
Photoreaction of 8-Methoxypsoralcn with Thymine

The 人max of the glutathione adducts og /3-niirostyrene 
derivatives arc listed in Table 4. In no case, is the a 
bsorption characterictics of /S^-nitrostyrene derivatives 
observed. The abscence of glutathione in the product 
is 지so determined by TLC. The Rf v지ues of the adducts 
were 0.81-0.93, whereas that of glutathione is 0.58. 
The molecular weight determined by nonaqueous amine 
titration and elemental analysis results are also consistent 
with the proposed structure. The structure of glutathione 
adducts were also confirmed by NMR spectrum comparing 
with that of glutathione. 1'he results are recorded in 
Table 5.

3—2. The effects of solvents on the addition of 이utathione 
to 6-nitrostyrene derivatives.

In an attempt to optimize the product yields, the reaction 
was conducted in several solvents. As shown in Figure 1, 
methanol gave the best results for the synthesis of 5b and 5c 
whereas isopropyl alcohol was the best solvent for 5a. The 
yield of adducts depend the solvent used and the substituted 
group of phenyl ring of /3-nitrostyrene derivatives.
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Photoreaction of 8 -nicthoxypsoralen (8-MOP) with thymine (300 nin) was carried out in the dioxane-water frozen 
state. One major and two minor nionoacidition products between 8-MOP and thymine were isolated by various 
chromatographic methods. Major monoadduct was characterized to be a C4 cycloaddition product formed between 5,6 - 
double bond of thymine and 3,4-doub!c bond of 8—MOP with stereochemistry. Two minor adducts were proved 
to be stereoisomers of this major adduct.

Introduction

Furoco나marins, naturally occurring coumarin derivatives, 
are known to photoreact with pyrimidine bases, free or in 
DNA, upon irradiation with long wavelength UV light (320- 

380 nm). Various physiological actions such as skin erythema 
on human and guinea pig skin, mutagenic and lethal effect 
in bacteria, inactivation of DNA viruses, inhibition of tumor 
仃ansmiltir电 capacity of various tumor cells have been attri­
buted to this photoreaclion.12 Extensive study on the skin
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photosensitization ability of various furocoumarin and their 
molecular structure revealed that both pyrone double bond 
and furan double bond were required for skin photosensitize 
ing and carcinogenic activity. The photosensitizing ability of 
furocoumarins is generally related to their ability to form 
covalent linkage with the pyrimidine bases of DNA.3 The 
formation of interstrand cross linking through the C4-pho- 
tocycloaddition of 3, 4-and 4', 5'-double bond of furocou- 
niarins to 5, 6-double bond of pyrimidine bases in DNA has 
been suggested as the ca나se of photosensitization,4-6 When 
a furocoumarin is added to an aqueous solution of native 
DNA, molecular complexes between furocoumarin and 
DNA are formed by the intercalation of the planar furocoum- 
arin molecules between the planes of two base pairs of DNA. 
These molecular complexes can give monofunctional or 
bifunctional adducts in DNA on irradiation of long wavelen­
gth UV light. The formation of both type of photoadducts 
indicates that cellular damage is occurring at the DNA level, 
and 나lis may be the cause of photosensitization and lethality. 
The interstrand cross-links are believed to be larg여y respon- 
si미e for the photosensitizing efTects of psoralen treatment, 
although some activity is apparently associated with monoad­
ducts.7 There are 8 possible configurational isomers for psor- 
alen-thymine monoadd니cts and 64 for biadducts. Recent 
NMR studies on psoralen-pyrimidine base monoadducts8,9 
and X-ray crystallography on 8-MOP-thymine monoadduct10 
have shown that biologically relevant structures have the 
cis-syn conformation. The double helical DNA conformation 
imposes restriction on the modes of psoralen interaction with 
DNA reducing the number of isomers considerably. Thus 
only particular conformer can be formed. Despite the exten­
sive studies on the biological and photophysical properties 
of various psoralen derivatives11 a few attempts have been 
made頂」3 to isolate nucleic acid-psoralen photoadducts. 
Recently 8-MOP-l, 3-dimcthylthymine 3, 4-adducts were 
isolated and characterized to be a cis-syn and cis-anti isomers.14 
The cis-syn diastereomers of 8-MOP-thymidine 3, 4-cycload- 
ducts from DNA were also isolated and characterized.9 In 
addition to these 3, 4-cycloadducts some cis-syn 4', 5'-cy­
cloadducts have been isolated and characterized between 
4' -hydroxymethyl-4', 5', 8*trimethyJpsoralen and thymidine, 
8-MOP and thymine,10 and between 4‘，5\ 8*trimethylpsor- 
alen, 8-MOP and thymidine.9 The isolation and structural 
assignment of monofunctional 5, 7-dimethoxycoumarin to 
thymine15 and to thymidine16 were also carried out. The 
present study is concerned with the isolation and identifi­
cation of the monoadducts formed in the photore기ction of 
8-MOP(l) with thymine(2) under nonbiological conditions.

8-MOP Thymine

(1) (2)

Materials and Methods

Materials. 8-MOP (Sigma), thymine (Sigma) and tetrame- 
thylelhylene (TME. Aldrich) were used without further 
purification. Acetone-d6(99.95 %), D2O(99.95 %), DMSO-d6 
(99.9 %), pyridineed5 (99.5 %) and acetic acid -d4(99.5 %) 
were purchased from Aldrich. Kieselg미 GF254(Merck) and 
Kieselgel G(Merck) were used for silica gel thin layer and 
column chromatography. Extra pure dioxane (Wako Chemi­
cal Co) and other common solvents were used without fur­
ther purification.

Spectroscopic measurements. Infrared spectra were recorded 
on a Perkin-Elmer—283B spectrophotometer using potassium 
bromide pellets. Ultraviolet-visible spectra were recorded 
on a Cary 17 spectrophotometer.-NMR spectra were 
recorded on a Varian T-60A spectrophotometer and varian 
FT-80A spectrometer in perdcuterated pyridine, D2O, ace- 
tone-d6 and dimcthylsulfoxide-d6. Mass spectra were de­
termined with Hewlett Packard 5985A GC/MS sy아em. 
Fluorescence spectra were recorded on an Aminco-Bowman 
spectrofluorometer with Aminco XY-recorder. Elemental 
analyses were carried out on a F & M Sci아】tific Cooperalion 
-C. H. N. Analyser Model 180. The photoreaction mixtures 
were analyzed by reverse phase high performance liquid 
chromatography on a Waters' Associates Model 244 liquid 
chromatograph with ^-Bondapak Clg column.

Irradiation apparatus. Irradiations were carried out in a 
Rayonet Photochemical Reactor (The Southern New England 
Ultraviolet Company) Model RPR-208 or RPR-100 equip­
ped with 350 nm fluorescent lamps. Two modules of model 
RPR-208 were stacked together and arranged in horizontal 
position (15 cm distance) allowing the photolysis of frozen 
aqueo니s dioxane solutions or solid state samples.

Irradiation of 8-MOP in the presence of thymine. 216 mg of 
8-MOP and 1260 mg of thymine (molar ratio 1:10) were 
dissolved in 500 m/ watcr-dioxane (2:t v/v). The resulting 
solution was poured into Petri dishes and was frozen in the 
refrigerator. The thickness of the resulting frozen solution 
was less than 5 mm. The Petri—dishes containing frozen aque­
ous solutions were placed at 15 cm distance from the RUL- 
3500 A lamps and irradiated for 20 hrs. The temperature of 
the reaction chamber was maintained below 0°C to prevent 
melting of the aqueous dioxane frozen solutions.

Analysis of photoproduct. After irradiation, the solvent was 
evaporated off and the residue was extracted with 100 ml 
portion of acetone to remove unreacted excess thymine. 
Extracted samples were analyzed by silica gel thin layer chro­
matography utilizing benzeneacetonitrile (55:45 v/v) as a 
developing solvent and visualized by mineral light. Analytical 
HPLC was used to analyze the photoreaction mixtures under 
the following conditions; column:/i-Bondapak (3.9 mm 
IDX30 cm), solvent: water-acetonitrile (30 : 10 v/v), flow 
rate: detector: UV (254 nm).

Photosplittin^, of photoadducts. Photoadducts were diss이” 

ed in ethanol and irradiated with 2537 A UV light in a quartz 
UV cell at room temperature. The UV spectra were recorded 
at 1 min. intervals. The light sources were RPR 2537 A lamps
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in the Rayonet photoreactor (Model RPR-100). The irra­
diation mixtures were analyzed by silica gel TLC.

Results and Disussion

Isolation and characterization of 8~MOP~thymine photoad- 
ducts. Isolation of 8-MOP-thymine photoadducts: The pho­
tolysis products of 8-MOP and thymine were diagnosed by 
TLC and three cross addition products were detected, one 
major and two in trace quantity. The major product (3a) 
was isolated by preparative TLC. When 216 mg of 8-MOP 
and 1260 mg of 하)ymine were irradiated, ca 2 mg % 
based on 8-MOP) of the major product was obtained. A 
little more than 10 mg of the major photoadduct was collected 
by repeated experiments and used for structure determina­
tion. The minor photoadducts (3b, 3c) were formed in less 
than 20 % of the major photoproduct based on the HPLC 
analysis (Figure 1). Only a small quantity of each fraction of 
minor photoproducts could be obtained by utilizing semi­
preparative HPLC.

Characterization of major photoadduct (3tv). The elemental 
analysis data are consistent with the molecular formula of 1:1 
adduct of 8-MOP and thymine, Ci7H14N2O6, as shown below.

Calcd for G7니],〔卜&为： C, 59. 65; H, 4.08; N, 8. 18; O, 
28.08
Fo니nd: C, 59.68; H, 4.11; N, 7.71; O, 28.50

The mass spectra of the photoadduct were determined by 
electron impact (El) and chemical ionization (CI) method. A 
small molecular ion peak corresponding to a 1:1 8-MOP- 
chyrr：ine adduct was observed at m/e 342 from 나須 El method

toadducts.

and a quasi molec니ar ion at m/e 343 from the CI method. 
The fragmentation patterns show the base peak of m/e 216 
(8-MOP) and relatively large peak of m/e 126 (thymine) 
indicating the efficient 8 MOP and thymine formation by 
splitting of the photoadduct. This suggests that the photoad­
duct is a C4-photocycloaddition product through [2+2] 
addition. The low intensity of !he molecular ion peak, only 
2.4 % of the base peak intensity, strongly supports this pro­
position. The UV absorption spectrum of the photoadduct 
(Figure. 2) gives ^max at 255 nm (275 nm shoulder), which 
indicates the saturation of the pyrone double bond of 8-MOP 
of 우血ch 人max is 300 nin (330 nm shoulder). When 
methanol solution of the photoadduct was irradiated at 
254 nm for 10 min theabsorbance at 2raax of 300 nm 
is increased considerably, indicating the photosplitting of 
the photoadduct into 8-MOP and thymine. When the 
solution irradiated at 254 nm for 10 min was subjected to 
TLC analysis, 나le spots of 8-MOP and thymine were 
apparent. The infrared spectra show strong carbonyl 
stretching band at 1710 cm^1 and 1745 cm-1. The carbonyl 
stretching band of lactone was blue shifted from 1705 
cm"1 to 1745 cm-1, proving the saturation of the pyrone dou­
ble bond. The other carbonyl stretching band at 1710 cm^1 
is very close to that of thymine Q—cyclodimer indicating the 
5, 6—do니ble bond of thymine is saturated in the photoproduct. 
A characteristic cyclobutane ring vibrational band at 875 
cm-117 which is not observed in 8-MOP and thymine is ap­
parent. Mass, UV absorption, and infrared spectral data 
along with the photosplitting experiments, strongly support 
that the photoadduct is a 3, 4一C厂monoadduct formed betwe­
en 8-MOP and thymine. There are eight possible isomers of 
3,4—photoadducts including enantiomers (cis-syn, ds~anti, 
trans-syn, trans-anti). The st 이*cochemistry of the
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Assignment Chemical shift Multiplicity Coupling constant
(in Hz)

TABLE 1: Chemical Shifts (3) and Coupling Constants (Hz) of 
the 8-MOP-Thymine Major Photoadduct

1-N H (T) 9.30 (1 J侦= 3.4 Hz
5-CH3 (T) 1.67 s
6-H (T) 4.45 dd 〕4,6 = 7 Hz

J& i = 3.4 Hz
3-H (8-MOP) 3.75 d J3,4 = 8 Hz
4-H (8-MOP) 4.15 dd 如=8 Hz

J« = 7Hz
5-H (8-MOP) 7.26 s
8-OC 비 3(8 - MOP) 4.00 s
4Z-H (8-MOP) 6.67 <1 J3 = 2 Hz
5Z-H (8-MOP) 7.67 d 馬、'=그 Hz

photoadduct was established by iH-NMR spectra. The
!H-NMR spectra of the photoadduct taken in pyridine-d5 
and in pyridine-d5 containing one drop of D2O show neither 
the pyrone double bond olefinic protons of 8-MOP at 
S 6.30 and (5 7.93 nor the thymine olefinic proton at 
3 6.24, again indicating the loss of the 3, 4—double bond 
of 8-MOP and 5, 6-double bond of thymine. 5-CH3 
protons of thymine undergo 나pfield shift relative to the parent 
compound and 5-H and 4', 5-H of 8-MOP undergo small 
upfield shift due to the saturation of the pyrone double bond 
(Table 1). New sign시s at d 3.75 (d, TH), <5 4.15 (q, 1H), 
and 3 4.45 (q, 1H) are observed in a spectral region typical 
for cyclobutane protons. The coupling (J=7 Hz) of 하)e 4~H 
(8 4.15) of the 8-MOP and the 6-H (S 4.45) of 나le thymine 
indicates that the two protons are adjacent in the cyclobutane 
ring in cis configuration. The doublet due to 6—H of thymine is 
further splitted into a q니artet by cc기Jpling with the adjacent 
1-N-H 9.30) (J—3.4 Hz). Adding one drop of D2O to
pyridine-d5 solution of the photoadduct, the 1-N-H reson­
ance peak was disappeared and the quartet due to the 6-H 
collapsed into a doublet, because of the fast exchange of 
1-N-H proton with D2O. The 4-H of 8-MOP moiety ap­
peared as a doublet (J—8 Hz) by coupling with the adjacent 
3-H of 8-MOP moiety and they are in cis orientation. These 
observations are consistent with a cis-anti structure of the 
photoadduct.

Characterization of the minor photoadducts, 3b, and 3c 
Due to the low concentrations, the NMR determinations 
of the minor photoadducts 3b and 3c could not be taken. 
However, UV absorption spectra of the photoadducts (see 
Figure 2) and their photolyzed solution at 254 nm show very 
close resemblance with the major photoadduct suggesting 
that the minor photoadducts are stereoisomers of the major 
photoadduct.

The mechanism o f the photoaddition reaction of 8-MOP to 
thymine No 흠round state charge transfer complex is formed 
between 8-MOP and thymine since the absorption spectra 
of the mixture are exactly the sum of two individual spectra 
of 8-MOP and thymine. The fluorescence of 8-MOP is 
not quenched by thymine even though the concentration 
of thymine is increased up to 100 fold molar excess to 
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8-MOP. Therefore, no exciplex is formed between 8-MOP 
and thymine in contrast to 8-MOP-TME. TME quenches 
the fluorescence of 8-MOP, but not very efficiently (kq.

1.2). This observation along with the high efficiency 
in populating the excited tri이ct state of 8-MOP suggest 
the triplet mechanism for the photocycloaddition reaction 
of 8-MOP to thymine. 8-MOP photoreacts with TME 
giving only one 3, 4-C4-cycloadduct probably via the 
triplet excited state as evidenced by 바le benzophenone 
sensitization. The benzophenone sensitization of the photore­
action of 8-MOP with TME e가lances the quantum yield of 
C4-photocycloaddition by about seven times (from 2.9 X 10~3 
to 2.1 X 10~2) suggesting 나】e triplet mechanism for the photoa­
ddition of 8-MOP to thymine.

+ dimers of 8-MOP

Reaction condition The photoreaction of 8-MOP to thymine 
was carried out in aqueous dioxane frozen state under non- 
biological conditions. The best condition to obtain the 8-MO- 
P-thymine photoadducts was found to be the irradiation at 
350 nm of two substances in the frozen state. It has been kno­
wn that the aggregate formation in aqueous solution state 
leads to a particular structure which imposes a restriction on 
the relative orientation of two neighbouring molecules. Th­
erefore the photoreaction in aqueous frozen 아ate limits the 
number of the photoadducts that can be formed and a stack­
ed 아!•니이ure favours the intermolecular reaction. Thus, the 
photocycloaddition reaction of 8-MOP toward thymine in 
aqueous frozen solutions is more efficient compared with 
that of aqueous solution state and a major 3, 4-monoadduct 
with cis-anti configuration and two minor stereoisomers of 
the major photoadduct could be more easily is이ated from 
the aqueous frozen state irradiation.

Significance of the photoadducts. The biological significance 
of monofunctional adducts and bifunctional adducts have 
been studied by many workers. The skin-photosensitizing 
activities of furocoumarins showed a good correlation with 
the number of corss-linking formed in native DNA.4 Com­
paring a number of furocoumarin derivatives with various 
substituent groups, it was found that compounds which react 
most efficiently with native DNA to form cross-linkages also 
show the most pronounced sensitizing action on skin cells. 
In addition to the bifunctional adducts of furocoumarins, 
monofunctional adducts are able to inhibit nucleic acid 
synthesis18. Angelicin produces UV light induced monofun- 
ctional adducts with pyrimidine. bases resulting in the 
inhibition of protein, RNA and DNA synthesis. In the 
photoreaction of 8-MOP with thymine, one major 3, 4- 
monoadduct with cis-anti stereochemistry and two minor 
3, 4-monoadducts were isolated. No evidence for the forma­
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tion of 4\ 5z-monoadducts and biadducts could be obtained. 
This is in contrast to the results which were obtained in the 
biological conditions. Kanne et al. isolated a pair of cis-syn 
4', 5*-monoadducts of 8-MOP to thymidine as major adducts 
from the photoreaction of 8-MOP with high molecular wei­
ght, double stranded DNA. Generally it has been accepted 
that the pyrone double bond has higher reactivity than the 
furyl double bond in the triplet excited state. Under the biolo­
gical conditions steric fixation of the noncovalent psoralen- 
DNA intercalation complex leads to the large amount of 
4‘，5;-monoadducts over pyrone double bond addition pro­
ducts. But in the photoreaction under the nonbiological con­
ditions this steric constraints would be decreased considerably 
or simply nonexistent. Thus, more reactive pyrone double 
bond photoreacts with thymine to give 3, 4-monoadducts.
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