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Abstract

The photodynamic properties of six 3-arylcoumarins, viz., 3-phenyl-4-hydroxycoumarin (AC1), 3-phenyl-4-methoxycoumarin (AC2),
3-(4-methoxyphenyl)-4-hydroxycoumarin  (AC3), 3-(4-methoxyphenyl)-4-methoxycoumarin (AC4), 3-(3',4’-methylenedioxyphenyl)-4-
hydroxycoumarin (ACS5), 3-(3',4’-methylenedioxyphenyl)-4-methoxycoumarin (AC6) and four flavanocoumarins viz., 2-(3-coumaryl)-7-methoxy-
3-phenylchromone (FC I), 2-(3-coumaryl)-7-methoxy-3-(4-methoxy)phenylchromone (FC II), 2-(3-coumaryl)-5,7-dimethoxy-3-phenylchromone
(FC III) and 2-(3-coumaryl)-5,7-dimethoxy-3-(4-methoxy)phenyl chromone (FC IV) are studied. The photogeneration of 'O, is followed
by N,N-dimethyl-4-nitrosoaniline (RNO) bleaching and EPR-TEMPL (2,2,6,6-tetramethyl piperidinol) methods. Relative to rose bengal,
singlet oxygen generating efficiencies of AC1, AC2, AC3, AC4, AC5 and AC6 are found to be 0.113, 0.079, 0.043, 0.028, 0.045 and 0.083,
respectively. Similarly of FC I, FC II, FC III and FC IV are found to be 0.04, 0.03, 0.10 and 0.06 respectively. The photogeneration of O,°*~ is
monitored by optical spectroscopy using SOD-inhibitable cytochrome ¢ reduction assay and by EPR spin trapping method using the spin trap,
5,5-dimethyl-1-pyrroline-N-oxide (DMPO). Photogeneration of O,°*~ radical is effectively enhanced by electron donors. Our results indicate that
3-arylcoumarin and flavanocoumarin derivatives possesses only moderate ability to generate 'O, and O,*~. Both Type I and Type II paths are

involved in the photodynamic action of 3-arylcoumarins as well as of flavanocoumarins.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Coumarins (also known as benz-a-pyrone) are compounds
consisting of fusion of benzene and a-pyrone rings. Physio-
logic, pharmacolagic, phototoxic and photoallergic properties
of coumarin derivatives are well-documented [1,2]. Coumarins
also show antiviral [3] and antifungal [4] properties. Alkyl
or alkoxyl substituted coumarins are found to exhibit pho-
tosensitising properties. Also, the substitution of methoxy or
ethoxy group at coumarin nucleus increases the phototoxicity
[5]. Coumarins, furanocoumarins and thiocoumarins are also
found to act as photosensitisers in relation to the generation
of singlet oxygen. Pyrrolocoumarins are found to have photo-
haemolytic activity but not phototoxic on guinea pig skin [6].
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The treatment for vitiligo and psoriasis by oral administration of
8-methoxypsoralen followed by exposure to UV light A, is well-
documented [7]. Photodynamic effects induced on a membrane
system by furocoumarins show photodamage to isolated mito-
chondria [8-10]. The photodynamic action of furocoumarins
(psoralens) appears to involve activated oxygen species ('O,
0,°~ and *OH) [11]. A kinetic analysis of 8-methoxy-psoralens
sensitised photooxidation of cystein and reduced glutathione
supports the involvement of singlet oxygen mechanism. [12].
Flavanocoumarins are compounds in which coumarin ring is
fused in the 2-position of the chromone moiety. Because of the
presence of coumarin and chromone rings, flavanocoumarins
may exhibit enhanced activity.

Because of the current interest in the photogeneration of
ROS by coumarin derivatives, this paper reports the photo-
generation of ROS from 3-arylcoumarin derivatives and fla-
vanocoumarins. The results demonstrate that 3-arylcoumarins
and flavanocoumarins have moderate potential to photogenerate



68 M. Rajendran et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 67-74

ROS. The effect of electron donors such as ethylenediaminete-
traacetic acid (EDTA) and reduced nicotinamide adenine din-
ucleotide (NADH) on the rate of production of ROS by these
3-arylcoumarins and flavanocoumarins is also investigated.

2. Experimental section
2.1. Chemicals

Superoxide dismutase (SOD), catalase and cytochrome ¢
were purchased from Sigma Chemical Co., while reduced
nicotinamide adenine dinucleotide (NADH) was obtained from
Boehringer, Mannheim. N,N-Dimethyl-4-nitrosoaniline (RNO),
1,4-diazabicyclo-[2,2,2]octane (DABCO), diethyltriaminopen-
taacetic acid (DETAPAC), and rose bengal (RB) were obtained
from Aldrich. The spin trap, DMPO was obtained from Aldrich
and was purified by activated charcoal method [13]. 2,2,6,6-
Tetramethyl piperidinol (TEMPL) was obtained from Merck,
India. Imidazole, ethylenediamine-tetraacetic acid (EDTA) and
sodium azide were purchased from S.D. Fine Chemicals, India.
Imidazole was used after repeated crystalisation from doubly
distilled water. All other compounds were used as received.

2.2. Arylcoumarins

The chemical structures of the 3-arylcoumarins studied
are given in Fig. 1. These arylcoumarins 3-phenyl-4-hydro-
xycoumarin (AC1), 3-phenyl-4-methoxycoumarin (AC2), 3-(4-
methoxyphenyl)-4-hydroxycoumarin (AC3), 3-(4-methoxyph-
enyl)-4-methoxycoumarin (AC4), 3-(3’,4’-methylenedioxyph-
enyl)-4-hydroxycoumarin (AC5), and 3-(3’,4'-methylenedioxy-
phenyl)-4-methoxycoumarin (AC6) were received as gift from
the department of natural products chemistry, Madurai Kamaraj
University, Madurai, India.

2.3. Flavanocoumarins

2.3.1. Synthesis of 3-aryl-2-(3-coumaryl)chromone
Flavanocoumarins were prepared following the reported pro-
cedure [14], by refluxing equimolar amounts of the correspond-
ing benzyl-2-hydroxyphenyl ketones (5 mM) and coumarin-3-
carboxylic acid chloride (5 mM) in the presence of organic base
like pyridine (6 ml) for 4 h. After the reaction was complete, the
reaction mixture was poured into ice-cold water and the resulting
solid was filtered and crystallised from alcohol.
2-(3-Coumaryl)-7-methoxy-3-phenylchromone (FC I) was
prepared according to the general procedure given above using
benzyl-2-hydroxy-4-methoxyphenyl ketone and coumarin-3-
carboxylic acid chloride as the starting materials. Upon
recrystallisation from alcohol pale yellow crystals of FC I
were obtained (m.p. 254-255°C). NMR (CDCl3): 3.92 (s,
3H,0CH3), 6.68 (d, 1H, H-8), 7.10 (dd, 1H, H-6), 7.24-7.34
(m, 7H, H-8', 6/, 2", 3", 5", 6"), 7.38 (dd, 1H, H-7'), 7.57 (m,
1H, H-5"), 7.65 (s, 1H, H-4'), 8.19 (d, 1H, H-5).
2-Hydroxy-4-methoxyphenyl-4-methoxybenzyl ketone was
condensed with coumarin-3-carboxylic acid chloride for
the synthesis of 2-(3-coumaryl)-7-methoxy-3-(4-methoxy)
phenylchromone (FC II) (m.p. 150-152°C). NMR (CDCls):
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Fig. 1. Chemical structures of 3-arylsubstituted coumarins and fla-
vanocoumarins.

3.77 (s, 3H, OCH3), 3.91 (s, 3H, OCHa), 6.84 (d, 2H, H-3",
5"), 6.88 (d, 1H, H-8), 6.68 (dd, 1H, H-6), 7.25 (d, 2H, H-2",
6"),7.29 (d, 1H, H-8), 7.31 (d, 1H, H-6"), 7.40 (dd, 1H, H-7"),
7.58 (m, 1H, H-5), 7.74 (s, 1H, H-4'), 8.15 (d, 1H, H-5).

2-(3-Coumaryl)-5,7-dimethoxy-3-phenylchromone (FC III)
was synthesised by using benzyl-2-hydroxy-4,6-dimetho-
xyphenyl ketone and coumarin-3-carboxylic acid chloride as
starting materials. On recrystallisation from alcohol, FC III
was obtained as colourless crystals (m.p. 218-220°C). NMR
(CDCI3): 3.90 (s, 3H, OCH3), 6.40 (d, 1H, H-8), 6.50 (d, 1H,
H-6), 7.21-7.38 (m, 8H, H-6, 7', 2", 3", 4", 5", 6"), 7.59 (m,
IH, H-5'), 7.64 (s, IH, H-4").

2-(3-Coumaryl)-5,7-dimethoxy-3-(4-methoxy)phenyl chro-
mone (FC IV) was prepared from 2-hydroxy-4,6-dimethoxyph-
enyl-4-methoxybenzyl ketone and coumarin-3-carboxylic acid
chloride (m.p.255-257 °C). NMR (CDCl3): 3.75 (s, 3H, OCH3),
3.89 (s, 3H, OCH3), 3.98 (s, 3H, OCH3), 6.38 (d, 1H, H-8), 6.48
(d, 1H, H-6), 6.80 (d, 2H, H-3",5"),7.24 (d, 2H,H-2", 6"),7.27
(d, 1H, H-8'), 7.32 (d, 1H, H-6'), 7.39 (dd, 1H, H-7), 7.57 (m,
1H, H-5), 7.68 (s, 1H, H-4"). The chemical structures of these
flavanocoumarins are given in Fig. 1.

2.4. Photostability of coumarin derivatives

Photostability of 3-arylcoumarins and flavanocoumarins was
examined by measuring UV absorption spectra in DMSO
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Fig. 2. UV absorption spectra of flavanocoumarins before (solid line) and after
(dashed line) irradiation for 3 min, using 150 W xenon lamp, with water filter to
cut off infrared radiation.

before and after irradiation for a given period of time. The
absorption spectra of flavanocoumarins observed before and
after irradiation for 3 min are given in Fig. 2. Upon irradi-
ation, two new peaks appeared in the range of 350-440 nm
and their intensity increased with irradiation time, suggesting
that flavanocoumarins undergo photodegradation, producing a
new chromophore with absorption at longer wavelengths. But,
absorption spectra of the 3-arylcoumarin derivatives did not
show any change on irradiation (figure not shown), indicating
greater photostability.

2.5. Light source

Light source used for irradiation was a 150 W xenon lamp.
A filter combination of 10 cm potassium iodide solution (1 g in

100 ml) and 1 cm pyridine was used to cut off below 300 nm
and to achieve a spectral window of 300700 nm. The reaction
mixture in a quartz cuvette, placed at a distance of 12 cm from
the light source was continuously stirred during irradiation.

2.6. Optical spectroscopy

2.6.1. RNO bleaching assay

The generation of 'O, was measured by an indirect chemical
method, utilizing imidazole and RNO [15]. Optical measure-
ments were done using either a Shimadzu UV-VIS spectrometer
(UV-160) or using Specord S 100 UV-VIS spectrometer, Ana-
lytik Jena AG, Jena, Germany. The sensitisers were exposed to
light in the presence of imidazole (10 mM) and RNO (50 mM)
in phosphate buffer (pH 7.4). 'O, formed by energy transfer
from the photoexcited 3-arylcoumarin/flavanocoumarin deriva-
tives reacts with imidazole to form transannular peroxide, which
bleaches RNO, and the bleaching was monitored spectrophoto-
metrically at 440 nm. For additional support for the formation
of 10,, the RNO bleaching was studied in the presence of 'O,
quenchers. The rate of disappearance of quencher obeys first
order kinetics and the slope of the first order plot was calculated
as described earlier [16]. Each compound under investigation
along with the reference singlet generator, RB was studied under
identical conditions. The relative ratio of the slopes of the 3-
arylcoumarins and RB, after correction for molar absorption
and photon energy [17] was used to compute the relative effi-
ciency of singlet oxygen generation taking @('0,)=0.76 for
RB [18]. Contribution of O*~ and H>O; in the RNO bleaching
was eliminated by the addition of SOD and catalase.

2.6.2. SOD-inhibitable cytochrome c reduction assay

Photogeneration of O,®*~ was detected by using the
SOD-inhibitable cytochrome c¢ reduction method [19]. 3-
Arylcoumarins/flavanocoumarin were photolysed in the pres-
ence of ferricytochrome ¢ (40 uM) in 50 mM phosphate buffer
(pH 7.4). The reduction was followed by observing the increase
in 550nm absorption peak of cytochrome c¢ as a function of
irradiation time [20].

2.7. EPR spectroscopy

2.7.1. DMPO-spin trapping method

The EPR DMPO-spin trapping experiments were carried out
using JEOL JES-TE100 X-BAND ESR spectrometer. The irradi-
ated samples were drawn into a gas-permeable Teflon capillary
tube (Zeus Industries, Orangeburg, SC, USA). Each capillary
was folded twice, inserted into a narrow quartz tube open on both
sides and then placed in the EPR cavity. The following parame-
ters were used for EPR measurements: microwave power, 2 mW;
modulation frequency, 100 kHz; modulation amplitude, 0.5 G.

Solutions of 3-arylcoumarin (0.4 mM)/flavanocoumarin
(0.1 mM) were irradiated in the presence of DMPO (100 mM), in
DMSO and the EPR spectra were recorded at different intervals
of irradiation time. The transient radical species were trapped by
DMPO to form DMPO-spin adducts. The spectral identification
of the spin-adducts were confirmed by independently simulat-
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ing the spectra with known hyperfine coupling constants (hfccs)
and comparing them with the experimentally observed ones.

2.7.2. EPR-TEMPL method

The optical RNO bleaching method has a limitation, because
coumarins and RNO absorb in the same region. Hence another
technique, the EPR-TEMPL method was also used to study
the formation of 'O, [21,22]. Photogenerated 10, reacts
with TEMPL, leading to the paramagnetic TEMPOL, which
shows a characteristic three line EPR spectrum. Reaction
mixture (1 ml) containing 0.02M TEMPL and 0.2mM of 3-
arylcoumarins/flavanocoumarins was irradiated and the increase
in EPR signal intensity of TEMPOL was followed as a function
of irradiation time.

3. Results and discussion
3.1. Photodynamic action of 3-arylcoumarins

3.1.1. Energy transfer process

The loss of RNO absorbance at 440 nm, as a function of irra-
diation time, for AC1-AC6 is shown in Fig. 3. 3-Arylcoumarins
show first order plot except AC6 and AC2. These two coumarins
generate larger amount of 10,, which on reaction with O». Since
the dissolved oxygen in the cell may be depleted, saturating pro-
file curves are obtained for AC6 and AC2. But 'O, yields were
calculated according to first order kinetics. Photobleaching of
RNO by 3-arylcoumarins was observed neither in dark nor in
the absence of O, and light. The ratio of the slope of RB to
3-arylcoumarins was corrected for molar absorption and photon
energy to obtain the singlet oxygen generating efficiencies of
the 3-arylcoumarins [23]. After this correction, the 10, yields
were found to be 0.113, 0.083, 0.079, 0.045, 0.043 and 0.028
for AC1, AC6, AC2, ACS5, AC3 and AC4, respectively, taking
@('0,) of RB=0.76. In Fig. 3 the compounds AC2 and AC5

Time of irradiation (min)

Fig. 3. Photosensitised RNO bleaching, measured at 440 nm, as a function of
irradiation time in the presence of imidazole (10 mM) in 50 mM phosphate buffer
(pH 7.4) by AC1 (OD0O0O), AC2 (AAA), AC3 (OOQ), AC4 (000), ACS (xxx)
and AC6 (**%*),
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Fig. 4. The effect of sodium azide (0.1 mM) (@@@®) and DABCO (5 mM)
(VV V) on the bleaching of RNO for photosensitisation with AC1 (OJO0) in
the presence of imidazole (10 mM) in phosphate buffer (pH 7.4).

show the change at irradiation time 0. This type of observation is
not an experimental error. The changes are not observed at zero
time in absorbance. But in order to fit the experimental points
we are using curve-fitting method so that it looks like change at
zero irradiation time.

To support the photogeneration of 'O,, experiments were
carried out in the presence of specific singlet oxygen
quenchers. The singlet oxygen quenching rate constants of
DABCO (1.5 x 107 M~! s71) and imidazole (2 x 107 M~!s~1)
are almost comparable [24]. Hence the rate of RNO bleaching
should be reduced to 50% if equal concentration of imidazole
and DABCO are used. In the present study, the experiments
were carried out in the presence of 10 mM imidazole and 5 mM
DABCO. Hence bleaching rate was decreased by about 25%,
when compared to the rate in the absence of DABCO (Fig. 4).
Similarly, sodium azide, another 102 quencher also was used.
The concentrations of sodium azide and imidazole used were
0.1 and 10 mM, respectively. At these concentrations, the RNO
bleaching was inhibited by 50%, confirming the generation of
10, during photodynamic process.

It is known that RNO is also bleached by OH radicals formed
through a non-Type Il mechanism [25]. The hydroxyl radical can
be generated from O,°~ via the metal catalyzed Fenton reaction
as shown in the following scheme [26].

0,*” +2H" > H,0,
Fe’t +0,°~ — Fe?t +0,

Fe’t + H,0, - Fe’T +°*OH+ ~“OH

The contribution of OH radicals to RNO bleaching could
be minimized by using metal chelates such as DETAPAC and
EDTA, which render the metal ion redox inactive. However,
since both their chelators could participate in electron trans-
fer reactions with the excited sensitiser molecules this could
lead to additional difficulties. Addition of (50 wg/ml) SOD and
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Fig. 5. EPR signal intensity of TEMPOL formed during the photoirradiation of
solutions containing AC1 (AAA), AC2 (xxx), AC3 (O000), AC4 (000), AC5
(O00) and AC6 (***) in the presence of TEMPL (20 mM) at 300 K in DMSO.
EPR spectrometer settings: microwave power, 2mW; modulation frequency,
100 kHz; modulation amplitude, 1 G; time constant, 0.1 s; scan rate, 4 min; scan
width, 200 G.

catalase, which remove O,*~ and H,O, from the reaction mix-
ture, respectively permits the detection and quantification of ' O,
without interference from OH radical.

EPR-TEMPL method was also used to investigate the pho-
togeneration of 10, by 3-arylcoumarins in the presence of
air. When a reaction mixture of TEMPL and 3-arylcoumarins
was irradiated, an EPR spectrum of three equal intensity lines,
characteristic of nitroxide radical (TEMPOL) was detected.
The hyperfine splitting constant (Ax=15.6G) was found to
be identical with those of the authentic sample of TEMPOL.
EPR signal intensity of TEMPOL produced was found to
increase with increase of irradiation time, as shown in Fig. 5
for 3-arylcoumarins. Control experiments indicated that 3-
arylcoumarin, oxygen and light were all essential for the produc-
tion of TEMPOL. Comparative studies between 3-arylcoumarin
and the well known 102 sensitiser, RB indicated that 3-
arylcoumarins are moderate 'O, generators. From Fig. 5, the
10, generating ratios of RB, AC1, AC6, AC2, AC5, AC3 and
AC4 were determined to be 1:0.15:0.11:0.10:0.06:0.06:0.04.
The rates of formation of TEMPOL by 3-arylcoumarins are par-
allel to their 'O, generating quantum yields measured by RNO
bleaching method. To confirm the generation of 'O,, experi-
ments were also carried out in the presence of specific singlet
oxygen quencher such as sodium azide. The addition of sodium
azide decreases the EPR signal intensity of the adduct confirm-
ing the photogeneration of 'O,

3.1.2. Electron transfer process

The photogeneration of O,°~ was studied by following the
ferricytochrome c reduction efficiencies. The rate of cytochrome
c reduction in air-saturated solution of the 3-arylcoumarins was
observed in the presence of cytochrome ¢ (40 wuM) and phos-
phate buffer (pH 7.4) DMSO (10%) solution. 3-Arylcoumarins
ACI1-AC6 were found to reduce cytochrome ¢ with moderate

0.14

0.1

0.06

A OD (550 nm)

0.02

0 20 60 100 140 180
Time of irradiation (sec)

Fig. 6. Photosensitised cytochrome ¢ reduction in 50 mM phosphate buffer, pH
7.4 by AC6 (OOQ), AC6+EDTA (AAA) and AC6 + DETAPAC (OOD).

efficiencies. The rates of superoxide anion generation by ACI,
AC2, AC3, AC4, AC5 and AC6 were derived to be 0.003, 0.001,
0.010, 0.037, 0.014 and 0.024 pn.M/s, respectively. Fig. 6 shows
the increase in absorbance at 550 nm with time of irradiation by
AC6, and in the presence of electron donors. The rate of photore-
duction is enhanced in the presence of electron donors such as
EDTA and DETAPAC. Enhancement of generation of O2°~ in
the presence of electron donor is indicative of anionic properties
of radical intermediate formed during photosensitisation [27].
Generation of O,°*~ from 3-arylcoumarins was confirmed
by EPR spin trapping experiment using DMPO as the spin
trap. DMPO-spin trapping has been successfully applied to
trap radical intermediates, especially O2*~ and *OH, because
it has high affinity for reactive radicals and leads to the for-
mation of stable spin adducts. The lifetime of DMPO-0,°~
adduct is short in protic solvent such as water. Hence, the EPR
spin-trapping studies were carried out in DMSO in which the
DMPO-0,°*~ adduct has a longer lifetime [28]. EPR signal was
not observed when DMPO alone was irradiated, or in dark, or
in the absence of O; (Fig. 7A). However, multiline EPR spec-
tra were obtained when the coumarins were photolysed in the
presence of DMPO (100 mM) in air-saturated DMSO solution
(Fig. 7B). The observed EPR spectrum could be readily anal-
ysed in terms of a mixture of two type of spin adducts. Hyperfine
coupling constants (hfcc) for one of the spin adduct were arrived
at as a primary nitrogen triplet (An = 13.0 G) split by a proton
(AIB{ = 10.8 G) which in turn is further split by a secondary proton
(AE’I = 1.2 G). The hfccs of the other spin adduct are AN =13.7 G

and AE[: 12.3 G. These spectra could be readily assigned to
DMPO-0,*~ and DMPO-OH, respectively according to the
reported values [29,30]. EPR spectra of these two spin adducts
were computer simulated separately with their corresponding
hfcc values. When these two computer simulated spectra were
combined in the ratio of 2.5:7.5 for O,*~ and *OH, respec-
tively, the simulated EPR spectrum (Fig. 7C) matched well with
the experimentally observed one. Formation of DMPO-0,°~
adduct was also confirmed by the addition of SOD (50 pg/ml)



72 M. Rajendran et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 67-74

(A)

AL s b A A A AT A A S A A it

10G

B)

1

Fig. 7. EPR spectra from system containing AC1 (0.4 mM), DMPO (100 mM) in
air-saturated DMSO: (A) in dark, (B) after 4 min irradiation, (C) simulated EPR
spectrum, the spectrum contains two spin adducts: DMPO-0,°~ (AN=13.0G,
AEI =10.8G, A;_’[ =1.2 G) and DMPO-OH adduct (AN = 13.7 G and AE, =123G)
in the ratio of 2.5: 7.5, (D) in the presence of SOD (50 pg/ml). Instrumental
settings: microwave power, 2 mW; modulation frequency, 100 kHz; modulation
amplitude, 0.5 G; time constant, 0.1 s; scan rate, 4 min, scan range, 200 G and
receiver gain, 500.

prior to illumination which inhibited the generation of spin
adduct, Fig. 7D. This suggests a role of the superoxide ion in
the production of the DMPO-OH adduct [31-33].

Similarly, multiline EPR spectra were observed for another
coumarin ACS5. Hyperfine coupling constant values for one of
the spin adduct (AN =12.8 G, AEI =10.5G and A% =1.3G) and

the other spin adduct was (Anx = 13.8 G and AEI =12.1 G) readily
assigned to DMPO-0,°*~ and DMPO-OH, respectively, accord-
ing to the reported values [30,34] (figure not shown).

3.2. Photodynamic action of flavanocoumarins
3.2.1. Energy transfer process

The rate of bleaching of RNO as a function of illumination
time is shown in Fig. 8 for the flavanocoumarin. The 'O, yield
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Fig. 8. Photosensitised RNO bleaching, measured at 440 nm in the presence of
imidazole (10 mM) in 50 mM phosphate buffer (pH 7.4), by FC I (ooo0), FC II
(##), FC 111 (@ @®) and FC IV (xxx), as a function of illumination time.

was calculated as similar to the 3-arycoumarins. The relative
yields thus calculated are, 0.04, 0.03, 0.10 and 0.06 for FC I, FC
II, FC III and FC IV respectively, taking ®(10,) of RB=0.76.
3-arylcoumarins show saturated behaviour in 'O, yield. Fla-
vanocoumarins does not show any saturated behaviour perhaps
be due to the extensive conjugation of flavanocoumarin than
3-arylcoumarins.

The spin trapping of !0, by TEMPL was used as an
alternative method to determine the formation of 'O, by fla-
vanocoumarins. The rate of formation of the TEMPOL by these
sensitisers is parallel to their 'O generating efficiencies. To con-
firm the generation of ' O,, experiments were also carried out in
the presence of specific singlet oxygen quencher such as sodium
azide (figure not shown). The almost same singlet oxygen gener-
ation efficiencies of 3-arylcoumarins and flavanocoumarins may
be due to the same energy transfer to the dissolved O, molecule.
There is no relationship noticed between the chemical struc-
ture of coumarins and 'O, generating efficiencies as similar to
quinones. This may be due to some other photo physical process
occurring during the photosensitisation of coumarin derivatives.

3.2.2. Electron transfer process

Generation of O*~ from flavanocoumarins on photoillu-
mination, could be readily studied by following the ferricy-
tochrome ¢ reduction efficiencies. Fig. 9 shows the rates of
ferricytochrome ¢ reduction when air saturated solutions of
flavanocoumarin are photolysed in the presence of 40 uM
cytochrome ¢ in 50 mM phosphate buffer solution. The rates
of superoxide anion generation by FC I, FC II, FC III and FC
IV were calculated to be 0.035, 0.033, 0.030 and 0.044 uM/s,
respectively.

The DMPO spin trapping method was also employed to inves-
tigate the formation of O,°*~ by flavanocoumarins. Fig. 10 shows
the EPR spectrum for FC1. The observed EPR spectrum contains
components from two DMPO spin adducts. Hyperfine coupling
of one of the spin adducts was analysed as follows: AN=13.8 G,
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Fig. 9. Photosensitised cytochrome ¢ reduction in 50 mM phosphate bufter, pH
7.4 by FC 1 (OOQ), EC II (***), FC 11l (@ @®®) and FC IV (xxx).

AE[ =11.3Gand Aﬁ = 1.3 G. For the other spin adduct, the hfcc’s

are: AN = AIB{ =14.4 G. These two spin adducts could be readily

identified as DMPO-0;,°~ and DMPO-OH adduct respectively.
The simulated EPR spectra were combined in the ratio of 8:2 for
0,°~ and *OH respectively, and found to match well with the
experimentally observed one (Fig. 10c). The addition of SOD
prior to irradiation eliminated the spectrum of DMPO-O,°*~ and
the four line pattern characteristic of DMPO-OH adduct could
be very clearly seen (Fig. 10d). FC II also exhibited similar
behaviour showing the formation of both O>*~ and *OH. How-
ever, the four-line pattern was not seen when FC III and FC
IV were photolysed. Studying the effect of SOD, which is an
effective scavenger of O2°~, provided further support for the
generation of these two species.

The formation of DMPO-OH adduct can be explained by
three possible ways [35] such as: (i) generation of free *OH;
(i1) decay of DMPO-0,*~ signal to DMPO-OH; (iii) formation
of complex between DMPO and 'O5 and its subsequent decay
to DMPO-OH. Singlet oxygen mediated oxidation of DMPO to
*OH radical species is also well documented [36—38]. Reaction
of 10, with DMPO is reported to give a complex followed by
decay to DMPO-OH and free *OH which might be trapped by
DMPO.

The possible involvement of ' O, in the generation of DMPO-
OH adduct can be tested by performing a competition experi-
ment with a 'O, scavenger such as sodium azide. During the
photolysis of FC I in the presence of DMPO and sodium azide,
EPR spectrum shown in Fig. 11a was observed. When the sim-
ulated EPR spectra of two spin adducts were combined, the
simulated spectrum matched with the experimentally observed
one (Fig. 11b). Hyperfine coupling constant values of one of the

spin adducts were AN = 12.8 G, AEI =10.4Gand A% =1.4G.For

the other spin adduct, the hfccs are An; =13.8 G, AEI =14.0G
and ANz =3.1 G. These two adducts may be identified as DMPO-
0,°~ and DMPO-N3* respectively, based on the literature val-
ues [39]. It is well known that azide anion can interact with *OH
to generate N3°®, which may then be trapped by DMPO [40].
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Fig. 10. EPR spectra observed during irradiation of FC I (280 wM) in the pres-
ence of DMPO (100 mM) in air saturated DMSO solution: (a) in dark, (b) after
5 min irradiation, (c) simulated EPR spectrum obtained by the summation of

two spin adducts using hfcc’s values: AN=13.8G, Aﬁ =113G, AE =13G

for DMPO-0,*~ adduct and An = Ag =14.4 G for DMPO-OH, (d) after 5 min
irradiation in the presence of SOD showing four line pattern of DMPO-OH.
Instrumental settings: same as in Fig. 7.

Hence it may be concluded that singlet oxygen is not involved
in the photosensitised production of *OH. The above observa-
tion clearly confirms the formation of free *OH radical during
the photolysis of FC L.

The relative photogeneration efficiencies of 'O, and 0,°~ by
3-arylcoumarins and flavanocoumarins are analysed. The chem-
ical structure/ROS generating efficiency study of the coumarins
showed that the presence of electron donating substituents on
the coumarin ring enhances their O,*~ generating efficiencies.
The presence of coumarin and chromone in a single system (fla-
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Fig. 11. (a) EPR spectra observed during irradiation of FC I and DMPO in
the presence of sodium azide in DMSO. (b) Computer simulated spectrum
obtained by the summation of two spin adducts using hfcc’s values: ANy = 14.8 G,
AEI =14.4G, An2=3.1G for DMPO-N3* adduct, AN=13.8G, AEI =11.0G,
A% =1.3 G for DMPO-0,°~ adduct. Instrumental settings: same as in Fig. 7.

vanocoumarin) enhanced the O,®~ generation efficiencies than
the 3-arylcoumarin system.

Based on the result obtained from RNO bleaching,
EPR-TEMPL, SOD-inhibitable cytochrome ¢ reduction and
EPR spin trapping experiments, it may be concluded that the
reactive oxygen species such as 0,°~, !0 and *OH are formed
during the photolysis of 3-arylcoumarins and flavanocoumarins.
These observations indicate that both electron transfer (Type I)
and energy transfer (Type II) are involved in the photosensitisa-
tion process of 3-arylcoumarins and flavanocoumarins.
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