
Introduction 

　　The conductance of reactive oxygen species （ROS） 
and their related free radicals have been widely studied 
because these species cause oxidative stress to cardinal 
cellular component, such as lipid, protein, and nucleic 
acid ［1］.  Detection of these reactive species by ESR 
measurement using spin traps was influential methodology 
to understand an oxidative stress that causes a breakdown 
in the balance between pro-oxidative and anti-oxidant 
in organisms.  The nitrone, 5,5-Dimethyl-1-pyrroline-N-
oxide （DMPO）, was very popular as a spin trap ［2-5］, 
however, it has some disadvantages.  For example, the 
adduct of superoxide anion radical （O2

•-） has short life time 
and disproportionation occurred to give an ESR signal of 
hydroxyl radical adduct.  Recently, it has been reported 
that dihydropyrroline N-oxides, substituted by electron 
withdrawing group at 5-position, trapped superoxide anion 
radicals to give stable adducts ［6-8］.  Nolth et al. have 
reported that the spin trap, diethoxyphosphoryl substituted 
pyrroline N-oxide, 5-（diethoxyphosphoryl）-5-methyl-
1-pyrroline N-oxide （DEPMPO） gave oxygen radical 
adducts indicating the higher persistency ［9］.  They also 
reported that no spontaneous decomposition was observed 
and the trapped radical structure was easily identified by 
phosphorus coupling ［9］.  The phosphoryl substitution 
was found to be effective for the stability of radical adducts 
of linear type spin traps ［10, 11］.  In our previous study, 
we have reported that the novel spin traps containing 

diphenylphosphoryl moiety at 5 position of pyrroline ring, 
5-（diphenylphosphinyl）-5-methyl-1-pyrroline N-oxide 

（DPhPMPO） ［12-14］, and linear nitrone, propylidene-
1-diphenylphosphoryl-1-methylethylamine N-oxide 

（PDPhPN） ［15］, had high affinity toward hydroxyl radicals 
（HO•） and superoxide anion radicals.  The corresponding 
adducts had sufficient life time for ESR measurement.  
Higher membrane permeability of DPhPMPO was clearly 
shown by competitive spin trapping through the human 
erythrocyte ghost ［16］.  Thus, DPhPMPO can be expected 
to be useful for in vivo ESR measurement.  It has been 
known that oxidative stresses in vivo caused by ROS 
produce some related oxygen, carbon, and sulfur-centered 
radicals.  For example, lipid peroxidation can give several 
kinds of lipid-derived O and C-centered radicals, such as 
alkoxy （RO•）, peroxy （ROO•）, and alkyl （R•） radicals, in 
addition to hydrophilic O2

•- and HO• ［17-19］.  Due to the 
complexity of biological systems, it is difficult to assign 
radical species.  Glutathione is considered to be a major 
intracellar primary antioxidant, which forms thiyl radical 
during their activity ［20］.  ESR-spin trapping is one of 
the physical techniques that can unambiguously detect 
glutatiyl radical （GS•） in biological system.  A downside 
of DMPO is that although it can trap this radical to form a 
radical adduct, the spectral parameters are similar to that 
of hydroxyl radical （HO•） adduct ［21-23］.  Furthermore, 
hyper fine coupling constants （ax） determined from ESR-
spin trapping provide information on a central atom of 
additional radical species.  Since ROS in vivo generate 
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various radicals having the same central atom with different 
substituent, the information about the size of radicals is 
required for monitoring the radical reaction.  Here, we have 
reported the detection and characterization of C-, O-, and 
S-centered radical adducts of DPhPMPO, PDPhPN and 
EDPhPN.  The report herein also describes that the alkyl 
chain length and flexibility around the imino bond of spin 
traps were predominant for the reactivity of these spin traps 
toward bulky radical such as gultathiyl radical. 

and DMPO.  The crystal structures of EDPhPN and 
PDPhPN suggest that C=N double bond was covered with 
diphenylphosphinoyl moiety.  1H NMR chemical shifts 
for olefinic proton of DPhPMPO, EDPhPN, and PDPhPN 
were 6.66, 6.88, and 6.69 ppm, respectively.  Due to the 
shielding effect by benzene ring, these values were shifted 
to higher field compared to that of DEPMPO （7.00 ppm）.  
The results also indicate that diphenylphosphinoyl moiety 
was close to C=N double bond in solution.

Results and Discussion 

　 　 S y n t h e s e s  o f  D P h P M P O ,  E D P h P N  a n d 
PDPhPN.  Synthesis of DPhPMPO was described in our 
previous report ［13］.  PDPhPN was synthesized from 
diphenylphosphine oxide and isopropylidene ethylamines 
using microwave irradiation followed by oxidation with 
OXONE ［15］.  EDPhPN was also synthesized from 
isopropylidene methylamines in the similar manner with 
27% total yield.  The structures were confirmed by 1H, 
13C, 31P NMR, ESI-MS, elemental analysis, and X-ray 
crystallographic analysis. The ORTEP drawings were 
shown in Figure 1.

The microwave reactions were completed within minutes 
with the favorable yields.  These methods were also 
applied to the synthesis of DPhPMPO.  The preparation of 
precursor amine of DPhPMPO in CH2Cl2 under microwave 
irradiation was completed in a minute with 40% yield 

（Scheme 1）.  Partition coefficients of DPhPMPO and 
PDPhPN were described in the literature ［15, 16］ and 
the coefficient of EDPhPN （Kp = 2.2） was determined 
similarly.  The coefficients indicate that EDPhPN and 
PDPhPN spin traps were more lipophilic than DEPMPO 

ESR Studies .  （a） Spin  Trapping of  Hydroxyl 
Radicals and Superoxide Anion Radical.  Hydroxyl 
radical was generated by Fenton system （H2O2-FeCl2） 
in phosphate buffer in the presence of each spin trap 
DPhPMPO, EDPhPN and PDPhPN, and the ESR signals 
of corresponding adducts were detected.  DPhPMPO/
HO• signal composed a double quartet which was 
attributed to similar hyperfine splitting constants of N 
and H, and the large phosphorus coupling further split 
the quartet.  On the other hand, the signal of PDPhPN/
HO• showed six doublets which were attributed to triplets 
with a small hyperfine coupling of hydrogen （aH） and 
large phosphorus coupling.  Superoxide anion radical was 
trapped at pH 7.2 using DPhPMPO, EDPhPN or PDPhPN 
in superoxide-generating systems.  Typically, ESR signals 
were detected when superoxide was generated in the 
presence of DPhPMPO.  However, five broad lines was 
observed when superoxide was trapped by PDPhPN.  Since 
the ESR spectra of PBN/HO• and PBN/O2

•- with very 
close hyperfine splitting constants are similar, it can be a 
misinterpretation in spin trapping experiment.  In this study, 
we found that the difference between the ESR spectra of 
PDPhPN/HO• and PDPhPN/O2

•- was obvious, for example, 
HO• and O2

•- trappings of EDPhPN proceeded to give 
corresponding signals.  The broadening of the signal was 
observed when O2

•- was trapped by EDPhPN.  In pyridine, 
O2

•- trappings with these spin traps were also successful 
to give corresponding ESR signals.  These signals and 
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Figure 1 �ORTEP Drawings of a） EDPhPN and b） PDPhPN

a） b）

Scheme 1 Synthesis of DPhPMPO using microwave irradiation.



their computer simulation were described in Figure 2.  
Hyperfine splitting constants of these radical adducts were 
summarized in Table 1.

（c） Spin Trapping of Other Radicals with DPhPMPO. 
The spin trappings of the methyl radical, tert-butoxy 
radical, tert-butoxyperoxyl radical, and thiyl radical 
generated by appropriate conditions with DPhPMPO were 
performed in the deoxygenated DMSO （Scheme 2）.  The 

ESR spectra of the DPhPMPO/R• have been simulated as 
a combination of conformers.  Computer simulation of 
experimental spectra was used for the calculation of hyper 
fine coupling constants （hfscʼs） and was summarized 
in Table 2.  The composite simulation showed two ESR 
spectra with the ratio of approximately 85:15 component 
except for the methyl thiyl radical adduct. 

Each  aH and  aN va lues  were  s imi la r  to  those  of 
counterpart.  Only aP values were different in each 
conformerʼs.  These phenomena were resembled to 
the results of trapping experiment using DEPMPO 
derivatives ［24］.  To investigate the ability of DPhPMPO 
in trapping free radicals arising from lipid peroxidation 
processes, spin-trapping experiments were conducted 
with linoleic acid hydroperoxide, used as a model of 
peroxidized polyunsaturated fatty acids.  Linoleic acid 
hydroperoxide generated from air-oxidation ［25］ of 
linoleic acid was reacted with DPhPMPO to give a 
signal of the adduct （aN = 1.32 mT, aHβ= 1.16 mT, aP = 
4.03mT）.  Figure 3 shows the composite ESR spectrum 
between DPhPMPO/LO• and DPhPMPO/HO• obtained in 
an aerobic incubation of linoleic hydroperoxide and Fe2+ in 
phosphate buffer containing DPhPMPO.  The similar result 
was previously reported by Stolze et al. ［26, 27］ and aided 
our analysis.
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Figure 2 �ESR signals of HO• and O2
•- adduct of EDPHPN and 

their computer simulation. （a） shows EDPHPN/HO•, （b） 
shows computer simulation of （a）, （c） shows EDPHPN/
O2

•-, （d） shows computer simulation of （c）, （e） shows 
EDPHPN/O2

•- in pyridine, and （f） shows computer 
simulation of （e）.

TABLE 1 �ESR Hyperfine Splitting Constants for Hydroxyl and Superoxide Radical Adducts of DPhPMPO, 
EDPhPN, and PDPhPN

Scheme 2 Spin Trapping of Several radicals with DPhPMPO.



In the spin trapping experiment of ButS• and, GS• generated 
from photo-cleavage of corresponding disulfide in 
phosphate buffer, the signal of these radical adducts were 

observed by using DPhPMPO （Figure 4）.  The hfscʼs were 
calculated by the computer simulation of the experimental 
spectra.  The calculated values were similar to the 
corresponding values of carbon and oxygen centered radical 
adducts and not much difference was observed.

（c） Spin Trapping of Other Radicals with Linear Spin Traps.
Spin trapping experiments using linear spin traps substituted 
on alkyl moiety of PBN were described in the literature 

［28, 29］.  However, for my knowledge, there is no report 
for substituent effect on carbon atom of C=N.  Therefore, 
spin trapping experiments of carbon, oxygen and sulfur 
centered radicals with EDPhPN or PDPhPN were carried 
out （Scheme 3）.  Each signal of several radical adducts was 
observed as single conformation.  These hfscʼs were shown 
in Table 3.  It was difficult to distinguish radical species 
adding to linear spin traps because the difference of hfscʼ
s toward nitrogen atom of radical adduct were smaller than 
that of DPhPMPO.  However, the aP values for thiyl radical 
adduct of EDPhPN and PDPhPN were smaller than that of 

carbon and oxygen centered radical adducts.  The tendency 
appeared in GS• trapping experiment.  The signal intensities 
of PDPhPN/R• were slightly weaker than that of EDPhPN/
R•.  These differences increased proportional to the steric 
hindrance of alkyl moiety （Figure 4）.
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Figure 3 �Spin trapping of LO• with DPhPMPO. 
　　　　（○） indicates the signal of HO• adduct and 
　　　　（×） indicates LO• adduct.

Figure 4 �Spin Trapping of （a） t-BuS• and （b） GS• with 
DPhPMPO.

TABLE 2 �ESR Hyperfine Splitting Constants for Spin Adduct of DPhPMPO

Scheme 3 �Spin Trapping of Several Radicals with Linear Spin 
Traps



（d） Spin Trapping of Bulky S-centered Radicals with 
Linear Spin Traps
Spin trapping experiments of bulky S-centered radicals 
such as t-BuS• and GS• with linear spin traps were carried 
out under the similar conditions of DPhPMPO （Scheme 4）.  
The ESR signal of the ButS• and GS• adducts of PDPhPN 
was much weaker than that of corresponding EDPhPN 
adducts （Figure 6）.  The reaction rate of DMPO with GS• 
was 1.6 times faster than that of PBN ［30］.  The signal/
noise ratio of ESR spectra indicates that the signal intensity 
of DPhPMPO/ t-BuS• or GS• was stronger than that of 
linear spin trap under the same reaction conditions （Figure 
4 and 6）.  The result implies that the addition of bulky 
S-centered radicals for DPhPMPO was faster than that of 
linear spin traps.  On the other hand, a substituent effect of 
adjacent to imino double bond （C=N） was not well known.  
Significant difference for the trapping ability of linear spin 
traps toward bulky radical suggests that the reactivity of 
PDPhPN toward sterically congested radicals was lower 
than that of EDPhPN because of the steric hindrance around 
the C=N bond in PDPhPN.  The reactivity of linear spin 
traps was affected by small sterically change such as one 
carbon number of alkyl chain. 
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Figure 6 �ESR Spectra of （a） EDPhPN/ButS•, （b） PDPhPN/ButS•, 
（c） EDPhPN/GS• and （d） PDPhPN/GS•.

Figure 5 �ESR Signals of Several Radical Adducts of EDPhPN 
and PDPhPN and Their  Computer  Simulat ion.  

（a） EDPhPN/•CH3. （b） Computer simulation of （a）. 
（c） EDPhPN/t-BuO•. （d） Computer simulation of （c）. 
（e） EDPhPN/t-BuOO•. （f） Computer simulation of （e）.  
（g） EDPhPN/CH3S

•. （h） Computer simulation of （g）. 
（i） PDPhPN/•CH3. （j） Computer simulation of （i）. 
（k） PDPhPN/t-BuO•. （l） Computer simulation of （k）.  
（l） PDPhPN/t-BuOO•. （m） Computer simulation of （l）. 
（n） PDPhPN/CH3S

•. （o） Computer simulation of （n）

TABLE 3 �ESR Hyperfine Splitting Constants for Spin Adducts of EDPhPN and PDPhPN

Scheme 4 Spin Trapping of GS• with EDPhPN or PDPHPN.



Summary

　　The study showed that the cyclic and linear spin 
traps containing diphenylphosphinoyl moiety successfully 
detected hydroxyl and superoxide anion radical as well 
as alkyl, alkoxy, peroxy, and thiyl radical.  The trapping 
ability of the linear traps was influenced by the steric 
factor of alkyl chain of a spin trap and radical species.  The 
difference in the reactivity between cyclic and linear spin 
traps might be a useful tool to distinguish radical species 
generated in vivo.
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Experimentals

　　Materials.  The solvents were distilled under nitrogen 
atmosphere.  All chemicals were obtained from commercial 
supplier and used without further purification.  DPhPMPO 
was synthesized according to the literature.  Ghost 
erythrocyte cell was prepared by the methods previously 
reported in the literature. Analytical TLC was carried out 
on precoated plates （Merck, silica gel 60, F254） and flush 
column chromatography was performed with silica （Merck, 
70-230 mesh）.  NMR spectra （1H at 400 MHz; 13C at 100 
MHz; 31P at 161MHz） were recorded in CDCl3 solvent, 
and the chemical shifts were expressed in ppm relative 
to internal TMS.  31P NMR was taken in CDCl3 using 
85% H3PO4 as an internal standard with broadband 1H 
decoupling.  ESR spectra were recorded at room temperature 
using a spectrometer at 9.5 GHz employing 100 kHz field 
modulation.  The melting points were uncorrected.
General Procedure for Synthesis of Linear Spin Traps.  
Ethylamine or propylamine （90 mmol） was mixed with 
6.0 ml of acetone and 7.5 g of silica gel.  After microwave 
irradiation for 1 min, the reaction mixture was dissolved 
in CH2Cl2 and filtrated.  The filtrate was concentrated 
in vacuo.  The residue was mixed with 8.5 mmol of 
diphenylphosphine oxide 1 and 4.3 g of silica gel.  The 
reaction mixture was irradiated with microwave for 1 min.  
The reaction mixture was dissolved in CH2Cl2 and filtrated.  
The filtrate was concentrated to give a crude mixture of 
propylidene amine 2.  The purification was carried out by 

recrystallization to give amine 2 as colorless crystals.  The 
solution of amine 2 （3.2 mmol） in 15 ml of acetone was 
added 16 mL of aq. NaHCO3 （1.1g, 13 mmol） and 50 mL 
of aq. Oxone （2.4g, 3.8 mmol） dropwise at 0˚C. After 
stirring for 10 h at room temperature, the reaction mixture 
was quenched by 16 mL of 10% sodium thiosulfate and 
acetone was removed under reduced pressure.  The residue 
was extracted with CH2Cl2 （50 mL x 3） and dried over 
MgSO4.  The organic layer was concentrated to give a pale 
yellow oil, which was recrystallized from water-acetonitrile 
to give nitrone.
Ethylidene-1-diphenylphosphoryl-1-methylethylamine 
N-oxide （EDPhPN）; colorless crystals. mp 119.0-119.5 ˚C. 
1H NMR （CDCl3） δ 1.75 （6H, d, J = 12.01）, 1.86-1.85 

（3H, m）, 6.90-6.85 （1H, m）, 7.54-7.44 （6H, m） 8.18-8.13 
（4H, m）; 13C NMR （CDCl3） δ 13.25, 23.02, 74.04, 74.79, 

128.32, 128.44, 129.28, 130.26, 132.20, 132.23, 132.98, 
133.07, 133.55, 133.59; 31P NMR （CDCl3） δ 37.6; Anal. 
Calcd for C17H20NO2P: C, 67.76; H, 6.69; N, 4.65. Found: C, 
67.71; H, 6.67; N, 4.62. 
Propylidene-1-diphenylphosphoryl-1-methylethylamine 
N-oxide （PDPhPN）; colorless crystals.  Mp 91-92˚C. 
1H NMR （CDCl3） δ = 0.91（t, 3H, J= 7.6 Hz）, 1.75 

（d, 6H, JP-H = 12.8 Hz）, 2.30 （m, 2H）, 6.69 （m, 1H）, 
7.44-7.54 （6H, m）, 8.141-8.189 （4H, m）. 13C NMR 

（CDCl3） δ = 10.0, 20.1, 23.1, 74.3 （JP-C = 75.6 Hz）, 
128.3, 128.4, 129.3, 130.3, 132.2, 133.0, 133.1 139.5（JP-C  
= 5.0 Hz）. 31P NMR （CDCl3） δ = 37.9. Anal. Calcd for 
C18H22NO2P : C, 68.56; H, 7.03; N, 4.44. Found: C; 68.93; 
H, 7.11; N, 4.42.
Spin Trapping Studies. （a） ESR Measurement.  
ESR spectra were recorded at room temperature using 
a spectrometer at 9.5 GHz employing 100 kHz field 
modulation.  Reaction mixture was prepared in a phosphate 
buffer （1.0 M, pH 7.4）.

（b） Hydroxyl Radical Adduct: Fenton reaction system.  
A standard Fenton reaction system was employed to 
generate HO•. FeCl3 was added to a solution containing 0.1 
M phosphate buffer, 0.1 M spin traps, 10 mM of H2O2.

（c） Superoxide Adduct: Hypoxanthine-Xanthine 
Oxidase System.  This superoxide generating system 
contained 0.4 mM of hypoxanthine, 0.5 unit ml-1 xanthine 
oxidase and 0.1 M of spin traps in 0.1 M phosphate buffer.  
Oxygen was bubbled into the reaction mixture for 30 s 
and then the ESR spectrum was recorded 40 s after the 
addition of xanthine oxidase.  H2O2/Pyridine System. 
H2O2 was added to a deoxygenated solution of PDPHPN or 
DPhPMPO in pyridine.
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