFCC values that have not been reported are formed in 

photoreaction of organic compounds. In addition, when there are multiple spin adducts 

with unknown HFCC values, it is difficult to identify the radicals by EPR measurements 

alone. To solve this problem, the spin adducts produced by photoreactions are not only 

analyzed by EPR method, but also by mass spectrometry (MS) method; an example 

using MS method was reported by Guo et al. in 2003, successfully identified the DMPO 

spin adduct of the oxygen-centered radicals.8 

Furthermore, the HFCC values (aN and aH
 values) of the DMPO spin adducts, 

whose structures are proposed by the MS analysis, are computed using quantum 

chemical calculations. The computed HFCC can be compared them with the values 

obtained from the experimentally obtained EPR measurements to determine the 

structure of the produced spin adducts. The computational method reported by 

Yamaguchi in 2017 was used for the HFCC values of the DMPO spin adduct.9 

All the spin adduct calculations were performed by using the Gaussian 16 

program.10 Long-range corrected hybrid functional (LC-PBE)11 and Pople’s double-

zeta and polarization function (6-31G(d))12 with solvent model density (SMD)13 for 

solvent effect were used throughout the study. The HFCC values of the DMPO spin 

adducts were calculated by following steps 1-4 below. 
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1. Geometries of 4T3 and 3T4 ring conformers (Figure 6) and rotational conformers of 

DMPO spin adducts are optimized.  

 

Figure 6. Five-membered ring conformation of DMPO spin adduct [envelope (E) or 

twist (T)].14 We denoted by xTy (or xEy) a conformation in which the ring carbon or 

nitrogen x position is above, and y position is below the ring mean plane. 

 

2. For each DMPO spin adduct conformation, a 298.15 K Boltzmann contribution 

was determined. The weighting of each conformer was determined via a 

Boltzmann average. Here, several conformers, whose relative population was 

estimated to be less than 0.01 upon a Boltzmann average, were excluded. 

3. For each optimized DMPO spin adduct conformer with a Boltzmann average 

larger than 0.01, a single-point energy calculation is performed in the Gaussian 

program with the Output=Pickett15 keyword to output the HFCC. 

4. Finally, the averaged HFCC values are calculated. 

(e.g.) if there are three conformers A, B, and C,  

The averaged HFCC = (HFCC valueA)  (relative populationA) +  

(HFCC valueB)  (relative populationB) +  

(HFCC valueC)  (relative populationC) 
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1-5. Purpose of this research  

In this study, the DMPO spin trapping experiments were conducted in two organic 

photoreactions shown in Chapters 2 and 3, in which radical species are thought to be 

generated as reaction intermediates to understand the mechanism of photochemical 

reactions. In addition to the spin trapping experiments, the quantitative product analysis 

of the organic photoreactions was performed to support and confirm the proposed 

reaction mechanism by the spin-trapping experiments in the photolysis. 
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2-1. Introduction 

Humans and other organisms that use atmospheric oxygen to produce energy 

produce high reactivity reactive oxygen species (ROS) as a byproduct in their bodies, 

which play an essential role in the body’s immune function and infection defense.16 

However, when the body produces excessive amounts of ROS due to ultraviolet light, 

smoking, stress, etc., the balance between oxidation and antioxidant effects in the body 

is disrupted, causing oxidative stress. Oxidative stress converts normal cells into cancer 

cells. 

So far, cancer prevention and treatment methods have been used to reduce oxidative 

stress by decreasing ROS levels in cancer cells through the supplemental administration 

of antioxidants.17 However, it has recently been reported that antioxidant 

supplementation promotes the expansion of cancer cells. In fact, cancer cells have been 

found to maintain high ROS levels and continue to proliferate after supplemental 

administration of antioxidants.18 Therefore, as a new cancer treatment method, it has 

been considered efficient to inhibit the antioxidant effect produced in cancer cells and to 

excessively increase only the ROS level in cancer cells. 

We assumed that if ROS could be generated locally in cancer cells using light, it 

would be possible to kill cancer cells without damaging normal cells. Hence, we 

focused on the photoreaction of tert-butyl cumyl peroxide (1), which can generate two  

 

 

Figure 7. Photolysis of tert-butyl cumyl peroxide (1). 

 

 

Figure 8. Reactivity of cumyloxyl and tert-butoxyl radicals in hydrogen atom transfer 

(HAT) and C-C -scission. 
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alkoxyl radicals, the cumyloxyl radical (CumO•, R = Ph) and the tert-butoxyl radical (t-

BuO•, R = Me), corresponding to ROS upon photoirradiation (Figure 7).19  

Alkoxyl radicals are known to undergo either hydrogen atom transfer or carbon-

carbon β-scission after formation (Figure 8).20, 21 However, the structure and yields of 

all products derived from alkoxyl radicals are not known. To control ROS levels in 

cancer cells, information about the yields of these two alkoxyl radicals is essential. In 

this study, we observed the two alkoxyl radicals generated by the photoirradiation of 1 

using the DMPO spin trapping method and clarified the structure and yields of the 

products derived from the two alkoxyl radicals by nuclear magnetic resonance (NMR). 

 

2-2. Synthesis and Absorption spectrum of 1 

Tert-butyl cumyl peroxide (1) was synthesized as shown in Scheme 1.22 UV-visible 

absorption spectroscopy was performed on the synthesized compound 1 (Figure 9). 

Structured absorption bands were observed in acetonitrile at about 240-270 nm. 

 

 

Scheme 1. Synthesis of 1; Reagents and conditions: (a) tert-Butyl 2,2,2-

trichloroacetimidate, boron trifluoride-ethyl ether complex, -20C to RT, a few minutes, 

19% yield. 

 

 

Figure 9. UV-vis absorption spectrum of 1 in acetonitrile. 
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2-3. Detection of Alkoxyl Radicals by Spin Trapping  

First, the photoreaction of 1 (12 mM) in the presence of ~10 equiv of DMPO (141 

mM) was conducted in an EPR resonant cavity using a high-pressure Hg lamp in 

acetonitrile at 298 K under air atmosphere. After photoirradiation of the solution in a 

flat quartz cell, typical EPR signals of nitroxides (R2N-O•) were detected (Figure 10a). 

To analyze how many DMPO spin adducts are included in the spectra observed in this 

photoreaction and their HFCC values, the spectra were compared to those observed in 

the photolysis of di-tert-butyl peroxide and dicumyl peroxide in the presence of DMPO 

 

 

 

Figure 10. (a) EPR spectra obtained after the photolysis of 1 (12 mM) and DMPO (141 

mM) in acetonitrile. (b) Simulation spectrum of sum of (c; aN = 13.50 G, aH
 = 10.75 G, 

aH
 = 1.27 G), (d; aN = 13.42 G, aH

 = 11.05 G, aH
 = 1.28 G), and (e; aN = 15.20 G) 

with at 8.7: 8.7: 1 ratio. (c) EPR spectrum obtained after the photolysis di-tert-butyl 

peroxide (16 mM) and DMPO (113 mM). (d) EPR spectrum obtained after the 

photolysis dicumyl peroxide (11 mM) and DMPO (108 mM). (e) Simulation spectrum. 

10 Gauss

(a) experimental spectrum

(c) DMPO +

(d) DMPO +

(b) simulation spectrum

of (c) + (d) + (e)

(e)
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Figure 11. Spin adducts 12-17 were detected by electrospray ionization-MS (FTMS, 

positive mode) measurements. 

 

(Figures 10c,d). The spectra observed upon photoirradiation of the two symmetric 

peroxides are predicted to derive from the spin adducts in which CumO• and t-BuO• are 

trapped (12 and 13, respectively) or methyl radical released from the C-C -scission of 

each alkoxyl radicals are trapped (14). As a result of the analysis using WinEPR 

simulation software,23 the EPR signal obtained from the photolysis of 1 in the presence 

of DMPO contained EPR spectra obtained from the photolysis of two peroxides and a 

spectrum containing triplet signals with a hyperfine constant of 15.2 G (Figure 10e).  

To obtain information about the structures detected in the photolysis 1 in the 

presence of DMPO, an MS analysis was conducted on the photolysate (Figure 11). In 

addition to the mass numbers of the two alkoxyl radical trapped nitroxides 12 (MS 

186.15) and 13 (MS 248.17), and methyl radical trapped nitroxide 14 (MS 128.11), 

three radical trapping compounds 15-17 were detected, indicating that there is a 

possibility to form methoxy and hydroxyl radicals during the photolysis of 1. These 

results indicate that the spectrum in Figure 10(e) observed in the EPR measurement 

corresponds to spin adduct 17, 24 in which the hydrogen atom at -position is replaced 

by a methyl group. On the other hand, for the spectra of Figures 10(c) and 10(d), it is 

not yet identified whether each spectrum is derived from a spin adduct in which an 

alkoxyl radical (CumO• or t-BuO•) is trapped or a methyl radical is trapped. 

To reveal the molecular structures of the DMPO spin adducts showing the spectra in 

Figures 10(c) and 10(d), the HFCC values of spin adducts 12, 13, and 14 were 

calculated by quantum chemical calculations and compared with experimental values. 

DMPO spin adducts 12-14 were optimized to obtain the equilibrium ring and rotational 

conformers at LC-PBE with the 6-31G(d) basis set in acetonitrile (SMD), whose 
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HFCC values were calculated at the same level of theory using the Gaussian 16 

program. 

According to the calculation results using the procedure described in chapter 1, spin 

adducts DMPO-OtBu (12), DMPO-OCum (13), and DMPO-CH3 (14) have three, six, 

and two energetically stable conformations, respectively (Figures 11-13, Tables 1-3). 

The average HFCC, aN and aH
 values for each spin adduct were calculated by Eqs. 1 

and 2 for spin adduct DMPO- OtBu (12), by Eqs. 3 and 4 for spin adduct DMPO-OCum 

(13), and by Eqs. 5 and 6 for spin adduct DMPO-CH3 (14). 

The computed average HFCC values of the DMPO spin adducts are summarized in 

Table 4. The calculated HFCC values of spin adducts 12-14 were compared with the 

experimentally obtained HFCC values. From the correlation between experimental and 

calculated HFCC values (Figures 14a,b), the spectrum in Figure 10(c) and Figure 10(d) 

correspond to the spin adduct 12 and 13, respectively. Since a methyl radical is highly 

reactive, the concentration of spin adduct DMPO-CH3 (14) is too low to be detected by 

EPR measurements in the photolysis of 1 in the presence of DMPO. These results 

indicated that two alkoxyl radicals, CumO• and t-BuO•, are generated in the 

photoreaction of 1, and that a methyl radical is generated through the C-C - scission of 

each alkoxyl radical. 

 

Figure 11. Three optimized conformers of spin adduct DMPO-OtBu (12). 

 

Table 1. Three conformers of spin adduct DMPO-OtBu (12). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -597.909384 0.777 10.11 4.59 

(b) 3T4 -597.906743 0.047 10.23 14.43 

(c) 3T4 -597.907981 0.176 10.00 18.12 

 

aN = (10.11 G  0.777) + (10.23 G  0.047) + (10.00 G  0.176)  10.10 G (1) 

aH
 = (4.59 G  0.777) + (14.43 G  0.047) + (18.12 G  0.176)  7.43 G (2) 
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Figure 12. Six optimized conformers of spin adduct DMPO-OCum (13). 

 

Table 2. Six conformers of spin adduct DMPO-OCum (13). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -789.498068 0.316 9.88 4.52 

(b) 4T3 -789.497597 0.192 10.02 4.71 

(c) 4T3 -789.496752 0.078 10.38 5.99 

(d) 4T3 -789.497372 0.151 9.56 7.65 

(e) 3T4 -789.497319 0.143 9.96 17.82 

(f) 3T4 -789.497158 0.120 10.08 18.62 

 

aN = (9.88 G  0.316) + (10.02 G  0.192) + (10.38 G  0.078) + 

(9.56 G  0.151) + (9.96 G  0.143) + (10.08 G  0.120)  9.94 G (3) 

aH
 = (4.52 G  0.316) + (4.71 G  0.192) + (5.99 G  0.078) + 

(7.65 G  0.151) + (17.82 G  0.143) + (18.62 G  0.120)  8.74 G (4) 

 

Figure 13. Two optimized conformers of spin adduct DMPO-CH3 (14). 
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Table 3. Two conformers of spin adduct DMPO-CH3 (14). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -404.865327 0.268 10.58 13.80 

(b) 3T4 -404.866277 0.732 10.62 23.47 

 

aN = (10.58 G  0.268) + (10.62 G  0.732)  10.10 G (5) 

aH
 = (13.80 G  0.268) + (23.47 G  0.732)  7.43 G (6) 

 

Table 4. Calculated HFCC values of the DMPO spin adducts based on ULC-PBE/6-

31G(d) (SMD: acetonitrile) and HFCC values analyzed from EPR measurements in the 

photolysis of 1 (12 mM) and DMPO (141 mM) in acetonitrile. 

  12 13 14 

Exp. 
aN  13.50 13.42 (14.31a) 

aH
 10.75 11.05 (20.52a) 

Calc. 
aN 10.10 9.94 10.61 

aH
 7.43 8.74 20.88 

aThe HFCC values of spin adduct 14 in parentheses are the reported values in benzene.7a 

 

 

 

Figure 14. HFCC values of (a) nitrogen (aN) and (b) -hydrogen (aH
) in DMPO spin 

adducts in acetonitrile. aThe experimental HFCC values of spin adduct 14 are the 

reported values in benzene. 7a 
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2-4. Detection of CumO• by LFP measurements  

The detection of cumyloxyl radical CumO• was also conducted by laser flash 

photolysis (LFP) measurements. In the LFP measurements, 266 nm of light (Nd-YAG, 

10 mJ/ pulse, 10 ns pulse width) was irradiated into the solution 1 (8.5 mM, acetonitrile, 

Abs = 1.1 at 266 nm) under air conditions at ~293 K. After laser irradiation, the 

generation and fall of CumO• were detected at 485 nm (kfall = 6.7  105 s-1, Figure 15), 

which is consistent with the reported value of CumO•.19   

 

 

Figure 15. Fall process of CumO• observed at 485 nm in the laser flash photolysis of 1. 

 

 

2-5. Product Analysis in the Photolysis of 1 

The photoreaction of 1 (20.5 mM) was conducted using a 266 nm laser (1 mJ/ pulse, 

10 Hz) in CD3CN (0.5 mL) at ~298 K under air or O2 atmospheric conditions (Table 5).  

After 1 h of photolysis in the NMR tube, eleven photoproducts 2-11,11-d were 

detected and identified by 1H NMR analysis (Table 5). The photoproducts were derived 

from the A (CumO• side) , B (t-BuO side•) , and A/B sides. The A-side products 

consisted of acetophenone (2), -cumyl alcohol (3), and methyl cumyl ether (4). The B-

side products consisted of acetone (5), tert-butanol (6), and tert-butyl methyl ether (7). 

Methanol (8), formaldehyde (9), ethane (10), methane (11), and mono-deuterated 

methane; CH3D (11-d) were found to be formed from the •CH3 generated from the C-C 

-scission of the two alkoxy radicals, CumO• and t-BuO•. The chemical yields of the 

photoproducts and the conversion of 1 were determined using triphenylmethane as an 

internal standard. The conversions of 1 under air and O2 atmospheric conditions, were 

70.8 and 72.2%, respectively (entries 1 and 2). Under air atmospheric conditions ([O2] = 

1.9 mM, entry 1), acetophenone (2) was solely formed in 94.1 % of the A-side products,  
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Table 5. Products and Chemical Yields in Photolysis of 1 at 266 nm Irradiationa 

 

entry  conv/% A-side  B-side  A/B-side 

    2 3 4  5 6 7  8 9 10 11 11-d 

1 air 70.8 94.1 5.1 2.5  57.7 18.7 17.7  4.8 0.5 37.2 3.1 1.6 

2 O2 72.2 96.6 7.3 1.9  60.6 30.0 14.3  14.6 1.7 31.3 4.3 0.8 

aChemical yields of the photoproducts were calculated usgin triphenylmethane as an internal standard. 

Experimental error (%) is photoproduct chemical yield (%)  (± 5-8%). 

 

together with a small amount of alcohol 3 and ether 4. The selective formation of 

acetone (5) was found in 57.7% of the B-side products, together with a significant 

amount of the corresponding alcohol 6 (18.7%) and ether 7 (17.7%). The products 8-11 

and 11-d derived from •CH3 were identified by comparing the NMR signals of the 

genuine samples (Figures 26a-d). The oxygenated compounds 8 and 9 were derived 

from the reaction of the methyl radical with molecular oxygen. 

Under O2 atmospheric conditions ([O2] = 9.1 mM, entry 2), an increase in the chemical 

yields of alcohols 3 and 6 and oxygenated compounds 8 and 9 were observed with the 

decrease in the formation of ethane (10) and ethers 4 and 7, indicating that •CH3 generated 

from C-C -scission from the alkoxy radicals escaped to the out-of-cage space to be 

trapped by O2 to yield oxygenated compounds 8 and 9. The decrease in the formation of 

ethers 4 and 7 also supports this mechanism. The reaction of •CH3 with O2 was computed 

at UB3LYP25/6-31G(d)12 to be exothermic in the formation of methyl peroxide, ΔH298 = 

–31.25 kcal mol-1, without an energy barrier (Figure 16). The peroxide is the precursor 

for methanol (8) and formaldehyde (9). 26, 27 



32 

 

 

Figure 16. Generation and reactivity of methyl radical. 

 

 

Scheme 2. Mechanism of the Photolysis of 1. 

 

 

2-6. Mechanism 

The mechanism of the photochemical reaction in 1 is summarized in Scheme 2, which 

is proposed based on experimental observations of radical species by the DMPO spin 

trapping method and the identification and yield of photolysis products. After the 
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homolytic O–O bond cleavage of 1, the radical pair of CumO• (A-side) and t-BuO• (B-

side) are generated, which followed by the C-C -scission reaction that leads to the 

production of ketones 2 and 5, as well as •CH3. Moreover, HAT produces corresponding 

alcohols 3 and 6. The released •CH3 reacts with the alkoxyl radicals to produce ethers 4 

and 7. Once the •CH3 is trapped by O2, methanol (8) and formaldehyde (9) are formed 

after the O–O bond cleavage, from which methoxyl and hydroxyl radicals can be 

generated. The dimerization of •CH3 produces ethane (10). Methane (11) can be formed 

by the hydrogen atom abstract from •CH3. The deuterated isomer is formed by deuterium-

atom abstraction from CD3CN. As shown in Scheme 2, the mechanism of the formation 

of products in the photolysis of 1 was clarified based on the product and spectroscopic 

analyses. 

 

2-7. Conclusion 

In this study, we experimentally observed two alkoxyl radicals (CumO• and t-BuO•) 

generated by photoirradiation of tert-butyl cumyl peroxide (1) using the DMPO spin 

trapping method and investigated the structure and yield of the photoreaction products 

by 1H NMR measurements. As a result, we were able to reveal information on the 

reactivity of the two alkoxyl radicals necessary for the regulation of ROS levels in 

cancer cells. 

 

2-8. Experimental Section 

General Information. Materials obtained from commercial suppliers were used as 

received. Otherwise noted, all reactions were performed with dry solvents under an 

atmosphere of nitrogen gas in dried glassware. All workup and purification procedures 

were carried out with reagent-grade solvents under air atmosphere. Thin-layer 

chromatography (TLC) analyses were performed on commercial aluminum sheets of 

Merck silica gel 60F254 and visualized with an ultraviolet lamp (λ = 254 nm). 

Purification was done by column chromatography using silica gel (63-210 μm). NMR 

spectra were recorded on a Bruker Ascend 400 to give 1H NMR (400 MHz) spectra. 

Chemical shifts for 1H NMR are expressed in parts per million (ppm) relative to 

tetramethylsilane (δ 0.00 ppm) or the residual peak of CD3CN (δ 1.94 ppm). Data are 

reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 

doublets, t = triplet), coupling constant (Hz), and integration. UV-vis spectra were 

recorded on a SIMADZU UV-3600 Plus spectrophotometer. High-resolution mass 

spectra (HRMS) were performed with a Thermo Fisher Scientific LTQ Orbitrap XL 
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using electrospray ionization (ESI) method. EPR spectra were recorded on a Bruker 

BioSpin Elexsys E500. 

 

Synthesis. tert-butyl cumyl peroxide (1). 

 

The compound was prepared according to a known procedure. 22 Added a stirring bar to 

the two-necked flask, drew a vacuum with drying, and purged with nitrogen. Tert-butyl 

2,2,2-trichloroacetimidate (0.21 mL, 1.17 mmol) and a solution of cumene hydroperoxide 

(119.5 mg, 0.79 mmol) in CH2Cl2 1 mL were added to the flask, and the flask was cooled 

to –20℃ (NaCl + ice water ) with stirring. Then BF3-Et2O diluted with CH2Cl2 (0.6 mL, 

0.03 mmol) was dropped slowly to the reaction mixture. When the reaction temperature 

reached to room temperature, a small amount of NaHCO3 was added to the reaction 

mixture for quenching, and solid was removed by filtration. After evaporating and 

purification with column chromatography (hexane/CH2Cl2 = 20：1, Rf = 0.28), 1 (51 mg, 

0.24 mmol, 19%) was obtained as colorless oil. 1H NMR (400 MHz, CD3CN): δ (ppm) 

7.12 (d, J = 7.1 Hz, 2H), 7.24 (dd, J = 7.5, 7.5 Hz, 2H), 7.24 (t, J = 7.3 Hz, 1H), 1.53 (s, 

6H), 1.21 (s, 9H). UV-vis (CH3CN, c = 5.5 mM): λmax (ε) = 257 (178) nm (M-1 cm-1). The 

spectroscopic data are consistent with those reported in the literature. 29 

 

Methyl Cumyl Ether (4). 

 

The compound was prepared according to a known procedure.30 NaH (60 wt% oil 

dispersion) (0.683 g, 17.1 mmol) was added to a two necked-flask and the flask was 

purged with nitrogen. Then, THF (10 mL) was added to the flask and stirred over 30 min. 

To the mixture was α-cumyl alcohol dissolved in THF (3 mL) was added, and then stirred 

over 30 min. Finally, CH3I was added to the reaction mixture and stirred overnight. After 

finished the reaction, H2O (15 mL) was added, and then the mixture was extracted with 



35 

 

EtOAc. The organic layer was dried over MgSO4, concentrated, and purified via silica 

gel column chromatography (hexane/EtOAc = 5 : 1, Rf = 0.55) to obtain 4 (569 mg, 3.8 

mmol, 79%) as colorless oil. 1H NMR (400 MHz, CD3CN): δ (ppm) 7.42 (d, J = 7.1 Hz, 

2H), 7.35 (dd, J = 7.6, 6.8 Hz, 2H), 7.25 (t, J = 7.2 Hz, 1H), 3.00 (s, 3H), 1.47 (s, 6H). 

UV-vis (CH3CN, c = 6.3 mM): λmax (ε) = 257 (183) nm (M-1 cm-1). The spectroscopic 

data are consistent with those reported in the literature.30 

 

Photoreaction. The mother solution for all photoreactions was prepared using a 

volumetric flask and acetonitrile-d3 (CD3CN, 99.9%D). 0.35 mL of the solution was 

added to 3-4 quartz tubes using a syringe, respectively. When the sample solution was 

placed under oxygen conditions, oxygen bubbling was performed for 15 minutes. The 

photoreactions were conducted using Nd: YAG laser (LOTIS TⅡ: LS-2145TF) which 

produces 10 Hz pulse of 1 mJ at 266 nm (beam diameter: 3 cm using a beam expander 

lens) as light source. The distance between laser and mirror, mirror and expander lens, 

expander lens and quartz tube, were fixed as shown in Figure 17.  

 

Figure 17. The distance between laser and mirror, mirror and expander lens, expander 

lens and quartz tube in the photoreaction of 1. 

 

The photoproducts were directly analyzed by 1H NMR spectroscopy. The chemical 

yields of photoproducts were calculated using triphenylmethane as an internal standard. 

The experimental error was calculated from the results of 3-4 times photoreactions (see 

procedure below). 

 

1. Photolysate after 1 h was transferred from a quartz tube into a small bottle which 

contains a concentration-known triphenylmethane (2 mg), and then a bottle was 

covered with parafilm to ultrasonicate the solution. The solution was returned into 
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the quartz tube, which was used in photoreaction, to measure 1H NMR spectrum. 

2. From 1H NMR spectrum of the mixture of triphenylmethane and photoreaction 

solution, we calculated the integral value of 1 (2  CH3, 6H) based on that of 

triphenylmethane (1H), and then the amount of the unreacted 1 (mmol) was 

determined (Eq. 7). The conversion yield (%) of 1 was calculated from Eq. 8. 

 

The amount of unreacted 1 (mmol) = 

The amount of triphenylmethane (mmol)  The integral value of 1 after photoreaction (1H) (7) 

 

The conversion yield (%) = 

(𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝟏 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑢𝑛𝑢𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝟏 (𝑚𝑚𝑜𝑙))  

𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝟏 𝑏𝑒𝑓𝑜𝑟𝑒 𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑚𝑚𝑜𝑙)
 × 100 (8) 

 

3. From 1H NMR spectrum measured immediately after photoreaction (before opened 

quartz tube, without triphenylmethane), the integral values of photoproducts based on 

1 (6H: 6.00) were calculated. Because the integral value of 1 was not changed 

before/after the addition of triphenylmethane, the integral values of photoproducts 

were calculated using that of 1. 

4. The amount of photoproducts (mmol) and their chemical yields were calculated 

using Eqs. 9 and 10. 

 

The amount of photoproduct (mmol) = 

The amount of the unreacted 1 (mmol)  The integral value of photoproduct (1H) (9) 

 

The chemical yield of photoproduct (%) = 

𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑚𝑚𝑜𝑙)

𝑇ℎ𝑒 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝟏 𝑏𝑦 𝑝ℎ𝑜𝑡𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 (𝑚𝑚𝑜𝑙)∗
 ×  100 (10) 

The amount of consumed 1 by photoreaction (mmol) = 

  The amount of 1 before photoreaction – The amount of the unreacted 1 (mmol) 

 

 

The chemical yields of photoproducts of 1 under air and O2 conditions (three times) 

calculated by the above procedure are shown in Tables 6a and 6b, respectively. 
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Table 6a. The chemical yields of photoproducts of 1 under air atmosphere. 

entry 
conv 

/% 
A-side B-side A/B-side 

  2 3 4 5 6 7 8 9 10a 11 11-d 

1 70.8 96.9 5.7 2.7 60.4 20.8 18.4 5.1 0.6 38.5 3.1 1.6 

2 69.4 92.8 5.0 2.4 58.8 19.2 18.4 5.0 0.6 37.3 3.2 1.6 

3 72.2 92.7 4.6 2.3 54.0 16.0 16.3 4.2 0.4 35.8 3.1 1.5 

average 70.8 94.1 5.1 2.5 57.7 18.7 17.7 4.8 0.5 37.2 3.1 1.6 

standard 

deviation 
±1.4 ±2.4 ±0.6 ±0.2 ±3.3 ±2.4 ±1.2 ±0.5 ±0.1 ±1.4 ±0.1 ±0.1 

 

Table 6b. The chemical yields of photoproducts of 1 under O2 atmosphere. 

entry 
conv 

/% 
A-side B-side A/B-side 

  2 3 4 5 6 7 8 9 10a 11 11-d 

1 73.6 92.4 6.8 2.1 59.1 30.0 16.0 10.8 1.3 31.7 4.2 1.5 

2 72.2 96.3 6.3 1.7 61.2 28.6 13.5 13.8 1.9 30.6 3.6 1.2 

3 70.8 101.2 8.8 2.0 61.6 34.1 13.3 19.2 2.0 31.7 5.1 1.4 

average 72.2 96.6 7.3 1.9 60.6 30.0 14.3 14.6 1.7 31.3 4.3 1.4 

standard 

deviation 
±1.4 ±4.4 ±1.3 ±0.2 ±1.3 ±3.6 ±1.5 ±4.3 ±0.4 ±0.6 ±0.8 ±0.2 

aThe chemical yield of ethane (10) was calculated using Eq. 11 because 10 is generated from the 

dimerization of •CH3 released from C-C -scission of CumO• and t-BuO•. 

 

The chemical yield of 10 (%) = 

The chemical yield of 10 calculated from Eq. 10 (%)  (The chemical yield of 2 + 5 (%))  0.01  

(11) 

 

EPR Spin Trapping Experiments. All procedures were conducted under dark 

conditions due to the photosensitivity of 5,5-Dimethyl-1-pyrroline N-Oxide (DMPO). 
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The sample solution was prepared using a volumetric flask and acetonitrile (CH3CN, 

Spectro grade). An aqueous flat cell was used for measuring EPR spectra of the 

photoreaction sample. All photoreaction measurements were performed at room 

temperature (~298 K) using a high-pressure Hg lamp (Hamamatsu Photonics, 

LIGHTNINGCURE: L9566) without a filter for generating a lot of radicals at the same 

time. The main emitted wavelengths are 254, 313, 365, 407, 440, and 550 nm. EPR 

spectra were obtained at modulation frequency: 100 kHz, smooth point: 1, number of 

scan: 3, modulation amplitude: 0.3 G, receiver gain: 60 dB, number of points: 16384, and 

sweep time: 81.92 ms. 

 

Laser Flash Photolysis Measurements. All samples were detected at room temperature 

(~293 K) by Laser Flash Photolysis (LFP), using a LOTIS TⅡ: LS-2145TF Nd: YAG 

laser (266 nm, ca. 7-10 mJ/pulse, 10 ns pulse-width). The monitoring system consisted 

of a 150 W xenon lamp as a light source, Unisoku-MD200 monochromator and a 

photomultiplier. The sample solution was prepared using CH3CN (Spectro grade) and 

Abs was adjusted to 0.5~1.0. A 5 mm (in the direction of the laser beam) × 10 mm (in 

the direction of the analyzing light) quartz cell was used for LFP measurements. The fall 

process of CumO• was detected at 485 nm under air atmospheric conditions. 

 

 

2-9. Supplementary Material 

1H NMR spectra. 

 

Figure 18. 1H NMR (400 MHz, CD3CN) spectrum of 1. 
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Figure 19. 1H NMR (400 MHz, CD3CN) spectrum of 4. 

 

 

HRMS (ESI+) spectra of spin adducts generated in the photoreaction of 1 and 

DMPO. High-resolution mass spectra (HRMS) were performed with a Thermo Fisher 

Scientific LTQ Orbitrap XL using ionization positive (ESI+; 6 kV, capillary 

temperature: 100 C) method. 

 

 

Scheme 3. Method of detecting spin adducts generated in the photolysis of 1 (12 mM) 

in the presence of DMPO (141 mM) in acetonitrile using a high-pressure Hg lamp. The 

photoreaction solution was diluted in acetonitrile before conducting mass spectrometry 

measurements. 

 



40 

 

 

Figure 20. HRMS (ESI+) observed and simulation spectra of 12. 

 

 

 

Figure 21. HRMS (ESI+) observed and simulation spectra of 13. 
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Figure 22. HRMS (ESI+) observed and simulation spectra of 14. 

 

 

 

 

Figure 23. HRMS (ESI+) observed and simulation spectra of 15. 
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Figure 24. HRMS (ESI+) observed and simulation spectra of 16. 

 

 

 

Figure 25. HRMS (ESI+) observed and simulation spectra of 17. 
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Photoproducts analysis of 1 by 1H NMR measurements. 1H NMR spectra of 1 (blue 

spectrum), the photolysate after 1 h of 1 under air (green spectrum), and under O2 (red 

spectrum) without triphenylmethane are shown in Figures 26a-d. 

 

 

Figure 26a. 1H NMR spectra of 1 (bottom, blue), the photolysate after 1 h of 1 under O2 

(middle, red) and under air (top, green) without triphenylmethane in CD3CN. 

 

 

 

 

Figure 26b. Enlarged spectra of Figure 26a in the regions of 9.6 ppm and 8.1-7.2 ppm. 
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Figure 26c. Enlarged spectra of Figure 26a in the regions of 3.4-3.0 ppm and 2.7-1.9 

ppm. 

 

 

 

 

Figure 26d. Enlarged spectra of Figure 26a in the regions of 1.5-0.9 ppm and 0.2 ppm. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3 

DMPO Spin Trapping Study in the Photolysis of  

2-(4-Nitrophenyl)-1H-indolyl-3-methyl Derivatives 
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3-1. Introduction 

The development of photolabile protecting groups (PPGs) which protect a highly 

reactive functional group (X), rendering it temporarily inactive and regenerating the 

functional group by photoirradiation, has been actively studied because they can be 

regenerated without the use of external reagents such as acids or bases.31 In our group, 

we have developed a new PPGs, a 2-(4-nitrophenyl)-1H-indoly-3-methyl (NPIM) 

derivatives containing an indole moiety, and achieved the efficient release of alcohols 

(X = OR), amines (X = NHR), and carboxylic acids (X = OC(O)R) by visible light 

irradiation (Figure 27).32 The NPIM group is advantageous because it enables the 

release of even poor leaving groups such as alcohols (19c,d) and amines (19e,f), giving 

moderate to high yields of products (Table 7). In addition, the photochemical release of 

X was accelerated by the presence of oxygen (Table 8, entries 2 and 3). Therefore, 

homolysis of the C-X was proposed to generate the corresponding radicals in the 

photochemical deprotection of the functional groups. 

  

 
Figure 27. Photochemical release of alcohols (X = OR), amines (X = NHR), and 

carboxylic acids (X = OC(O)R) using NPIM derivatives. 

 

In this study, we investigated the radical species generated in the photolysis of 

compound 18a (X = OC(O)Ph). To clarify the molecular structure of the photoproduced 

radicals, the DMPO spin trapping method was used to detect and identify the reactive 

intermediate radical species by forming relatively stable spin adducts as the same 

method as shown in chapter 2. In this experiment, benzene, which showed the highest 

photoreaction efficiency in the previous study, was selected as a solvent (Table 8, entry 

4). 
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Table 7. Photochemical release of X using NPIM derivatives.32 

 

entry 18 (X) 
products (yields, %)a 

reaction time 

1 
18a 

(OC(O)Ph) 

19a (98), 20 (36) 

4 h 

2 
18b 

(OC(O)Me) 

19b (86), 20 (35) 

2.5 h 

3 
18c 

(OPh) 

19c (95), 20 (48) 

1 h 

4 
18d 

(OEt) 

19d (87), 20 (65) 

1 h 

5 
18e 

(NHPh) 

19e (62), 20 (59) 

3 h 

6 
18f 

(NHCH2Ph) 

19f (57), 20 (-) 

3 h 
aThe yields of photoproducts were determined using 1H NMR spectroscopy with 

triphenylmethane as an internal standard. 

 

 

Table 8. Photolysis of 18a under different conditions.32 

entry solvent conditions 
reaction time 

(min) 

yields of 19a 

and 20 (%) 

quantum yield 

(%)a 

1 DMSO-d6 under air 240 
19a (98) 

20 (36) 
2 

2 CD3CN under air 40 
19a (80) 

20 (26) 
12 

3 CD3CN under N2
b 90 

19a (55) 

20 (20) 
5 

4 C6D6 under air 15 
19a (51) 

20 (16) 
45 

5 
C6D6/D2O 

(29/1) v/v 
under air 25 

19a (64) 

20 (9) 
19 

aThe quntum yields of the consumption of 18a were determined using a ferrioxalate actinometer. bN2 

bubbling for 20 min. 
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3-2. Synthesis and Absorption spectrum of 18a 

Compound 18a was synthesized as shown in Scheme 4. UV-visible absorption 

spectroscopy was performed on the synthesized compound 18a (Figure 28). Absorption 

bands were observed in benzene at about 300-450 nm. 

  

Scheme 4. Synthesis of 18a; Reagents and conditions: (a) 4,4’-Di-tert-butyl-2,2’-

bipyridyl (dtbpy), [Ir(COD)OMe]2, bis(pinacolato)dibron, 50C, 18 h, 76% yield. (b) 1-

Iodo-4-nitrobenzene, Pd(PPh3)4, K2CO3, 80C, 2 h, 54% yield. (c) NaH, EtI, 0C to RT, 

18 h, 89% yield. (d) DMF, POCl3, 0C to RT, 3 h, 83% yield. (e) NaBH4, RT, 1 h, 94% 

yield. (f) Benzoic anhydride, DMAP, 0C to RT, 3 h, 30% yield.  

 

 

Figure 28. UV-vis absorption spectrum of 18a in benzene. 
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3-3. Detection of Radical Species by Spin Trapping  

First, the photoreaction of 18a (10.7 mM) in the presence of DMPO (102.5 mM) 

was conducted in an EPR resonant cavity using a 365 nm LED lamp in benzene at 298 

K under air atmosphere. After photoirradiation of the solution in a quartz tube, the 

typical EPR signals of nitroxides (R2N-O•) were detected (Figure 29a). EPR simulation 

using WinEPR simulation software23 clarified that the EPR signals obtained in the 

photolysis of 18a in the presence of DMPO corresponded to three spin adducts. The 

HFCC values of three spin adducts were determined to be as follows: aN = 12.75 G, aH
 

 

 

 

Figure 29. (a) EPR spectrum obtained after the photolysis of 18a (10.7 mM) and 

DMPO (102.5 mM) in benzene using a 365 nm LED lamp. (b) Simulation spectrum of 

sum of (c; aN = 12.75 G, aH
 = 9.04 G), (d; aN = 13.92 G, aH

 = 19.69 G), and (e; aN = 

13.40 G) with at 3.8: 1: 1.8 ratio. (c)-(e) Simulation spectra. 

10 Gauss

(a) experimental spectrum

(b) simulation spectrum

of (c) + (d) + (e)

(c)

(d)

(e)
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Figure 30. Spin adducts 23-25, 17 were detected by electrospray ionization-MS (FTMS, 

positive mode) measurements. 

 

= 9.04 G (Figure 29c), aN = 13.92 G, aH
 = 19.69 G (Figure 28d), aN = 13.40 G (Figure 

29e). 

To obtain information about the structures of spin adducts detected in the 

photoreaction 18a and DMPO, an MS analysis was conducted on the photolysate. 

According to the MS results, three spin adducts 23-25 were suggested to form during 

the photolysis of 18a (Figure 30), indicating the formation of 2-(4-nitrophenyl)-1H-

indoly-3-methyl radical (•NPIM), benzoyloxy radical (•OC(O)Ph), and phenyl radical 

(•Ph). In addition to these, the mass number corresponding to spin adduct 17,24 in which 

the hydrogen atom at -position is replaced by a methyl group, was detected, with 17 

assigned to the EPR spectrum in Figure 29(e). 

To confirm the molecular structures of the DMPO spin adducts showing the spectra 

in Figures 29(c) and 29(d), the HFCC values of spin adducts 23, 24, and 25 were 

calculated by quantum chemical calculations and compared with experimental values. 

DMPO spin adducts 23-25 were optimized to obtain the equilibrium ring and rotational 

conformers at LC-PBE with the 6-31G(d) basis set in benzene (SMD), whose HFCC 

values were calculated at the same level of theory using the Gaussian 16 program. 

According to the calculations using the procedure described in chapter 1, spin 

adducts DMPO-OC(O)Ph (23), DMPO-NPIM (24), and DMPO-Ph (25) have two, six, 

and four energetically stable conformations, respectively (Figures 31-33, Tables 9-11). 

The average HFCC, aN and aH
 values for each spin adduct were calculated by Eqs. 11 

and 12 for spin adduct DMPO- OC(O)Ph (23), by Eqs. 13 and 14 for spin adduct 

DMPO-NPIM (24), and by Eqs. 15 and 16 for spin adduct DMPO-Ph (25). 

The computed average HFCC values of the DMPO spin adducts are summarized in 

Table 12. The calculated HFCC values of spin adducts 23-25 were compared with the 

experimentally obtained HFCC values. From the correlation between experimental and  
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Figure 31. Two optimized conformers of spin adduct DMPO-OC(O)Ph (23). 

 

Table 9. Two conformers of spin adduct DMPO- OC(O)Ph (23). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -784.909037 0.856 8.42 7.05 

(b) 3T4 -784.907357 0.144 8.99 15.23 

 

aN = (8.42 G  0.856) + (8.99 G  0.144)  8.50 G (11) 

aH
 = (7.05 G  0.856) + (15.23 G  0.144)  8.23 G (12) 

 

 

 

Figure 32. Six optimized conformers of spin adduct DMPO-NPIM (24). 

 

 

calculated HFCC values (Figures 34a,b), the spectrum in Figure 29(c) and Figure 29(d) 

correspond to the spin adduct 23 and 24, respectively. Since a phenyl radical is highly  
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Table 10. Six conformers of spin adduct DMPO-NPIM (24). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -1281.079208 0.029 9.92 13.55 

(b) 4T3 -1281.079717 0.050 9.93 13.60 

(c) 4T3 -1281.080519 0.117 9.97 13.80 

(d) 4T3 -1281.080966 0.189 9.94 13.73 

(e) 3T4 -1281.081649 0.389 10.13 22.57 

(f) 3T4 -1281.081136 0.226 10.13 22.62 

 

aN = (9.92 G  0.029) + (9.93 G  0.050) + (9.97 G  0.117) + 

(9.94 G  0.189) + (10.13 G  0.389) + (10.13 G  0.226)  10.06 G (13) 

aH
 = (13.55 G  0.029) + (13.60 G  0.050) + (13.80 G  0.117) + 

(13.73 G  0.189) + (22.57 G  0.389) + (22.62 G  0.226)  19.18 G   (14) 

 

 

 

Figure 33. Four optimized conformers of spin adduct DMPO-Ph (25). 

 

Table 10. Six conformers of spin adduct DMPO-NPIM (24). 

 Conformation 
Total energy 

(Hartree) 

Relative 

population 

aN 

(Gauss) 

aH
 

(Gauss) 

(a) 4T3 -596.451015 0.075 10.12 12.58 

(b) 4T3 -596.452550 0.383 10.01 12.06 

(c) 3T4 -596.449834 0.022 11.78 21.29 

(d) 3T4 -596.452840 0.520 10.02 22.01 

 

aN = (10.12 G  0.075) + (10.01 G  0.383) + 

(11.78 G  0.022) + (10.02 G  0.520)  10.06 G (15) 

aH
 = (12.58 G  0.075) + (12.06 G  0.383) + 

(21.29 G  0.022) + (22.01 G  0.520)  17.47 G (16) 
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Table 12. Calculated HFCC values of the DMPO spin adducts based on ULC-PBE/6-

31G(d) (SMD: benzene) and HFCC values analyzed from EPR measurements in the 

photolysis of 18a (10.7 mM) and DMPO (102.5 mM) in benzene. 

  23 24 25 

Exp. 
aN  12.75 13.92 (13.76a) 

aH
 9.04 19.69 (19.22a) 

Calc. 
aN 8.50 10.06 10.06 

aH
 8.23 19.18 17.47 

aThe HFCC values of spin adduct 25 in parentheses are the reported values in benzene.7a 

 

 

 

Figure 34. HFCC values of (a) nitrogen (aN) and (b) -hydrogen (aH
) in DMPO spin 

adducts in benzene. aThe experimental HFCC values of spin adduct 25 are the reported 

values in benzene. 7a 

 

reactive, the concentration of spin adduct DMPO-Ph (25) is too low to be detected by 

EPR measurements in the photolysis of 18a in the presence of DMPO. Similar EPR 

results were observed in the photolysis of benzoyl peroxide (10.7 mM) in the presence 

of DMPO (101.3 mM) (Figure 42). In Figures 34a,b, although there are only three data 

points for comparing the experimental and calculated HFCC values, the least square 

fittings, aN (Calc.) = 1.4084  aN (Exp.) – 9.4410 (R-squared value is 0.9841; Figure 

34a) and aH
 (Calc.) = 0.9734  aH

 (Exp.) – 0.5973 (R-squared value is 0.9887; Figure 

34b), indicated good correlations. 

The photoreaction of 18a (10.0 mM) and DMPO (100.3 mM) was also conducted 

using a 405 nm LED lamp as a light source (Figure 35). After the photoirradiation of the  
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Figure 35. (a) EPR spectrum obtained after the photolysis of 18a (10.0 mM) and 

DMPO (100.3 mM) in benzene using a 405 nm LED lamp. (b) Simulation spectrum of 

sum of (c; aN = 12.75 G, aH
 = 9.04 G), (d; aN = 13.92 G, aH

 = 19.69 G), and (e; aN = 

13.40 G) with at 8.2: 1: 2.1 ratio. (c)-(e) Simulation spectra. 

 

benzene solution in a quartz tube at 298 K under air conditions, spin adducts 23, 24, and 

17 were observed by EPR measurements, as detected in the photolysis using a 365 nm 

LED lamp (Figure 29). These results suggested that the photochemical decomposition 

of 18a occurred homolytically to generate the radical species. 

 

 

3-4. Mechanism 

The mechanism of the photochemical reaction of 18a in the presence of DMPO, 

which is clarified from the spin trapping experimental results, is summarized in Scheme 

5. After the electronic excitation of 18a, homolysis occurs to produce the radical pair of  

10 Gauss

(a) experimental spectrum

(b) simulation spectrum

of (c) + (d) + (e)

(c)

(d)

(e)
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Scheme 5. Mechanism of the photolysis of 18a in the presence of DMPO. 

 

 

 

•NPIM and •OC(O)Ph. Both radicals are captured by DMPO to form spin adducts 

DMPO-OC(O)Ph (23) and DMPO-NPIM (24). The benzoyloxy radical •OC(O)Ph 

decomposed to release CO2 and •Ph by photoirradiation or heat;33 the latter is trapped 

by DMPO to form spin adduct DMPO-Ph (25). 

 

3-5. Conclusion 

In this study, the structure of the radicals generated in the photolysis of 18a was 

investigated by the DMPO spin trapping method. The DMPO spin trapping 

experimental results clarified that the generation of •NPIM and •OC(O)Ph in the 

photocleavage of 18a, suggesting that the photochemical decomposition of the NPIM 

derivatives occurs homolytically to release alcohols, amines, and carboxylic acids.  
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3-6. Experimental Section 

General Information. All commercially available reagents were purchased from TCI 

and Wako without further purification. Electron paramagnetic resonance (EPR) spectra 

were recorded on a Bruker BioSpin Elexsys E500. High-resolution mass spectra 

(HRMS) were performed with a Thermo Fisher Scientific LTQ Orbital XL using 

electrospray ionization positive (ESI+; 8 kV, capillary temperature: 100C) method. 

NMR spectra were recorded on a Bruker Ascend 400 to give 1H NMR (400 MHz) 

spectra. Chemical shifts for 1H NMR are expressed in parts per million (ppm) relative to 

the residual peak of CDCl3 (7.26 ppm). Data are reported as follows: chemical shift, 

multiplicity (s = singlet, d = doublet, dd = doublet of doublets, ddd = doublet of doublet 

of doublets, t = triplet, q = quartet, br = broad signal, m = multiplet), coupling constant 

(Hz), and integration. UV-vis absorption spectrum was recorded on a SIMADU UV-

3600 Plus spectrophotometer. 

 

 

Synthesis. 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indole (b).34 

 

Added a stirring bar to the two-neck flask, drew vacuum with drying, and purged with 

nitrogen. 4,4’-Di-tert-butyl-2,2’-bipyridyl (dtbpy) (457 mg, 1.7 mmol), [Ir(COD)OMe]2 

(56 mg, 0.085 mmol), bis(pinacolato)diboron (4.3 g, 17 mmol), and THF (34 mL) were 

added to the flask. The reaction mixture was stirred at 50C for 10 min. After the 

reaction solution was turned to red dark color, indole (a) (4.0 g, 34 mmol) was added to 

the mixture, and the reaction mixture was refluxed at 50C for 18 h. After completion of 

the reaction, the solvent was removed under vacuum and the product b was purified by 

short column chromatography (DCM) and gel permeation chromatography (6.3 g, 

76%). 1H NMR (400 MHz, CDCl3):  (ppm) 8.53 (br, 1H), 7.67 (dd, J = 8.0, 0.8 Hz, 

1H), 7.38 (dd, J = 8.2, 0.8 Hz, 1H), 7.23 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.12-7.07 (m, 

2H), 1.37 (s, 12H). The spectroscopic data are consistent with those reported in the 

literature.32 
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2-(4-Nitrophenyl)-1H-indole (c). 

 

Added a stirring bar to the two-neck flask, drew vacuum with drying, and purged with 

nitrogen. b (5.5 g, 22.5 mmol), 1-iodo-4-nitrobenzene (3.7 g, 15.0 mmol), Pd(PPh3)4 

(870 mg, 0.75 mmol), K2CO3 (2.9 g, 21.0 mmol), and THF/H2O = 1/1 (100 mL) were 

added to the flask. The reaction mixture was refluxed at 80C for 2 h. After completion 

of the reaction, a saturated NH4Cl aqueous solution was added for quenching. To the 

crude residue was added EtOAc, followed by washing with brine water. The organic 

layer was collected, dried over MgSO4, and evaporated under vacuum to yield crude, 

which was purified by column chromatography (hexane/EtOAc = 7:1) and 

recrystallization (2.9 g, 54%). 1H NMR (400 MHz, CDCl3):  (ppm) 8.42 (br, 1H), 8.31 

(d, J = 9.0 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.67 (d, J = 7.4 Hz, 1H), 7.44 (dd, J = 8.2, 

0.8 Hz, 1H), 7.28 (ddd, J = 8.1, 7.1, 1.1 Hz, 1H), 7.17 (ddd, J = 7.9, 7.1, 1.1 Hz, 1H), 

7.03 (dd, J = 2.1, 0.8 Hz, 1H). The spectroscopic data are consistent with those reported 

in the literature.32 

 

1-Ethyl-2-(4-nitrophenyl)-1H-indole (d).35 

 

NaH (60 wt % oil dispersion) (77 mg, 1.95 mmol) was added to a two-neck flask, and 

the flask was purged with nitrogen. Then, THF (2 mL) was added to the flask and 

stirred at room temperature for 30 min. To the mixture, c (294 mg, 1.3 mmol) dissolved 

in THF (4 mL) was added at 0C and then stirred at rt for 30 min. Finally, EtI (0.15 mL, 

1.95 mmol) was added at 0C to the reaction mixture and stirred at room temperature 

for 18 h. After the reaction was complete, H2O was added and then the mixture was 

extracted with EtOAc. The organic layer was dried over MgSO4, concentrated, and 

purified via silica gel column chromatography (hexane/EtOAc = 20:1) to obtain d (260 

mg, 89%). 1H NMR (400 MHz, CDCl3):  (ppm) 8.34 (d, J = 8.9 Hz, 2H), 7.70-7.66 (m, 

3H), 7.43 (dd, J = 8.3, 0.7 Hz, 1H), 7.30 (ddd, J = 8.2, 7.0, 1.1 Hz, 1H), 7.17 (ddd, J = 
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7.9, 7.0, 0.9 Hz, 1H), 6.67 (s, 1H), 4.24 (q, J = 7.2 Hz, 2H), 1.35 (t, J = 7.2 Hz, 3H). 

The spectroscopic data are consistent with those reported in the literature.32 

 

1-Ethyl-2-(4-nitrophenyl)-1H-indole-3-carboxaldehyde (e). 

 

Added a stirring bar to the two-neck flask, drew vacuum with drying, and purged with 

nitrogen. Dry DMF (1.8 mL) was added to the flask, and then POCl3 (0.12 mL, 1.3 

mmol) was dropped slowly into the reaction mixture at 0C. When the reaction 

temperature reached to room temperature, stirred for 15 min, and then d (233 mg, 0.87 

mmol) dissolved in dry DMF (0.9 mL) was dropped slowly at the mixture at 0C. The 

reaction mixture was stirred at room temperature for 3 h. After the reaction was 

complete, ice water and 1M NaOH aqueous solution were added until the reaction 

solution comes to pH 6-8 to afford the desired product e as a precipitate that was 

collected using vacuum filtration (213 mg, 83%). 1H NMR (400 MHz, CDCl3):  (ppm) 

9.72 (s, 1H), 8.46-8.42 (m, 3H), 7.72 (d, J = 8.8 Hz, 2H), 7.48-7.37 (m, 3H), 4.13 (q, J = 

7.2 Hz, 2H), 1.36 (t, J = 7.2 Hz, 3H). The spectroscopic data are consistent with those 

reported in the literature.32 

 

(1-Ethyl-2-(4-nitrophenyl)-1H-indole-3-yl)methanol (f). 

 

e (101 mg, 0.34 mmol) and MeOH/THF =1.5/1 (6.3 mL) were added to a two-neck 

flask, and NaBH4 (15 mg, 0.14 mmol) was slowly added to the reaction mixture at room 

temperature, and then the flask was purged with nitrogen. The reaction mixture was 

stirred at room temperature for 1 h. After completion of the reaction, water was added 

for quenching at 0C. To the crude residue was added EtOAc, followed by washing with 
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brine water. The organic layer was collected, dried over MgSO4, and evaporate under 

vacuum to yield crude, which was purified by recrystallization (94 mg, 94%). 1H NMR 

(400 MHz, CDCl3):  (ppm) 8.38 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 7.8 Hz, 1H), 7.68 (d, 

J = 8.8 Hz, 2H), 7.43 (d, J = 8.2 Hz, 1H), 7.33 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.24 

(ddd, J = 7.9, 7.0, 1.0 Hz, 1H), 4.74 (d, J = 4.8 Hz, 2H), 4.14 (q, J = 7.2 Hz, 2H), 1.50 

(t, J = 5.0 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H). The spectroscopic data are consistent with 

those reported in the literature.32 

 

(1-Ethyl-2-(4-nitrophenyl)-1H-indole-3-yl)methyl benzoate (18a).36 

 

f (60 mg, 0.20 mmol), DMAP (49 mg, 0.40 mmol), and DCM (1 mL) were added to a 

two-neck flask, and the flask was purged with nitrogen. To the reaction mixture was 

added benzoic anhydride (68 mg, 0.30 mmol) at 0C with stirring. The reaction mixture 

was stirred at room temperature for 3 h under dark conditions. After completion of the 

reaction, a saturated NaHCO3 aqueous solution (1 mL) was added for quenching. To the 

crude residue was added DCM, followed by washing with brine water. The organic 

layer was collected, dried over Na2SO4, and evaporated under vacuum to yield crude, 

which was purified by column chromatography (hexane/EtOAc = 10:1 with 0.1v% 

Et3N) and recrystallization (23 mg, 30%). 1H NMR (400 MHz, CDCl3):  (ppm) 8.38 

(d, J = 8.8 Hz, 2H), 8.00 (d, J = 7.0 Hz, 2H), 7.85 (d, J = 7.9 Hz, 1H), 7.69 (d, J = 8.8 

Hz, 2H), 7.53 (t, J = 7.4 Hz, 1H), 7.45-7.38 (m, 3H), 7.34 (ddd, J = 8.2, 7.0, 1.1 Hz, 

1H), 7.25 (ddd, J = 7.9, 7.1, 0.9 Hz, 1H), 5.44 (s, 2H), 4.13 (q, J = 7.2 Hz, 2H), 1.30 (t, 

J = 7.2 Hz, 3H). UV-vis (C6H6, c = 0.012 mM): max (e) = 333 (M-1 cm-1). The 

spectroscopic data are consistent with those reported in the literature.32 
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EPR Spin Trapping Experiments. All procedures were conducted under dark 

conditions due to the photosensitivity of 5,5-Dimethyl-1-pyrroline N-Oxide (DMPO). 

The sample solution was prepared using a volumetric flask and benzene (C6H6, Spectro 

grade). A clear fused quartz tube (4 mm) was used for measuring the EPR spectra of the 

photoreaction samples. Photoreaction measurements were performed at room 

temperature (~298 K) using a 365 nm LED lamp (ASAHI SPECTRA, CL-1501) or a 405 

nm LED lamp (HAMAMATSU, LC-L1V5). EPR spectra were obtained at modulation 

frequency: 100 kHz, modulation amplitude: 0.3 G, conversion time: 5.00 msec, sweep 

time: 81.92 sec, number of points 16384, and resonance frequency: 9.86 GHz. 

 

3-7. Supplementary Material 

1H NMR spectra. 

 

Figure 36. 1H NMR (400 MHz, CDCl3) spectrum of b. 

 

 

Figure 37. 1H NMR (400 MHz, CDCl3) spectrum of c. 
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Figure 38. 1H NMR (400 MHz, CDCl3) spectrum of d. 

 

 
Figure 39. 1H NMR (400 MHz, CDCl3) spectrum of e. 

 

 

Figure 40. 1H NMR (400 MHz, CDCl3) spectrum of f. 
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Figure 41. 1H NMR (400 MHz, CDCl3) spectrum of 18a. 

 

 

Photoreaction of Benzoyl Peroxide in the presence of DMPO.  

 

 

Figure 42. (a) EPR spectrum obtained after the photolysis of benzoyl peroxide with 

25% H2O (10.7 mM) and DMPO (101.2 mM) in benzene using a 365 nm LED lamp. (b) 

Simulation spectrum of spin adduct DMPO-OC(O)Ph (23) (aN = 12.37 G, aH
 = 9.85 

G). 

 

10 Gauss

(a)

(b)
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HRMS (ESI+) spectra of spin adducts generated in the photoreaction of 18a and 

DMPO. High-resolution mass spectra (HRMS) were performed with a Thermo Fisher 

Scientific LTQ Orbitrap XL using ionization positive (ESI+; 8 kV, capillary 

temperature: 100 C) method. 

 

 

Scheme 6. Method of detecting spin adducts generated in the photolysis of 18a (10.7 

mM) in the presence of DMPO (102.5 mM) in benzene using a 365 nm LED lamp. The 

photoreaction solution was diluted in acetonitrile before conducting mass spectrometry 

measurements. 

 

 

 

Figure 43. HRMS (ESI+) observed and simulation spectra of 23. 
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Figure 44. HRMS (ESI+) observed and simulation spectra of 24. 

 

 

 

 

Figure 45. HRMS (ESI+) observed and simulation spectra of 25. 
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Figure 46. HRMS (ESI+) observed and simulation spectra of 17. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 4 

Conclusions and Outlook 
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Conclusions and Outlook: 

In this study, the DMPO spin trapping method was used to experimentally observe 

the radical species generated in organic photoreactions. The radical species generated in 

the photolysis were identified by observing the spin adducts formed by photoirradiation 

of a mixture of organic compounds and DMPO using EPR and MS measurements, and 

by predicting the HFCC values of the spin adducts using quantum chemical 

calculations. Furthermore, we have succeeded in observing the spin adducts, which have 

never been reported before, by using this method for the observation of radical species 

generated by organic photoreactions. This method of analyzing spin adducts can be used 

to identify radical species generated in various other chemical reactions and is expected 

to lead to the elucidation of the reaction mechanisms of chemical reactions that have not 

yet been clarified. 
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