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Chapter 1. Introduction 

1.1. Measurement of molecular dynamics of water 

 The phenomena of life are based on a complex of chemical processes, wherein water 

plays a variety of important roles, as indicated by the fact that it makes up to 70% of 

human body. For instance, water is essential in maintaining the isothermal non-

equilibrium state of the living system and serves as a medium for transporting nutrients 

and excreting wastes. Furthermore, it contributes to the construction of the living system 

by promoting hydrophobic interaction between organic molecules: biological membranes 

were formed due to the existence of water. On a more microscopic level, water of 

hydration also aids in the folding of proteins and genes, their molecular recognitions, and 

the chemical reactions involved in their functions. [1–4] Thus, water is indispensable to life 

at all levels, macroscopic to microscopic.[5–9] 

To advance the molecular-level understanding of various biological phenomena, many 

scientists have studied the properties and rheology of water of hydration around biological 

complexes, such as proteins and membranes.[10, 11]Various methods such as vibrational 

(infrared) spectroscopy, neutron scattering, and nuclear magnetic resonance (NMR) were 

employed to quantify the dynamics of water of hydration. Vibrational spectroscopy 

detects not only the bond oscillation of the water of hydration but also the intermolecular 

hydrogen bond within the water molecules.[12, 13] Neutron scattering can provide 

information on fluctuations in the network of water molecules in the hydrated layer.[14–15] 

On the other hand, NMR relaxometry[6, 12, 16] is a method that can determine the molecular 

motion in the correlation time region of 10 ps to 10 ns. Relaxometry is currently applied 

in a common method for tracking water, known as magnetic resonance imaging (MRI) in 
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medical diagnosis.[17, 18] However, in the investigation of water dynamics in biological 

system at the microscopic level, it remains challenging to determine whether the 

measurements sense bulk water or hydrated water. Furthermore, the low sensitivity of 

NMR is a problem with NMR. Alternatively, dynamic nuclear polarization NMR (DNP 

NMR), which overcomes the sensitivity restrictions posed by general NMR for 

investigating water of hydration, has attracted attention in recent years. The DNP NMR 

is a nuclear spin polarization method via Overhasuer effect that utilizes the saturation and 

relaxation of electron spins. 

In this study, the author aimed at understanding the dynamics of water incorporated into 

and surrounding lipid bilayers (Figure 1-1), especially the vesicular assembly which has 

a hollow spherical structure, using the DNP-NMR method. As representing by the cell 

membrane and thylakoid membrane, liposomal assembly plays an important role in the 

living system: it distinguishes the inside and the outside of a cell and an organelle, 

constructs the structure of the living system, and provides a medium for the transportation 

of materials and information. Inside the liposomal membrane, the phospholipids are 

aligned with their polar groups toward the surface and their aliphatic chain toward the 

center of the membrane. Classically, it was considered that the surface of the vesicle is 

surrounded by stern layer and the shear plane is around it: the plane is located 2 Å away 

from the surface of the vesicle. But this classical consideration was developed from the 

viewpoint that the vesicle was a rigid body. In addition, vesicular membrane was 

considered to be impervious to water because of its hydrophobic property. However, with 

advancements in the understanding of the vesicular membrane by considering the thermal 

motion of molecules, it has been suggested that the membrane is permeable to water.[19–

21] Thus, from the dynamics perspective of molecules, the understanding of the properties 
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of liposomal vesicles, which play a fundamental role in vivo, has changed dramatically 

in these last few decades. 

 

Figure 1-1: Dynamics of water molecules in the vicinity of phospholipids 

1.2. General principle of DNP-NMR 

NMR is a method of observing transitions between spin states of Zeeman splitting under 

a magnetic field. In the embryo stage of NMR, its interests were in the determination of 

the magnetic moments of nuclei, but since the discovery of various nuclear spin 

interactions for molecules and condensed matter, e.g. dipole interaction, quadrupole 

interaction, chemical shift, spin-spin coupling etc., NMR has been employed for the 

determination of molecular dynamics based on relaxation time measurements and 

spectrum shape analysis. High-resolution NMR spectra are commonly used to determine 

the structure of organic compounds. However, NMR has a fundamental limitation in that 

its signal strength is relatively wea: the small Zeeman energy, energy gap between the 

spin states, causes the small polarization in magnetization. 

Typically, an NMR signal can be enhanced by increasing the magnetic field.[22] In 

addition, lowering the temperature to increase magnetization based on Boltzmann’s 

distribution, increasing the concentration of the measurement sample, and reducing the 
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size of the radio frequency coil (rf-coil)[23] for NMR signal measurement, also contribute 

to an increase in the signal-to-noise ratio of NMR spectroscopy. Another method is to 

transfer the polarization of the spins with larger magnetic moment to the spins with 

smaller; it is known as Overhauser effect. DNP-NMR is a method that employs the 

Overhauser effect between an electron spin and a nuclear spin. Depending on the 

interaction between the one-electron and one-nuclear spin systems (in case the spin 

quantum number of the nuclear spin is 1/2), four different spin levels are formed by 

Zeeman splitting under a magnetic field (Figure 1-2).[24] 

 

Figure 1-2: Two spin systems and relaxation paths in DNP-NMR 

 The large enhancement on signals by DNP-NMR is applied to the structural 

determination of proteins in small amounts. As this enhancement is a result of the 

distance-dependent dipole–dipole interactions between an electron spin and a nuclear spin, 

they need to be present close to each other. The region of influence of the Overhauser 

effect between either spin is less than 1.5 nm. In other words, the DNP-NMR selectively 

enhances only the NMR signals of proton nuclei near the electron spins, which makes it 
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possible to measure water molecules site-selectively.[25, 26] Next, the general principle of 

relaxometry is introduced. Water molecules entering the effective region of an electron 

spin are polarized, and then relaxed. Specifically, the enhancement in the NMR signal is 

proportional to the number of protons passing through the effective region of DNP within 

the relaxation period of the proton spin. This method thus allows the site-selective 

determination of the dynamics of water molecules within a microscopic environment 

using enhanced NMR signals (Figure 1-3).  

 

Figure 1-3: Schematic illustration of translational motion of water molecules 

around the Overhauser effective region 
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1.3. Background on Relaxometry by DNP-NMR 

In this section, the author discusses the theory and protocol for the determination of 

translational dynamics of hydrated water molecules by the hydration dynamics 

Overhauser DNP (HD-ODNP) method. The protocol is mainly derived from the 

discussion established by Frank and Han.[25] The HD-ODNP method measures the 

dynamics of water passing within the Overhauser effect’s range of a spin probe modified 

to a soft matter dispersed in water.  

 The enhancement E(p) in the NMR signal by the Overhauser effect is expressed as a 

function of the incident microwave power (p). 

Eሺ𝑝ሻ ൌ 1 െ  𝜉 f sሺ𝑝ሻ  ቚ
ఠ౛

ఠౄ
ቚ   (1) 

e and H are the Larmor frequencies of the electron spin and proton spin, respectively. 

s(p) is the saturation factor of electron spin under microwave irradiation. Herein, the 

microwave causes the magnetization of the electron spin. The leakage factor, f, is a 

parameter that results in the loss of proton magnetization enhancement due to efficient 

paramagnetic relaxation by the existing electron spins. It can be determined 

experimentally using the following equation: 

f ൌ  భ்,బ ି భ்

భ்,బ
    (2) 

. T1 and T1,0 are the longitudinal relaxation times of protons in the sample in the presence 

and absence of the radical probe, respectively. The former is responsible for additional 
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paramagnetic relaxation. 

 In a two spin system with spin interaction (Figure 1-2), the coupling factor, , which is 

the contribution for NMR enhancement through spin dynamics, can be shown by the 

spectral density function J(, c) as  

𝜉 ൌ  
଺௃ሺఠ೐ ି ఠಹ,ఛ೎ሻି௃ሺఠ೐ ା ఠಹ,ఛ೎ሻ

଺௃ሺఠ೐ ି ఠಹ,ఛ೎ሻାଷ௃ሺఠಹ,ఛ೎ሻା௃ሺఠ೐ ା ఠಹ,ఛ೎ሻ
 (3) 

. The correlation time, c, is the time during which the nuclear spins exist in the same 

region as the Overhauser effect’s region of influence for the electron spins. In this thesis, 

the force-free hard-sphere model was applied for J(, c): 

𝐽ሺ𝜔, 𝜏௖ሻ  ൌ  𝑅𝑒𝑎𝑙 ቆ
ଵ ା 

೥
ర

 

ଵ ା ௭ ା 
ర
వ
௭మ ା 

భ
వ

 ௭య
ቇ  (4) 

𝑧 ൌ ඥ𝑖 𝜔 𝜏௖   (5) 

. By substituting the corresponding values to s (i.e., 2π  9.4 GHz for the electron spin 

resonance and 2π  14.3 MHz for the nuclear magnetic resonance) in this study, the 

relationship between c and  under experimental conditions can be calculated as shown 

in Figure 1-4. 
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Figure 1-4: Relationship between coupling factor and correlation time 

 Han expressed the local dipolar cross-relaxation rate (k) and the local dipolar self-

relaxation rate (k) of proton magnetization as 

𝑘ఙ 𝐶 ൌ ሺ𝑘ଶ  െ  𝑘଴ሻ     (6) 
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𝑘ఘ 𝐶 ൌ ൫𝑘଴  ൅  2 𝑘ଵ
ୌ  ൅  𝑘ଶ൯   (7) 

 

, where C is the apparent concentration of the radical spin in the dispersed solution, and 

k0, k1
H, and k2 are the relaxation rates for the processes indicated with the corresponding 

subscripts in Figure 1-2.  

Using these equations,  is represented as 

 𝜉 ൌ  
௞഑ ஼

௞ഐ ஼
 ൌ  

௞഑
௞ഐ

   (8) 

, and f is represented as 

f ൌ  
௞ഐ ஼

௞ഐ ஼ ା భ்,బ
షభ   (9) 

. As T1
-1 is the sum of T1,0

-1 and the local dipolar self-relaxation rate (k C), 

𝑘ఘ 𝐶 ൌ  
ଵ

భ்
 – 

ଵ

భ்,బ
   (10) 

. Substituting Equations (8) and (9) into Equation (1) results in the following equation. 

1 െ 𝐸ሺ𝑝ሻ ൌ 𝐶 𝑇ଵሺ𝑝ሻ 𝑘ఙ sሺ𝑝ሻ  ቚ
ఠ೐

ఠಹ
ቚ  (11) 
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When the polarization of the electron spin is saturated under strong microwave 

irradiation, the equation is expressed as 

𝑘ఙ sሺ௣ೞೌ೟ሻ  ൌ  
ଵ – ୉ሺ௣ೞೌ೟ሻ

஼ భ்ሺ௣ೞೌ೟ሻ
ቚ
ఠಹ

ఠ೐
ቚ  (12) 

, where psat is the incident microwave power at saturated electron spin. As T1,0, T1(psat), 

and E(psat) have been determined experimentally, kC and kC can be calculated using 

Equations (10) and (12), respectively. By substituting these values, f and  can be 

quantified using Equations (8) and (9), and then the correlation time (c) of water to 

immobilize radicals can be determined by Equation (3), as shown in Figure 1-4. 

It is known that the translational correlation time of two molecules can be expressed as a 

function of the diffusion coefficients of both molecules and the intermolecular distance 

between them:  

𝜏௖  ൌ  𝑑ଶ / ሺ𝐷௘ ൅ 𝐷ுሻ   (13) 

, where De and DH are the diffusion coefficients of the electron spin and nuclear spin, 

respectively. The distance between either spin is expressed as d. When the electron spin 

is immobilized in a slowly diffusive matter, De can be regarded as zero. 

As elaborated in this section, the diffusion coefficient of the water close to electron spin 

is determined by measuring the values of T1(p), T10, and E(p) using HD-ODNP NMR. 
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1.4. Purpose and Overview 

The rheology of water of hydration around spin-labeled DNAs,[27] proteins,[28–31] 

liposomes,[14, 26, 32–34], and artificial nanotubes is site-selectively measured using HD-

ODNP.[35] For these measurements, a sample dispersion of customized spin label is 

prepared. A small amount of this dispersion is placed in a tube, which is set on a cavity 

resonator for measurement. This operation with sample exchange leads to experimental 

errors because of the resonance conditions and the degree of dielectric loss change. The 

effective concentration of the spin label in a heterogeneous system may depend on the 

preparation method. It was assumed that this constrains the measurement and analysis of 

the water of hydration dynamics using DNP-NMR. 

Therefore, the author decided to design a novel method for the site-selective 

measurement and analysis of the dynamics of the water of hydration interacting with 

vesicular membranes while eliminating the need for sample exchange. By adding 

photolabile groups to spin labels, the relative position of the spin label in a heterogeneous 

system can be changed simply by exposure to light without requiring sample exchange. 

In other words, it will be possible to measure the rheology of water of hydration at 

different locations for the same vesicle (Figure 1-5-a). 

The author designed the radical probe shown in Figure 1-5-b as a prototype spin label. 

It consists of a radical moiety that polarizes the nuclear spin distribution of water 

molecules by the Overhauser effect, a photolabile group that changes the position of the 

radical moiety relative to its anchored part, an anchor group that connects the probe to a 

vesicular membrane, and a linker group that characterizes the position of the radical 

moiety relative to its anchored part. The prototype radical probe was synthesized and its 

photoreactivity was investigated. Based on the results, two photolabile radical probes 
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were designed and synthesized. They were used in the DNP-NMR measurement of the 

dynamics of water of hydration in phospholipid vesicles. 

 

 

Figure 1-5: Design of a radical probe for site-specific measurements 
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Chapter 2. Experimental 

2.1. General 

All reagents for chemical synthesis were purchased from Fujifilm Wako Chemicals 

(Japan), Tokyo Chemical Industry (Japan), Kanto Chemical (Japan), and Merck 

(Germany) and Sigma-Aldrich (USA), and used without further purification. Water for 

the NMR relaxometry was used an Inductively Coupled Plasma (ICP) analysis grade 

ultrapure water purchased from Fujifilm Wako Chemicals. Deuterium solvents containing 

small amount of tetramethyl silane for solution NMR were purchased from ISOTECH 

(France). For identification of molecular structure, JEX270 and JNM-ECZ400S NMR 

spectrometers (JEOL, Japan), and a Chromaster 5610 mass detector (HITACHI, Japan) 

were used. Exactive and Exactive Plus (Thermo Scientific, USA) mass spectrometers 

were also used for m/z analysis by the operation of the technicians of Global Facility 

Center in Hokkaido University. For tracking of photolysis, a High Performance Liquid 

Chromatography (HPLC) system with a UV absorption detector (JASCO LC-2000 series, 

Japan) and a Cosmosil ARII column (Nacalai Tesque, Japan) connected to a mass 

detection unit (HITACHI Chromaster 5610, Japan) was employed. 
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2.2. Synthesis of radical probe 1 

2.2.1. Preparation of 2-hydroxy-2-(2-nitrophenyl)acetonitrile (8) 

 

Figure 2-1: Nitrile formation for synthesis of 8 

To a 10 mL solution of o-nitrobenzaldehyde (7, 500 mg, 3.31 mmol) in a 1:1 mixed 

solvent of CH2Cl2 and EtOH, NaHCO3 (125 mg, 13.2 mmol) was added at 0 °C and stirred 

for 30 min. After dropwise addition of an aqueous KCN solution (961 mg, 9.5 mmol in 3 

mL of water), the reaction solution was stirred at room temperature (r.t.) for 4 h. The 

organic layer was separated by three times extraction with CH2Cl2, was dried over 

Na2SO4. After evaporation of the solvent under reduced pressure and in vacuo, 518 mg 

(85% yield) of 8 was obtained as a colorless crystal. 

 

1H-NMR (CDCl3, 270 MHz): 8.20 (d, J = 8.1 Hz, 1H), 7.98 (d, J = 8.1 Hz, 1H), 7.81 (t, 

J = 8.1 Hz, 1H), 7.66 (t, J = 8.1 Hz, 1H), 6.19 (d, J = 8.1 Hz, 1H), 3.70 (d, J = 8.1 Hz, 

1H). 
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2.2.2. Preparation of 2-hydroxy-2-(2-nitrophenyl)ethylamine (9) 

 

Figure 2-2: Reduction of 8 to form 9 

A 1 M tetrahydrofran (THF) solution of BH3·THF complex (1.00 mL, 1.00 mmol) was 

added to a THF (10 mL) solution of 8 (50.0 mg, 0.28 mmol). After refluxing for 1 h and 

further stirring at r.t. for 12 h, the reaction was quenched by the addition of methanol 

(MeOH, 0.50 mL). HCl gas, which was generated by the addition of H2SO4 to NaCl, was 

flown into the solution to form precipitates, which were separated by suction filter and 

was desiccated in vacuo. As a colorless powder, 46.9 mg of 9 (92% yield) was obtained. 

 

1H-NMR (CD3OD, 270 MHz): 8.05 (d, J = 8.1 Hz, 1H), 8.00 (d, J = 8.1 Hz, 1H), 7.80 

(t, J = 8.1 Hz, 1H), 7.58 (t, J = 8.1 Hz, 1H), 5.41 (dd, J = 2.7 Hz, 8.1 Hz, 1H), 3.41 (dd, 

J = 2.8 Hz, 12.7 Hz, 1H), 3.01 (dd, J = 12.8 Hz, 9.8 Hz, 1H). 
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2.2.3. Synthesis of N-(2-hydroxy-2-(2-nitrophenyl)ethyl)hexadecane-

amide (10) 

 

Figure 2-3: Formation of 10 from 9 and the corresponding acid chloride 

A CHCl3 (5 mL) solution of 9 (100 mg, 0.45 mmol) was treated with Et3N (93.1 mg, 

0.92 mmol), and then palmitoyl chloride (124 mg, 0.45 mmol) was added to the solution. 

After stirring for 3 h at 0 °C, 5.0 mL of 0.1 M HCl aq was added, and the organic layer 

was separated by four times extraction with CH2Cl2
 from the solution, and was dried over 

Na2SO4. The solvent was removed under reduced pressure and in vacuo to give 191 mg 

(99% yield) of 10 as a colorless powder. 

 

1H-NMR (CDCl3, 270 MHz): 7.99 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.68 (t, 

J = 7.8 Hz, 1H), 7.45 (t, J = 8.2 Hz, 1H), 6.12 (t, J = 5.5 Hz, 1H), 5.37 (br, 1H), 3.68 (t, J 

= 6.0 Hz, 2H), 2.24 (t, J = 7.3 Hz, 2H), 1.63 (quin, J = 7.3 Hz, 2H), 1.22–1.41 (m, 26H), 

0.88 (t, J = 7.9 Hz, 3H). 
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2.2.4. Preparation of N-(2-hydroxy-2-(2-nitrophenyl)ethyl)-N-hexa-

decylamine (11) 

 

Figure 2-4: Reduction of 10 to form 11 

To a THF (5 mL) solution of 10 (100 mg, 0.24 mmol), a 1 M THF solution of BH3·THF 

(1.5 mL, 1.5 mmol) was added and stirred for 2 days at r.t.. The reaction solution was 

washed by saturated NaHCO3 aq (10.0 mL), the separated organic layer via extraction 

using CH2Cl2 was dried over Na2SO4, and the solvent was evaporated under reduced 

pressure to give 84.5 mg of reaction crude. The compound 11 was obtained in 40% yield 

(38.4 mg) as pale yellow oil after silica gel column chromatography using 1:1 mixture of 

n-hexane (nHex) and ethyl acetate (EtOAc) as the eluent. 

 

1H-NMR (CDCl3, 270 MHz):7.96 (d, J = 6.9 Hz, 1H), 7.91 (d, J = 6.9 Hz, 1H), 7.65 (t, 

J = 9.1 Hz, 1H), 7.44 (t, J = 9.1 Hz, 1H), 5.25 (dd, J = 3.6, 9.1 Hz, 1H), 3.19 (dd, J = 3.6, 

12.4 Hz, 1H), 2.53–2.76 (m, 3H), 1.49 (quin, J = 6.9 Hz, 2H), 1.18–1.36 (m, 26H), 0.88 

(t, J = 6.4 Hz, 3H). 
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2.2.5. Preparation of ethyl 13-(2-nitrophenylsulfonylamino)-8,11-dioxa-5-

aza-tridecane-4-one-ate (15) 

 

Figure 2-5: Nosyl (Ns) protection and amide condensation to form 15 

To a 40 mL CH2Cl2 solution of 12 (1.00 g, 6.75 mmol) and Et3N (1.40 mL, 13.5 mmol), 

2-nitrobenzenesulfonyl chloride (NsCl) (1.65 g, 7.43 mmol) was added slowly at 0 °C, 

and the solution was vigorously stirred at 0 °C for 2 h and at r.t. for overnight. 

Subsequently, after the addition of monoethyl succinate (1.31 mL, 10.1 mmol) and 

EDC·HCl (1.99 g, 10.1 mmol) to the reaction solution at 0 °C, Et3N (1.40 mL, 13.5 mmol) 

was added, and the solution was stirred at 0 °C for 2 h and at r.t. for overnight. After 

addition of 100 mL of 0.1 M HCl aq to the reaction solution, the organic layer was 

separated by four times extraction using 15 mL of CH2Cl2, and dried over Na2SO4. After 

the removal of the solvent under reduced pressure and in vacuo, 4.07 g of the reaction 

crude was obtained. By the separation using silica gel column chromatography with 

EtOAc eluent, 1.15 g (2.49 mmol, 37% yield) of 15 was obtained as pale yellow oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.12–8.19 (m, 1H), 7.86–7.92 (m, 1H), 7.72–7.80 (m, 2H), 

6.28 (brs, 1H), 6.11 (t, J = 8.4 Hz, 1H), 4.14 (quin, J = 7.2 Hz, 2H), 3.53–3.61 (m, 8H),  

3.46 (td, J = 8.0, 8.8 Hz, 2H), 3.29 (td, J = 8.0, 8.8 Hz, 2H), 2.65 (t, J = 8.1 Hz, 2H), 2.51 
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(t, J = 8.1 Hz, 2H), 1.25 (t, J = 6.8 Hz, 3H). 

 

13C-NMR (CDCl3, 100 MHz): 173.0, 171.7, 147.9, 133.6, 132.8, 130.9, 125.4, 70.3, 70.0, 

68.9, 60.5, 43.5, 39.2, 30.7, 29.5, 14.1. 

 

MS(ESI) m/z 484.14 (M+Na+), HRMS(ESI) m/z found 484.13544 (M+Na+), 

C18H27O9N3NaS (M+Na+) requires 484.13602. 

 

2.2.6. Preparation of 13-(2-nitrophenylsulfonylamino)-8,11-dioxa-5-aza-

tridecane-4-one-ic acid (16) by hydrolysis of 15 

 

Figure 2-6: Hydrolysis of 15 to form 16 

To a 50 mL ethanol in a round-bottom flask, potassium hydroxide (404 mg, 7.2 mmol) 

was dissolved, and then 15 (1.15 g, 2.49 mmol) was added. After stirring at r.t. for 

overnight, the solution was neutralized by the addition of 0.62 mL of conc HCl aq. The 

solution was concentrated under reduced pressure, and then 5.0 mL of THF was added to 

the solution. The precipitate was removed by suction filtration, and the filtrate was dried 

over Na2SO4. The solvent was removed under reduced pressure and in vacuo to give 977 

mg (2.25 mmol, 90% yield) of 16 as pale yellow oil.  
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1H-NMR (CD3OD, 270 MHz): 8.13–8.06 (m, 1H), 7.84–7.74 (m, 3H), 3.54–3.49 (m, 

8H), 3.36–3.30 (m, 2H), 3.20 (t, J = 5.4 Hz, 2H), 2.44 (s, 4H). 

 

13C-NMR (CDCl3, 100 MHz): 175.4, 173.3, 148.0, 133.8, 133.0, 131.2, 125.6, 70.5, 70.1, 

69.9, 69.1, 43.5, 39.7, 30.8, 30.4, 

 

MS(ESI) m/z 456.10 (M+Na+), 432.11 (MH+); HRMS(ESI) m/z found 456.10377 

(M+Na+), C16H23O9N3NaS (M+Na+) requires 456.10472. 

 

2.2.7. Preparation of N-(14-hexadecyl-16-hydroxy-16-(2-nitrophenyl)-3,6-

dioxa-9,14-diaza-hexadecyl-10,13-dione)-2-nitrobenzenesulfonamide (17)  

 

Figure 2-7: Amide condensation between 11 and 16  

A MeOH solution of 16 (254 mg, 1.40 mmol) was added to a MeOH solution of 11 (629 

mg, 1.45 mmol) and 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMT-MM) (440 mg, 1.60 mmol), and the reaction solution was stirred at r.t. for 

overnight. The solvent was evaporated under reduced pressure to give 1.46 g of reaction 

crude. The crude was developed on a silica gel column chromatography with a mixed 

eluent of EtOAc and MeOH in 10:1 volume ratio to obtain 478 mg (55% yield) of 17 as 

a colorless powder.  
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1H-NMR (CDCl3, 400 MHz) 8.12 (m, 1H, Ns), 7.94–7.99 (m, 2H, NB), 7.84–7.91 (m, 

1H, Ns), 7.72–7.78 (m, 2H, Ns), 7.69 (t, J = 7.6 Hz, 1H, NB), 7.44 (t, J = 8.2 Hz, NB), 

6.50 (t, J = 4.0 Hz, 1H), 6.33 (t, J = 4.0 Hz, 1H), 5.87 (brs, 1H), 5.42 (d, J = 7.8 Hz, 1H), 

3.99 (dd, J = 4.0, 16.0 Hz, 1H), 3.18–3.81 (m, 15H), 2.75 (t, J = 8.0 Hz, 2H), 2.55–2.65 

(m, 2H), 1.47–1.67 (m, 2H), 1.15–1.43 (m, 26H), 0.88 (t, J = 7.0 Hz, 3H).  

 

2.2.8. Preparation of N-((19-bromo-14-hexadecyl-16-(2-nitrophenyl)-

3,6,17-trioxa-9,14-diaza-nonadecyl)-10,13,18-trione)-2-nitrobenzene-

sulfonamide (18) 

 

Figure 2-8: Esterification of 17 to form 18 

To a solution of 17 (150 mg, 182 μmol) in a 15 mL of dry THF, bromoacetyl chloride 

(272 μL, 3.32 mmol), N,N-diisopropylethylamine (68.0 μL, 0.40 mmol) and 4-

(dimethylamino)pyridine (DMAP, 5.00 mg) were added sequentially under nitrogen 

atmosphere, and the solution was stirred at 35 °C for 2 h. After addition of CH2Cl2, the 

reaction solution was washed with sat NaHCO3 aq and water, and was dried over with 

Na2SO4. After evaporation of the solvent, the 240 mg of reaction crude was obtained, 

which was developed on a silica gel column chromatography using EtOAc as the eluent 

to give 98.7 mg (58% yield) of 18 as pale yellow oil. 
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1H-NMR (CDCl3, 400 MHz): 8.15 (dd, J = 6.2 Hz, 3.4 Hz, 1H), 8.00 (d, J = 7.8 Hz, 1H), 

7.71–7.82 (m, 2H), 7.65–7.70 (m, 1H), 7.46–7.57 (m, 1H), 6.52 (dd, J = 8.9 Hz, 3.4 Hz, 

1H), 6.23–6.31 (m, 1H), 3.18–4.35 (m, 17H), , 2.55–2.80 (m, 4H), 1.46-1.70 (m, 2H), 

1.17–1.43 (m, 26H), 0.88 (t, J = 7.0 Hz, 3H).  

 

2.2.9. Preparation of 13-hexadecyl-11-(2-nitrophenyl)-7-(2-nitrophenyl-

sulfonyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-9,14,17-trione (19) 

 

Figure 2-9: Cyclization reaction to form 19 

In the presence of K2CO3 (28.0 mg, 200 μmol) and KI (17.4 mg, 150 μmol), 18 (150 mg, 

182 μmol) in THF (120 mL) stirred at r.t. for 3 days. After the addition of CH2Cl2, the 

reaction solution was washed with water and dried over Na2SO4. Reaction crude (171 

mg) was obtained after evaporation of the solvent, and was developed on a silica gel 

column chromatography with a mixed eluent of EtOAc and MeOH in 60:1 volume ratio 

to give 91.6 mg (67% yield) of 19 as pale yellow oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.04 (d, J = 8 Hz, 1H), 8.00 (d, J = 7.2 Hz, 1H), 7.79–7.83 

(d, 1H), 7.69–7.76 (m, 2H), 7.57–7.67 (m, 2H), 7.47–7.56 (m, 1H), 6.87 (t, J = 5.2 Hz, 

3.4 Hz, 1H), 6.40–6.45 (m, 1H), 4.15–4.55 (m, 2H), 3.45–3.80 (m, 13H), 2.95–3.35 (m, 
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2H), 2.45–2.85 (m, 3H), 1.40–1.65 (m, 2H), 1.22–1.32 (m, 26H), 0.88 (t, J = 7.0 Hz, 3H).  

MS(ESI) m/z 884.80 (M+Na+); HRMS(ESI) m/z found 884.40913 (M+Na+) calc. 

 

2.2.10. Preparation of 13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-

7,13,18-triazacycloicosan-9,14,17-trione (20) by deprotection of 19. 

 

Figure 2-10: Deprotection of Ns group to form 20 

The nosyl-protected compound 19 (72.8 mg, 85 μmol) was treated with PhSH (30.2 mg, 

250 µmol) and K2CO3 (35.0 mg, 250 µmol) in MeCN (15.0 mL) for overnight at r.t.. After 

the addition of CH2Cl2, the reaction solution was washed with brine and was dried over 

Na2SO4. The solution was evaporated under reduced pressure to give reaction crude (225 

mg). After the separation using a silica gel column chromatography with a mixed eluent 

of EtOAc and MeOH in 5:1 volume ratio, 53.5 mg (94% yield) of 20 was yielded as pale 

yellow oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.04 (d, J = 8.2 Hz, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.71 (t, 

J = 7.8 Hz, 1H), 7.52 (t, J = 7.8 Hz, 1H), 6.86 (brs, 1H), 6.70 (d, J = 9.6 Hz, 1H), 4.51 

(dd, J = 14.2 Hz, 10.1 Hz, 1H), 2.35–3.70 (m, 23H), 1.48–1.69 (m, 1H), 1.18–1.38 (m, 

26H), 0.88 (t, J = 6.6 Hz, 3H). 
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HRMS(ESI) m/z found 677.44904 (M+H+), C36H62O8N4 (M+H+) requires 677.44839. 

 

2.2.11. Preparation of 2,2,5,5-tetramethyl-3-(13-hexadecyl-11-(2-

nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-9,14,17-trione-7-

yl)carbonyldihydropyrrol-N-yloxyl radical (1) 

 

Figure 2-11: Synthesis of radical probe 1 

To a 20 mL of MeOH solution of 2,2,5,5-tetramethyl-3-carboxy-3-pyrroline-1-oxyl 

radical (29.5 mg, 160 µmol) and 20 (53.5 mg, 79.1 µmol), DMT-MM (44.2 mg, 160 

µmol) was added and the solution was stirred at r.t. for 3 days. After the addition of EtOAc, 

the reaction solution was washed with saturated NaHCO3 aq and was dried over Na2SO4. 

The evaporation of the solvent gave 107.2 mg of reaction crude, which was developed on 

an octadecylsilyl silica gel column chromatography using a mixed solution of MeOH and 

water in 95:5 volume ratio as the eluent to give 8.70 mg (13% yield) of probe 1 as pale 

yellow oil. 

 

MS(ESI) m/z 865.70 (M+Na+), 843.70 (M+H+); HRMS(ESI) m/z found 865.51685 

(M+Na+), C45H72O10N5Na (M+Na+) requires 865.51714. 
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2.3. Synthesis of radical probe 2 

2.3.1. Preparation of 2-(2-nitrophenyl)-1,3-dioxolane (21) 

 

Figure 2-12: Oxolane formation from the corresponding benzaldehyde 

To a toluene solution of 7 (3.00 g, 19.7 mmol), 6 mL of ethylene glycol and p-

toluenesulfonic acid monohydrate (40.0 mg, 0.24 mmol) were added, and the reaction 

solution was refluxed for 18 h in a reactor fitted with a Dean-Stark apparatus. Then, the 

solution was washed by saturated NaHCO3 aq and was dried over Na2SO4. After the 

evaporation of the solvent under reduced pressure, 3.82 g (99% yield) of 21 was obtained 

as pale yellow oil.  

 

1H-NMR (CDCl3, 400 MHz): 7.91 (d, J = 7.6 Hz, 1H), 7.81 (d, J = 7.6 Hz, 1H), 7.63 (t, 

J = 7.6 Hz, 1H), 7.51 (t, J = 7.6 Hz, 1H), 6.49 (s, 1H), 4.00–4.10 (m, 4H), 

 

13C-NMR (CDCl3, 100 MHz): 148.9, 133.3, 133.0, 129.8, 127.7, 124.5, 99.7, 65.4. 
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2.3.2. Preparation of 2-(2-hydroxyethoxy)-2-(2-nitrophenyl)acetonitrile 

(22) 

 

Figure 2-13: Synthesis of o-nitrobenzyl ether derivatives 

Trimethylsilyl cyanide (TMSCN) (2.38 mL, 19.0 mmol) and ZnI2 (150 mg) were added 

to 21 (3.52 g, 18.0 mmol) in a round-bottom flask. After 15 min stirring at r.t., 1 M HCl 

aq (15.0 mL) and CH2Cl2 (15.0 mL) were added, and the solution was vigorously stirred 

for 15 min. The organic layer was extracted three times with CH2Cl2, and was dried over 

Na2SO4. After the evaporation of the solvent under reduced pressure, 4.18 g of reaction 

crude was obtained and was developed on a silica gel column chromatography with the 

eluent of 3:1 mixture of nHex and EtOAc to give 3.89 g (96% yield) of 22 as pale yellow 

oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.14 (d, J = 7.6 Hz, 1H), 7.99 (d, J = 7.6 Hz, 1H), 7.78 (t, 

J = 7.6 Hz, 1H), 7.65 (t, J = 7.6 Hz, 1H), 6.06 (s, 1H), 4.00–4.07 (m, 1H), 3.85–3.90 (m, 

2H), 3.78–3.84 (m, 1H), 1.96 (t, J = 6.0 Hz, 1H) 

 

13C-NMR (CDCl3, 100 MHz): 147.3, 134.4, 131.0, 129.1, 128.8, 125.6, 116.1, 72.8, 67.8, 

61.5. 
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HRMS(ESI) m/z found 245.05372 (M+Na+), C10H10O4N2Na (M+Na+) requires 

245.05328. 

 

2.3.3. Preparation of 2-(2-hydroxyethoxy)-2-(2-nitrophenyl)ethylamine 

(25) 

 

Figure 2-14: Reduction of 22 to form 25 

A 1.0 M solution of BH3·THF complex in THF (50 mL) was added into the solution of 

22 (3.75 g, 16.9 mmol) in dry THF (15 mL). After refluxing for 1 h, the solution was 

cooled down to r.t. and was stirred for 2 h additionally. The alkaline solution by adding 1 

M NaOH aq, the organic layer was extracted three times with EtOAc and was dried over 

Na2SO4. The crude afforded after evaporation of the solvent, was developed on a silica 

gel column chromatography using a mixed solvent of EtOAc, MeOH, and Et3N in 80:20:1 

volume ratio as the eluent to give 1.33 g (35% yield) of 25 as pale yellow oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.00 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 8.4Hz, 1H), 7.68 (t, 

J = 8.4 Hz, 1H), 7.46 (t, J = 8.4 Hz, 1H), 5.00 (dd, J = 2.4 Hz, 8.4 Hz 1H), 3.78 (t, J = 4.8 

Hz, 2H), 3.60 (td, J = 4.8 Hz, 10.4 Hz 1H), 3.46 (td, J = 4.8 Hz, 10.4 Hz 1H), 3.15 (dd, J 

= 2.4 Hz, 12.8 Hz 1H), 2.86 (dd, J = 8.4 Hz, 12.8 Hz 1H), 2.24 (brs, 3H). 
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13C-NMR (CDCl3, 100 MHz): 148.5, 136.4, 133.8, 128.6, 128.5, 124.8, 79.9, 71.7, 61.7, 

48.5 

 

HRMS(ESI) m/z found 227.10288 (M+H+), C16H23O9N3S (M+H+) requires 227.10263. 

 

2.3.4. Synthesis of 1-hexadecanal (24) 

 

Figure 2-15: Oxidation of 23  

In a 100 mL round-bottom flask, 1-hexadecanol 23 (3.00 g, 12.4 mmol) was dissolved in 

30 mL of CH2Cl2. Then, the solution was cooled down to 0 ℃ after addition of 9 mL of 

NaHCO3 aq and 3.00 mg (19.6 μmol) of AZADOL.  

To the solution, a mixed solution of 5% NaOCl aq (23.7 mL) and sat NaHCO3 aq (33 mL) 

was added dropwise, and the reaction solution was vigorously stirred at 0 °C for 40 min. 

After quenched by addition of 20% Na2S2O4 (9 mL), the organic layer was extracted three 

times with ether and was dried over Na2SO4. After removal of the solvent under reduced 

pressure, 2.73 g (92% yield) of 1-hexadecanal 24 was obtained as a colorless powder. 

 

1H-NMR (CDCl3, 400 MHz): 9.77 (s, 1H), 2.43 (t, J = 7.5 Hz, 2H), 1.63 (quin, J = 7.4 

Hz, 2H), 1.21–1.36 (m, 26H), 0.88 (t, J = 6.7 Hz, 3H). 
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2.3.5. Preparation of N-2-(2-hydroxyethoxy)-2-(2-nitrophenyl)ethyl-N-

hexylamine (26) 

 

Figure 2-16: Reductive amination of 25 with 24 to form 26 

After 4 h stirring of a 30 mL CH2Cl2 solution of 24 (1.44 g, 6.00 mmol) and 25 (1.32 g, 

5.85 mmol) at r.t., NaBH4 (359 mg, 9.5 mmol) was added to the reaction solution, which 

was alkaline by the addition of 1 M NaOH aq after 30 min stirring at r.t.. The organic 

layer was extracted three time with CH2Cl2 and was dried over Na2SO4. The reaction 

crude was obtained after evaporation of the solvent, and developed on a silica gel column 

chromatography with a mixed solution of nHex and EtOAc in 1:1 volume ratio to give 

1.14 g (42% yield) of 26 as pale yellow oil. 

 

1H-NMR (CDCl3, 400 MHz): 8.00 (d, J = 8.4 Hz, 1H), 7.84 (d, J = 8.4 Hz, 1H), 7.67 (t, 

J = 8.4 Hz, 1H), 7.45 (t, J = 8.4 Hz, 1H), 5.16 (dd, J = 2.4 Hz, 8.4 Hz, 1H), 3.68–3.80 (m, 

3H), 3.41–3.49 (m, 1H), 2.97 (dd, J = 2.4 Hz, 12.8 Hz, 1H), 2.61–2.83 (m, 3H), 1.53 

(quin, J = 7.2 Hz, 2H), 1.20–1.35 (m, 26H), 0.88 (t, J = 6.8 Hz, 3H) 

 

13C-NMR (CDCl3, 100 MHz): 147.6, 137.1, 133.8, 128.5, 128.4, 124.6, 72.1, 61.8, 56.3, 

49.6, 41.1, 31.9, 29.7, 27.3, 22.7, 14.1. 

 

HRMS(ESI) m/z found 451.35295 (M+H+), C26H47O4N2 (M+H+) requires 451.35303. 
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2.3.6. Preparation of N-(19-hydroxy-14-hexadecyl-16-(2-nitrophenyl)-

3,6,17-trioxa-9,14-diaza-nonadecyl-10,13-dione)-2-nitrobenzenesulfon-

amide (27) 

 

Figure 2-17: Amide condensation between 16 and 26  

To a solution of 16 (1.08 g, 2.50 mmol), EDC·HCl (575 mg, 3.00 mmol), and DMAP 

(15.0 mg) in CH2Cl2 (20 mL), 26 (0.98 g, 2.17 mmol) was added, and the solution was 

stirred at 0 °C for 4 h and then at r.t. overnight. After the addition of 0.1 M HCl aq (100 

mL), the layers were separated, the aqueous layer was extracted with CH2Cl2, and the 

combined organic layers were washed with 10% NaCl aq and dried over Na2SO4. After 

removal of the solvent under reduced pressure, 2.81 g of crude product was obtained, 

which was developed on a silica gel chromatography using 600:50:1 (v/v/v) 

EtOAc/MeOH/Et3N as the eluent to afford 1.36 g (72% yield) of 27 as a yellow oil of an 

isomeric mixture.  

 

Major isomer:  

1H-NMR (CDCl3, 400 MHz): 8.12–8.15 (m, 1H), 8.03 (d, J = 8.2 Hz, 1H), 7.82–7.93 

(m, 2H), 7.69–7.76 (m, 3H), 7.49 (d, J = 8.35 Hz, 1H), 6.55 (t, J = 5.5 Hz, 1H), 6.36–6.43 

(br, 1H), 5.13 (t, J = 8.5 Hz, 1H), 3.62–3.76 (m, 3H), 3.14–3.60 (m, 19H), 2.35–2.78 (m, 

2H), 1.42–1.64 (m, 2H), 1.2–1.35 (m, 26H), 0.87 (t, J = 6.8 Hz, 3H). 
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13C-NMR  (CDCl3, 400 MHz): 173.8, 172.7, 148.6, 148.1, 135.7, 134.5, 134.0, 133.6, 

132.8, 131.1, 129.0, 128.8, 125.5, 125.0, 76.6, 72.2, 70.5, 70.1, 69.2, 61.7, 53.0, 45.8, 

43.7, 39.4, 32.0, 31.5, 29.8-28.9, 27.8, 27.2, 22.8, 14.2. 

 

HRMS(ESI) m/z found 888.44061 (M+Na+), C42H67O12N5NaS (M+Na+) requires 

888.43991. 
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2.3.7. N-(14-(2-(2-methylsulfonyloxyethoxy)-2-(2-nitrophenyl)ethyl)-3,6-

dioxa-9,14-diaza-triacontyl-10,13-dione)-2-nitrobenzenesulfonamide (28) 

 

Figure 2-18: Mesylation of 27  

To a solution of 27 (1.25 g, 1.44 mmol) in CH2Cl2 (10 mL), methanesulfonyl chloride 

(247 mg, 2.16 mmol) and Et3N (291 mg, 2.88 mmol) were added sequentially at 0 °C, 

and the solution was stirred at 0 °C for 4 h. The organic layer was washed with saturated 

NaHCO3 aq and dried over Na2SO4. After removal of the solvent under reduced pressure, 

the crude product (1.95 g) was developed on a silica gel column chromatography using 

10:1 (v/v) EtOAc/MeOH as the eluent to give 1.28 g (87% yield) of 28 as a yellow oil of 

an isomeric mixture. 

 

Major isomer: 1H-NMR (CDCl3, 400 MHz): 8.12–8.17 (m, 1H), 8.06 (d, J = 8.2 Hz, 1H), 

7.84–7.91 (m, 2H), 7.71–7.78 (m, 3H), 7.53 (t, J = 7.8 Hz, 1H), 6.52 (t, J = 5.2 Hz, 1H), 

6.35 (t, J = 5.6 Hz, 1H), 5.18 (dd, J = 9.2 Hz, 2.5 Hz, 1H), 4.25–4.34 (m, 2H), 3.27–3.63 

(m, 16H), 3.07 (s, 3H), 2.35–2.78 (m, 3H), 1.48–1.61 (m, 2H), 1.19–1.32 (m, 26H), 0.88 

(t, J = 7.0 Hz, 3H). 

Minor isomer: 1H-NMR (CDCl3, 400 MHz): 8.12–8.17 (m, 1H), 7.84–7.91 (m, 2H), 

7.71–7.78 (m, 3H), 7.66 (t, J = 7.8 Hz, 1H), 7.47 (t, J = 7.8 Hz, 1H), 6.49 (t, J = 5.2 Hz, 
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1H), 6.33 (t, J = 5.6 Hz, 1H), 5.22 (dd, J = 8.2 Hz, 4.1 Hz, 1H), 4.34–4.41 (m, 2H), 3.27–

3.63 (m, 16H), 3.07 (s, 3H), 2.35–2.78 (m, 3H), 1.48–1.61 (m, 2H), 1.19–1.32 (m, 26H), 

0.88 (t, J = 7.0 Hz, 3H). 

 

HRMS(ESI) m/z found 966.41848 (M+Na+), C43H69O14N5NaS2 (M+Na+) requires 

966.41746. 

 

2.3.8. Preparation of 13-hexadecyl-11-(2-nitrophenyl)-7-(2-nitrophenyl-

sulfonyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-14,17-dione (29) 

 

Figure 2-19: Cyclization reaction of 28 to form 29 

To a solution of 28 (450 mg, 0.477 mmol) in 300 mL of MeCN, K2CO3 (35.0 mg, 0.25 

mmol) was added, and then NaH (60% in paraffin oil, 120 mg, 3.00 mmol) was added. 

After stirring for 20 h at 50 °C under a nitrogen atmosphere, saturated NH4Cl (aq) was 

added, and the mixture was extracted with CH2Cl2. After washing the organic layer and 

removal of the solvent under reduced pressure, the crude product (587 mg) was developed 

on a silica gel column chromatography using 30:1 (v/v) EtOAc/MeOH as the eluent to 

give 302 mg (75% yield) of 29 as a yellow oil of an isomeric mixture. 
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Major isomer: 1H-NMR (CDCl3, 400 MHz): 8.02–8.08 (m, 1H), 7.96–8.01 (m, 1H), 

7.60–7.79 (m, 5H), 7.49–7.55 (m, 1H), 6.62 (t, J = 5.4 Hz, 1H), 5.06 (dd, J = 9.6, 1.6 Hz, 

1H), 3.0–3.85 (m, 21H), 2.65–2.80 (m, 1H), 2.50–2.60 (m, 2H), 1.16–1.36 (m, 2H), 1.13–

1.39 (m, 26H), 0.88 (t, J = 7.0 Hz, 3H).  

 

13C-NMR (CDCl3, 100 MHz): 173.1, 172.4, 149.0, 148.0, 135.1, 134.5, 133.7, 133.6, 

131.9, 130.4, 129.3, 128.3, 125.1, 124.3, 76.6, 70.9, 70.1, 70.1, 69.6, 69.0, 53.0, 49.0, 

48.4, 45.6, 39.3, 32.5, 31.9, 29.8-29.3, 27.7, 27.1, 22.7, 14.2. 

 

Minor isomer: 1H-NMR (CDCl3, 400 MHz): 8.02–8.08 (m, 1H), 7.88 (d, J = 8.2 Hz, 1H), 

7.60–7.79 (m, 5H), 7.49–7.55 (m, 1H), 7.06 (t, J = 5.8 Hz, 1H), 5.10 (dd, J = 4.6, 3.6 Hz, 

1H), 4.06 (dd, J = 13.7, 8.2 Hz, 1H), 3.0–3.85 (m, 20H), 2.65–2.80 (m, 1H), 2.50–2.60 

(m, 2H), 1.16–1.36 (m, 2H), 1.13–1.39 (m, 26H), 0.88 (t, J = 7.0 Hz, 3H). 

 

13C-NMR (CDCl3, 100 MHz): 173.1, 172.6, 148.3, 148.0, 134.8, 133.8, 133.7, 133.4, 

131.8, 130.7, 128.9, 128.7, 124.3, 124.2, 75.4, 70.9, 70.1, 69.7, 69.5, 68.8, 51.2, 49.0, 

48.6, 48.3, 39.1, 32.3, 31.9, 29.8-29.3, 28.7, 26.8, 22.7, 14.2. 

 

HRMS(ESI) m/z found 870.43016 (M+Na+), C42H65O11N5NaS2 (M+Na+) requires 

870.42935. 
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2.3.9. Synthesis of 13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-

triazacycloicosan-14,17-dione (30) 

 

Figure 2-20: Deprotection of Ns group 

To a solution of 29 (110 mg, 129 μmol) in 10 mL of MeCN, PhSH (15.7 mg, 143 µmol) 

and Cs2CO3 (84.7 mg, 260 µmol) were added sequentially. After stirring at r.t. for 5 h, the 

reaction mixture was washed with brine, extracted three times with CH2Cl2, and the 

combined organic layers were dried over Na2SO4. After removal of the solvent under 

reduced pressure, 118 mg of crude product was developed on a silica gel column 

chromatography with MeOH as the eluent to give 74.2 mg (86% yield) of 30 as a yellow 

oil. 

 

Major isomer: 1H-NMR (CDCl3, 400 MHz): 8.01–8.1 (m, 1H), 7.69–7.75 (m, 1H), 7.42–

7.60 (m, 1H), 5.00–5.09 (m, 1H), 2.5–4.6 (m, 22H), 2.2–2.45 (m, 4H), 1.5–1.65 (m, 2H), 

1.2–1.4 (m, 26H), 0.88 (t, J = 6.8 Hz, 3H). 

Minor isomer: 1H-NMR (CDCl3, 400 MHz): 7.42–7.96 (m, 4H), 4.81–4.98 (m, 1H), 

2.5–4.6 (m, 22H), 2.2–2.45 (m, 4H), 1.5–1.65 (m, 2H), 1.2–1.4 (m, 26H), 0.88 (t, J = 6.8 

Hz, 3H). 

HRMS(ESI) m/z found 663.46970 (M+H+), C36H63O7N4S2 (M+H+) requires 663.46913. 
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2.3.10. Synthesis of 2,2,5,5-tetramethyl-3-(13-hexadecyl-11-(2-

nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-14,17-dione-7-

yl)carbonylpyrrolidine-N-yloxyl radical (2) 

 

Figure 2-21: Synthesis of radical probe 2 

To a solution of 2,2,5,5-tetramethyl-3-carboxypyrrolidinooxy radical (40.9 mg, 0.220 

mmol) and 30 (120 mg, 0.181 mmol) in 10 mL of CH2Cl2, EDC·HCl (42.1 mg, 0.220 

mmol) and DMAP (5.00 mg) were added, and the solution was stirred at r.t. for 20 h. The 

mixture was washed with saturated NaHCO3 (aq), and the organic layer was dried over 

Na2SO4. The solvent was evaporated under reduced pressure to give 167 mg of crude 

product, which was developed on a silica gel column chromatography with 15:1 (v/v) 

EtOAc/MeOH as the eluent to give 98.7 mg (66% yield) of 2 as a yellow oil.  

 

HRMS(ESI) m/z found 853.55407 (M+Na+), C45H76O9N5Na (M+Na+) requires 

853.55352. 
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2.4. Synthesis of radical probe 3 

2.4.1. Preparation of 18-t-butoxycarbonyl-13-hexadecyl-11-(2-

nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan (33) 

 

Figure 2-22: Synthesis of 33 

To a dry THF solution of 29 (97.0 mg, 114 µmol), a 1.0 M solution of BH3·THF complex 

in THF (1.4 mL) was added at r.t., and the solution was heated to 70 °C and was stirred 

for 2 h. After quenching the reaction by the addition of MeOH (0.5 mL), the solution was 

concentrated under reduced pressure. CH2Cl2 was added to the crude material, and the 

solution was washed by 2 M NaOH (10.0 mL). The extracted organic layer was dried 

over Na2SO4, and 93.8 mg of 31 was obtained after evaporation of the solvent.  

Without further purification, 31 was dissolved in 8 mL of dry THF, and di-t-butyl 

decarbonate (BOC2O, 46 μL, 200 μmol) and Et3N (44 μL, 300 μmol) were added to the 

solution. After stirring at r.t. for 2 h, 10 mL of water was added to the solution, the mixture 

was extracted with CH2Cl2, and the organic layer was dried over Na2SO4. After removal 

of the solvent under reduced pressure, 142 mg of crude product was obtained, which was 

developed on a silica gel chromatography using 2:1 (v/v) n-Hex/EtOAc as the eluent to 

give 48.5 mg of a mixture of unreacted BOC2O and 32. According to the NMR signal 

intensities, this mixture was predicted to contain 4.9 mg of unreacted BOC2O and 43.6 

mg of 32. To 5 mL of MeCN, 37 mg of the mixture (5 mL), PhSH (2.44 μL, 24 μmol), 
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and Cs2CO3 (14.1 mg, 43.4 μmol) were added sequentially. After stirring at r.t. overnight, 

the solution was washed with brine, and the organic layer was dried over Na2SO4. The 

crude product (24.4 mg) was obtained after removal of the solvent under reduced pressure. 

A silica gel column chromatography with a gradient elution of 5:1 (v/v) EtOAc/MeOH to 

MeOH afforded 33 (7.7 mg, 10.5 μmol) as a yellow oil. The net yield from 29 via the 

three steps was 12%. 

 

1H-NMR (CDCl3, 400 MHz): 7.92 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 7.5 Hz, 1H), 7.64 (t, 

J = 7.6 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 5.10 (br, 1H), 3.55–3.72 (br, 7H), 3.27–3.51 (br, 

5H), 2.78–2.94 (br, 4H), 2.62–2.78 (br, 5H), 2.43–2.62 (br, 3H), 1.36–1.74 (m, 15H), 1.2–

1.35 (m, 26H), 0.88 (t, J = 6.9 Hz, 3H). 

 

13C-NMR (CDCl3, 100 MHz): 155.9, 148.7, 133.6, 128.8, 128.3, 124.4, 79.3, 77.3, 72.7, 

71.0, 70.7, 70.5, 70.2, 68.7, 60.3, 54.8, 54.5, 49.5, 48.8, 47.1, 32.0, 29.8, 29.5, 28.6, 27.6, 

22.8, 14.2. 

 

HRMS(ESI) m/z found 735.56281 (M+H+), C41H75O7N4 (M+H+) requires 735.56303. 

  



Gyeorye Lee                                          Chapter 2. 

-41- 

 

2.4.2. Preparation of 2,2,5,5-tetramethyl-3-(18-t-butoxycarbonyl-13-

hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-7-

yl)carbonylpyrrolidine-N-yloxy radical (34) 

 

Figure 2-23: amide condensation between 33 and radical 

To a solution of 2,2,5,5-tetramethyl-3-carboxypyrrolidinooxy radical (8.37 mg, 45 μmol) 

and 33 (29.9 mg, 40.7 μmol) in 2 mL of CH2Cl2, EDC·HCl (8.63 mg, 45 μmol) and Et3N 

(7.00 μL, 50 μmol) were added, and the solution was stirred at 30 °C for 20 h. The solution 

was washed with saturated NaHCO3 and was dried over Na2SO4. The solvent was 

evaporated under reduced pressure to give 39.2 mg of crude product, which was 

developed on a silica gel column chromatography with 1:1 (v/v) EtOAc/MeOH as the 

eluent to give 17.0 mg (46% yield) of 34 as a yellow oil.  

 

HRMS(ESI) m/z found 903.66557 (M+H+), C50H89O9N5 (M+H+) requires 903.66548. 

 

  



Gyeorye Lee                                          Chapter 2. 

-42- 

 

2.4.3. Preparation of 2,2,5,5-tetramethyl-3-(13-hexadecyl-11-(2-

nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-7-yl)carbonylpyrro-

lidine-N-yloxyl radical  (3) 

 

Figure 2-24: Synthesis of radical probe 3 

To a solution of 34 (17.0 mg, 18.9 μmol) in 5.0 mL of CH2Cl2, 100 μL of TFA was added, 

and the solution was stirred at r.t. for 1 h. The reaction mixture was washed with sat 

NaHCO3 aq, and the organic layer was dried over Na2SO4. After removal of the solvent 

under reduced pressure, the crude product (12.3 mg) was developed on a silica gel column 

chromatography using 1% MeOH in EtOAc as the eluent to give 4.00 mg (27% yield) of 

3 as a yellow oil. 

 

HRMS(ESI) m/z found 803.61512 (M+H+), C45H81O7N5 (M+H+) requires 803.61512. 
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2.5. Photolysis of radical probe 1, 2, and 3 

2.5.1. Tracking photolysis of radical probe 1 

A 0.07 mM methanolic solution of radical probe 1 was prepared, and 3 mL of the 

solution was replaced into a quartz cell of 1-cm optical path length. This cell was 

irradiated by a light (λ = 313 nm) using in an FP-8300 fluorometer (JASCO, Japan) using 

a xenon lamp as the light source. The change in the UV-vis absorption spectra was 

measured by a V650 UV-Vis spectrometer (JASCO, Japan), and the product analysis was 

carried out using a HPLC with an UV and a mass detectors. The measurement was carried 

out every 5-min until 20-min light irradiation. The eluent used in HPLC was 94:6 (v/v) 

MeOH/ water (0.05% TFA) and the selected wavelength was 254 nm. 

 

2.5.2. Tracking photolysis of radical probe 2 

2.5.2.1. Tracking using a UV-vis absorption spectrometer 

A 0.03 mM methanolic solution of radical probe 2 was prepared, and 3 mL of the 

solution was placed in a quartz cell of 1-cm optical path length. This cell was irradiated 

by a light (λ = 313 nm) using a REX-250 high-pressure mercury lamp (Asahi Spectra, 

Japan) as the light source. The absorption spectrum before and after 30 s of light 

irradiation was measured by a UV-vis spectrometer. 

 

2.5.2.2. Traciking using a HPLC 

The prepared 0.03 mM methanolic solution of radical probe 2 (200 µL) was placed in a 

quartz cell of 0.2 cm optical path length. This cell was irradiated by a light (λ = 313 and 
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248 nm) using the REX-250 high-pressure mercury lamp. The product analysis was 

carried out using HPLC every 5 s until 20 s of light irradiation. The eluent used in HPLC 

was 90:10 (v/v) MeOH/ water (0.05% TFA), and the selected wavelength was 254 nm. 

 

2.5.3. Tracking photolysis of radical probe 3 

A 0.03 mM methanolic solution of radical probe 3 was prepared, and 200 µL of the 

solution was placed in a quartz cell of 0.2 cm optical path length. This cell was irradiated 

by a light (λ = 248 nm) using the REX-250 high-pressure mercury lamp. The product 

analysis was carried out using HPLC every 5 s until 20 s of light irradiation. The eluent 

used in HPLC was 1:1 (v/v) MeCN/ water (0.05% TFA), and the selected wavelength was 

254 nm. 
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2.6. Preparation of radical probe incorporated vesicular dispersion  

2.6.1 Preparation of DMPC, POPG liposome incorporated with radical 

probe 

  

Figure 2-25: Structure of DMPC, POPG 

A 60 mM solution of 1,2-dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC) and a 

0.60 mM solution of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG) in 1:1 

(v/v) MeOH/CH2Cl2 were placed in a glass vial; a 0.6 mM methanolic solution of radical 

probe was then added. Next, the solvent was removed under ambient pressure and the 

subsequent product was stored in a freezer for 1 day, resulting in a colorless thin film. To 

the thin film, 3 mL of distilled water was added. The mixture was kept at 40 °C in an 

ultrasonicator for 1 h, and the resulting dispersion was placed in a 10-mL syringe. A 

polyimide tube (inner diameter, 0.48 mm; length, 1 m), with one end connected to a glass 

vial, and the other connected to the syringe, was submerged in the ultrasonicator[36] 

(40 °C). Finally, the dispersion was allowed to flow into the tube using a syringe pump 

(YSP-101, YMC, Japan) to obtain the liposomal dispersion (Figure 2-26). 
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Figure 2-26: Scheme of ultrasonication using micro-channel 

 

2.6.2. Preparation of DOPC, POPG liposome incorporated with a radical 

probe 

 

Figure 2-27: Structure of DOPC, POPG 

A 45 mM solution of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) in 1:1 (v/v) 

MeOH/CH2Cl2 and a 0.45 mM solution of POPG in 1:1 (v/v) MeOH/CH2Cl2 were placed 

in a glass vial, followed by the addition of a 0.6 mM methanolic solution of radical probe. 

Next, the solvent was removed under ambient pressure to be stored in a freezer for 1 day, 

resulting in a colorless thin film. To the thin film, 3 mL of distilled water was added. The 

mixture was kept at 30 °C in an ultrasonicator for 1 h, and the resulting dispersion was 

placed in a 10-mL syringe. A polyimide tube, with one end connected to a glass vial, and 

the other connected to the syringe, was submerged in the ultrasonicator (30 °C). Finally, 

the dispersion was allowed to flow into the tube using a syringe pump to obtain the 
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liposomal dispersion. 

2.7. ESR and DNP-NMR instrument 

2.7.1 ESR spectroscopy 

ESR measurements were carried out using an X-band ESR spectrometer (JES-RE2X, 

JEOL, Japan) and a sample tube, both configured for DNP-NMR spectrometry, as 

described in this section. The microwave frequency was measured using a 53152A 

microwave counter (Keysight Technology, USA), and a manganese marker was used as 

the reference. The shape analysis was carried out using the chili function of EasySpin, an 

open-source computational toolbox based on Matlab 2021a (Mathworks, USA). 

 

2.7.2 Dynamic nuclear polarization NMR spectroscopy 

The DNP-NMR spectrometer was built according to the description by Han.[37, 38] For 

the microwave irradiation, a microwave generator (E8257D-550, Keysight Technology, 

USA) and a microwave power amplifier (CA9350BW300-4646R, R&K Co., Ltd., Japan) 

were connected to the ESR spectrometer using a directional coupler (6194-30, ARRA Inc., 

USA) and a waveguide switch (WGS-106, NIKOHA, Japan) (Figure 2-28). The incident 

power and frequency of the microwave were monitored using the 53152A microwave 

counter, which was connected to the coupled port of the directional coupler (having a 

coupling factor of 30 dB). For the photolabile reaction, the REX-250 high-pressure 

mercury lamp unit (equipped with 248 nm and 313 nm bandpass filters), a quartz light 

guide, and a KLQ-5 high condensing lens (Asahi Spectra, Japan) was employed. For 

NMR spectrometry, an Apollo series NMR spectrometer with a power amplifier 
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(Techmag, USA) was used, controlled by NT-NMR software (Techmag, USA).  

 

Figure 2-28: Scheme of DNP-NMR equipment 

An rf-coil attached to a homemade sample tube holder was connected to a homemade 

tune-and-match circuit and an NMR circuit for 14-MHz measurements (Figure 2-29). The 

sample solution was filled up to a height of 0.7 cm in a 1.2-mm-diameter quartz capillary 

tube, and a heat sink Fluorinert FC-77 (3M, USA) was placed on the sample tube.[39] 

During the measurement, dried air was passed as a coolant at 10 L/min. 
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Figure 2-29: Scheme of sample holder 
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Chapter 3. Result & discussion 

3.1. Synthesis and photolabile reaction of radical probe 1 

3.1.1. Design of radical probe 1 

For the comparative analysis of water of hydration surrounding the same phospholipid 

vesicles as those mentioned in our aim to develop the method (introduced in Chapter 1.7), 

we designed radical probe 1 (Figure 3-1). 

 

Figure 3-1: Configuration of radical probe 1 

For the radical moiety, the 2,2,5,5-tetramethyl-3-carboxy-3-pyrroline-1-oxyl radical was 

employed because it is chemically stable.[40] The anchor site was designed to be a C16 

alkyl chain to modify the radical probe corresponding to the hydrophobic part of its target 

liposome. The linker site was designed as a 13-member chain. Its length was decided to 

match the aim of switching the position of the radical moiety significantly relative to that 

of the anchored site using light irradiation. We also configured the hydrophilic ether and 
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amide groups in the chain to allow for their contribution to the linker parts in the 

hydrophilic region of the membrane. 

Finally, the authors chose o-nitrobenzyl ester as the photocleavage group because 

carboxylate, which is a highly hydrophilic moiety, was expected to be produced. The 

photolysis of o-nitrobenzyl esters has been used for a moiety of photocaged 

compounds.[41–45] 
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3.1.2. Synthesis of radical probe 1 

The synthesis of radical probe 1 using photolabile group o-nitrobenzyl ester was carried 

out as shown in Figure 3-2. 

 

Figure 3-2: Synthesis scheme for radical probe 1  
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The starting material, o-nitrobenzaldehyde (7) was treated with potassium cyanide to 

give o-nitromandelonitrile (8) in a 93% yield. Subsequently, reduction of the nitrile was 

carried out using borane-tetrahydrofuran. For selectively reducing nitriles (without 

reducing nitro groups), borane-THF, a weaker reducing agent than NaBH4, was used. HCl 

gas was passed over the resulting amine solution to obtain a hydrochloride salt of racemic 

2-hydroxy-2-(2-nitrophenyl)ethylamine (9) in a 95% yield. Two general methods were 

considered for the alkylation of 9 to form 11. One was reductive amination using imine 

intermediates, whereas the other was reduction post amide formation. Herein, we 

attempted the method of amide synthesis. The other method is described in Section 3.2.2. 

n-Hexadecenoic chloride was treated with 9 in the presence of triethylamine to obtain 10 

in a 99% yield, followed by reduction of the amide with borane-THF to give 1-hexadecyl-

2-hydroxy-2-(o-nitrophenyl) ethylamine (11) in 40% yield (Figure 3-3). 

 

Figure 3-3: Four-step synthesis of 11 from starting material 7 

For the preparation of the linker moiety, 1,2-bis(2-aminoethoxy)ethane (12) was 

selected as the starting material. Mono nosyl(Ns)-protected amine (13) was prepared by 

the treatment of o-nitrobenzelesulfonyl chloride (NsCl). In the presence of 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl), a condensing 

agent, the condensation between mono-ethylscuccinate and 13 was carried out to give 

ethyl 13-(2-nitrophenylsulfonylamino)-8,11-dioxa-5-aza-tridecane-4-one-ate (15). The 

yield for the two-step synthesis from 12 was 32%. Next, hydrolysis of the ester of 15 with 
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potassium hydroxide gave the corresponding carboxylic acid, 13-(2-nitrophenyl-

sulfonylamino)-8,11-dioxa-5-aza-tridecane-4-one-ic acid (16), in 98% yield (Figure 3-4).  

 

Figure 3-4: Three-step synthesis of 16 from 12 

The amide condensation between the synthesized amine derivative 11 and the 

carboxylic acid derivative 16 was carried out using 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-

4-methylmorpholinium chloride (DMT-MM),[46] and it afforded a 56% yield of N-(14-(2-

hydroxy-2-(2-nitrophenyl)ethyl)-3,6-dioxa-9,14-diaza-triacontyl-10,13-dione)-2-

nitrobenzenesulfon-amide (17) (Figure 3-5). 

Figure 3-5: Synthesis of 17 using the condensation agent DMT-MM 

From the next step, all synthetic experiments were conducted under dark conditions 

because of the photosensitivity of the compounds. Esterification between 17 and 

bromoacetyl chloride in the presence of N,N-diisopropylethylamine afforded a 58% yield 

of 18. The cyclization of 18 was carried out using potassium iodide as a catalyst and 

potassium carbonate as a base. There are two reasons why the author used potassium 

iodide. The first reason was the expectation that potassium iodide would serve as a 
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template for cyclization. The nucleophilic substitution reaction between carbon bromide 

and nosyl-protected amine occurs both intra-molecularly and inter-molecularly, with the 

latter affording polymeric compounds (Figure 3-7). For the selective formation of 19, the 

author added potassium ion as a template for cyclization, and also carried out the reaction 

at a relatively diluted condition, where the concentration of 18 was 1.5 mM. The second 

reason was the property of potassium iodide to improve the efficiency of the nucleophilic 

reaction by replacing the bromide of 18 with iodide, which is the better leaving atom, in-

situ. As the result, the cyclization took place successfully and 13-hexadecyl-11-(2-

nitrophenyl)-7-(2-nitrophenyl-sulfonyl)-1,4,10-trioxa-7,13,18-triazacycloicosane-

9,14,17-trione (19) was obtained in a good yield of 65% (Figure 3-6).  

 

Figure 3-6: Two-step synthesis of compound 19 from 17 

 

 

Figure 3-7: Template effect of potassium ions 
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For the deprotection of Ns group in 19, benzenethiol was used as similar to the common 

method, and 13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triaza-cycloicosane-

9,14,17-trione (20) was obtained in a 62% yield.  

In the last step, the radical moiety (2,2,5,5-tetramethyl-3-carboxy-3-pyrroline-1-oxyl 

radical) was condensed to the secondary amines of 20. Herein, DMT-MM was used as a 

condensation reagent. As a result, we successfully obtained the target material, 2,2,5,5-

tetramethyl-3-(13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-

9,14,17-trione-7-yl)carbonyldi-hydropyrrol-N-yloxy radical (1) in a 13% yield (Figure 3-

8). The lower yield was assumed to be caused by the steric hindrance between DMT-MM 

and the cyclic substrate.  

 

Figure 3-8: Deprotection of nosyl group and amide condensation to connect with 

the radical moiety 
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3.1.3 Tracking of photolysis of radical probe 1 

Light irradiation upon radical probe 1 was expected to cause C–O bond cleavage and 

the formation of radical probe 4, as shown in Figure 3-9. In this section, we show the 

result of the photolysis of radical probe 1 upon 313-nm light irradiation.  

 

Figure 3-9: Structural change by light irradiation 

The photolysis of 1 was tracked using HPLC; the photoconversion ratio was 

determined by the peak area in the chromatogram, and the products including 4 were 

determined using LCMS analysis. As shown in Figure 3-10, several byproducts other than 

4 were formed upon exposure to the 313-nm light. Radical probe 4 was generated during 

the initial stage of the reaction; however, the amount of probe did not increase with further 

light irradiation. The conversion rate for 1 reached 38% and 60% upon 10 min and 20 

minutes of irradiation, respectively; however, the peak area for 4 was smaller after 20 

minutes compared to that after 10 minutes of irradiation. This suggests that a similar 

reaction occurred as the recently reported progression of the secondary reaction of o-

nitrobenzyl ester derivatives by prolonged exposure by Yamaguchi et al.[47] 
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Figure 3-10: HPLC chromatograms of Radical Probe 1 before and after UV 

irradiation 

The UV-vis absorption spectrum of radical probe 1 showed a shoulder at 260 nm; the 

absorbance decreased upon 313-nm light irradiation.[48] Meanwhile, absorption at 240 nm 

and 310 nm increased with photo-irradiation. The absence of an isobaric point of 

photolysis suggest that secondary reactions had occurred.  

These experimental results showing the formation of secondary products indicate that 

radical probe 1 is not suitable for this study because of its insufficient photoreaction 

efficiency. To prevent the secondary reactions, we also increased the intensity and 

wavelength of the excitation light. However, the issue could not be resolved. 
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Figure 3-11: UV-Vis spectroscopy of 1 before and after light irradiation  

3.1.4 Model experiments to determine a suitable light source and radical 

probe  

Two model experiments were conducted to solve the problem described in Section 3.1.3. 

The first was to examine the light source for photolysis, and the second was to investigate 

suitable photolabile groups. 

3.1.4.1 Comparison of light sources 

 The photolysis of 2-nitrobenzyl acetylphenylalaninate (35) was investigated to compare 

light sources for the photoreaction (Figure 3-12). Herein, the author compared a xenon 

lamp equipped with an FP-8300 fluorometer and a mercury lamp equipped with REX-

250. 
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Figure 3-12: Model compound 35 with o-nitrobenzyl ester 

Figure 3-13 shows the HPLC analysis of the photolysis of 35 using a xenon lamp. The 

results showed that the photoconversion ratio was 35% for 80 min of irradiation upon 313 

nm light, and the secondary reaction proceeded similarly as in the case of radical probe 

1. By contrast, using the high-pressure mercury lamp, 55% of 35 was converted upon 

313-nm light irradiation for 20 min (Figure 3-14). We expected that the use of a higher 

intensity light would prevent the secondary photoreaction as then a long-time exposure 

would not be required. However, the secondary reaction proceeded regardless of the 

intensity of light. Hence, we concluded that the o-nitrobenzyl ester group was not a 

suitable photolabile group for this research. 
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Figure 3-13: Tracking photolysis of 35 using xenon lamp 

 

Figure 3-14 : Tracking photolysis of 35 using high-pressure mercury lamp 
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3.1.4.2 Comparison of photolysis of o-nitrobenzyl ester and o-nitrobeznyl ether 

In addition to o-nitrobenzyl ester derivatives, photocleavage compounds incorporated 

o-nitrobenzyl ether derivatives were used in the study.[49–52] To evaluate the photolysis of 

o-nitrobenzyl ether derivatives, we tracked the photolysis of 1-(ethoxymethyl)-2-

nitrobenzene (36) (Figure 3-15). 

 

Figure 3-15: Model compound 35 with o-nitrobenzyl ether 

 

When the mercury lamp was used, 64% of 36 reacted for 1 minute upon 313-nm light 

irradiation (Figure 3-16). Furthermore, the secondary reactions were suppressed because 

of the short light irradiation time. Hence, we decided to use o-nitrobenzyl ether 

derivatives as the probe to change the relative position of radicals upon light irradiation 

and redesigned the radical probe. 
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Figure 3-16: Tracking photolysis of 36 using high-pressure mercury lamp  



Gyeorye Lee                                          Chapter 3. 

-65- 

 

3.2. HD-ODNP NMR measurement of water dynamics sensed with radical 

probe 2 and its photoproduct incorporated in phospholipid vesicles 

3.2.1. Design of radical probe 2 

Based on the results of Section 3.1, the author redesigned the radical probe. A facile 

photocleavage reaction led to the design of radical probe 2. Its photolabile group, o-

nitrobenzyl ester was replaced with o-nitrobenzyl ether and its radical moiety, 2,2,5,5-

tetramethyl-3-carboxypyrrolidinooxy radical was replaced with 2,2,5,5-tetramethyl-3-

carboxy-3-pyrroline-1-oxyl radical (Figure 3-17). The anchor group and the linker group 

were not redesigned. 

 

Figure 3-17: Comparison of structure of radical probe 1 and 2 
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3.2.2. Synthesis of radical probe 2 

For the preparation of an o-nitrobenzyl ether derivative, the author initially planned to 

employ Williamson etherification between an o-nitrobenzyl alcohol derivative 

(specifically, derivative of o-nitrobenzyl mandelic acid) and its corresponding bromoalkyl 

compound. However, presumably because of the acidity of the proton of benzyl position, 

the corresponding ether was not obtained. Next, the author attempted to prepare an o-

nitorobenzylbromide derivative for the precursor of etherization with its corresponding 

alcohol; however, the bromide derivative was not obtained, presumably due to the steric 

hindrance. The author then investigated the availability of acid-catalyzed etherification 

between o-nitrobenzyl alcohol and aliphatic alcohol. However, the corresponding ether 

was not obtained. Based on these trials,[53] the author decided to employ acetal formation 

from o-nitrobenzyl aldehyde for the ether bond formation at the o-nitrobenzyl position. 

The overall synthetic route for the preparation of 2 is shown in Figure 3-18. 
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Figure 3-18: Scheme for synthesis of radical probe 2 
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 All syntheses were carried out under dark conditions, except for the preparation of 16 

from 12, as shown in Section 3.1.2. Using compound 7 and ethylene glycol as starting 

materials, 2-(2-nitrophenyl)-1,3-dioxolane (21) was obtained in a 99% yield in the 

presence of p-toluenesulfonic acid as a catalyst.[54] Next, the formation of o-nitorobenzyl 

ether bond successfully resulted in 2-(2-hydroxyethoxy)-2-(2-nitrophenyl)acetonitrile 

(22) in a 96% yield using trimethylsilyl cyanide.[55] Subsequently, the reduction of 22 was 

carried out to obtain 2-(2-hydroxyethoxy)-2-(2-nitrophenyl)ethylamine (25) in a 35% 

yield (Figure 3-19). 

 

Figure 3-19: Three-step synthesis of 25 from 7 

For the preparation of 1, the alkyl chain of the anchor group was substituted via amide 

reduction; however, the yield of 40% was lower than what the author had expected. 

Therefore, reductive amination was employed for the preparation of 2. For the preparation 

of 1-hexadecanal (24), the author employed 2-hydroxy-2-azaadamantane (AZADOL)[56, 

57] mediated oxidation of 1-hexadecanol (23) in the presence of NaOCl as an oxidant. As 

a result, 24 was obtained in a 92% yield. Subsequently, reductive amination was 

performed between 24 and 25 to obtain N-2-(2-hydroxyethoxy)-2-(2-nitrophenyl)ethyl-

N-hexylamine (26) in a 42% yield (Figure 3-20). 
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Figure 3-20: Synthesis of 26 by reductive amination 

The dehydrocondensation between 16 and 26 was carried out using EDC·HCl as a 

condensing agent to afford N-(14-(2-(2-hydroxyethoxy)-2-(2-nitrophenyl)ethyl)-3,6-

dioxa-9,14-diaza-triacontyl-10,13-dione)-2-nitrobenzenesulfonamide (27) in a 72% yield 

(Figure 3-21). 

 

Figure 3-21: Amide condensation between 16 and 26 

Before the cyclization, the hydroxy group of 27 was activated by forming 

methanesulfonyl ester using methanesulfonyl chloride (MsCl).[58] As a result, N-(14-(2-

methylsulfonyloxyethoxy)-2-(2-nitrophenyl)ethyl)-3,6-dioxa-9,14-diaza-triacontyl-

10,13-dione)-2-nitrobenezenesulfoamide (28) was obtained in a 87% yield. The 

intramolecular cyclization of 28 was carried out in the presence of potassium carbonate 

and sodium hydride. Potassium carbonate was expected to work as a template for the 

cyclization, as described in Section 3.1.2. As a result of the reaction under relatively low 

substrate concentration (1.6 mM), the macrocycle, 13-hexadecyl-11-(2-nitrophenyl)-7-

(2-nitrophenylsulfonyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-14,17-dione (29) was 
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successfully obtained in a 75% yield (Figure 3-22). 

 

 Figure 3-22: Preparation of 29 via intramolecular cyclization 

The deprotection of Ns-group was carried out using benzenethiol to obtain 13-

hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan-14,17-dione (30) 

in a 86% yield. Finally, amide condensation between 30 and the stable carboxyl radical, 

2,2,5,5-tetramethyl-3-carboxypyrrolidino-1-oxyl radical was carried out using EDC·HCl 

as the condensation agent instead of DMT-MM. EDC·HCl was assumed to be more 

suitable for this step because of the lower steric hindrance of its intermediate compared 

to that of the intermediate formed from DMT-MM. As a result, we succeeded in 

synthesizing radical probe 2 in a 66% yield (Figure 3-23). 

 

Figure 3-23: Deprotection of Ns group and amide condensation to obtain radical 

probe 2 
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3.2.3. Photolysis of radical probe 2 

Light irradiation upon radical probe 2 was expected to cause CO bond cleavage and 

form radical probe 5, as shown in Figure 3-24. In this section, the author analyzed the 

photolysis of radical probe 2 upon light irradiation of wavelengths 313-nm and 248-nm.  

 

Figure 3-24: Photolysis of probe 2 

The photolysis of 2 to form 5 was monitored using HPLC with UV and MS. According 

to the HPLC chart, the area of the peak of 2 was reduced by 55%, and the peak of 5 was 

generated in a retention time (RT) of 11 min upon 313-nm light irradiation for 10 s (Figure 

3-25). The increase in absorption in the UV-vis spectrum after 30 s of 310 nm light 

irradiation (Figure 3-26) indicated that the maximum absorption of the product was near 

310 nm. As further light irradiation resulted in a decrease in 310 nm absorption, it was 

necessary to determine the appropriate duration of light exposure. And the fact indicated 

that the light-irradiation at 313 nm is expected to cause the low efficiency in photolysis. 

Therefore, the author selected a 248-nm light for the photolysis of 2, the absorption 

coefficient of which at 248 nm is larger than that of 5. 
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Figure 3-25: Tracking of photolysis 2 upon 313-nm light irradiation 

 

Figure 3-26: Change in UV-vis spectra of radical probe 2 before and after 30 s light 

irradiation 
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A 10 s exposure to 248-nm light resulted in a 73% photoconversion of 2 and the 

generation of a minimal amount of secondary product, according to the HPLC result 

shown in Figure 3-27. The length of the optical path of the cell for the experiment was 2 

mm. The author used a 1.2-mm cell for the in-situ photolysis for DNP-NMR measurement 

(shown later in the thesis). Based on Beer-Lambert’s law, it was expected that more than 

99% of 2 would be converted upon 10 s of irradiation of 248-nm light. 

 

Figure 3-27: HPLC analysis for the photolysis of 2 upon 248-nm light irradiation 
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3.2.4. ESR spectroscopy for radical probe 2 in phospholipid vesicle 

The analysis of the ESR spectra allowed us to determine the rotational correlation time 

(τR) of the radical moiety. τR of the radicals in the bulk solvent was reported as 10-11 s; 

this time became longer if the rotation was restricted. In other words, if we knew the 

correlation time of the radical, we could examine the environment surrounding the radical 

moiety.  

The author expected that 2 was located in the vesicular membrane before light irradiation 

and its correlation time was longer than that of 5, whose motility was higher due to its 

single-strand structure and the slight increase in hydrophilicity.  

 

3.2.4.1 Measurement of radical probe 2 incorporated in DMPC and POPG mixed 

vesicles 

ESR measurement of 2 (0.3 mM against the dispersion) incorporated in the mixed 

vesicle of 20 mM of DMPC and 0.2 mM of POPG dispersed in pure water was carried 

out before and after 248-nm light irradiation for 10 s. The reason for the mixing of a small 

amount of POPG was to prevent the aggregation of the phosphocholine vesicles due to 

their neutral charge. The results are shown in Figure 3-28. The line-shaped analysis of 

ESR spectra was carried out using EasySpin on the Matlab platform. The correlation time 

before light irradiation was determined to be 3.16 ns. The fact that the correlation time 

was very large compared to that in the bulk water indicated that the radical moiety was 

buried in the phospholipid vesicle. The correlation time after light irradiation was 

determined to be 3.47 ns. This value indicated that the radical moiety was still buried in 

the vesicles, even after light irradiation. 
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Figure 3-28: ESR spectra of probe 2 incorporated in DMPC, POPG vesicles 

 

3.2.4.2 Measurement of radical probe 2 incorporated in DOPC and POPG mixed 

vesicle 

ESR measurement of 2 (0.3 mM against the dispersion) incorporated in the mixed 

vesicle of 20 mM of DOPC and 0.2 mM of POPG dispersed in pure water was carried out 

before and after 248-nm light irradiation for 10 s. The results are shown in Figure 3-29. 

The correlation times before and after light irradiation were determined to be 3.00 ns and 

2.90 ns, respectively. As indicated by the behavior of the DMPC-POPG vesicles, the 

radical moiety was assumed to be buried in the membrane phase even after 

photoirradiation. Differences in the correlation times and line shapes between DMPC-

POPG vesicles and DOPC-POPG vesicles were observed. The author estimated the 

reason behind these observations to be the following. Because of the soft hydrophobic 

part of DOPC vesicles, the two types of probes were averaged in the spectrum. By contrast, 
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because DMPC was stiffer compared to DOPC, the motion of the radical probe was 

restricted and appeared as two different spectra.  

Overall, the radical moieties of 2 and its photoproduct, 5, were estimated to be located 

in the vesicular membrane according to ESR analysis.  

 

 

Figure 3-29: ESR spectra of probe 2 incorporated in DOPC, POPG vesicles 

 

 

3.2.5. Development of sample holder for DNP-NMR measurement for 

aqueous dispersion of 2-incorporated phospholipid vesicle 

 There are three requirements for the sample holder for DNP-NMR measurement. The 

first is prevention of temperature rise during microwave irradiation. For this purpose, an 

NMR-inactive hydrophobic heat-sink fluid, Fluorinert, was placed on the sample 

dispersion, and the coolant air was passed through the sample tube. The second is 

minimization of the dielectric loss of the incident microwave due to the aqueous sample. 
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For this purpose, the author prepared an rf-coil, allowing NMR measurement of the 

micro-litter sample. The third is the transparency of the excitation UV light. For this 

purpose, the tubes for the chamber were made of quartz. Based on the requirements, the 

sample holder was initially designed as shown in Figure 3-30.  

 

Figure 3-30: Design of sample holder 1 

 However, the cooling rate of the sample in holder 1 was insufficient for DNP-NMR 

measurement. The temperature of 4 μL of pure water in the sample chamber was increased 

up to 47 °C during the measurement (data are shown later in Figure 3-33). The increase 

in air flow rate could suppress the increase in temperature. However, the flow rate of 3 

L/min was the limit for the sample holder. A higher flow rate caused the leakage of the 

flowing air in the connection between the sample tube and the holder, even though the o-
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ring sealed the connection. 

Next, the author prepared sample holder 2 (Figure 3-31). A quartz tube containing 

fluorinert was placed on the outside of the sample tube, and the coolant air was passed 

directly against the tube. However, it was less effective in cooling the sample than sample 

holder 1 (Figure 3-31). 

 

Figure 3-31: Design of sample holder 2 
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The author then designed and prepared sample holder 3, wherein the flow channel for 

the coolant air was opposite to that of sample holder 1 (shown in Figure 3-32). The coolant 

air directly acted on the sample from the bottom of the sample tube, and the flow rate 

could be increased up to 10 L/min. Further increase in flow rate caused vibration of the 

sample tube.  

 

Figure 3-32: Design of sample holder 3 

 Figure 3-33 shows the increase in T1 of pure water upon microwave irradiation at r.t. 

The increase in T1 indicates an increase in the temperature of the water. According to the 

data of T1 and its temperature dependency reported by Hindman,[59] it was revealed that 
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the temperature of the water set on sample holder 3 increased up to 26 °C, whereas that 

set on sample holder 1 increased up to 47 °C. From these results, the author decided to 

use sample holder 3 for HD-ODNP-NMR measurement.   

 

Figure 3-33: Dependence of microwave irradiation on T1 of proton NMR of 

ultrapure water 
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3.2.6. Measurement of water dynamics by DNP-NMR with probe 2 

3.2.6.1 Dynamics of water interacting with DMPC and POPG vesicle 

The dynamics of water of hydration at the interface or internal structure of DMPC-POPG 

mixed vesicle was quantified by DNP-NMR using 2 as a spin probe for DNP-NMR. 

First, NMR was measured in the absence of irradiating microwave; subsequently, the 

pulse sequence of the measurement was determined. The peak intensity at that time was 

set to -1, which was used as the standard value for the following measurements. 

Next, NMR measurements were performed while irradiating the sample with microwave 

intensities of -18, -16, -14, -12, -10, -8, -6, -5, and -4 dBm. The values of the peak 

intensities are shown in Figure 3-34-a. The microwave intensities were converted to watts 

and displayed. In this measurement, the NMR signal was enhanced 7 times when the 

sample was irradiated with a -4 dBm microwave. The degree of enhancement increased 

with increasing microwave intensity, but the latter was moderated. 

T1 measurements using the inversion recovery method were carried out under 

microwave irradiation of -12, -10, -8 dBm and without microwave irradiation. The results 

are shown in Figure 3-34-b. 

Next, the sample was irradiated with 248-nm light for 10 seconds and the set of NMR 

protocol was measured similar to the aforementioned method. The results are shown as 

filled circles in Figures 3-34-a and 3-34-b. 

Subsequently, by applying Equation (12), ks(p) was calculated, as shown in Figure 3-

34-c. In the state of saturated electron spin, where s(pmax) is regarded as 1, k values were 

quantified as 5.5 M-1s-1 and 5.8 M-1s-1, before and after photoirradiation, respectively. 

Moreover, by applying Equation (10) to the result of the T1 measurement, the k values 
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were estimated as 240 M-1s-1 and 240 M-1s-1, before and after photoirradiation, 

respectively. From the experimental results, the correlation time (c) of water interacting 

with DMPC-POPG measured with probe 2 were quantified as 464 ps (ξ = 0.029) before 

light irradiation and 400 ps (ξ = 0.036) after light irradiation. When we regarded the 

closest approach of the radical moiety and water proton as 0.34 nm,[26] the measured 

diffusion coefficients of water around the radical moiety were 0.25 × 10-9 m2/s and 0.29 

× 10-9 m2/s, for closed-ring spin probe and opened-ring spin probe, respectively.  
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Figure 3-34: Result of DNP-NMR (a) enhancement, (b) T1 measurement, and (c) 

ks(p) of probe 2 incorporated in DMPC, POPG vesicles   
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3.2.6.2 Dynamics of water interacting with DOPC and POPG vesicle 

Quantification of water dynamics sensed by probe 2 and its photoproduct 5 incorporated 

in DOPC and POPG vesicle was carried out in a manner similar to that described in 

Section 3.2.6.1. The results are shown in Figure 3-35-a-c. k values before and after light 

irradiation were quantified as 18.1 M-1s-1 and 17.2 M-1s-1, respectively, and k values 

before and after light irradiation were estimated as 331 M-1s-1 and 341 M-1s-1, respectively. 

From the experimental results, the correlation times (c) of water around DOPC-POPG 

were quantified as 300 ps (ξ = 0.055) before light irradiation and 319 ps (ξ = 0.050) after 

light irradiation. The measured diffusion coefficients of water around the radical moiety 

were 0.39 × 10-9 m2/s and 0.36 × 10-9 m2/s for closed-ring spin probes and opened-ring 

spin probes, respectively. 
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Figure 3-35: Result of DNP-NMR (a) enhancement, (b) T1 measurement, and (c) 

ks(p) of probe 2 incorporated in DOPC, POPG vesicles 
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3.2.7 Short summary of DNP-NMR determined dynamics of water sensed 

by probe 2 in phospholipid vesicles 

 The ESR measurement of spin probe 2 and its photoproduct in the liposome indicated 

that the radical moiety remained in the vesicular membrane even after the photolysis of 

2. All the calculated diffusion coefficients of water sensed by the probes were between 

0.25 × 10-9 m2/s and 0.39 × 10-9 m2/s, which were close to the value 0.32 × 10-9 m2/s , 

which was the diffusion coefficient of water determined by Kausik.[21] The results 

indicated that the radical moieties were buried in the vesicles not only before but also 

after light irradiation (Figure 3-36). 

 The slower diffusion in the DMPC-POPG vesicle (D = 0.25 × 10-9 m2/s, before 

photolysis) than that in the DOPC-POPG vesicle (0.39 × 10-9 m2/s) may indicate that the 

tight molecular interactions between saturated alkyl chains suppress the translation of 

water molecules. Formation of 5 by photolysis may cause the relocation of the radical 

moiety to a hydrophilic region inside the vesicular membrane due to the small increase in 

hydrophilicity around the radical moiety. This behavior indicates that the diffusion of 

water sensed by 5 was more in comparison to that sensed by 2, in the DMPC-POPG 

vesicle. By contrast, in the DOPC-POPG vesicle, the diffusion constant did not change 

radically because of the originally higher rheology inside the vesicle due to saturated 

aliphatic chains. 

 As shown in this chapter, a small difference in the diffusion of water was successfully 

observed by HD-ODNP-NMR with photolabile radical probe 2. However, the small 

difference may not be sufficient to establish the usefulness of the approach of site-

switchable measurement. Therefore, the author revised the design of the radical probe 

again. By further increasing the polarity of the linker group of the radical probe, we 
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designed radical probe 3, which allows the radical moiety to exit the vesicular membrane 

upon light irradiation. Radical probe 3 will be introduced in detail in the next chapter. 

  

Figure 3-36: Position of the radical probe 2 before and after light irradiation 
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3.3. Site-selective measurement of water dynamics at the interior and 

interface of phospholipid vesicles by HD-ODNP NMR sensed by 

phospholipid-incorporated radical probe 3 and its photoproduct  

3.3.1. Design of radical probe 3 

Based on the results of the previous sections, the author aimed to develop a radical 

probe that can site-specifically sense water located in the hydrophobic region of the 

membrane, interface of the membrane, and bulk. For this purpose, the amine group was 

introduced to the linker moiety of the redesigned radical (3) by substituting amide bonds 

of 2 (Figure 3-37). The radical moiety of the closed-ring isomer (3) whose radical moiety 

is near its hydrophobic nitrobenzyl and hexadecyl moieties could be located in the 

hydrophobic region. By contrast, the radical moiety of the open-ring photoproduct (6) 

could exist at a position far from the hydrophobic anchor moiety, which is beyond the 

hydrophilic diamine linker. 

 

Figure 3-37: Structure of probe 3 and expected ring-opened photoproduct 6 



Gyeorye Lee                                          Chapter 3. 

-89- 

 

3.3.1. Synthesis of radical probe 3 

The preparation of radical probe 3 was successfully performed by the scheme shown 

in Figure 3-38. This scheme was designed according to preliminary experiments 

described in the following paragraphs. 

 

Figure 3-38: Synthesis scheme of radical probe 2  
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As 3 is the reduced compound of 2, it can be prepared by inserting a reduction process 

into the scheme for the preparation of 2. Borane is frequently employed as the reducing 

agent for amine formations from its corresponding amide derivatives under mild 

conditions. It is known that 2,2,5,5-tetramethylpyrrolidinoxy radical is adequately stable 

against borane-reagent at room temperature. However, the reduction of the amide with 

borane reagent requires heating up to approximately 80 °C. Therefore, the possibility of 

decomposition of radical moiety must be considered.  

Hence, the reduction of N-decyl-1-hydroxy-2,2,5,5-tetramethyl-3-carboxypyrrolidino-

oxy radical, which was prepared by the condensation of 2,2,5,5-tetramethyl-3-

carboxypyrrolidino-1oxyl radical and n-decylamine, was carried out using a borane·THF 

reagent, as a model experiment for the reduction of 2 to form 3 (Figure 3-39). The reaction 

was tracked using thin layered chromatography (TLC), and its location was detected by 

the quenching of a fluorescence plate under an UV illuminator. The fact that no spots 

were observed after 2 h of reaction indicates that the radical was not stable against the 

condition. Therefore, the author decided to reduce 29 to form diamines for the preparation 

of 3 (Figure 3-38).  

 

Figure 3-39: Model experiment for reduction of amide 

The reduction of 29 was carried out in the presence of 12 equivalents of borane·THF 

complexes in THF solution under reflux conditions. The corresponding diamine (31) was 

obtained and its secondary amine was protected by the butoxycarbonyl (Boc) group. After 
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the deprotection of the Ns group in the presence of benzenethiol, 18-t-butoxycarbonyl-

13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triazacycloicosan (33) was 

obtained. The three-step preparation afforded a yield of 12% (Figure 3-40).  

 

Figure 3-40: Three-step synthesis of 33 from 29 

 The condensation between the radical moiety and 33 was carried out using EDC·HCl 

because the reagent is more suitable than DMT-MM for the condensation of a macrocycle 

with steric hindrance as described in Section 3.2.2. As a result, 2,2,5,5-tetramethyl-3-(18-

t-butoxycarbonyl-13-hexadecyl-11-(2-nitrophenyl)-1,4,10-trioxa-7,13,18-triaza-

cycloicosan-7-yl)carbonylpyrrolidine-N-yloxy radical (34) was obtained. The radical 

probe 3 was obtained in a 27% yield after deprotection of the Boc group in the presence 

of trifluoroacetic acid (Figure 3-41).  

 

Figure 3-41: Modification of radical moiety and deprotection of Boc group to 

obtain radical probe 3 
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3.3.3 Photolysis of radical probe 3 

As per the previous reports, radical probe 3 could convert to radical probe 6 via a 

photolabile reaction (Figure 3-37). However, the product analysis of the photolysis of 3 

revealed that the photoreaction scheme followed in this study is different from those 

proposed in the previous reports. In this chapter, the finding of the novel C–N bond 

photolysis of 2-nitrophenylethylamine derivative is described. 

The photolysis of 3 was monitored using HPLC equipped with UV and MS. Under the 

HPLC condition, the peak of probe 3 was split into two as shown in Figure 3-42. The m/z 

value of either peak was 803.6, which corresponds to the m/z value of the protonated 3. 

The existence of the diastereomer or the existence of different ionized structures might 

cause the split of the peak. Based on the former hypothesis, however, the peaks of probes 

1 and 2 should also be divided in the HPLC chart; but no peak splitting was observed. 

Therefore, the assumption that the peak split of 3 was due to differences in the ionized 

states of 3 is more accurate.  

The photoirradiation of a methanolic aqueous solution to 3 with 248-nm light for 5 s 

results in the generation of two peaks at RT 2.5 min and RT 4.0 min, and a decrease in 

the peaks of 3 in the chromatogram. The behavior was similar to that upon 

photoirradiation for 10 s; the conversion of 3 was 62% under experimental conditions.  
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Figure 3-42: Tracking photolysis of 3 upon 248-nm light irradiation 

Whereas the m/z value for the fraction around RT = 2.5 min was uncertain even when it 

was measured using a high-sensitive ESI-MS system (Exactive, Thermo Scientific, 

operated by the Global Facility Center at Hokkaido University), the m/z for the fraction 

around RT = 4.0 min was 656.6, which can be assigned to C37H75N4O5+H+. Considering  

the nitrogen rule in mass spectrometry, it can be assumed that the second peak was of a 

radical compound, and according to the m/z value, the radical species was expected to be 

6b, as shown in Figure 3-43.  
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Figure 3-43: Formation of 6b by photolysis of probe 3 

 

 

Figure 3-44: Model experiment for analyzing the photolabile reaction 

 To confirm the hypothesis, the product analysis of the photolysis of 37 was carried out 

(Figure 3-44). According to HPLC, the m/z value of 186.2 was sensed by the mass 

detector at RT 2.5–3.3 min, where UV absorption was not detected. It was assigned to 
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dihexylamine (38). Furthermore, 2-(dihexylamino)-1-(2-nitrosophenyl)ethan-1-one (39), 

which is a C–O bond cleavage compound whose molecular mass is 332.5, was not 

detected by HPLC analysis. As shown in the chromatograph in Figure 3-45, other specific 

compounds were formed by the photolysis (Figure 3-45). To identify the compound, the 

crude material was separated by gel permeation liquid chromatography. However, the 

photo products were unstable and therefore the separated compounds were different from 

the component of the crude material. 

 

Figure 3-45: Tracking photolysis of 37 upon 248-nm light irradiation 

Although the nitrosobenzyl derivatives with aromatic ring could not be identified, the 

other decomposition product was dihexylamine 38, indicating that the photo reaction of 

3 proceeded along the pathway shown in Figure 3-43. From this result, we concluded that 

DNP-NMR measurement using radical probe 3 is possible. 



Gyeorye Lee                                          Chapter 3. 

-96- 

 

3.3.4 ESR spectroscopy of 3 in phospholipid vesicle 

3.3.4.1 Measurement of 3 incorporated in DMPC and POPG mixed vesicle 

 ESR measurement of 3 (0.3 mM against the dispersion) incorporated in the mixed 

vesicle of 20 mM of DMPC and 0.2 mM of POPG dispersed in pure water was carried 

out before and after 248-nm light irradiation for 10 s. The correlation time before light 

irradiation was estimated to be 3.39 ns. The fact that the correlation time was very large 

compared to that in bulk water indicates that the radical moiety was buried in the 

phospholipid vesicle. By contrast, the line shape of the ESR spectrum after light 

irradiation became sharper compared to that before irradiation. The calculated correlation 

time was 0.45 ns (Figure 3-46). The significant increase in the rotational frequency of the 

radical moiety after light irradiation indicates that the location of radical moiety shifted 

to the surface of the vesicular membrane. 

 

Figure 3-46: ESR spectra of probe 3 incorporated in DMPC, POPG vesicles 
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3.3.4.2 Measurement of radical probe 3 incorporated in DOPC and POPG mixed 

vesicle 

ESR measurement of 3 (0.2 mM against the dispersion) incorporated in the mixed 

vesicle of DOPC (15 mM) and POPG (0.2 mM) in pure water was carried out before and 

after 248-nm light irradiation for 10 s. The correlation time before light irradiation was 

quantified as 2.81 ns; the value changed to 0.75 ns after light irradiation (Figure 3-47). 

Similar to the result of 3 in the DMPC-POPG vesicle, the radical moiety was considered 

to have shifted to the surface of the membrane upon light irradiation. 

 

Figure 3-47: ESR spectra of probe 3 incorporated in DOPC, POPG vesicles 

  



Gyeorye Lee                                          Chapter 3. 

-98- 

 

3.3.5. Measurement of water dynamics by DNP-NMR with probe 3 

3.3.5.1 Dynamics of water incorporated with DMPC and POPG mixed vesicle 

The analysis of water surrounding 20 mM DMPC and 0.2 mM POPG mixed vesicle was 

carried out using the HD-ODNP NMR method with 3 as the radical probe. 

Figure 3-48 shows the HD-ODNP NMR results for the water sensed by 3 in the DMPC-

POPG vesicle. The values of k and kbefore light irradiation were calculated to be 3.26 

M-1s-1 and 74.8 M-1s-1, respectively, whereas their values after light irradiation were 7.26 

M-1s-1 and 85.8 M-1s-1, respectively. From the results, the correlation times (c) of water 

sensed by 3 in DMPC-POPG were quantified to be 351 ps (ξ = 0.044) before light 

irradiation and 215 ps (ξ = 0.085) after light irradiation. The diffusion coefficients of 

water around the radical moiety were calculated to be 0.33 × 10-9 m2/s and 0.54 × 10-9 

m2/s, for the closed-ring spin probe and opened-ring spin probe, respectively. The 

reproducibility of the measurement is shown with rectangles in Figure 3-48.
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Figure 3-48: Result of DNP-NMR (a) enhancement, (b) T1 measurement, and (c) 

ks(p) of probe 3 incorporated in DMPC, POPG vesicles 
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3.3.5.2 Dynamics of water incorporated with DOPC and POPG mixed vesicle 

The analysis of the dynamics of water surrounding 20 mM DOPC and 0.2 mM POPG 

was carried out using HD-ODNP NMR with 3 as a spin probe.  

Figure 3-49 shows the HD-ODNP NMR results for the water incorporated with DOPC-

POPG vesicles using 3 as a sensing probe for DNP. The values of k and k before 

photoirradiationwere evaluated to be 6.68 M-1s-1 and 141 M-1s-1, respectively; their 

values changed to 10.91 M-1s-1 and 128 M-1s-1, respectively, after 10 s exposure upon 248-

nm light. The correlation times (c) of water around DOPC-POPG were quantified to be 

332 ps (ξ = 0.047) before light irradiation and 214 ps (ξ = 0.085) after light irradiation. 

The diffusion coefficients of water surrounding the vesicle were 0.35 × 10-9 m2/s and 0.54 

× 10-9 m2/s for the closed-ring spin probe and opened-ring spin probe, respectively. 
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Figure 3-49: Result of DNP-NMR (a) enhancement, (b) T1 measurement, and (c) 

ks(p) of probe 3 incorporated in DOPC, POPG vesicles  
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3.3.7 Site-selectivity analysis of water dynamics using radical probe 3 

The clear change in the ESR spectrum of 3 triggered by photolysis indicates that the 

environment of the radical moiety was changed by the photocleavage reaction. The higher 

frequency in rotational motion of the radical moiety after the light irradiation indicated 

that the radical moiety was in a region where molecules can move more freely rather than 

in the hydrophobic membrane layer, where the radical moiety was located before 

exposure to light irradiation.  

In the DNP-NMR measurement, significant changes in the values of k and k were 

observed by photolysis. The increments in the relaxations of the spin magnetization of 

aqueous proton were due to the increase in the frequency of contacts between water and 

the radical moiety after light irradiation (Figure 3-50). The diffusion coefficient of water 

sensed by probe 3 in the DMPC-POPG vesicle (0.33 ×10-9 m2/s) was almost same to that 

of water sensed by probe 3 in DOPC-POPG vesicle (0.35 ×10-9 m2/s). This fact indicates 

the circumstances of probe 3 were same each other in DMPC-POPG vesicle and DOPC-

POPG vesicle.  

There were also no difference in water dynamics sensed by the probe after 

photoirradiation between in DMPC-POPG vesicle (0.54 × 10-9 m2/s) and DOPC-POPG 

vesicle (0.54 × 10-9 m2/s). The values were larger than the values before light irradiation 

and lower than the calculated diffusion efficient of water in a system composed of 1 : 44 

ratio of DMPC-POPC and water molecule by a MD simulation reported by Nilimoni.[60, 

61]  

This indicated that the radical moiety of 6b was located at the vesicular surface, where 

the diffusion coefficients of the waters of hydration are expected to be equal even though 

the vesicular components are different. The linker of probe 6b, which behaves as divalent 
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ammonium in water in the hydrophilic phase, is sufficiently hydrophilic to pull the radical 

moiety away from the hydrophobic layer. In this state, the radical moiety of 6b is at the 

membrane surface, the hydrophobic alkyl chain is anchored to the membrane, and the 

divalent ammonium linker is attracted to water. The reason for the remaining radical 

moiety of 6b at the surface of the vesicle is the hydrophobicity of the moiety itself. 

In summary, site-selective measurement was successfully conducted. The dynamics of 

water inside vesicles were measured before light irradiation, whereas the dynamics of 

water outside the vesicular membrane were measured after light irradiation.  

 

 

Figure 3-50: Position of the radical probe 3 before and after light irradiation 
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Chapter 4. Conclusions 

4.1 Summary of results and discussion  

In this thesis, three photolabile radical probes were designed and synthesized to develop 

a quantitative comparison analysis of water surrounding the same soft matter (Figure 4-

1). From the photolysis experiment, it was observed that secondary reactions of radical 

probe 1 occurred with prolonged light irradiation due to its low photoreaction efficiency. 

By carrying out model experiments on photolabile groups, the author selected o-

nitrobenzyl ether as a candidate for photolabile group. The ether bond cleavage occurred 

more efficiently than in o-nitrobenzyl ester, and therefore, secondary reactions were 

suppressed. Hence, radical probe 2 with o-nitrobenzyl ether was designed and prepared. 

 

Figure 4-1: Candidate for photolabile radical probes 

The photoreaction of radical probe 2 proceeded as efficiently as expected by the result 

of the model experiment. ESR spectra suggested that probe 2 in phospholipid vesicle 

dispersion remained buried in the vesicle even after light irradiation. 

DNP-NMR results showed that the diffusion coefficients were 0.25 and 0.39 × 10-9 

m2/s before light irradiation, and 0.29 and 0.36 × 10-9 m2/s after light irradiation (Figure 

4-2). The small changes in the diffusion coefficients were reflected by the fact that the 

radical moiety remained inside the vesicular membrane even after photo-irradiation, as 



Gyeorye Lee                                          Chapter 4. 

-106- 

 

expected by the ESR analysis. The difference in their values may reflect the difference in 

their circumstances. 

 

Figure 4-2: Dynamics of water near phospholipid vesicle determined using probe 2 

To demonstrate a clearer photo-triggered site-switchable measurement of the water 

dynamics, the author designed and prepared probe 3, the linker of which consists of a 

hydrophilic amino moiety. The radical moiety of probe 3 in phospholipid vesicle 

dispersion was measured by ESR. The clear change in line shape of the spectrum 

indicated the relocation of the radical moiety after light irradiation. Increase in the 

diffusion coefficient from 0.34 × 10-9 m2/s to 0.54 × 10-9 m2/s indicated that the probe 

sensed waters at different positions on site: before light irradiation, the probe sensed the 

water present in the interior of the membrane, whereas after light irradiation, the probe 

sensed the water on the surface of the membrane (Figure 4-3).  

 

Figure 4-3: Dynamics of water near phospholipid vesicle determined using probe 3 



Gyeorye Lee                                          Chapter 4. 

-107- 

 

The difference between the radical probes 2 and 3 in terms of the molecular structure 

is the presence of two amide groups and two amino groups. A small difference in polarity 

and steric structure may slightly alter the average position inside the membrane. It can be 

assumed that the small diffusion coefficient of 2-sensed water in DMPC-POPG vesicle is 

due to the fact that 2 only sensed the water at the middle of the hydrophobic layer: 3 in 

DMPC-POPG vesicle sensed water in a rather hydrophilic area, and 2 and 3 in DOPC-

POPG vesicle sensed water in the hydrophobic layer in the liquid crystalline phase. The 

molecular structure of 5 and 6b, which correspond to the photoproduct of 2 and 3, were 

very different to each other due to the unexpected photolysis of 3. Probe 6b, which is 

expected to be a diamine structure under hydrophobic conditions and a diammonium 

structure under aqueous conditions is more hydrophilic than 5. As a result, 6b sensed 

water on the surface of the vesicular membrane, whereas 5 still sensed water in the 

hydrophobic layer. This result indicates the fine design in polarity of each moiety in a 

molecule, which is important for developing custom probes for DNP-NMR. 

 

This study made in-situ site-switchable measurement of water dynamics in different 

environments around and inside a biological membrane possible by developing 

photolabile radical probes for site-specific NMR relaxometry, namely DNP NMR. Due 

to the elimination of the sample exchange, the measurement can be taken at the same 

resonance condition for the incident microwave; this fact contributes to minimizing 

experimental errors. It also allows the fine quantitative comparison of water dynamics at 

two difference sites of a heterogeneous matter in the same sample. As evident in this study, 

the designing and synthesis of custom spin probes makes possible the physical analysis 

of the dynamics of water, a fundamental molecule in the construction of biological matter. 
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Considering the fact that life-like behavior is now being promoted in terms of efficiency 

and softening, miniaturization, and hydrospheric functionalities in the research and 

development of artificial molecular devices, such as molecular robots and molecular 

calculators, it is becoming increasingly important to understand the behavior of water 

molecules. However, we chemists tend to consider every object as a hard body, and our 

perception of chemical systems are generally constructed by the classical static 

understandings. To develop our understanding about the intrinsic feature of the biological 

system and the prospected artificial molecular devices, the development in analytical 

methods for dynamics of molecules, especially water, is a significant requirement. 

Considering this requirement, the development of site-selective measurement of water 

dynamics in this study is a step toward a new stage in chemistry where molecules are in 

motion. 
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Supplementary section (1H,13CNMR, MS data) 

Radical probe 1 

HRMS (Crude 1) 
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LRMS (Pure 1) 
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Radical probe 2 

HRMS (ESI) 
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Radical probe 3 

HRMS (ESI) 
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Compounds 8   

 

 

 

1H-NMR 
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Compounds 9 
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Compounds 10 
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Compounds 11 

 

 

 

 

1H-NMR 

 



Gyeorye Lee                                           

-124- 

 

Compounds 15 
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Compounds 16 

 

 

1H-NMR 

Compounds 16.esp

8 7 6 5 4 3 2 1 0
Chemical Shift (ppm)

4.002.051.388.383.040.90

Methanol

Methanol 2.
44

3.
20

3.
49

3.
51

3.
52

3.
53

7.
76

7.
78

7.
79

7.
80

7.
80

8.
08

 



Gyeorye Lee                                           

-127- 

 

13C-NMR 
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Compounds 17 (mixture of 2 diastereomers) 

1H-NMR 
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Compounds 18 (mixture of 2 diastereomers) 

1H-NMR  
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Compounds 19 (mixture of 2 diastereomers) 

1H-NMR 
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HRMS (ESI) 
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Compounds 20 (mixture of 2 diastereomers) 

1H-NMR 
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HRMS (ESI) 
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Compounds 21 
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Compounds 22 
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13C-NMR 
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Compounds 25 
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13C-NMR 

Compunds 25-2_Carbon.esp
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